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Hortus USA Corp.
 

PO BOX 1956 OLD CHELSEA STATION

NEW YORK NY 10113

(212) 929-0927

FAX (212) 624-0202

 support@hortus.com

August 8, 2012

Dr. Lisa Brines
National List Manager, Standards Division
USDA/AMS/NOP, Standards Division
Attention: Stacy Jones King
1400 Independence Ave. SW
Room 2945 South Building
Washington, DC 20250-0268
Direct: 202-821-9683
lisa.brines@ams.usda.gov

Dear Dr. Brines

Attached find our new
Petition of substance for inclusion on the National List of Substances allowed in Organic
Production and Handling

Indole-3-butyric acid, IBA
To be allowed in ‘Organic Production’ for purposes of plant propagation from cuttings, for use
on annual, perennial and woody plants. Application shall be made in enclosed structures. Rates
shall be limited to aqueous solution up to 2500 ppm IBA and dry powder up to 0.8% IBA.

Please reference our prior NOP petition for IBA, The NOP Technical Report, and NSOP
recommendations.

Regards

Joel Kroin
President
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Officer:
Agency:

Address:

Phone:

Fax:

Dr. Lisa Brines
National List Manager, Standards Division
USDA/AMS/NOP, Standards Division
Attention: Stacy Jones King
1400 Independence Ave. SW
Room 2945 South Building
Washington, DC 20250-0268
Direct: 202-821-9683
lisa.brines@ams.usda.gov
Direct: 202-821-9683
202-720-3252

PETITIONER:

Company:
Address:

Email address:
Phone:
Fax:
Contact person: 
Title:

Hortus USA Corp.
PO Box 1956 Old Chelsea Station
New York NY 10113
support@hortus.com
(212) 929-0927
(212) 624-0202 
Joel Kroin 
President

DATE: August 8, 2012

RE: Agricultural Marketing Service, 7 CFR Part 205, [Docket No. MS-TM-06-0223;TM-06-12]
National Organic Program Submission of Petitions of Substances for Inclusion on the National
List of Substances Allowed and Prohibited.

PETITION:
Petition of substance for inclusion on the National List of Substances allowed in Organic
Production and Handling

Indole-3-butyric acid, IBA
To be allowed in ‘Organic Production’ for purposes of plant propagation from cuttings. 
For use on annual, perennial and woody plants. 
Application shall be made in enclosed structures. 
Rates shall be limited to aqueous solution up to 2500 ppm IBA and dry powder up to 0.8% IBA.
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INTRODUCTION

Indole-3-butyric acid (IBA) is a natural substance found in plants. It is used to propagate new
plants from cuttings, the most used substance for this purpose. It is effective, and safe to the
environment, humans and animals. For commercial use, IBA must be synthesized.

A. PETITION
IBA is to be allowed in ‘Organic Production’ 
• Use is limited to plant propagation from cuttings,
• All plant types which can be propagated from cuttings can be used: annual, perennial and

woody plants.
• Rates are to be limited in aqueous solution up to 2500 ppm IBA and dry powder up to

0.8% IBA.
• ‘Spot use’ application is to be made in ‘enclosed structures’. Field broadcasting is not

allowed.
• Solutions are specified to be ‘aqueous’ assuring only water can be used as the solute.

B. USES 
IBA is used, once or few times, at extremely low rates near the time cuttings are taken. It is many
weeks or months after application before crops are taken.

C. NEED FOR IBA BY ORGANIC FARMERS

Plants propagated from cuttings are clonal copies of the mother plant. IBA allows the plant
cuttings to produce new roots rapidly. IBA is used to propagate most plants which can be
reproduced from cuttings. IBA is used these purposes:

1. Many crops are impossible to root from cuttings, such as bay and rosemary.

2. Crops which are difficult to root, and take a long time to develop roots are under stress
susceptible to pathogenic fungi such as Phytophthora. Rapid root formation eliminates
stress and allow plants to overcome these fungi. 

3. Many seedless crop plants are not available to the organic market such as seedless tomato,
cucumber, melon, and squash. Propagation from cuttings using IBA allows growers to
produce many kinds of seedless crops like beans, tomato, cucumber, squash, and melon.
Propagation from cuttings using IBA yields new plants that are identical to the mother
plant.. 

4. Many crops can only retain flavor if clonal propagated from cuttings such as mints and
basal. Seed propagated basal plant variable flavors; propagation by cuttings using IBA
produce exact flavors as the mother plants
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5. Organic crops that are currently propagated using IBA or TC must be kept one year under
organic conditions before being called ‘organic’. IBA on the approved list allows crops to
be taken any time after propagation. For example, strawberry and raspberry are sometimes
propagated by tissue culture or from cutting using IBA. During the first year of growing
under organic conditions they are considered conventional. Propagation using allowed
IBA will allow growing under ‘organic’ conditions to be called ‘organic’ any time.

D. LONG HISTORY OF SAFETY
As a natural substance, IBA has been shown to have no detrimental effect on the environment.
Since identification in 1934, IBA has been shown to be safe to humans and the environment. 

E. ORGANIC PRODUCTION STATUS
There are presently no allowed substances with root inducing ability on the NOP National List.
Presently, if IBA is used on cuttings, growers must grow plants one year under organic conditions
before the crop can be certified ‘organic’.

F. QUALITY CONTROL
IBA is required to registered with the US EPA for use in plant growing. The US EPA registration
requires that all ingredients must disclosed in the Confidential Statement of Formula if over 0.1%.
‘Manufacturing Use’ and ‘End Use’ products have certified disclosed content.
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G. GROWER COMMENTS

Jim Walsh
Greenhouse Manager
Nourse Farms
41 River Road
S Deerfield MA 01373
413-665-2658

Norse Farms is a primary plant supplier of blackberry, blueberry, currant, elderberry, gooseberry,
raspberry, and strawberry. Nourse Farms uses IBA solutions to propagate plants from cuttings.
They tell their organic grower customers to keep their plants one year under organic conditions
before calling the crop ‘organic’. 

Aris Horticulture, Green Leaf Plants division
PO Box 230
Barberton OH 44203
330-745-2l43

Aris Horticulture, formerly Yoder Brothers, is one of the largest US suppliers of rooted and un-
rooted perennial plant cuttings. Their herb selection includes lavender, metha (mint), slavia (sage),
thymus (thyme) , stevia, oregano, rosemary, basal and catnip. Green Leaf uses IBA solutions to
propagate plants from cuttings. They sell their rooted cuttings to growers who can take their crop
within several weeks after growing our. Green Leaf would like to have IBA on the allowed List
since their customers would have a selection of organically produced cuttings which can be sold
as organic crops.

Cliff Hoogland
General Manager
Phytotronics Inc
13688 Rider Trail North
Earth City MO 63045
314-770-0717

Phytotronics is a primary supplier of materials used by plant growers. They say that they have
frequent requests from organic growers for plant rooting products which can be used in organic
production. Currently Phytotronics has IBA which is not on the approved List. Phytotronics has a
product demand from organic growers which they can not satisfy.
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Andy McNitt
McNitt Growers
78 Oak Ridge Land
Carbondale IL 62909
618-687-3563

McNitt Growers is a primary supplier of strawberry plants used in commercial production. They
use IBA in their production. The are unable to economically keep their plants for two growing
seasons as organic, to be sold as organic to organic growers. They sell their plants after the first
growing season.

Mark Langan
Owner
Mulberry Creek Herb Farm
3312 Bogart Road
Huron, Ohio 44839
419- 433-6126 

Mulberry Creek Herb Farm is a Certified organic grower. They are unable to produce production
crops of difficult to root rosemary and lavender. They have very low percentage of rooting of
cuttings. They specifically said they require IBA for use in their plant propagation. They also say
they are unable to purchase certified organic rooted cuttings.
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Item A Section the petitioned substance will be included
on the National List.

Synthetic substances allowed for use in organic crop production,§ 205.601.

Item B

1. Petition

The substance's chemical or material common
name.

Indole-3-butyric acid

Indole-3-butyric acid, IBA
CAS number 133-32-4
Empirical formula C12 H13 NO2

To be allowed in ‘Organic Production’ for purposes of plant propagation from
cuttings. 
For use on annual, perennial and woody plants. 
Application shall be made in enclosed structures. 
Rates shall be limited to aqueous solution up to 2500 ppm IBA and dry powder up
to 0.8% IBA.

2. The manufacturer's or producer's name,
address and telephone number and other
contact information of the
manufacturer/producer of the substance listed
in the petition.

Hortus USA Corp.
PO Box 1956 Old Chelsea Station
New York NY 10113
support@hortus.com
Phone: (212) 929-0927
FAX (212) 624-0202
Contact: Joel Kroin, President

3. The intended or current use of the substance
such as use as a pesticide, animal feed additive,
processing aid, non-agricultural ingredient,
sanitizer or disinfectant.

Propagate new plants from cuttings by inducing root formation.
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4. 
First
part

A list of the crops for which the substance will
be used. If used for crops or livestock, the
substance's rate and method of application must
be described.

IBA IS USED ON MOST ANNUAL, PERENNIAL AND WOODY PLANTS
WHICH CAN BE ROOTED (PROPAGATED) FROM CUTTINGS

Among uses, IBA is used to propagate seedless plants such as tomato and cucumber. 

Annuals: such as tomato, basal, squash, melon, cucumber, cotton (for oil)

Perennial plants: such as strawberry, blueberry, raspberry, lavender, rosemary,
thyme, mint, oregano, salvia, sage

Woody plants: such as grape, apple, rose (for rose hips)

IBA IS USED BY TWO PRODUCT TYPES
(1) DRY POWDERS AND (2) SOLUTIONS

(1) DRY POWDERS WHICH CONSIST OF IBA MIXED INTO TALC.

A. BASAL DRY DIP METHOD
Rates: 0.1% IBA up to 0.8% IBA

The basal end of the cuttings are dipped approximately one inch in to the dry
powder. The cuttings are then stuck into media. After, cuttings are maintained under
appropriate environmental control until roots are formed.

(2) SOLUTIONS WHICH CONSIST OF IBA DISSOLVED INTO WATER
(AQUEOUS SOLUTION).
The solutions are used in one of five ways.
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A. FOLIAR TOTAL IMMERSE METHOD
Rates: up to 1500 ppm IBA

The basal end of the cuttings are dipped approximately one inch in to the solution.
The cuttings are then stuck into media. After, cuttings are maintained under
appropriate environmental control until roots are formed 

B. FOLIAR SPRAY DRIP DOWN METHOD
Rates: up to 1500 ppm IBA

The cuttings are stuck into media. The solution is spot sprayed onto the leaves until
droplets form. After, cuttings are maintained under appropriate environmental
control until roots are formed.

C. BASAL QUICK DIP METHOD
Rates: up to 2500 ppm IBA

The basal end of the cuttings are dipped approximately one inch in to the solution
about five seconds. The cuttings are then stuck into media. After, cuttings are
maintained under appropriate environmental control until roots are formed

D. BASAL LONG SOAK METHOD
Rates: up to 300 ppm IBA

The basal end of the cuttings are dipped approximately one inch in to the solution,
about 12-24 hours. The cuttings are then stuck into media. After, cuttings are
maintained under appropriate environmental control until roots are formed.

E. IF CUTTINGS ARE SLOW TO ROOT
Foliar Spray Drip Down Method can be used at weekly applications until roots form.

FOLIAR SPRAY DRIP DOWN METHOD (see above)
Rates: up to 1500 ppm IBA

4. 
Second
part

If used for handling (including processing), the
substance's mode of action must be described.
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REFERENCE ATTACHED FILES:
“REFERENCES-IBA root formation physiology”
“REFERENCES-IBA efficacy”

Many references
IBA induces plant cells to form new roots by cell division even when other natural
substances are unable to do so. Scientists have not been able to fully determine the
mode of action.

REFERENCE: 
June 22, 2011, Technical Evaluation Report, Compiled by the Technical Services
Branch for the USDA National Organic Program

SEE ANSWER TO: 
Characterization of the petitioned substance
“Action of the substance”
“Evaluation question #11":

Plant hormones [including IBA] regulate the cell division and elongation in general,
but each group of plant hormones further posses some dedicated functions. For
example .. stimulate root growth”
 
“Even though the physiological roles of plant hormones [including IBA] are not well
understood, plant hormones, as a whole category of substances, are considered
essential and practically used in various plant propagation and growth applications.”

5. A. The source of the substance and a detailed
description of its manufacturing or processing
procedures from the basic component(s) to the
final product.

ATTACHED FILES:
“REFERENCES-IBA mfg method patents MSDS”

B. Natural source and availability to organic
growers
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ATTACHED FILES:
“REFERENCES -IBA natural”

IBA is a natural substance produced by plants.

There are no commercial sources for naturally produced IBA.
All commercial sources of IBA must be produced by synthesis.

C. Manufacturing method (synthesis)

ATTACHED FILES:
“REFERENCES-IBA mfg method patents MSDS”

6. A summary of any available previous reviews by
State or private certification programs or other
organizations of the petitioned substance.

NOP IBA Petition by Hortus USA “petitioned substance will be included on the
National List.” Petition dated August 29 2008

Petition NOB Technical report dated June 22, 2011

Petition NSOB formal recommendation December 2, 2011

7. Information regarding EPA, and State
regulatory authority registrations, including
registration numbers.

Below

Numbers of products:
18 producing companies, 31 US EPA registered IBA products labeled for plant
propagation from cuttings

"REFERENCES-USEPA documents"
IBA containing products 08 2012.pdf
Source: http ://ppis.ceris.purdue.edu
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IBA is required to be registered for use in plant growing under FIFRA

Regulatory status: 
ATTACHED FILES:
“REFERENCES-USEPA documents”

USEPA FIFRA definitions and registration requirement.pdf
USEPA IBA fact sheet 1992.pdf
USEPA IBA RED 1992.pdf
USEPA IBA status 4-12-2012.pdf

Typical US EPA products which are registered for plant propagation from cuttings

Hortus IBA Water Soluble Salts 
US EPA registration number 63310-22

Rhizopon AA #1 (0.1)
US EPA registration number 63310-19

Rhizopon AA #2 (0.3)
US EPA registration number 63310-20

Rhizopon AA #3 (0.8)
US EPA registration number 63310-21

Rhizopon AA Water Soluble Tablets
US EPA registration number 63310-8

ATTACHED FILES:
“REFERENCES-IBA Labels and MSDS”
Hortus IBA Water Soluble Salts Approved Label consumer_commercial 10 18
2010.pdf
Rhizopon AA1 Approved Label consumer_commercial 10 18 2010.pdf
Rhizopon AA2 Approved Label consumer_commercial 10 18 2010.pdf
Rhizopon AA3 Approved Label consumer_commercial 10 18 2010.pdf
Rhizopon AA Water Soluble Tablets Approved Label consumer_commercial 10 18
2010.pdf

8. The Chemical Abstract Service (CAS) number
or other product numbers of the substance
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Indole-3-butyric acid
IBA
CAS number 133-32-4
Empirical formula C12 H13 NO2

Labels of products that contains the petitioned
substance.

ATTACHED FILES:
“REFERENCES-IBA Labels and MSDS”
Hortus IBA Water Soluble Salts Approved Label consumer_commercial 10 18
2010.pdf
Rhizopon AA1 Approved Label consumer_commercial 10 18 2010.pdf
Rhizopon AA2 Approved Label consumer_commercial 10 18 2010.pdf
Rhizopon AA3 Approved Label consumer_commercial 10 18 2010.pdf
Rhizopon AA Water Soluble Tablets Approved Label consumer_commercial 10 18
2010.pdf

9. The substance's physical properties and
chemical mode of action including:

a) Chemical interactions with other substances,
especially substances used in organic production

b) toxicity and environmental persistence;

c) environmental impacts from its use and/or
manufacture

(d) effects on human health

e) effects on soil organisms, crops, or livestock
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REFERENCE: 
June 22, 2011, Technical Evaluation Report, Compiled by the Technical Services
Branch for the USDA National Organic Program

SEE ANSWER TO: 
“Characteristics of petitioned substances”

CHARACTERIZATION OF PETITIONED SUBSTANCE 
Composition of the Substance: 
Indole-3-butyric acid (IBA) is a white to tan powder or crystalline solid with a slight
characteristic odor. 
Formula: C12H13NO2. Formula weight: 203.24. IBA may be viewed as a chemical
compound with these two composing units: indole and butyric acid. 
A similar compound is indole-3-acetic acid (IAA: CAS Number: 87-51-4.
C10H9NO2. Formula weight: 21 175.19). I
AA may be viewed as a compound with these two composing units: indole and acetic
acid.

PROPERTIES OF THE SUBSTANCE: 
IBA is stable at 2-8°C and should be stored in a cool place. The melting point of IBA
is 121-125°C. IBA does not contain combustible liquids but decomposes to toxic
fumes, such as NOx, carbon monoxide, and carbon dioxide in fire. Its density is 0.60
g cm-3 at ambient temperature, and pH 3.54 for a 1% solution by weight dispersion
in water. IBA is practically insoluble in chloroform, but is soluble in alcohol, ether
and acetone. The solubility of IBA in water is 250 mg L-1 (EPA, 2010). In order to
make an aqueous IBA solution for purposes such as applying IBA to plant roots,
IBA was dissolved with methanol, and this methanol solution was further diluted
with water to make an aqueous IBA solution. The salt form of IBA, such as the
sodium salt of indole-3-buryrate, is soluble in water. IBA is made into water-soluble
and water-insoluble products. IBA decomposes when exposed to light (e.g. Nor Aini
et al., 2009). However, specific information such as how fast IBA decomposes under
various ambient conditions is still limited.
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REFERENCE: 
June 22, 2011, Technical Evaluation Report, Compiled by the Technical Services
Branch for the USDA National Organic Program

SEE ANSWER TO:
“Evaluation Question #9: Discuss and summarize findings on whether the petitioned
substance may be 275 harmful to the environment.” 

As given in Question #5, the used amount of IBA in various applications is trace to
minor. 

EPA (1992) listed a set of facts and reasonable assumptions about IBA’s effect on
organisms and environment: the applied amount of IBA is low; IBA is a plant
hormone but not a toxicant or repellant; IBA is structurally and functionally similar
to other natural auxins; and IBA might also occur naturally in plants. 
“IBA has been shown to be practically nontoxic to avian species. … IBA should not
cause any adverse effects to avian wildlife,”. IBA is not known to be phytotoxic.
IBA should not cause any adverse effects to mammalian wildlife. EPA (2010) further
discussed the toxicity of IBA to nontarget insects and to threatened species, and
indicated that testing data may not necessarily be needed urgently. 
IBA is shown to be slightly toxic to fish and aquatic invertebrates. No data or
evidences are listed in the PAN database about the harmful effect of IBA to the
environment, except some slight toxicity towards fish. 

CONCLUSIONS

(1) potential of such substance for detrimental
chemical interactions with other materials used
in organic farming systems
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REFERENCE: 
June 22, 2011, Technical Evaluation Report, Compiled by the Technical Services
Branch for the USDA National Organic Program

SEE ANSWER TO:
“Evaluation Question #7:” 

Describe any known chemical interactions between the petitioned substance 243 and
other substances used in organic crop or livestock production or handling. Describe
any environmental or human health effects from these chemical interactions. 
IBA potentially reacts with strong oxidizers 
IBA is used and found effective as growth promoter and rooting stimulator in
various applications. The amount used for this purpose is from trace to minor, as
given in Question #5. Plant hormones are not nutrients to plants but chemicals, even
at trace to minor amounts, regulate plant growth. 

The stimulating effect of IBA is synergetic with other chemicals and bacteria.
Auxins such as IAA and IBA stimulated rooting in the first and the second phases of
rooting but suppressed the rooting in the third phase. Therefore, an excessive usage
of IBA might lead to some unfavorable consequences in plant growth. However, the
literature about these potential unfavorable consequences is limited. 
Dipping cuttings in IBA solution or powder and foliar spray of IBA are the primary
means of applying IBA for plant growth and plant propagation. Foliar spray of IBA
is used in enhancing rooting and crop yield. “Applicability to a wide range of crops
has yet to be established. Examination of the variability in absorption and
translocation of foliar-applied auxin to the site of root initiation may merit further
study,” . The used amount is limited, as given in Question #5. 

The petition claimed “no interactions” of IBA with other substances used in organic
production. The literature about IBA’s potentially detrimental chemical interaction
with other substances used in organic crop or livestock production is scarce. 

(2) toxicity and mode of action of the substance
and of its breakdown products or other
contaminants and their persistence and areas of
concentration in the environment 
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REFERENCE: 
June 22, 2011, Technical Evaluation Report, Compiled by the Technical Services
Branch for the USDA National Organic Program

SEE ANSWER TO:
“Evaluation Question #7:” 

No data or evidence is listed in the PAN database about “terrestrial ecotoxicity”.
Slight toxicity is listed towards fish in the category of “aquatic ecotoxicity” . 

(3) probability of environmental contamination
during manufacture, use, misuse or disposal of
such substances 

MANUFACTURE: 
Produced in small production lots under laboratory control 

DISPOSAL: 
None when disposed using approved label instructions.

Use:
REFERENCE: 
June 22, 2011, Technical Evaluation Report, Compiled by the Technical Services
Branch for the USDA National Organic Program

SEE ANSWER TO: 
Category 1, item 3: 

No evidence of harm.

SEE ANSWER TO: 
Category 1, item 6: 
Are there adverse biological and chemical interations in agro-ecosystem.

This petition specially requires application in an ‘enclosed structure’, thereby
eliminating concern for area broadcast risk.
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REFERENCE: 
“REFERENCES-USEPA documents”
USEPA IBA fact sheet 1992.pdf

IV. Assessing Risks to the Environment
No risks to the environment are expected from use of this active ingredient because 
1) it does not harm animals or plants in the tiny amounts used, 
2) it acts as a plant growth enhancer, 
3) it does not persist in the environment, 
4) it is closely related to naturally occurring substances.

(4) effect of the substance on human health.

None when applied using approved personal protection equipment (PPE).

REFERENCE: 
“REFERENCES-USEPA documents”
USEPA IBA fact sheet 1992.pdf

III. Assessing Risks to Human Health

With the exception of certain workers, no harm is expected from use of indole-3-
butyric acid. The active ingredient is not toxic to humans or other mammals.
Furthermore, indole-3-butyric acid is effective at very low concentrations--often
several orders of magnitude below 1%. It is applied at very low rates compared with
most other pesticides. In animals, indole-3-butyric acid is rapidly broken down to a
closely related, harmless chemical that occurs naturally in living organisms.
Eye irritation to certain workers is EPA' s only health concern for products
containing indole-3-butyric acid. For products that may cause eye irritation, workers
(such as mixers and applicators) are required to use protective eyewear, such as
goggles, face shield, or safety glasses.

(5) effects of the substance on biological and
chemical interactions in the agroecosystem 
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None. The US EPA has stipulated: “it does not persist in the environment”.

REFERENCE: 
June 22, 2011, Technical Evaluation Report, Compiled by the Technical Services
Branch for the USDA National Organic Program

SEE ANSWER TO:
“Evaluation question #7"

EPA stipulated that IBA does not persist in the environment .

Evaluation Question #5: Describe the toxicity, mode of action and breakdown
products of the petitioned substance any known toxic or other adverse action of the
substance and/or its breakdown 204 products. Relevant to Questions #5 - #10, the
common amount used in various applications was from 0.5 mg L-1 to less than 1%
(10,000 mg L-1) in solution. “All currently registered end products formulated with
IBA are applied in ultra-low quantities, up to 7 mg active ingredient/acre/crop season
for the crop uses, and similar low applicator exposure for ornamental plant
propagation,” The primary application is to dip plant cuttings in IBA solution or IBA
powder for inducing the adventitious root formation. Foliar spray of IBA is used in
enhancing crop yield. IBA is being petitioned to be used as a plant growth promoter.
“Low toxicity” was claimed by the petitioner for both the active ingredient (i.e. IBA)
and possible breakdown products. EPA evaluated the toxicity of IBA based on the
following rational. IBA is similar in structure and function to naturally occurring IAA
(actually, IBA, based on the recent literature, is also naturally occurring). IBA is
metabolized to IAA in the human body. IBA has a non-toxic mode of action. EPA
concluded that IBA has low acute toxicity with the exception that IBA is an eye
irritant. 40 CFR 180.1158 exempted IBA from the requirement of a tolerance for
residues of IBA in or on food commodities when used as plant regulators. “All
generic toxicology data requirements have been waved 221 for IBA,” EPA (1992). 
EPA stipulated that IBA does not persist in the environment (EPA, 1992; EPA,
2010). Technical Evaluation Report Indole-3-butyric acid (IBA) Crop Production
June 22, 2011 Page 6 of 17

(6) alternatives to using the substance in terms
of practices or other materials available
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AS DESCRIBED BELOW:
No alternative substances are available as US EPA registered plant growth regulator
substances. All plant growth regulators are required to be registered with the US
EPA under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA). IAA,
like IBA, has no natural sources for commercial use by plant growers.

REFERENCE: 
June 22, 2011, Technical Evaluation Report, Compiled by the Technical Services
Branch for the USDA National Organic Program

SEE ANSWER TO:
“All natural substances used in place of IBA”

Other auxin compounds in general are active only at higher concentrations than IAA
and their role in growth remains largely unknown. In recent years, some of these
other auxins such as IBA were found more effective in stimulating rooting than IAA
during certain developmental stages or in certain plant species . IBA was used in
recent researches for promoting root growth.

10. Safety information about the substance
including a Material Safety Data Sheet (MSDS)
and a substance report from the National
Institute of Environmental Health Studies.

ATTACHED FILES:

“REFERENCES-IBA Labels and MSDS”

MSDS Hortus IBA Water Soluble Salts.pdf
MSDS Rhizopon AA1.pdf
MSDS Rhizopon AA2.pdf
MSDS Rhizopon AA3.pdf
MSDS Rhizopon AA Water Soluble Tablets.pdf
MSDS IBA RESEARCH.pdf
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REFERENCE:
“REFERENCES-USEPA documents”
“USEPA IBA RED 1992.pdf “

B. Human Health Assessment

1. Toxicology Data
The Agency has waived all data requirements on the active ingredient because of the
expected, extremely low exposures to those involved in the use of products
containing IBA and due to the negligible dietary exposures expected from the use of
IBA on food and feed crops. IBA is exempt from tolerances of residues on crops (40
CFR 180.1099). All registered products are formulated with IBA in low percentages
of IBA, from 0.0004 to 4.5, and are applied in ultra-low quantities, up to 7 mg active
ingredient/acre/crop season, for the crop uses. Use of products for the ornamental
plant propagation use also results in low applicator exposure to IBA. Additionally,
these products have low acute toxicity as suggested from data of at least one
formulated product (Toxicity Categories ill and IV, no dermal irritation, and
moderate eye irritation, perhaps from another active or an inert ingredient in the
product formulation.

2. Occupational and Residential Exposure
There is potential for occupational exposure to IBA during dipping and transplanting
activities and mixing, loading and spraying activities. However, since the Agency
does not have concerns about any toxicological endpoints, the Agency has not
required exposure data. The Agency has no significant exposure concerns other than
appropriate label precautions for eye protection for mixers, loaders, and applicators. 
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11. Research information about the substance
which includes comprehensive substance
research reviews and research bibliographies,
including reviews and bibliographies which
present contrasting positions to those presented
by the petitioner in supporting the substance's
inclusion on or removal from the National List.

For petitions to include non-organic agricultural
substances onto the National List, this
information item should include research
concerning why the substance should be
permitted in the production or handling of an
organic product.

Availability of organic alternatives. 

Commercial availability does not depend upon
geographic location or local market conditions

REFERENCE
“REFERENCES-IBA efficacy”

Plant propagation from cuttings produces clonal copies of the mother plant. IBA is
the most use substance for this purpose
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No useful substances are available to organic growers

REFERENCE: 
June 22, 2011, Technical Evaluation Report, Compiled by the Technical Services
Branch for the USDA National Organic Program

SEE ANSWER TO:
Evaluation question #11

Currently, “European and North American regulations do not allow the use of
synthetic products to obtain organic vegetative propagation materials,” Centeno and
Gomez-del-Campo (2008). Centeno and Gomez-del-Campo (2008) briefly
introduced methods in plant propagation without using synthetic materials. Cuttings
were enclosed with germinating seeds to stimulate root formation since germinating
seeds contained natural auxins. Fungi produced auxins and contained proteins,
carbohydrates, lipids, minerals, and vitamins. Algae also contained IAA, proteins,
lipids and carbohydrates. Yeast extract was used for root growth in Glehnia littoralis.
Mineral nutrients and vitamins were found improving the rooting of cuttings
(Christov and Koleva, 1995). Specifically, Centeno and Gomez-del-Campo (2008)
confirmed that IBA was effective in promoting rooting

IBA is commercial availability worldwide.

REFERENCE: 
REFERENCES-USEPA documents
IBA containing products 08 2012.pdf

12. A "Petition Justification Statement" which
provides justification for any of the following
actions requested in the petition:
A. Inclusion of a Synthetic on the National List,
§§205.601, 205.603,205.605(b)
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• Explain why the synthetic substance is
necessary for the production or handling of an
organic product.

• Describe any non-synthetic substances,
synthetic substances on methods that could be
used in place of the petitioned synthetic
substance.

• Describe the beneficial effects to the
environment

• Describe the beneficial effects to the human
health

SEE: 
“INTRODUCTION” at the beginning of this petition 

Indole-3-butyric acid (IBA) is a natural substance found in plants. It is used to
propagate new plants from cuttings, the most used substance for this purpose. It is
effective, and safe to the environment, humans and animals. For commercial use,
IBA must be synthesized.

PETITION USE AND RATES
IBA is to be allowed in ‘Organic Production’ 
Use is limited to plant propagation from cuttings,
All plant types which can be propagated from cuttings can be used: annual, perennial
and woody plants.
Rates are to be limited in aqueous solution up to 2500 ppm IBA and dry powder up
to 0.8% IBA.
‘Spot use’ application is to be made in ‘enclosed structures’. Field broadcasting is
not allowed.
Solutions are specified to be ‘aqueous’ assuring only water can be used as the solute.

USES 
IBA is used, once or few times, at extremely low rates near the time cuttings are
taken. It is many weeks or months after application before crops are taken.
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NEED FOR IBA BY ORGANIC FARMERS
Plants propagated from cuttings are clonal copies of the mother plant. IBA allows
the plant cuttings to produce new roots rapidly. IBA is used to propagate most
plants which can be reproduced from cuttings. IBA is used these purposes:

Many crops are impossible to root from cuttings, such as bay and rosemary.

Crops which are difficult to root, and take a long time to develop roots are under
stress susceptible to pathogenic fungi such as Phytophthora. Rapid root formation
eliminates stress and allow plants to overcome these fungi. 

Many seedless crop plants are not available to the organic market such as seedless
tomato, cucumber, melon, and squash. Propagation from cuttings using IBA allows
growers to produce many kinds of seedless crops like beans, tomato, cucumber,
squash, and melon. Propagation from cuttings using IBA yields new plants that are
identical to the mother plant.. 

Many crops can only retain flavor if clonal propagated from cuttings such as mints
and basal. Seed propagated basal plant variable flavors; propagation by cuttings
using IBA produce exact flavors as the mother plants
Organic crops that are currently propagated using IBA or TC must be kept one year
under organic conditions before being called ‘organic’. IBA on the approved list
allows crops to be taken any time after propagation. For example, strawberry and
raspberry are sometimes propagated by tissue culture or from cutting using IBA.
During the first year of growing under organic conditions they are considered
conventional. Propagation using allowed IBA will allow growing under ‘organic’
conditions to be called ‘organic’ any time.

LONG HISTORY OF SAFETY 
As a natural substance, IBA has been shown to have no detrimental effect on the
environment. Since identification in 1934, IBA has been shown to be safe to humans
and the environment

ORGANIC PRODUCTION STATUS
There are presently no allowed substances with root inducing ability on the NOP
National List. Presently, if IBA is used on cuttings, growers must grow plants one
year under organic conditions before the crop can be certified ‘organic’.

QUALITY CONTROL
IBA is required to registered with the US EPA for use in plant growing. The US
EPA registration requires that all ingredients must disclosed in the Confidential
Statement of Formula if over 0.1%. ‘Manufacturing Use’ and ‘End Use’ products
have certified disclosed content.
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REFERENCE: 
June 22, 2011, Technical Evaluation Report, Compiled by the Technical Services
Branch for the USDA National Organic Program

SEE ANSWER TO:
“EVALUATION QUESTION #12

As being contrasted to the overall pictures of plant propagation and plant hormones
given above, IBA is one of numerous plant hormones. Propagation from cuttings is
one of numerous plant propagation processes. 

Successful rooting from stem cuttings depends on numerous factors such as stock
plant management, timing, types of cuttings, rooting environment (light, temperature,
moisture, etc), and ten other or so factors. Applying plant hormones is one of these
factors. In addition to IBA, NAA is commonly used in conventional operations;
however NAA is prohibited under the National Organic Program standards. The
application of plant hormones is not a method for all scenarios since this application
is further limited by numerous factors: amount, timing, type-mismatch, solution or
solid, etc.
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Abstract. Acidic indole auxins have been extracted from N. glauca, N. langsdorffii and
their 2 tumor-prone 4n- and 2n-hybrids. After purification of the extracts and thin-layer
chromatography, acidic indoles were subjected to esterification and gas chromatography. The
esters of 4 indole acids were detected and determined: indole-3-acetic acid, indole.3-carboxylic
acid, indole-3-propionic acid and indole-3-butyric acid. The indolic nature of fractionated
samples was confirmed by spectrophotofluorometry and the physiological significance of the
indole esters proven in a biotest. A substantial increase in extractable indole.3-butyric acid
in the tumor-prone hybrids suggests an additional pathway of auxin synthesis in these tissues.

An indole auxin, presumably indole-acetic acid
(IAA), was described as the main growth hormone
in several Nicotiana species, their hybrids and hvbrid
derivatives (2, 3, 4). Identification of IAA was
based on ether extraction and separation by paper-
and thin-layer chromatography, coupled with an
Avena biotest. A quantitative comparison of the
extracted acidic indole compound revealed a higher
content in the tumor-prone genotypes of Nicotiana,
as compared to their non-tumor forming parent
species. However, obtaining more detailed informa-
tion about other naturally occurring indole auxins in
the plant extracts was made difficult by the large
number of these substances and the minute concen-
trations in which they usutally occur.

Because of similarities in molectular structul-e
these indoles overlap on chromatograms or possess
similar RF values in the same partition solvent svs-
tems (24, 30). Therefore, a highly sensitive method
is necessary for a more detailed identification of
indole-auxins at physiological concentrations. Gas-
liquid chromatography and spectrophotofluorometry
have proven to be valuable for investigations of
synthetic indoles (6, 9, 1 5, 21, 27). The present com-
munication describes the application of these analvti-
cal procedures to biological material. Specificallv.
extracts of Nicotiana glautca, N. langsdorffii and
their tumor-prone 4n- and 2n-hybrids have been
examined for the occurrence of different acidic indole
auxins. The most striking aspect observed was an
unusually high level of indole-butyric acid in tumor-
prone hybrids.

1 This work was supported by USPHS Grants
CA-04890, CA-06927 and FR-05539 from the National
Cancer Institute and by an appropriation from the
Commonwealth of Pennsylvania.

Materials and Methods

Plant Material. Plants of N. glauca, N. langs-
dorffii and their 2 tumor-prone hybrids, the amphi-
diploid hybrid GGLL (4n) and the F1-hybrid GL
(2n) were grown in the greenhouse for 4 to 5 months.
Before the onset of flowering and tumor-formation,
the top 10 to 15 cm stems of the plants were excised,
the leaves removed and the pieces cut and frozen
immediately. For each extraction 30 g of tissue
(fr wt) from 4 to 5 plants xvas usied.

Preparation of Samnples for Gas Chromatography.
In *order to investigate indole containing samples in
the physiological range of concentrations bv gas
chromatography, a thorough and selective puirifica-
tion of tissuie extracts is essenitial to eliminate many
interfering substances (27). The sequence of steps
was as follows: A) fractionation of plant extracts
into major indole groups; B) thin-layer chroma-
tography of the acidic indole group on silica gel;
C) methvlation of acidic indoles; D) gas chroma-
tography; E) spectrophotofluoromnetrv; F) biotest.

Frozen tissuie samples were extracted for 20 hr
at 3° with cold, peroxide-free ether at pH 3.5. The
ether was evaporated and the extract taken to dryness
tunder reduced pressure. The fractionation scheme
described in detail by Powell (21) was used to
obtain the acidic indole fractions of the various
Nicotiana extracts. Any remaining non-indolic com-
pounds like phenols and phenol derivatives were
removed by partitioning the acidic indole-fraction
with 2% NaHCO3. The residue of the aqueous
indole-fraction was taken up in a known volume of
purified methanol and streaked on thin-layer chroma-
tographic sheets (Eastman Chromagram Sheet, tvpe
K301R, Silicagel). Chromatograms were run in
n-butanolwvater-ammonia (10:10:1, upper phase).
Four to 5 p.g of synthetic indole-3-acetic acid (IAA)
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wvere runi as controls and the RF of IAA determined
by the method of Gordon and Weber (14) with ferric
chloride-perchloric acid. The dried chromatograms.
8 cni in length, were divided iiito 10 equal transverse
striPs and the RF sections corresponding to the loca-

tioni of synthetic TAA in conitrols and known to
contain- natural acidic incdole derivatives, were scraped

off and transferred to a millipore filter syringe. The
auixin containiing silica gel was eluited twice each
with m-l of metflilemie chlolride and1 lil of 10

methyl alcohol. Thle comhined eluates were theii
sulbjected to esterificatiomi, using diazoniletlivlatioii
(20,22) and a iiiicr-omuietliod describedl l) Powell
(21) for the niethilationi of s,iiiall indlole s.aimiiples.

-As refereilces for niaturallv occuirring iiidlole acids.
the following svyntlhetic inmdole acids w\ hich alre com-

merciallv available. were esterified 1\ the samne
methods: indole-acetic aci(l (IA A), iii(lole-carbox-
vlic aIcid (ICA), indole-propionic acid (IPA), in-
dole-butvric acid (JBA), iindole-lactic acid (ILA),
indole-acrvlic acid ( TAcA) a-ndl 5-livdrox-vindole-
-icetic acid (5-O1-TI\ ). Althoug-l the phvsio-
logical sigtiificamice of indole-pvrilvic acid as ali
ilitermediate pro(duict of TAA synthesis fromii try)to-
phan is recognize(l. tlis ii(lole coiil)ound couild not
be inlcluded in the lpreselit inivestigation because of
its rahpid decomposition in the alkalliie solvemit svsteni
(ni-hu)tat-iol-animiiionii a-wateri) tsed for thini-layer
chromatography (1, 23, 28). Ethlv indole-3-acetate
(IA A-FEE), obtained froiii coninierciatl souirces, was

selected as a standard since it lhas an interniediate
retenitioln volumne and is uiseful o\ier a \\i(le range of
colulniiii temileratures ( 27).

Gas Chlronimatogra phy/. The glas chromatograpli
iusedl was a Glowvall :Model 31O coiiiiecte(l to a l'hoto-
volt Chart Recor(ler. It was equipped with an

initerchangeabl e hydrogen flanie (letectol- amid rmul at
a 300 volt DC current. The coiled coluninmivsere

6 feet long- and had an imimier (diamieter of 6 mnil.
They were l)acked either with 3 % SE-30 (methyl
vimivl silicomle rubber, General Electric Comipanv) or

3 % siliconie QF-l (a D)ow-Cormiig Corporatioln
Fluorinated Silicomie). The columniin temiperature was

kept at 1900, the vaporizimig block temperature at
2°350 amiid the (letector oven iat 2550. Argoni was uise(d
ais the carrier gYas ait a flow rate of miihl/minii at
20 to 22 lb.s/im1' p)resslmre. Tv\\o to -5 /g. siiples of
esterified imidoles (dissolvedl ini aicetone \\were iii ected
iit(o the vaporizing block.

In ami attemiipt to amialyze fractions of the -as
churomnatographmed sampiles by spectrophotofluoromiietry

ii(l bioassay\, tIme hv\drogemi fltanme (letector- las re-

l)laced by ami argomi iomnizimng (hetector (rumitz oml 1000

DC volts; radiluml sourl-ce: 22'.5 MCtcuries) which al-

lows collection of fractionated saumples after passing

throughl the detector chamber. Sniall bore teflon
tubin,g was connected to the detector outlet and led
througlh an ice filled Dewer comitainier. Condensatiomi
of the indole esters occurred in the cooled teflon
tubimig which was consequently riinsed with acetone.
For the spectrophotofluoromiietric miieasuirements the

acetoine wvas evaporated and the residue dissolved in
I mnl of ethl alcolhol anid transferred to a quartz
cuv,ette. Readings were ma(le at ani activation wave-
lengtli of 280 nmMu and a flutorescenlce wavelen,gth of
3)60 niMi. 'T'lhese wavelengths are lnear- miiaximiia for-
milost iindoles (except fol 5-OH ildoles which are
activatec! at 295 imMu).

For hioassav the conldenised resi(luies from] thle
tefloni tuibing were riiise(l wxitlh ethaiiol water. trans-
ferred to agalr blocks (2. 5 2̂.5 X 1 .3 inm) and
stbl)ecte(l to an .-lzciia cuirvature test (2,4.2(6).

Results

A) G,as Chl roinatographly. Diazomethvlation
proved to be a stuccessfuil method for esterification of
naturally occturring indole acids. In recovery ex-
periments with sam)ples of synthetic indoles esterifi-
cation was nearly complete, i.e. 90 to 96 % was
recovered as methyl ester. These data are in agree-
ment w-ith those of Stowe and Schilke (27) anld
Grunwald ct al. (15)). Since paper- and tlhin-laver
clhromatogranis of som11e Nicotiana extracts had slig-
gested that other acidic growth hormones might be
concealed at the location of IAA (3, 4) a gas chro-
niatograpihic alllysis was performed of those acidic
in(loles w\\hich are of phlsiological interest aii(l which
sihow thle samiei or very similar RF4 values on lpalper-
ami( thin-layer chromatogramns (table I). Gas chro-
inaltographic dlata ohtained -with 2 to 5 pg samples
of methlvlated synthetic indole acids are sunmmiarized
in tahle rr ani,d calculated according to the recom-
mended practice for gas chromatography hby Ettre
(11). Relative retention values r are given with
respect to ethylindole-3-acetate and the resoltution is
exl)resse(d as effective plate niuhber N. All indoles
,gave respolises with the SE-30 and QF-1 columns.
Retenltioln tiiies xvaried hetween 5 min (IAA-MF,)
and 20 miin ( JAcA-MNIE). The crowding at the
beginnimnmg of the clironmatog-rami could liot be elimi-
nated hv lowering flow rates or 1b lowtering the
temperature. In the latter situation the substances
are insuifficiently volatile (27).

Gas chromatography of naturallv occuirrin!g imidole
esters in Nicotiania revealed several peaks which
coilnci(le(l in their location oii chromatogramns with
those of the synfthetic indole esters. Since these
suhstances were miot alwavs foutind in the extracts of
the iniivestigate(l Nicotiaiiaii phlalts, each experiment
was relpeate(l at least 12 tinmes and simultaneously

Tlab1e 1. RF-Values of Indole Acids on Thin-Layer-
(hro IImato(Jrmsli. Run in n-bittanol-HO-ammonia

(10:10:1 ), Ulpper P'hase

Substance RF

Indole-3-acetic acid 0.35
Indole-3-carboxylic acid 0.22
Indole-3-propionic acid 0.44
Indole-3-butyric acid 0.55
Indole-3-lactic acid 0.48
Indole-3-acrylic acid 0.45
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Table II. Coainparisopt of Retenttion Timiies (t'R), Relative Retention Timiies (r), anzd Effective Plate Valu(es (N)
of 2 to 5 lq Satlpies of Variouis Indolc Mcnthv/-Estcrs ont 3 % SE-30 anid Siliconie QF-1 C(lolumns

Column temperature: 1900; carrier gas flox- rate: 30 ml/min.

3 % SE-30 3 % Silicone QF-1
Indole esters t'1R r N t'R r N

Ethyl-indole-3-acetate 6.2 1.00 784 5.6 1.00 608
MIethyl-indoJe-3-acetate 5.1 0.82 816 4.6 0.82 336
Methyl-indole-3-carboxylate 5.6 0.90 784 5.6 1.00 480
Mlethyl-indole-3-propionate 8.0 1.30 688 6.6 1.18 352
Methyl-indole-3-butyrate 9.7 1.58 994 8.3 1.48 576
Methyl-indole-3-lactate 10.0 1.64 970 9.6 1.72 848
Mtethyl-inidole-5-lhydroxyacetate 14.6 2.37 784 16. 2.94 800
Methyl-indole-3-acrylate 17.1 2.82 702 20.8 3.71 752

compared with controls. In compensation experi-
ments Nicotiania indole esters and the methlvlated
synthetic controls were injected into the columns
simultaneously. Overlapping of peak areas was in-
dicative for the specificity of the extractable indole
acids.

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
LLI

cn

N. glauca x N. langsdorffii
2n- hybrid

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Retention Time, Minutes
FIG. 1. Gas chromatogram of methvlated indole acids

derived from thin-layer chromatogranms (run in n-buta-
nol-ammonia-water) at R,"'s 0.25 to 0.55 of Nicotiana
glautca and N. langsdorffii extracts. Column: 3 %
SE-30; temperature 1900. Argon flow rate: 30 ml/min.
IAA-ME: indole-acetic acid methyl ester; ICA-ME:
indole-carboxylic acid methyl ester; IPA-ME: indole-
propionic acid methyl ester; IBA-ME: indole-butyric
acid methyl ester; 5-OH-IAA-ME: 5-hydroxyindole-
acetic acid methyl ester.

In N. glauca anid N. laingsdorffii 4 different
methvlNated indole acids couild be identified. i.e.
ICA-ME. lAP-MIE.TPA-ME. IBA-ME (fig 1).
Thie corresponding acids are known to be of plant
physiological significance sinice they act either as
gcrrowth promloters in many lplant tissues or are inter-
ie(liates of TAX synthesis i.ii vivo (5,8, 10,25,30).

The TAA conitelnt in N. gltica anid N. lanigsdorffii
is rather low (the recordler responise indicates a con-
centrationi of about 0.7 ug IAA in 30 g fr tissue) but
tile inidole-aiuxins ICA. IPA, aild IBA are present at
concenitrations of abotut 1.0 sg each in 30 g tissule.
Tissues of tlle tulmiior-pr-one 4n- and 2n-hybrids, how-
ever. sliow a considerable increase in the auxin IBA,
the concentration of which lies arouind 1.8 to 2.2 Mug
per 30 g fresh tissuie (fig 2).

On thini-layer chromatograms with n-butanol-
T-i.(O-NH:. tihe RF of IBA lies considerably higher
than that of the other investigated indole acids, i.e.
at abouit 0.55 (table I). Therefore, purified frac-
tionis of 4n-hybrid extracts were divided into 2
groups. I containiing the Rp sections 0.25 to 0.45
containinig the indole acids ICA, IPA, and IAA
(fractionl 1): the other Rp fractioni 0.45 *to 0.65,
conltaininig IBA and possibly other. unidentified in-
dole comn)ounds (fraction II). Figure 3 shows the
gas chromatographlic separationi of the methyl esters
of these indole acids. IBA-ME is present in th.e
0.45 to 0.65 thin-layer chromatogram fraction,
whereas the otlher indole acids occur in the 0.25 to
0.45 fraction. Comilpouinids witlh Iiiglier retenltioni
times (t'i1) thani 9.7 (for IBA-ME) could be found
in all investigated tisssue extracts. Purification pro-
cedtires of the planlt extracts, thin-layer chromatog-
ral)phv and esterification of the fractionated samples
identifies tlhemii as in(lole esters. Tt niay be suspected
that broad l)eaks between retenltionl timees (W1) of
14 to 15 nmii (fig 2) represen-t the methyl ester of
naturally occutrrinig 5-OH-TAA. The low concen-
tration of this substance in the plant material used.
however, does inot permit a clear identification of
this auxin.

B) Spectrophotofliiorometry. If a suspected
acidic indole is separated and purified, spectrophoto-
fluorometry can be employed to confirm the indolic
nature of the compound (7, 16, 27). Therefore, col-
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4n -hybrid
gas Chromatogram of purified
esterified acetic fraction

(a) TLC fraction Rf 0.25-0.45
(n-butanol-ammonia-Hj0)

L 2
2

I~ Im

2 3 4 5 6 7 8 9 IO 11 12 13 14 15 16 17
.asL
- (b)TLC fraction
I Rf 0.45-0.6t

(n-butanol -ammonia
H20)

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Retention Time, Minutes

FIG. 2. Gas chromatograms of methylated indole acids,
derived from thin-layer chromatograms at RF'S 0.25 to
0.55 of N. glatuca X N. langsdorffii 4n and 2n hybrids.
Specifications as in figure 1.

lected fractions from the gas chromatograms were
transferred to quartz cuvettes and the measurenmenlts
carried out on an Aminco-Bowman instrument. All
investigated fractions had activation maxima in the
275 to 285 m,u range, with their major fluorescence
peaks between 360 and 375 m/i. As anticipated, the
spectrophotofluorometric spectra of the methyl esters

Gas-Chromatogram of purified
esterified acetic fractions from
Nicotiana glauca and N. Iangsdor-
ffii on 3% SE-30 column

TLC- Rf 0.25-0.55

< LJ LLg 2J2

QI

2 3 4 5 6 7 8 9 I0 11 12 13 14 15 16 17

Retention Time, Minutes
FIG. 3. Gas chromatogram of methylated indole acids,

derived from thin-layer chroinatograms of 4n hybrid ex-

tracts at a) RF 0.25 to 0.45, and b) RF 0.45 to 0.65.
Specifications as in figure 1.

studied here were found to be almost identical to the
indole acid spectra themselves. Spectrophotofluoro-
metric measurements, therefore, confirmed the indolic
nature of the isolated fractions. Actual identifica-
tion of the compounds, however, rests most securely
on the chromatographic properties cited above (15).

C) Bioassay. In several experiments, collected
fractions of 4n hybrid extracts were directly trans-
ferred to agar blocks and measured by an Avena
curvature biotest. Fraction I, containing the methyl
esters of ICA, IAA, and IPA, gave an average
coleoptile curvature of -8.5°, whereas the methyl
esters of fraction IT (containing IBA-ME) gave an
average curvature of -t5. The relatively weak re-
sponse of the Avenia coleoptiles to these otherwise
potent growth hormones is explained by the struc-
tural changes during methylation of these indole
acids, since it has long been known that esterification
of indole acids reduces their growth-promoting ac-
tivities (29). Nevertheless, the growth response of
Avena, coleoptiles shows the auxinic nature of the
investigated compounds.

Discussion

The gas chromatographic analysis of esterified
indole acids in Nicotiana plants revealed several
indole acids, IAA, ICA, IPA, and IBA. All 4 in-
doles could be isolated from Nl. glauca and N. laiigs-
dorffii extracts at low concentrations, whereas in
the tumor-prone 4n- and 2n-hybrids the content of
IBA was significantly increased. Although all iden-
tified indoles were present in the parental and the
4n hybrid tissues, 2n hybrids showed no detectable
ICA. The significance of this possible deficiency
remains to be studied in the future.

The synthesis of IAA from tryptophan is coIn-
sidered possibly to follow 2 different routes (10, 12)
which include such intermiediates as ICA anld IPA
together with several neutral indole comipounds. The
pathway of IAA synthesis in Nicotiana seems to
follow the same proposed reaction chains. A sepa-
rate pathway for the synthesis of ICA from trypto-
phan seems to be possible in some plant tissues, and
ICA has been found by Klamiibt (17) in wheat coleop-
tiles and by Clarke et al. (8) in tomato crown gall
tissue extracts. IPA with auxin activity in higher
plants has been described by Fischer (13). Linser
et al. (18) and Melchior (19).

Since the proposed pathway for IAA synthesis
froml tryptophan does not include IBA as an inter-
mediate it may be that this auxin is the product of
a separate auxin-producing pathway in Nicotiana. in
which case it may be a storage form of IAA. IBA
has been found to be a naturally occurrin,g auxin in
another one of the Solanaceae, that is, in Solanum
tuberosum ('(5). The evidence for the occurrence
of IBA in potato tissues was based onl paper-chroma-
tographic separations. The present identification of
IBA in Nicotiana suggests a wider distribution of
this auxin in higher plants.
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INTRODUCTION 

It is 60 years since Went and Thimann (1937) published their 
classic book Phytohormones. At that time, the term phyto- 
hormone was synonymous with auxin, although the exis- 
tente of other phytohormones, such as cell division factors, 
was anticipated on the basis of physiological experiments. It 
is impressive that aside from some confusion about the 
structure of auxin, many of the basic phenomena of auxin 
physiology were already known at that time. It is equally im- 
pressive that much auxin biology, including the Cholodny- 
Went hypothesis (Went and Thimann, 1937) regarding the 
role of auxin in mediating gravi- and phototropism, the path- 
way of auxin biosynthesis, and the mechanism by which 
auxin causes cell wall loosening, remains controversial. 

Since 1937, gibberellin (GA), ethylene, cytokinin, and ab- 
scisic acid (ABA) have joined auxin as phytohormones, 
and together, they are regarded as the “classical five” (Fig- 
ure 1). This group is expected to grow as the hormonal 
functions of other compounds are recognized and as new 
hormones are discovered (see Creelman and Mullet, 1997, 
in this issue). As is evident from this short review, recent 
progress on hormone biosynthesis and on hormonal trans- 
duction pathways has been impressive. Also evident is that 
there are many blanks still to be filled in. With the application 
of the powerful new techniques of chemical analysis and 
molecular genetics, the rate at which new discoveries are 
made will continue to accelerate. It’s a great time to be a 
plant hormonologist! 

CHEMISTRY AND BIOSYNTHESIS OF HORMONES 

Clearly, the amount of any compound, including hormones, 
in an organ of a plant is determined by the combined rates 
of its biosynthesis, breakdown, import, and export. The last 

This review is dedicated to the memories of James Bonner, Anton 
Lang, Kenneth Thimann, and Philip Wareing, pioneers in plant hor- 
mone research, who died during the past year. 
To whom correspondence should be addressed. E-mail zeevaart@ 

pilot.msu.edu; fax 51 7-353-91 68. 

two aspects are not considered in the following discussion 
of how the endogenous pool sizes of the five classical hor- 
mones are regulated. Rather, we focus on the biosynthetic 
pathways, $he deactivation reactions, and the regulatory 
mechanisms involved in these processes. 

During the past 25 years, the standards set for natural- 
product chemistry have also been applied to plant hormone 
research. lnstead of “measuring” hormones by bioassays, 
unambiguous physical-chemical methods for the identifica- 
tion and measurement of hormones have been developed 
(reviewed in Hedden, 1993). The accuracy and facility of 
quantitative measurements have been improved by the 
availability of isotopically labeled versions (with 2H, 13C, or 
I5N) of the hormones for use as interna1 standards. 

Molecular genetics is another discipline that has made it 
possible to solve problems in hormone physiology that were 
hitherto intractable. Hormones are present in plants in very 
small amounts. Moreover, their biosynthetic and catabolic 
enzymes are low-abundance proteins, which, in most cases, 
cannot be isolated and purified by classical biochemical 
methods. However, when the identification of a mutant leads 
to the cloning of a gene, that gene can be expressed as a 
fusion protein with which the catalytic function can be deter- 
mined (e.g., Sun and Kamiya, 1994; Xu et al., 1995; Schwartz 
et al., 199713). 

Auxin 

The primary auxin in plants is indole-3-acetic acid (IAA; Fig- 
ure 1). Although other compounds with auxin activity, such 
as indole-3-butyric acid, phenyl acetic acid, and 4-chloro- 
IAA, are also present in plants (reviewed in Normanly et al., 
1995), little is known about their physiological role. For many 
years, it has been assumed that tryptophan is the precur- 
sor of IAA. This has recently been confirmed in seedlings 
of Phaseolus vulgaris with stable isotope labeling studies 
(Bialek et al., 1992). Three routes for IAA biosynthesis from 
tryptophan via indole-3-pyruvic acid, tryptamine, or indole- 
3-acetonitrile have been proposed. The latter precursor is 
found primarily in the Cruciferae and may be derived from 
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Figure 1. Structures of Representatives of the Five Classical Plant Hormones. 

Shown are indole-3-acetic acid, ethylene, abscisic acid, zeatin, and gibberellin A,. 

indoleglucosinolates (Normanly et al., 1995). Four genes en- 
coding nitrilase, which converts indole-3-acetonitrile to IAA, 
have been cloned in Arabidopsis. These four genes are dif- 
ferentially regulated (Bartel and Fink, 1994). 

Work with tryptophan auxotrophic mutants has estab- 
lished that IAA biosynthesis can also take place via a tryp- 
tophan-independent route. For example, the orange pericarp 
mutant in maize does not produce tryptophan but accu- 
mulates IAA to levels 50-fold higher than in the wild type 
(Wright et al., 1991). Tryptophan auxotrophs in Arabidopsis 
also accumulate more IAA than do wild-type plants. On the 
basis of these data, it was proposed that IAA can be synthe- 
sized through a branch point of the tryptophan biosynthetic 
pathway at indole or indole-glycerol phosphate (Normanly et 
al., 1995). Supporting this idea is the finding that in a cell- 
free system from immature maize endosperm, radioactive 
indole is converted to IAA (Rekoslavskaya and Bandurski, 
1994). 

Certain bacteria and plant cells transformed with Agro- 
bacterium tumefaciens synthesize IAA via a unique pathway 
in which tryptophan is converted to IAA in two steps. The 

first enzyme, tryptophan monooxygenase, converts tryp- 
tophan to indole-3-acetamide, which in turn is converted to 
IAA by indole-3-acetamide hydrolase. The genes encoding 
these enzymes have been used to alter IAA levels in trans- 
genic plants (Klee and Romano, 1994). 

IAA occurs not only in the free form but also conjugated to 
amino acids, peptides, or carbohydrates. These IAA conju- 
gates are biologically inactive and appear to serve functions 
as IAA storage forms in seeds and hormonal homeostasis. 
The iaglu gene in maize, which encodes an enzyme that es- 
terifies IAA to glucose, has been cloned (Szerszen et al., 
1994). In Arabidopsis, a gene family that encodes IAA conju- 
gate hydrolases has been identified (Bartel, 1997). 

Until recently, IAA catabolism was thought to occur via 
oxidative decarboxylation (i.e., through the action of an IAA 
oxidase). However, the major catabolic route of IAA in vivo 
now appears to be oxidation to oxindole-3-acetic acid and 
subsequent glycosylation through an added 7-hydroxyl (re- 
viewed in Normanly et al., 1995). Another catabolic pathway 
is via IAA-acetylaspartate to dioxindole-3-acetylaspartate-3- 
O-glucoside. 
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GAs 

Since the first GA from a higher plant, Gk14 (Figure l ) ,  was 
identified 40 years ago, 112 GAs have been identified to 
date (Hisamatsu et al., 1997). Efforts to determine the physi- 
ological roles of GA and to elucidate the biosynthetic path- 
way have been greatly facilitated by the availability of GA- 
deficient (i.e., dwarf) mutants. Metabolic studies have been 
conducted with systems that are rich sources of GAs, such 
as the fungus Gibberella fu]ikuroi and immature seeds of 
pumpkin, pea, and bean. However, maize is the only higher 
plant in, which the entire biosynthetic pathway has been 
demonstrated in vegetative tissues by feeding various inter- 
mediates (Suzuki et al., 1992; Kobayashi et al., 1996). These 
and other studies have shown that the GA biosynthetic path- 
way can be divided into three stages (Figure 2; reviewed in 
Graebe, 1988; Hedden and Kamiya, 1997; MacMillan, 1997). 
These stages are considered below. 

Stage 1: From Geranylgeranyl Diphosphate 
to ent-Kaurene 

The first committed step in GA biosynthesis is the cycliza- 
tion of geranylgeranyl diphosphate to ent-copalyl diphos- 
phate, which in turn is converted to ent-kaurene (Figure 2A). 
The enzymes that catalyze these reactions have been called 
ent-kaurene synthase A and B, respectively, but MacMillan 
(1 997) has proposed the more appropriate terms ent-copalyl 
diphosphate synthase and ent-kaurene synthase. The genes 
encoding these enzymes have been cloned from Arabidop- 
sis (GA7; Sun and Kamiya, 1994) and pumpkin endosperm 
(Yamaguchi et al., 1996), respectively. Biochemical evidence 
indicates that both enzymes are located in proplastids of 
meristematic shoot tissues but not in mature chloroplasts 
(Aach et al., 1997). Because conversions in stage 3 of the 
pathway can take place in mature leaves, it is likely that 
pathway intermediates move between different tissues and 
organs. In Arabidopsis, the expression of GA7 is highly reg- 
ulated during growth and development. Promoter studies 
with p-glucuronidase as reporter gene indicate that GA7 ex- 
pression is highest in shoot apices, root tips, and the vascu- 
lar tissue of leaves (Silverstone et al., 1997). 

Stage 2: From ent-Kaurene to CAI,-Aldehyde 

The enzymes in the second stage of the pathway are mem- 
brane-bound P450 monooxygenases, which are thought to 
be located in the endoplasmic reticulum. The sequential oxi- 
dation of C-19 of ent-kaurene via ent-kaurenol and ent- 
kaurenal to ent-kaurenoic acid is probably catalyzed by a 
single enzyme, the activity of which is impaired in the ga3 
mutant of Arabidopsis (J.A.D. Zeevaart, unpublished results). 
ent-Kaurenoic a d  is further oxidized to ent-7a-kaurenoic 
acid (Figure 2B). Contraction of the B-ring with extrusion of 

C-7 gives GA,,-aldehyde. The Dwarf3 (03) gene of maize 
encodes a P450 monooxygenase, but it is not known which 
step in stage 2 of the pathway is catalyzed by the D3 protein 
(Winkler and Helentjaris, 1995). 

Stage 3: From GA,,-Aldehyde to Various GAs 

The first step in stage 3 of the pathway involves oxidation 
of GA,,-aldehyde to GA,,. Further metabolism of GAiz var- 
ies among species or organs of the same species with re- 
spect to the position and sequence of oxidative steps. The 
early-13 hydroxylation pathway, which involves hydroxyla- 
tion at C-13 to give GA53, is common in higher plants. After 
C-13 hydroxylation, C-20 is successively oxidized and elimi- 
nated by the multifunctional enzyme GA 20-oxidase via 
GA44 and GAI9 to the CI9-GA, GAzo (Figure 2C). Finally, 3p- 
hydroxylase converts GAZ0 to the bioactive GA,. All of these 
oxidative steps are catalyzed by dioxygenases that require 
2-oxoglutarate and molecular oxygen as cosubstrates and 
Fez+ and ascorbate as cofactors. 

GA 20-oxidases have been cloned and expressed from a 
number of species (e.g., Lange et al., 1994; Phillips et al., 
1995; Xu et al., 1995; Martin et al., 1996; Wu et al., 1996), al- 
though to date the gene encoding 3p-hydroxylase has been 
cloned only from Arabidopsis (GA4; Chiang et al., 1995). Ex- 
pression of both the GA4 and GA5 (which encodes GA 20- 
oxidase) genes in Arabidopsis is subject to negative feed- 
back regulation (Chiang et al., 1995; Phillips et al., 1995). In 
spinach, GA 20-oxidase activity is under photoperiodic con- 
trol (Wu et al., 1996; see also Kreps and Kay, 1997, in this 
issue). 

Of all the known GAs, only a few are bioactive per se, 
whereas the others are precursors or deactivated GAs. A 
3p-hydroxyl group (as in GA, and GA3 is required for activ- 
ity, as was originally demonstrated with the dwarf /e mutant 
of pea (Ingram et al., 1984) and dwarfl (d7) of maize (Spray 
et al., 1984). These mutants are impaired in 3p-hydroxylase 
activity, and normal growth can be restored by GA, but not 
by 

At the end of the pathway, bioactive GAs are generally 
deactivated by 2P-hydroxylation. For example, GA, is con- 
verted to GA8 and GA4 is converted to GA34. Conjugation to 
glucosyl esters or glucosides takes place predominantly in 
maturing seeds. There is only one example of a deactivation 
mutant, the slender (sln) mutant in pea, in which 2p-hydrox- 
ylation is blocked and GAZ0 accumulates in maturing seeds 
(Ross et al., 1995). 

Cytokinins 

Naturally occurring cytokinins are N6-substituted adenine 
derivatives (Figure 1). In addition to higher plants, severa1 bac- 
teria, including Agrobacterium, produce cytokinins (reviewed 
in Morris, 1986; Gaudin et al., 1994). The key biosynthetic 
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Figure 2. GA Biosynthetic Pathway. 

(A) Stage 1 : conversion of geranylgeranyl diphosphate (GGDP) to ent-kaurene. CDP, ent-copalyl diphosphate 
(B) Stage 2: from ent-kaurene to GA,,-aldehyde. 
(C) Stage 3: represented here by the early-13 hydroxylation pathway from GA,,-aldehyde to GA, and GA,. 
For each stage, the nature of the enzymes, their location, and specific inhibitors are indicated. In (B) and (C), the modifications taking place at 
each step are highlighted in boldface. 
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step in Agrobacterium is the addition of an isopentenyl group 
from isopentenyl diphosphate to N6 of AMP, which is cata- 
lyzed by AMP-isopentenyl transferase (IPT). A similar en- 
zyme activity has also been observed in extracts from plant 
sources (Blackwell and Horgan, 1994; Chen and Ertl, 1994), 
but because of its instability, the enzyme has only been par- 
tially purified (Chen and Ertl, 1994). The I f  T gene from Agro- 
bacterium has been cloned and expressed in transgenic 
plants (Klee and Romano, 1994). However, there are no re- 
ports of plant DNA sequences with similarity to the bacterial 
I f  T genes (Binns, 1994). 

lsopentenyladenosine 5’-monophosphate is the precursor 
of all other forms of cytokinins. Through hydroxylation of the 
isopentenyl side chain and reduction of the double bond, 
the ribotides of zeatin and dihydrozeatin are formed. It is 
generally thought that the free bases, such as isopentenyl 
adenine, zeatin, and dihydrozeatin, are the active forms of 
cytokinins. Cytokinins with a hydroxylated side chain can be 
glycosylated to form the O-glucoside or O-xyloside. These 
reactions are reversible, because O-glycosylated cytokinins 
have biological activity. Zeatin O-xylosyl transferase has 
been isolated from bean embryos, and antibodies have 
been prepared. The enzyme is predominantly localized in 
the endosperm (Martin et al., 1993). 

Cytokinins are inactivated irreversibly by two different re- 
actions: formation of N-conjugates with glucose at the 7- or 
9-positions or with alanine at the 9-position and the oxida- 
tive cleavage of the N6 side chain of the cytokinin substrate 
by cytokinin oxidase. The substrates for cytokinin oxidase 
are isopentenyladenine, zeatin, and their ribosides. By con- 
trast, dihydrozeatin is resistant to cytokinin oxidase. To- 
bacco plants transformed with the I f T  gene, which have an 
elevated cytokinin level, exhibit an increase in cytokinin oxi- 
dase activity in both leaves and roots (Motyka et al., 1996). 
These results indicate that cytokinin oxidase is induced by 
its own substrate and thus plays a role in regulating cytoki- 
nin levels in plants. Genetic manipulation of cytokinin oxi- 
dase may provide a strategy through which cytokinin levels 
can be modified. 

ABA 

Work on ABA (Figure 1) is a good example of how a combi- 
nation of genetic, molecular, and biochemical approaches 
can lead to the elucidation of a complex biosynthetic path- 
way. Early on, the similarity in structure between ABA and 
the end groups of certain carotenoids led to the proposal 
that ABA may be a breakdown product of carotenoids, with 
xanthoxin as an intermediate. This idea was supported by 
the finding that plants that do not accumulate carotenoids 
(either because of mutation or treatment with inhibitors) also 
lack ABA. Furthermore, labeling studies with 1802 established 
that one l80 atom is rapidly incorporated into the carboxyl 
group of ABA, indicating that there is a large precursor pool 
(i.e., carotenoids) that already contains the oxygens on the 

ring of the ABA molecule (Zeevaart et al., 1991). Finally, in eti- 
olated leaves and roots, which have low levels of carotenoids, 
a 1 : l  stoichiometry was found between the disappearance 
of violaxanthin and neoxanthin and the appearance of ABA 
and its catabolites (Li and Walton, 1990; Parry et al., 1992). 

The ABA-deficient aba7 mutant of Arabidopsis is blocked 
in the epoxidation of zeaxanthin to antheraxanthin and vio- 
laxanthin, indicating that the epoxycarotenoids violaxanthin 
and neoxanthin are essential for ABA production (Rock and 
Zeevaart, 1991). The aba2 mutant of Nicotiana plumbagini- 
folia is orthologous with aba7 of Arabidopsis and has been 
cloned. The corresponding fusion protein has zeaxanthin 
epoxidase activity (Marin et al., 1996). 

The last two steps in the pathway, from xanthoxin to ABA- 
aldehyde to ABA, are catalyzed by constitutively expressed 
enzymes (Sindhu and Walton, 1988; Schwartz et al., 1997a), 
with the result that the level of xanthoxin in leaves is always 
very low relative to ABA (Parry et al., 1990). The aba2 mutant 
in Arabidopsis is the only known mutant for the conversion 
of xanthoxin to ABA-aldehyde. By contrast, mutants for the 
final step, ABA-aldehyde to ABA, have been found in a num- 
ber of species (reviewed in Taylor, 1991). In some cases (e.g., 
narZa in barley, flacca in tomato, and aba3 in Arabidopsis), 
the lesion is not in the aldehyde oxidase apoprotein but in 
the molybdenum cofactor that is required by the enzyme. 

ABA biosynthesis increases when plant cells lose turgor 
(reviewed in Zeevaart and Creelman, 1988), raising the ques- 
tion of which step in the pathway is activated by water 
stress. Considering that the immediate epoxycarotenoid pre- 
cursors are always present in large excess relative to ABA 
(Norman et al., 1990) and that the enzyme activities of the 
final two steps from xanthoxin to ABA are not affected by 
dehydration, it follows that the cleavage reaction from ep- 
oxycarotenoids to xanthoxin is the most likely regulatory 
step in the pathway. 

But what is the nature of the enzyme that catalyzes the 
cleavage reaction? Recently, a viviparous mutant of maize, 
vp74, has been isolated, and the corresponding gene has 
been cloned. The derived amino acid sequence of VP14 
shows similarity to bacterial dioxygenases. Moreover, a 
VP14 fusion protein catalyzes the cleavage of 9-cis-epoxy- 
carotenoids (&) to form C25 apo-aldehydes and xanthoxin 
(C,& but carotenoids in the all-trans configuration are not 
cleaved (Schwartz et al., 1997b). Therefore, the 9-cis-con- 
figuration appears to be the primary determinant of cleavage 
specificity. This is not surprising, because cleavage of 9-cis- 
epoxycarotenoids produces cis-xanthoxin, which is in turn 
converted to the active isomer of ABA. 

The cleavage step is the first committed step in ABA biosyn- 
thesis and probably also the reaction that determines the over- 
all rate of ABA production. This possibility can now be tested 
in transgenic plants in which the gene encoding the cleavage 
enzyme is over- or underexpressed. However, ABA is rap- 
idly deactivated by oxidation to phaseic acid and, to a lesser 
extent, by conjugation to the ABA glucose ester (reviewed in 
Zeevaart and Creelman, 1988). Thus, overexpression of the 
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cleavage enzyme in transgenic plants may not necessarily 
result in increased ABA levels. To raise ABA levels and to 
make plants tolerant to stress conditions, it may be prefera- 
ble to suppress the activity of ABA 8'-hydroxylase, the en- 
zyme that converts ABA to phaseic acid, by using antisense 
technology. However, the experiments will have to wait until 
the corresponding gene has been cloned. 

Ethylene 

The breakthrough in unraveling the biosynthetic pathway of 
ethylene was the discovery in 1979 that 1 -aminocyclopro- 
pane-1 -carboxylic acid (ACC) is the immediate precursor of 
ethylene (reviewed in Yang and Hoffman, 1984). The first 
committed step in ethylene biosynthesis is the conversion of 
S-adenosyl-L-methionine to 5'-methylthioadenosine and ACC; 
this is also the key regulatory step in ethylene biosynthesis. 

The enzyme that catalyzes this reaction, ACC synthase, 
was partially purified before the corresponding gene was 
cloned (reviewed in Kende, 1993; Zarembinski and Theologis, 
1994). ACC synthase is encoded by a multigene family 
whose members are differentially expressed in response to 
developmental, environmental, and hormonal factors. For 
example, by using gene-specific probes, the differential ex- 
pression of tomato ACC synthase family members has been 
investigated. Transcripts of one isoform increased during 
fruit ripening, those of another increased in response to 
wounding, and those of a third form increased in response 
to treatment with auxin (Olson et al., 1991 ; Yip et al., 1992). 
ACC synthase genes expressed in response to a particular 
stimulus (e.g., the application of auxin) are more similar to 
genes controlled by the same stimulus in other species than 
they are to other ACC genes in the same species (Liang et 
al., 1992; Trebitsh et al., 1997). 

The final step in ethylene biosynthesis, the conversion of 
ACC to ethylene, is catalyzed by ACC oxidase. ACC oxidase 
was first identified by expressing the tomato cDNA pTOM13 
in an antisense orientation, which resulted in greatly re- 
duced ethylene production in tomato (Hamilton et al., 1990). 
The deduced amino acid sequence of pTOM13 is similar to 
that of dioxygenases that require Fez+ and ascorbate as co- 
factors. When these cofactors were added to assays for 
ACC oxidase, enzyme activity was completely recovered 
(Ververidis and John, 1991). Later, it was found that COz 
is also an essential activator of ACC oxidase (Fernández- 
Maculet et al., 1993). 

Numerous cDNAs for ACC oxidase have been isolated 
from different species (see Barry et al., 1996). As is the case 
with ACC synthase, ACC oxidase is encoded by small multi- 
gene families. Although the initial evidence indicated that 
ethylene synthesis is controlled at the level of ACC syn- 
thase, there is now considerable evidence that ACC oxidase 
also plays a significant role in regulating ethylene biosynthe- 
sis. By using gene-specific probes for three ACC oxidase 
genes of tomato, distinct patterns of expression in various 

organs and at different stages of development have been 
observed (Barry et al., 1996). Moreover, the positive feed- 
back loop in which treatment of tissue with ethylene often 
stimulates ethylene production by that tissue appears to 
take place through enhanced expression of ACC synthase 
and ACC oxidase (reviewed in Kende, 1993). 

Besides being converted to ethylene, ACC can also be ir- 
reversibly conjugated to form N-malonyl-ACC (Kionka and 
Amrhein, 1984). Malonylation of ACC regulates the level of 
ACC and thus the production of ethylene. Ethylene can be 
metabolized by plant tissues to ethylene oxide and ethylene 
glycol (Sanders et al., 1989), but the physiological signifi- 
cance of this metabolism remains to be established. As a 
gas, ethylene can readily diffuse from plant tissues, so me- 
tabolism is not essential for its removal. 

HORMONES AND VEGETATIVE GROWTH 

Plant growth is based on the production of cells in the mer- 
istems and the ensuing elongation of these newly formed 
cells (see Clark, 1997; Cosgrove, 1997; Kerstetter and Hake, 
1997; Schiefelbein et al., 1997, in this issue). As has been 
well documented, plant hormones affect both cell division 
and cell elongation. Here, we use selected examples to illus- 
trate how auxin, cytokinin, and GA promote cell division. 

Cell-Cycle Control 

Auxin stimulates radish root pericycle cells arrested in the 
G2 phase of the cell cycle to enter into mitosis, thereby pro- 
moting the formation of lateral root primordia (Blakely and 
Evans, 1979). Similarly, the role of kinetin as the factor re- 
quired for the maintenance of cell division activity in tissue 
cultures is well known (Miller et al., 1955). However, the role 
of endogenous cytokinins in controlling cell division in intact 
plants has not been demonstrated unequivocally. In part, 
this is because two tools that have been very valuable in 
determining the physiological functions of some plant hor- 
mones, namely, well-defined biosynthesis or perception mu- 
tants and chemical inhibitors of hormone action, are not 
available for cytokinins. GA induces stem growth in many 
rosette plants and dwarf mutants. This growth response can 
be quite dramatic and is the combined result of enhanced 
cell division activity in the subapical meristem and increased 
cell elongation. Sachs et al. (1959) provided a well-docu- 
mented example of GA-promoted mitosis in the subapical 
meristem of the long-day plant Samolus pawiflorus. 

Despite these early indications that hormones regulate 
cell division and growth, two broad questions regarding hor- 
monally stimulated cell division activity still require resolution: 
do plant hormones influence cell division directly or indi- 
rectly, and at what point of the cell cycle do plant hormones 
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act? Answers to the first question are mostly lacking; an- 
swers to the second are beginning to emerge. 

In the intercalary meristem of deepwater rice, GA pro- 
motes cell division and cell elongation (Sauter and Kende, 
1992). This leads to internodal growth rates of up to 5 mm/ 
hr. Measurements of cell length and determinations of the 
progress of cells through the cell cycle by flow cytometry 
and 3H-thymidine incorporation indicated that GA-induced 
cell elongation preceded the promotion of cell division. 
Therefore, it has been proposed that the primary action of 
GA in the intercalary meristem of rice is on cell elongation 
and that entry into the cell cycle is a function of cell size, a 
phenomenon that has been well documented in yeast (e.g., 
Nurse, 1991). 

Passage of cells through phases of the mitotic cycle is 
controlled by a family of serine/threonine protein kinases 
and their regulatory subunits, the cyclins (see Jacobs, 1995, 
1997, in this issue). The promotion of cell division activity by 
plant hormones is reflected in hormonally induced activities 
of cyclin-dependent p34cdc2-like protein kinases, in the level 
of their mRNAs, and also in the level of cyclin transcripts. 

For example, John et al. (1993) showed that auxin alone 
increased the level of a p34cdc2-like protein in cultured to- 
bacco cells, but addition of a cytokinin was required for acti- 
vation of this kinase. Because cytokinin increased the 
abundance of cyclin mRNA in suspension-cultured Arabi- 
dopsis cells (Soni et al., 1995), it is conceivable that the 
observed activation of the p34cdc2-like protein kinase in to- 
bacco cells was based on the synthesis of a cyclin. Simi- 
larly, auxin has been reported to increase both and 
cyclin mRNA levels in roots in conjunction with the induction 
of cell divisions (e.g., Mia0 et al., 1993; Ferreira et al., 1994). 
Moreover, GA promotes the activity of a p34cdcz-like protein 
kinase and the expression of genes encoding a ~ 3 4 ~ ~ ~ - l i k e  
protein kinase and cyclin homologs in the intercalary mer- 
istem of deepwater rice (Sauter et al., 1995). However, in no 
case has it been shown that plant hormones regulate di- 
rectly the expression of genes that code for regulatory pro- 
teins of the cell cycle. 

A completely different aspect of the hormonal control of 
the cell division cycle has been described by Houssa et al. 
(1 994). These authors observed that exogenous cytokinin 
reduced the size of chromosomal DNA replication units in 
the shoot meristems of Sinapis alba and Lolium temulentum 
and in ovules of tomato. On the basis of these data, Houssa 
et al. (1 994) proposed that the activation of latent replication 
origins is a universal effect of cytokinins in the promotion of 
cell division. 

Hormones and Cell Expansion 

Auxin and GA are viewed as hormones that promote cell 
elongation. Growth of plant cells is driven by water uptake, 
which in turn results from stress relaxation of the cell wall 
(Cosgrove, 1993, 1997, in this issue). To promote growth, 

plant hormones are expected to cause loosening of the cell 
wall, but how is this achieved? The acid-growth theory pos- 
tulates that secretion of hydrogen ions into the cell wall is 
stimulated by auxin and that the lowered pH in the apoplast 
activates wall-loosening processes (Rayle and Cleland, 
1970; Hager et al., 1971). Indeed, there are severa1 lines of 
evidence that support this hypothesis, in particular, the facts 
that auxin causes acidification of the cell wall and that acidic 
buffers induce growth in auxin-sensitive tissues (Rayle and 
Cleland, 1992). 

However, the acid-growth theory of auxin action is not 
universally accepted. For example, critics point out that the 
wall pH in auxin-treated tissues is not low enough to elicit 
the growth rates observed. Nevertheless, all postulates of 
the acid-growth hypothesis have been shown to hold for 
growth induced by the funga1 toxin fusicoccin (Kutschera, 
1994). Technical difficulties, such as determining the pH of 
the cell wall, appear to have precluded a resolution of this 
controversy. The discovery of the expansins, a family of pro- 
teins that exhibit wall-loosening activity at pH -4.5 (Cosgrove, 
1996, 1997, in this issue), may open new approaches to the 
problem of hormonally induced stress relaxation of the cell 
wall. It will be necessary to establish the role of the ex- 
pansins in growth by, for example, genetic manipulation of 
their expression and to examine the connection, if any, be- 
tween hormone levels and expansin action. 

The relationship between auxin and GA action also awaits 
resolution. It was thought that auxin-stimulated growth could 
only be observed in excised, auxin-depleted tissue, whereas 
GA could induce the growth of intact plants. However, ex- 
ceptions to this generalization have recently been reported. 
For example, it has been shown that the continuous supply 
of auxin via a cotton wick stimulates growth of two dwarf 
mutants of pea, le and Ikb (Yang et al., 1996). The first is a 
GA-deficient mutant whose growth can be fully restored by 
treatment with GA, (Ingram et al., 1983). The latter is a dwarf 
mutant with a two- to threefold reduction in IAA level (McKay 
et al., 1994) whose growth is not promoted by applied GA 
(Yang et al., 1996). On the basis of these data, it was con- 
cluded that auxin and GA control separate processes in 
stem elongation. GA may act preferentially in younger cells 
compared with auxin and induce cell division and cell elon- 
gation, whereas auxin may act by promoting cell extension 
(Yang et al., 1996). 

How could these observations be explained? For a cell 
to elongate, its load-bearing cellulose microfibrils must be 
oriented perpendicular to the direction of growth (Green, 
1980). lnduction of cell elongation by GA may be confined to 
meristematic and young cells because their cellulose mi- 
crofibrils are orientated transversely. Under the influence of 
GA, this transverse orientation of the cellulose microfibrils is 
maintained over a longer distance, thus extending the elon- 
gation zone of the organ (Sauter et al., 1993). By contrast, 
auxin is known to cause a reorientation of cellulose microfibril 
deposition from the oblique/longitudinal to the transverse 
and thereby promote the elongation of cells that have 
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stopped growing (Bergfeld et al., 1988). This may explain 
why GA action usually requires the presence of a meristem, 
where GA promotes cell elongation and, perhaps indirectly, 
cell division (Sauter and Kende, 1992), whereas auxin can 
promote elongation of older cells in the absence of a mer- 
istem (see Jacobs, 1997, in this issue). 

Ethylene inhibits the elongation of terrestrial plants and 
causes thickening of their stems. This effect has been as- 
cribed to a reorientation of both the cortical microtubules 
and the newly deposited cellulose microfibrils from mostly 
transverse to mostly oblique/longitudinal (Lang et al., 1982; 
Roberts et al., 1985). By contrast, the rapid elongation of 
many semiaquatic plants upon submergence is mediated 
by ethylene, which accumulates in the submerged tissue 
(Voesenek et al., 1992). It has been shown for two semi- 
aquatic plants, Callifriche platycarpa (Musgrave et al., 1972) 
and deepwater rice (Raskin and Kende, 1984), that ethylene 
acts by increasing the tissue’s responsiveness to GA and 
that GA is the immediate growth-promoting hormone. 

Further support for this hypothesis comes from experi- 
ments with deepwater rice in which ethylene treatment led 
to a rapid decline of endogenous ABA levels (Hoffmann- 
Benning and Kende, 1992). Because ABA is a potent antag- 
onist of GA action in rice, it has been suggested that the in- 
creased responsiveness to GA is based on reduced ABA 
content. In other words, the growth rate of the plant would 
be determined by the balance of an inhibitor (i.e., ABA) and 
a promoter (i.e., GA) of growth. In support of this hypothesis, 
it was shown that elongation of rice coleoptiles, whose 
growth is also promoted by ethylene, is stimulated by 
fluridone, an inhibitor of carotenoid and ABA biosynthesis 
(Hoffmann-Benning and Kende, 1992). 

HORMONAL TRANSDUCTION PATHWAYS IN G R O W H  

The first attempts to identify plant hormone receptors were 
based on hormone binding experiments. More recently, iso- 
lation of Arabidopsis hormone response mutants led to the 
identification of putative hormone receptors and elements of 
hormonal transduction pathways. In some instances, these 
elements fit to existing paradigms of signal transduction 
pathways. In other instances, they do not, or the function of 
the respective gene products is still unknown. We limit our 
discussion to components of hormonal transduction path- 
ways whose protein sequences have been elucidated and 
for which some function can be suggested. 

ldentification of the first putative hormone receptor in 
plants, an auxin binding protein (now called ABPl), was 
based on the binding experiments of Hertel et al. (1972); pu- 
rification of the protein and cloning of the corresponding 
cDNA showed the presence of an endoplasmic reticulum 
localization signal (ABP1 and other auxin binding proteins 
are reviewed in Jones, 1994). An ABPl homolog or an im- 
munologically related protein is also localized at the plasma 

membrane. Evidence for a receptor function of the plasma 
membrane-bound ABP comes from experiments showing 
that auxin-induced hyperpolarization is inhibited by antibod- 
ies against ABPl (Barbier-Brygoo et al., 1989). It is not known, 
however, whether ABPl plays any role in mediating growth. 

A number of “auxin-resistant” mutants of Arabidopsis 
have been isolated for the genetic dissection of the auxin 
transduction pathway (Walden and Lubenow, 1996). These 
mutants were selected for their ability to grow on high con- 
centrations of auxin. By using this strategy, Leyser et al. 
(1993) showed that the product of one such auxin resistance 
gene, AXR7, has similarity to the ubiquitin-activating en- 
zyme E l .  Mutants in the AUX7 gene of Arabidopsis show 
auxin resistance with respect to root growth and do not ex- 
hibit root gravitropism. The product of the AUX7 gene has 
sequence similarities to plant and funga1 amino acid per- 
meases, indicating a role for this protein in auxin transport 
(Bennett et al., 1996). 

Severa1 genes rapidly upregulated by auxin application 
have been identified (Abel and Theologis, 1996), of which 
two classes are described briefly. McClure et al. (1989) char- 
acterized the so-called small auxin up RNA (SAUR) genes 
from soybean, some of which are auxin regulated. When 
soybean seedlings were oriented horizontally, expression of 
SAUR genes became asymmetrical, that is, the leve1 of 
SAUR mRNA on the lower side of the hypocotyl was much 
higher than on the upper side (McClure and Guilfoyle, 1989). 
This may indicate that asymmetrical expression of SAUR 
genes results from lateral redistribution of auxin in gravitrop- 
ically stimulated stems, as postulated by the Cholodny-Went 
hypothesis. Another family of early auxin-induced genes has 
been described by Abel et al. (1994). They encode short- 
lived nuclear proteins that may act as activators or repres- 
sors of genes whose products mediate auxin responses. 

Progress has also been made in identifying components 
of the signal transduction pathway in GA-regulated growth by 
using Arabidopsis response mutants (Swain and Olszewski, 
1996). Such mutants fall into two categories: those that have 
a dwarf phenotype but do not grow in response to GA, and 
those that grow tal1 and slender, mimicking the effects of GA 
treatment. The spindly (spy) mutant falls into the latter cate- 
gory and is defective in a tetratricopeptide repeat-containing 
protein that may be involved in protein-protein interactions 
(Jacobsen et al., 1996). A similar approach led to the identi- 
fication of the Arabidopsis gene ABA-lNSENSITlVE7 (ABl7) 
(Leung et al., 1994; Meyer et al., 1994). A mutation in this 
gene renders plants insensitive to ABA. ABl7 was found to 
encode a protein with high similarity to a 2C-class serine/ 
threonine protein phosphatase with an N-terminal calcium 
binding site. This indicates that the ABI1 protein functions 
as a calcium-regulated protein phosphatase and is thus part 
of a phosphorylation-dependent transduction pathway that 
mediates a broad spectrum of ABA responses. 

Substantial progress has been made in elucidating the 
ethylene transduction pathway by screening for ethylene re- 
sponse mutants in Arabidopsis (Ecker, 1995). In the pres- 
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ence of ethylene, dark-grown seedlings of such mutants
either do not exhibit the "triple response" (i.e., stunted
growth, swelling of the root and hypocotyl, and exaggerated
apical hook formation) or show the triple response pheno-
type even in the absence of ethylene. We limit our discus-
sion of ethylene signal transduction to four components of
the pathway whose functions have been derived from se-
quence analysis of the corresponding genes and from direct
ethylene binding experiments.

The mutation ethylene-resistantl (etrl) is dominant, and
the mutant lacks a number of responses to ethylene, includ-
ing inhibition of cell elongation, promotion of seed germina-
tion, enhancement of peroxidase activity, acceleration of
leaf senescence, and feedback inhibition of ethylene biosyn-
thesis (Bleecker et al., 1988). The capacity of etrl to bind
ethylene in vivo was one-fifth that of the wild type, indicating
that the mutant is impaired in receptor function.

The ETR1 gene was isolated by map-based cloning and
was found to encode a protein with sequence similarity to
bacterial two-component regulators (Chang et al., 1993). In
its N-terminal portion, it contains a sensor domain with a pu-
tative input and histidine kinase region (Figure 3); fused to
this is a receiver domain, but the equivalent of an output do-
main is missing. Using protein expressed in yeast, Schaller
and Bleecker (1995) showed that the hydrophobic N-termi-
nal region of ETR1 binds ethylene and that the etr1-1 muta-
tion, which is localized in this region and which leads to
ethylene insensitivity, abolishes ethylene binding. These re-
sults constitute compelling evidence that ETR1 is an ethyl-
ene receptor and that the ethylene binding site is located in
a membrane-spanning region of the N-terminal input do-

main. The ETR2 and ETHYLENE-INSENSITIVE4 (EIN4) genes
encode homologs of ETR1, and mutations in these genes
confer dominant ethylene insensitivity onto Arabidopsis seed-
lings (Roman et al., 1995; Hua et al., 1997).

Hua et al. (1995) have cloned an Arabidopsis gene, ETH-
YLENE RESPONSE SENSOR (ERS), that encodes a second
type of putative ethylene receptor. The sensor domain of the
ERS protein shows high similarity to ETR1, but it lacks a re-
ceiver domain (Figure 3). When, by site-directed mutagene-
sis, the same amino acid change was introduced into ERS,
as was found in the mutant protein ETR1-4, the correspond-
ing transgenic plants showed dominant ethylene insensitiv-
ity. Thus, Arabidopsis contains at least four genes that
encode putative ethylene receptors, ETR1, ETR2, EIN4, and
ERS. This potential redundancy could explain why no loss-
of-function mutations have been found for any of these
genes. Redundancy in ethylene perception is also evident
from the fact that intragenic suppressor mutations in etrl re-
sulted in recovery of ethylene sensitivity (Hua et al., 1997).
Homologs of ETR1 and ERS have also been isolated from
tomato (Wilkinson et al., 1995; Zhou et al., 1996).

Genes acting downstream of ethylene reception in Arabi-
dopsis include CONSTITUTIVE TRIPLE RESPONSE (CTR1).
Ctrl mutants express the triple-response phenotype consti-
tutively, even in the absence of ethylene (Kieber et al., 1993).
Genetic analyses have shown that CTR1 acts downstream
of ETR1, ETR2, EIN4, and ERS and that it is a negative
regulator of ethylene responses. CTR1 encodes a putative
serine/threonine protein kinase that is related to Raf protein
kinases. This relationship indicates that the ethylene transduc-
tion pathway may be similar to a mitogen-activated protein
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Figure 3. Two-Component Signaling Systems.

(A) The bacterial two-component system composed of sensor and response regulator proteins.
(B) The ETR-type two-component system. The ethylene binding site is located in the frans-membrane region of the input domain. The tomato
eTAE1 homolog implicated in ethylene signal transduction (Zhou et al., 1996) and the CKI1 homolog implicated in cytokinin signaling (Kakimoto,
1996) are of this type.
(C) The ERS-type protein. ERS lacks the receiver domain; the tomato NR protein is a homolog of ERS (Wilkinson et al., 1995).
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kinase-mediated phosphorylation cascade, albeit one linked 
to a receptor related to those typically associated with prokary- 
otic sensing systems. 

A second downstream gene is HOOKLESS7 (HLS7) of 
Arabidopsis, which was identified as an ethylene-responsive 
gene whose expression is required for the formation of the 
apical hook (Lehman et al., 1996). It has been suggested 
that the N-acetyltransferase encoded by HLS7 affects the 
distribution of auxin in seedlings and as such could consti- 
tute a link between ethylene and auxin action in asymmetric 
growt h. 

Arabidopsis mutants that form calli and shoots in tissue 
culture without added cytokinin were isolated by activation 
T-DNA tagging (Kakimoto, 1996). The gene CMOKININ- 
INDEPENDENT7 (CKH), which was tagged in four of these 
mutants, was foÚnd to encode a protein similar to two- 
component regulators. It has a putative histidine kinase and 
receiver domain and resembles ETR1. Thus, in all likelihood, 
it functions in the transduction of cytokinin responses and 
may indeed be a cytokinin receptor. 

CONCLUSIONS AND PROSPECTS 

Although combining the disciplines of biochemistry, molec- 
ular genetics, and physiology has led to major advances in 
our understanding of the role of hormones in plants, much 
more remains to be learned. The biosynthesis of IAA and cy- 
tokinins in higher plants is still poorly understood, and only 
in the case of ethylene has a receptor been identified. As the 
entire genome of Arabidopsis is sequenced over the next 
few years, a plethora of genes, including those involved in 
hormone metabolism and signal transduction, will become 
available; the challenge will be to determine their functions. 

The levels of IAA and cytokinin have been altered in trans- 
genic plants, mostly with constitutively expressed promoters 
(reviewed in Klee and Romano, 1994). Similar experiments 
with ABA and GA biosynthetic genes can be anticipated. 
In the future, these analyses should be refined by using 
specific promoters so that manipulation of hormone levels 
in certain cells, organs, and tissues and at specific times 
can be achieved (e.g., Gan and Amasino, 1995). Trans- 
genic plants with modified hormone levels or altered hor- 
mone responses may offer an alternative to the practice of 
spraying plants with hormones to manipulate their growth 
and development. 
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Abstract 

Wilhin the last ten years it has been established by GC-MS thaI indole-3-bUlyric acid (IBA) is an endogenous 

compound in a variety of plant species . When applied exogenously, IBA has a variety of different effects on 
plant growth and development, but the compound is still mainly used for the induction of adventitious rools. 
Using molecular techniques, several genes have been isolated that are induced during adventitious root formation 

by lBA. The biosynthesis of lBA in maize (Zea mays L.) involves IAA as the direct precursor. Microsomal 
membranes from maize are able to convert IAA to IBA using ATP and acetyl-eoA as cofactors. The enzyme 
catalyzing thjs reaction was characterized from maize seedlings and partiaJJy purified. Thein vitro biosynthesis of 

IBA seems to be regulated by several external and internal factors: i) Microsomal membranes from light-grown 

maize seedlings directly synthesize IBA, whereas microsomal membranes from dark-grown maize plants release 
an as yet unknown reaction product, which is converted to IBA in a second step . ii) Drought and osmotic stress 

increase the biosynthesis of IRA maybe via the increase of endogenolls ABA, because application of ABA also 

results in elevat.ed levels ofIBA. iii) IBA synt.hesis is specifically increased by herbicides of the sethoxydim group. 
iv) IBA and IBA synthesizing activity are enhanced during the colonjzation of maize roots with the myconhizal 
fungus Glomus intra radices. The role of IBA for certain developmental processes in plants is discussed and some 

arguments presented that IBA is per se an auxin and does not act via the conversion to IAA. 

Abbreviations: ACCase - acetyl-CoA carboxylase; AM - arbuscular mycorrhiza; 4-CI-IAA - 4-chloro-IAA; 

IBA - indole-3-butyric acid; PAA - phenylacetic acid ; TFIBA - 4,4,4-triftuoro-3-(indole-3-)butyric acid 

1. Introduction 

Auxins are a class of phytohormones which are 
involved in many aspects of growth and development 
of plants [20]. The auxin indole-3-acetic acid (IAA) 

was the first plant hormone to be used to stimulate 
rooting of cuttings [17]. At Ihis time it was dis
covered that a new, 'synthetic' auxin indole-3-butyric 

acid (IBA) also promoted rooting and was even more 

effective than IAA [99]. IBA is now used commer
cially world wide to root many plant species [35] . 

Since its introduction more than 50 years ago, lEA 

has been the subject of many experiments mostly 
involving trial and error studies of different concentra-

tions. formulations, additives and treatment durations 

to achieve optimum rooting for the plant specie-s in 

question . Today one can still find varieties and cul
tjvars in almost every species thaI do not respond 

with rooting to different treatments with IBA. Many 

investigations have shown that it has a greater ability 
to promote adventitious root formation as compared 
with rAA, but this effect has been assumed [0 be due 

to the higher stabi lity of lBA vel' us IAA in solution 

and in the tissue [71]. Although IBA is used in many 
laboratories, its role in villo is still not clear. The elu

cidation of how IBA is made within the plant is one 

step towards understanding how it may function in 
plant development. Recent investigations on I.BA bio-
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Abstract

Root induction by auxins is still not well understood at

the molecular level. In this study a system has been

devised which distinguishes between the two active

auxins indole-3-butyric acid (IBA) and indole-3-

acetic acid (IAA). IBA, but not IAA, efficiently induced

adventitious rooting in Arabidopsis stem segments at

a concentration of 10 lM. In wild-type plants, roots

formed exclusively out of calli at the basal end of

the segments. Root formation was inhibited by 10 lM
3,4,5-triiodobenzoic acid (TIBA), an inhibitor of polar

auxin transport. At intermediate IBA concentrations

(3–10 lM), root induction was less efficient in trp1,

a tryptophan auxotroph of Arabidopsis with a bushy

phenotype but no demonstrable reduction in IAA

levels. By contrast, two mutants of Arabidopsis with

measurably higher levels of IAA (trp2, amt1) show root

induction characteristics very similar to the wild type.

Using differential display, transcripts specific to the

rooting process were identified by devising a protocol

that distinguished between callus production only

and callus production followed by root initiation. One

fragment was identical to the sequence of a putative

regulatory subunit B of protein phosphatase 2A. It is

suggested that adventitious rooting in Arabidopsis

stem segments is due to an interaction between en-

dogenous IAA and exogenous IBA. In stem explants,

residual endogenous IAA is transported to the basal

end of each segment, thereby inducing root formation.

In stem segments in which the polar auxin transport is

inhibited by TIBA, root formation does not occur.

Key words: Adventitious root formation, Arabidopsis, auxin,

auxin-inducible proteins, differential display, indole-3-butyric

acid, protein phosphatase 2A, TIBA.

Introduction

Root development in Arabidopsis thaliana has been the
subject of many studies employing mutant screens during
the last few years (for a review see Casson and Lindsey,
2003). While development of the primary root from the
embryonic stage has received a lot of attention and the
processes involved are beginning to unravel, the formation
of lateral and adventitious roots is less well under-
stood. Lateral and adventitious roots are formed post-
embryonically. While lateral roots typically form from the
root pericycle, adventitious roots form naturally from stem
tissue. Adventitious roots are less predictable in their
cellular site of origin than lateral roots. They may form
from the cambium or, in the case of detached stem cuttings,
from calli. Therefore it appears that adventitious roots can
be formed by two different pathways: (i) direct organogen-
esis from established cell types or (ii) from callus tissue
following mechanical damage (Casson and Lindsey, 2003,
and references therein).

Adventitious root formation has many practical implica-
tions in horticulture and agronomy and there is a lot of
commercial interest because of the many plant species that
are difficult to root. (Davies et al., 1994; Kovar and
Kuchenbuch, 1994). The auxin indole-3-acetic acid (IAA)
was the first plant hormone to be used to stimulate rooting
of cuttings (Cooper, 1935). At that time it was discovered
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that a second, ‘synthetic’ auxin indole-3-butyric acid (IBA)
also promoted rooting and was even more effective than
IAA (Zimmerman and Wilcoxon, 1935). IBA is now used
commercially worldwide to root many plant species
(Hartmann et al., 1990). Since its introduction more than
50 years ago, IBA has been the subject of many experi-
ments, mostly involving trial and error studies to achieve
optimum rooting conditions for the plant species in ques-
tion. Application of IBA to cuttings of many plant species
results in the induction of adventitious roots, in many cases
more efficiently than IAA (Epstein and Ludwig-Müller,
1993). For example, in Vigna radiata the induction of
adventitious roots was observed after IBA, but not IAA
application (Riov and Yang, 1989). The greater ability of
IBA to promote adventitious root formation compared with
IAA has been attributed to the higher stability of IBA
versus IAA both in solution and in plant tissue (Nordström
et al., 1991). The effective concentration of IBA in these
kinds of studies was also dependent on the pH of the
medium. It was shown that, at lower pH values, lower IBA
concentrations in the medium were sufficient to induce
rooting of apple cuttings (Harbage and Stimart, 1996).
Differences in the ability to form adventitious roots have

been attributed to differences in auxin metabolism (Alvarez
et al., 1989; Blazkova et al., 1997; Epstein and Ludwig-
Müller, 1993). It was shown, for example, that a difficult-
to-root cultivar of Prunus avium conjugated IBA more
rapidly than an easy-to-root cultivar (Epstein et al., 1993).
Only in the easy-to-root cultivar was the appearance of free
IBA observed after several days and the authors concluded
that the difficult-to-root cultivar was not able to hydrolyse
IBA conjugates during the appropriate time points of
adventitious root development. Interestingly, it was possi-
ble to induce rooting of the difficult-to-root cultivar after
application of an inhibitor of conjugation (Epstein et al.,
1993). It has been shown that IBAsp is even more active
than free IBA in the promotion of adventitious roots in
mung bean, possibly due to its higher stability during the
rooting process (Wiesman et al., 1989). However, other
differences such as uptake and transport can also account
for the differences in rooting behaviour (Epstein and
Ludwig-Müller, 1993).
The physiological events leading to root initiation may

be revealed by using targeted or untargeted molecular
approaches to identify genes that may be involved in
adventitious rooting. IBA has been identified as a natural
substance in Arabidopsis thaliana (Ludwig-Müller et al.,
1993) and there are indications that at least part of the action
of IBA is not through IAA in this species (Poupart and
Waddell, 2000; Zolman et al., 2000). Therefore a system
has been devised for adventitious root formation on stems
of the model plant Arabidopsis under sterile conditions,
where roots are specifically induced after the application of
IBA but not of IAA. The results have shown that (i) IBA is
one important factor in Arabidopsis to induce adventitious

roots, (ii) the timing of auxin application is important to
distinguish between callus and root formation, and (iii)
this system is suitable for identifying genes involved in
adventitious root formation. Finally, the effect of an auxin
transport inhibitor, TIBA, on IBA-induced adventitious
root formation has been investigated and IAA-deficient
mutants were used to analyse the interplay between IAA
and IBA during adventitious rooting.

Materials and methods

Plant material

Arabidopsis plants were grown aseptically on Murashige and Skoog
(MS) agar (Murashige and Skoog, 1962) in Magenta� boxes at 24 8C
under constant illumination with cool-white fluorescent lights,
approximately 40 lmol m�2. The seeds were surface-sterilized
with 5% (v/v) commercial bleach (Clorox; a 5% solution of sodium
hypoclorite) for 20 min, washed thoroughly, planted on 1% agar, and
vernalized for 24 h at 4 8C. Inflorescences from 4–8-week-old-plants
were used because, during this period, the age of the stems did not
influence callus/root formation, although on stem segments of older
plants no root formation could be observed; data not shown). The
inflorescences were cut into 0.5 cm node-free segments and incubated
in the dark or under constant illumination in Petri dishes containing
full-strength MS agar containing the appropriate concentrations of
IAA or IBA with or without different concentrations of 3,4,5-
triiodobenzoic acid (TIBA). In the light, the plates were covered with
yellow plastic to prevent photo-oxidation of auxins (Campanella
et al., 1996). Starting at 5 d, plates were examined daily and the
proportion of segments showing callus or root formation was scored.
For the differential display experiments, segment length was

reduced to 3 mm to increase the number of ends per fresh weight.
For the subsequent treatments, segments were transferred under
sterile conditions to fresh Petri dishes containing either plain MS agar
or MS agar with the appropriate hormone supplement.
For histology, stem segments were fixed for at least 24 h in FAA

(5% formaldehyde, 5% acetic acid, 50% ethanol), then dehydrated
through a series of ethanol steps (70%, 80%, 95%) before infiltration
with JB-4 resin (Polysciences, Inc., Niles, IL). Sections of 2–4 lm
were stained with toluidine blue.

Evaluation of the rooting process

On each Petri dish for the different treatments 10–12 Arabidopsis
stem segments were placed. Each experimental condition consisted of
at least two Petri dishes. All experiments were performed at least
three times, resulting in a minimum of 60 segments which were
scored per treatment. Mean values of the three independent experi-
ments are given. After the different treatments the Arabidopsis stem
segments were inspected for callus or root formation and the number
of segments exhibiting the respective organs counted.

RNA extraction and differential display

Isolation of total RNA was performed using TRIzol reagent (Gibco
BRL, now marketed by Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions using 300 mg fresh weight of treated and
control segments. Reverse transcription followed by PCR using
anchored VNT11 39-primers and 10-mer OPA 59-primers (both
Operon Technologies) was performed essentially as described by
Liang and Pardee (1992). 35S-Radiolabelled amplification products
were resolved on 6% acrylamide sequencing gels and detected by
autoradiography. The experiment was repeated to show reproducibil-
ity of fragment induction. Fragments induced only under condition C
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were excised, re-amplified with the same primer combination, the
PCR products purified (QIAquick� gel extraction kit, Qiagen),
ligated into pBSK vector, and sequenced from both ends at The
Institute for Genomic Research.

Northern blot analysis

Total RNA was isolated as described above. The synthesis of the
biotinylated (bio-dUTP, Boehringer Mannheim) cDNA probe used
for northern hybridization was performed by PCR. Template was
cDNA prepared from total RNA of Arabidopsis stems induced with
IBA. For amplification of the phosphatase 2A-like protein subunit as
a probe, the following primer pair was designed according to the
sequence information obtained: forward 59-GATCATGTGATA-
GAAGATAAATTTAGTGCT-39; reverse 59-TCTTCTATCACAT-
GATCTCGTCAGGGACCA-39. PCR was performed according to
standard procedures using the following programme: initial denatur-
ation at 96 8C for 5 min, followed by 30 cycles of 96 8C for 45 s, 55 8C
for 45 s, 72 8C for 45 s. Equal sample loading (20 lg total RNA) was
confirmed by hybridization with an actin 2 (At3g18780) probe
amplified with the following primers: forward 59-GAAGAT-
TAAGGTCGTTGCACCACCTG-39; reverse 59-ATTAACATTG-
CAAAGAGTTTCAAGGT-39. Non-radioactive northern blots were
performed according to Löw and Rausch (1994), with the Northern-
Light�-kit from Tropix (Serva) for detection.

Results

Indole-3-butyric acid can induce adventitious roots on
Arabidopsis stem segments

Several reports deal with the better performance of IBA
versus IAA during the rooting process. This was attributed
to parameters such as stability, transport, or metabolism.
Therefore a protocol was devised which would induce
adventitious roots on Arabidopsis stems by one of the
auxins but not the other. This study’s experiments showed
that several parameters influenced adventitious root in-
duction and helped to discriminate between the actions of
IAA and IBA. These were: (i) concentration of the
hormone, (ii) duration of treatment, (iii) priming event,
and (iv) second hormone treatment.

In a first set of experiments, 0.5 cm explants of
Arabidopsis stems were incubated for 7 d on MS medium
containing either IAA or IBA at different concentrations
and the phenotype was recorded (Fig. 1A). Since the
explants looked similar when they were cultivated on
hormone plates for 7 d, only the explants on different
IBA concentrations are shown. The induction of adventi-
tious roots was always preceded by callus formation. Root
induction was seen at 1 lM and 10 lM IBA and IAA,
and at 100 lM hormone the roots looked stunted with more
root hairs produced (Fig. 1A). Similarly, root induction by
IAA or IBAwas also possible using excised leaves (Fig. 1B).
The concentration dependence was also comparable with
that for stem segments.

On stem segments treated with IBA, adventitious roots
clearly arose from the cambium, which first de-differentiates
to form a callus (Fig. 2B). This is followed by the formation

of roots (Fig. 2C) that subsequently elongated and by the
formation of additional callus areas, which gave rise to
new adventitious roots (Fig. 2D). In the controls without
IBA such structures were never visible (Fig. 2A).

Timing of hormone requirement for adventitious rooting

To determine the period of IBA exposure required for
adventitious root induction, the stem segments were in-
cubated on 10 lM IAA or IBA for different time periods up
to 48 h and then transferred to hormone-free MS medium
for the remaining time. Callus and root formation was
scored at 7 d (Fig. 3). The proportion of explants forming
callus increased up to 100% after 48 h on auxin-containing
medium (Fig. 3A). While callus formation was comparable
on IAA- or IBA-containing MS agar, root formation was
found only when IBA was in the medium. After a 6 h
exposure, a response was already found, but optimum
rooting was observed with a treatment of 48 h (Fig. 3B).
After longer incubation periods the difference between IAA
and IBA treatment became less pronounced (data not
shown). The inset in Fig. 3B shows a picture of stem
segments incubated for the respective time on either 10 lM
IAA or 10 lM IBA.

A two-stage treatment was developed to distinguish be-
tween callus and root induction by IBA (Fig. 4). In stage I,

Fig. 1. Root induction on Arabidopsis stem (A) and leaf (B) explants
after treatment with different IBA concentrations.
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explants were incubated for 24 h on 10 lM IBA, a treatment
that resulted in callus formation. In stage III, explants
were given a second 10 lM IBA treatment of variable
duration after a period of 24 h on hormone-free medium
(stage II). The explants were transferred to hormone-free
medium after the second IBA treatment for the remainder of
the experiment (stage IV) and root formation was scored
14 d after the start of the second treatment. The second
treatment resulted in the formation of adventitious roots on
60–95% of the explants, provided that it was at least 48 h
long (Figs 4A, 5A). In addition, it was shown that the
highest rooting efficiency was found with treatments that
involved two exposures to IBA separated by a time with-
out hormone (Fig. 5A). Increasing the incubation time of
the second treatment on IBA also resulted in more seg-
ments showing adventitious root formation. Interestingly,
in the experiments using only one long IBA treatment
(Fig. 5B–D), more roots were formed when the treatment
started with MS medium alone.

The auxin concentration was also important for the
second treatment in which the explants were incubated
for 48 h with different concentrations of IBA. Again with
1 lM and 10 lM IBA good induction of adventitious
rooting was found with up to 95% of the segments showing
roots (Fig. 5B). Callus formation without subsequent root
formation was observed at concentrations <0.1 lM IBA.

Identification of transcripts expressed during
adventitious rooting using differential display

The treatments of Arabidopsis stems described above were
used to test this system for its suitability to isolate
differentially expressed genes during adventitious rooting.
Since the experimental procedure allowed the difference
between callus formation and adventitious rooting to be
distinguished, the comparison of control stems with stems
treated to form callus or adventitious roots should provide
transcripts which are specific for the rooting process. The

Fig. 2. Development of adventitious roots on Arabidopsis stems without (A) and after treatment with 30 lM IBA (B–D). Sections were taken 3 d (B),
5 d (C), and 9 d (D) after placing the segments on rooting medium. Sections of 2–4 lm were stained with toluidine blue. Adventitious roots are marked
by arrows.
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following three tissue samples were compared: (i) untreated
segments; (ii) segments exposed to 10 lM IBA for 24 h,
which will induce callus but not root formation; and (iii)
segments given 24 h 10 lM IBA, 24 h no IBA, 48 h 10 lM
IBA (see Fig. 4, Regime A), which induces roots in a large
fraction of the explants (Fig. 6A). For the differential
display experiment, a set of arbitrary primers (OPA1-12)
was used in combination with anchor primers on each of
the three mRNA populations described above. Bands
specific to treatment C (root induction) were obtained
with OPA primers 1, 6, and 12 (data not shown). Fragments
designated 01-a, 01-b, 06-a, and 12-a were excised, ream-
plified and further analysed. It was not possible to reamplify
fragment 12-a, therefore only three differentially expressed
fragments remained. In all three cases only short fragments

were amplified from the 39-end. Therefore, all sequences
are 39-UTRs of the respective cDNAs. Since the comple-
tion of the Arabidopsis genome sequencing project, iden-
tification of gene sequences has been much facilitated. One
390 bp fragment (01-a) was homologous to a regulatory
subunit B of protein phosphatase 2A (At3g54930). A
second 340 bp fragment (01-b) was found to be derived
from At1g29470 which was annotated as similar to the
early-responsive dehydration stress protein, ERD3 that
contains a putative methyltransferase motif. A third 300 bp
fragment (06-a) was derived from At5g48545, a gene
encoding an unknown protein of the histidine triad family
protein with a HIT domain (http://www.tigr.org/tdb/e2k1/
ath1/). Expression analysis confirmed the presence of
the PP2A homologous mRNA specifically in tissues after
IBA-induced adventitious root formation (Fig. 6B).

The polar auxin transport inhibitor TIBA inhibits
adventitious root formation

Factors important for the effect of auxins during rooting
might be (i) synthesis, (ii) metabolism, and (iii) transport.
The latter was tested by using the polar auxin transport
inhibitor 3,4,5-triiodobenzoic acid (TIBA) concomitantly
with the IBA treatment leading to adventitious roots.
Inhibition of root formation was observed when varying

Fig. 3. Callus (A) and root (B) formation after continuous treatment
with 10 lM IAA (hatched bars) or IBA (black bars) for different times on
MS medium. The photograph shows the phenotype of rooted stem
segments incubated for different periods on 10 lM IAA or IBA.

Fig. 4. Adventitious root formation is increased by a two-stage
treatment and does not require continuous exposure to IBA. Different
treatments with IBA are marked as follows: (dotted section) MS only,
(black section) MS+10 lM IBA. The different variations tested are: (A)
24 h IBA/24 h MS/48 h IBA/MS; (B) 72 h IBA/MS; (C) 24 h MS/72 h
IBA/MS; (D) 48 h MS/72 h IBA/MS. The segments were placed either on
MS medium or MS supplemented with IBA after the indicated time
periods (see time scale; one white bar segment represents 24 h).
Percentage of root formation under the respective treatment conditions is
given to the right of the bar. The stages mentioned in the text are indicated
above the respective bar in Roman numerals. I: first IBA treatment; II:
first period on MS; III: second IBA treatment; IV: remaining time until
roots are visible on MS). The flash indicates a discontinuous time scale.

Fig. 5. Two-stage treatment for distinction between callus (dotted bars)
and root (black bars) formation. (A) Dependence of root formation on the
duration of the second 10 lM IBA treatment. Segments were transferred
from IBA-containing medium to medium without hormone after the
respective time periods. (B) Optimum concentration of IBA for the
second treatment (340 h). The medium for the second treatment was
supplemented with different IBA concentrations.

Root induction by auxins 2099

 by on 1 May 2009 http://jxb.oxfordjournals.orgDownloaded from 

http://mips.gsf.de/proj/thal/ath1/
http://mips.gsf.de/proj/thal/ath1/
http://jxb.oxfordjournals.org


concentrations of TIBA were added together with a fixed
concentration of IBA (10 lM) in the medium (Fig. 7).
While 0.1 lM and 1 lM TIBA had no inhibitory effect,
10 lM TIBA was already inhibitory and 100 lM TIBA
completely prevented adventitious root formation. With
lower TIBA concentrations there even seemed to be a
small promoting effect after longer incubation times.

Arabidopsis mutants with altered adventitious root
formation

IBA is an important factor for adventitious root formation if
applied exogenously. However, endogenous auxins may
also play a role in the rooting process. Therefore three
mutants with altered auxin levels were investigated for
their ability to form adventitious roots after IBA treatment.
The mutant amt1 (Kreps and Town, 1992) has no altered
phenotype compared with the wild type when grown under
normal conditions. However, if amt1 was grown on 10 lM
IBA, the roots looked more stunted with a higher number
of lateral roots and, at higher concentrations, less root
growth than the wild type was observed. amt1 also showed
altered levels of IAA and IBA (Ludwig-Müller et al.,
1993). It was therefore of interest to test whether this
mutant behaved differently concerning adventitious root-
ing and so at the same time two other mutants with defects
in the tryptophan biosynthesis pathway, trp1 and trp2
(Last et al., 1991; Rose et al., 1992) were included. Since

adventitious root formation was shown to be concentration-
dependent in Arabidopsis, several IBA concentrations were
tested on wild-type and mutant stem segments. At in-
termediate IBA concentrations (3–10 lM), root induction
was less efficient in trp1, a tryptophan auxotroph of
Arabidopsis with a bushy phenotype but no demon-
strable reduction in IAA levels, compared with wild-type
Columbia (Fig. 8). The two other mutants (amt1 and trp2)
with measurably higher levels of IAA show root induc-
tion characteristics very similar to the wild type.

Discussion

Arabidopsis has been used for the investigation of lateral
root development (Neuteboom et al., 1999) because of its
relatively simple organization of both primary and lateral
roots (Dolan et al., 1993). Lateral root formation in root
cultures of Arabidopsis was initiated by exogenous auxin.
Differential screening of a cDNA library from roots treated
with 1-NAA and the inactive analogue 2-NAA led to the
isolation of four cDNAs clones coding for proteins
putatively active outside the cell such as subtilisin-like
serine protease (Neuteboom et al., 1993). Arabidopsis
mutants exhibiting more lateral roots (sur1, sur2) were
linked to an overproduction of IAA (Boerjan et al., 1995;
Delarue et al., 1998). However, other genes regulated
independently of auxin induction are also involved in
lateral root development, such as the nuclear-localized
protein ALF4 (DiDonato et al., 2004).

Evidence for the involvement of IBA, but not IAA, in
lateral root development was recently reported for lateral
root induction in rice (Wang et al., 2003). While IBA was

Fig. 6. Identification of transcripts specifically expressed during adven-
titious root formation by IBA. (A) The different treatment of segments is
shown: (a) untreated segments; (b) segments exposed to 10 lM IBA for
24 h, which will induce callus but not root formation; (c) segments given
24 h 10 lM IBA, 24 h no IBA, 48 h 10 lM IBA. (dashed section) Time
on IBA, (grey section) MS only. (B) RNA expression analysis of one
fragment (PP2A B-regulatory subunit) in the three different tissues. The
small photographs (a–c) show the segments as they looked after the
harvest. Root development in treatment (c) was only observed later
(indicated by an arrow). The Roman numerals correspond to those in Fig. 4.

Fig. 7. Adventitious root formation at different concentrations of the
IAA transport inhibitor TIBA in wild-type plants over a time period of 4
weeks. IBA was always at 10 lM. Inhibition of adventitious root
formation was found at equimolar concentrations of IBA and TIBA.
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able to induce lateral roots, the same response was found
only at 20-fold higher concentrations of IAA (Chhun et al.,
2003, 2004). In addition, a rice lateral rootless mutant Lrt1
could be rescued by IBA but not IAA treatment (Chhun
et al., 2003). The mutated gene has yet to be described.

In contrast to lateral root development, adventitious root
formation has significant practical implications because of
the many plant species that are difficult to root. IBA is now
used commercially worldwide to root many plant species
(Hartmann et al., 1990). However, Arabidopsis as a model
to study adventitious rooting has so far been neglected. The
aim of this study was 2-fold: (i) to analyse the process
leading to adventitious roots on Arabidopsis stems and to
find out which of the two auxins known to be present in
Arabidopsis are involved in the process and to devise an
experimental system which could be used to distinguish
between callus and root formation and between IAA and
IBA in the rooting process; (ii) to test this system for its use
in the isolation of differentially expressed transcripts
specifically involved in the rooting process. These tran-
scripts could allow a more detailed analysis of adventitious
rooting at the molecular level and help to identify candidate
genes important for this process. The possible function of
the transcripts isolated in this study for the rooting process
will be briefly discussed. Furthermore, this system is also
suitable for the analysis of available Arabidopsismutants or
chemical inducers or inhibitors of the rooting process.

It was shown that IAA and IBA were able to induce
adventitious roots on cuttings of Arabidopsis stems if the

segments were not removed during the treatment (Fig. 1),
whereas removal of the segments from auxin-containing
medium to MS medium only resulted in the production of
calli with about the same efficiency for both hormones.
Callus formation preceded adventitious rooting (Fig. 2).
After shorter incubation times only IBA treatment resulted
in the formation of roots (Fig. 3), indicating that IBA is an
important factor for rooting. Several possibilities exist to
explain the better performance of IBA versus IAA (sum-
marized in Epstein and Ludwig-Müller, 1993): (i) higher
stability, (ii) differences in metabolism, (iii) differences in
transport, and (iv) IBA is a slow release source of IAA.

There is now a great deal of evidence that IBA occurs
naturally in plants. The higher stability of IBA, in contrast
to IAA, during rooting assays was reported by Nordström
et al. (1991) which affected both degradation and metab-
olism. It was therefore suggested that IBA may be a very
simple ‘conjugate’ of IAA and must be converted to IAA
by b-oxidation to have an auxin effect. The conversion of
IBA to IAA occurs in many plant species, such as Malus
pumila (Alvarez et al., 1989), Pinus sylvestris (Dunberg
et al., 1981), Populus tremula (Merckelbach et al., 1991),
Pyrus communis (Baraldi et al., 1993), and Vitis vinifera
andOlea europaea (Epstein and Lavee, 1984). However, in
microcuttings of Malus it was found that IBA was
converted to IAA only at very low levels (1%), but IBA
itself induced more roots than IAA. This led the authors to
suggest that either IBA itself is active or that it modulates
the activity of IAA (van der Krieken et al., 1992, 1993).

Fig. 8. Adventitious root induction at different IBA concentrations in wild type (Columbia) and three different Arabidopsis mutants with altered auxin
content over a time period of 5 weeks: (open diamonds) 1 lM, (filled diamonds) 3 lM, (open squares) 10 lM, (filled squares) 30 lM.
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The transport hypothesis is supported by recent findings
that IBA and IAA are differently transported in Arabidopsis
(Rashotte et al., 2003). These experiments are in agreement
with this study’s results using polar auxin transport inhibitors.
Several lines of evidence are now emerging which

suggest that part of the effects of IBA are the direct action
of the auxin itself (Ludwig-Müller, 2000; Poupart and
Waddell, 2000), although other functions may be modu-
lated by the conversion of IBA to IAA via b-oxidation
(Zolman et al., 2000; Bartel et al., 2001). For example,
drought and osmotic stress induced the synthesis of IBA
and, consequently, the endogenous content of IBA was
increased, whereas IAA was less affected (Ludwig-Müller
et al., 1995). In addition, IBA but not IAA was induced
after the inoculation of maize roots with an arbuscular
mycorrhizal fungus (Ludwig-Müller et al., 1997; Kaldorf
and Ludwig-Müller, 2000). In this paper a system was
established for the induction of adventitious roots on
sterile-grown stem sections of Arabidopsis thaliana where
IBA induced adventitious roots under conditions where
IAA was ineffective (Fig. 3). There was a desire to dissect
the rooting process and therefore different time and con-
centration schemes were used for the optimization of ad-
ventitious root formation (Fig. 4), which allowed callus and
subsequent root formation to be distinguished (Fig. 5).
The second goal of this research was the identification of

differentially expressed transcripts during the rooting pro-
cess. For this, the differential induction of callus and root on
Arabidopsis stem segments were used and those treatments
were compared with the controls (Fig. 6). Only those
transcripts which showed up under treatment C (Fig. 6)
were analysed further.
Initial studies on the hydrolytic enzymes found during

root formation after IBA treatment in cuttings of mung bean
revealed the induction of endo-b-1,4-glucanase (Shoseyov
et al., 1989), whereas the activities of b-1,3-glucanase and
a-amylase were not affected. It was shown by in situ
hybridization that the genes for endo-b-1,4-glucanase were
expressed in the area of adventitious root primordia
formation and in the cortex, where maceration of the cell
walls was in progress in order to enable root emergence
through the hypocotyl. To detect the induction of genes
during adventitious root formation in loblolly pine (Pinus
taeda) after treatment with IBA, a non-targeted approach
via differential display reverse transcription-polymerase
chain reaction was carried out (Hutchison et al., 1999).
One of the clones isolated by this method showed strong
similarity to the a-expansin gene family of angiosperms
and the differential gene expression after IBA treatment
was confirmed by RNA blot analysis. Expansins are
thought to be responsible for acid-induced cell wall
loosening and are expressed in rapidly growing tissues
(Cosgrove and Li, 1993; McQueen-Mason, 1995). They
were reported to be induced in loblolly pine in non-growing
regions of the stem prior to the resumption of cell division

leading to the appearance of adventitious roots (Hutchison
et al., 1999).

One fragment differentially expressed during the
adventitious rooting process in Arabidopsis (Fig. 6B) was
identified as a regulatory subunit B of protein phosphatase
2A. In plants, type 2A serine/threonine protein phospha-
tases (PP2As) are critical in controlling the phosphoryla-
tion state of proteins involved in such diverse processes
as metabolism, cell–cell communication, response to
hormone, and auxin transport (Smith and Walker, 1996).
The specificity, activity and subcellular targeting of PP2A
is modulated by its association with the A and B subunits
(Kamibayashi et al., 1994). In Arabidopsis, three families
of B-type regulatory subunits were identified, each con-
sisting of more than one member (Corum et al., 1996;
LaTorre et al., 1997; Rundle et al., 1995; Sato et al.,
1997). Expression analysis indicated that, in plants, every
B subunit shows a widespread, but fine-tuned, expression
pattern in different organs (Thakore et al., 1999). The
function of PP2A during polar auxin transport has recently
received more attention (Muday and DeLong, 2001, and
references therein). One Arabidopsis mutant that provided
insight into the regulation of auxin transport is called roots
curl in NPA1 (rcn1). This mutant was isolated using an
assay for alterations in differential root elongation in the
presence of the auxin transport inhibitor NPA aimed at
isolating genes encoding proteins involved in auxin trans-
port or its regulation. The RCN1 gene encodes a regulatory
A subunit of PP2A and the rcn1 mutant exhibits reduced
PP2A activity in extracts (Deruère et al., 1999). The
phenotypic alterations in this mutant are consistent with
reductions in PP2A activity because treatment of wild-
type plants with the phosphatase inhibitor cantharidin
produces a phenocopy of rcn1. The RCN1 gene is ex-
pressed in the seedling root tip, the site of basipetal
transport, in lateral root primordia, and in the pericycle
and stele, the likely site of acropetal transport (Muday and
DeLong, 2001). It can be hypothesized that other PP2A
subunits are co-ordinately expressed and that polar auxin
transport also plays a role in adventitious root formation in
Arabidopsis. This assumption is supported by the obser-
vation here that the auxin transport inhibitor TIBA
inhibited adventitious root formation. Deduced from the
findings summarized above a role can be proposed for
PP2A in the regulation of auxin transport during adven-
titious rooting by altering the phosphorylation status of
proteins involved in these processes thus most likely
acting upstream of auxin transport. Auxin transport itself
might be important for adventitious rooting by increasing
local auxin concentrations.

A second fragment was identified as derived from an
early-responsive dehydration stress ERD3 with otherwise
unknown function (http://www.tigr.org/tdb/e2k1/ath1/).
The sequence contains also a methyltransferase motif.
Protection against dehydration may result in an increase
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of lateral or adventitious root formation. It was shown that
IBA synthesis was increased under drought stress in
maize (Ludwig-Müller et al., 1995) and the root system
under these conditions was shorter, but with considerably
more lateral roots. Drought rhizogenesis is an adaptive
strategy that occurs during progressive drought stress and
is characterized in Arabidopsis and other Brassicaceae
and related families by the formation of short tuberized
hairless roots (Vartanian et al., 1994). These roots are
capable of withstanding a prolonged drought period and
give rise to a new functional root system upon rehydra-
tion. IBA might play a role during this process by
inducing new roots. This protein might therefore play
a more general role in IBA-induced root formation. As
long as the function of ERD3 is unclear, this has to remain
a hypothesis.

The Histidine Triad (HIT) motif identified in the third
gene product, His-phi-His-phi-His-phi-phi (phi, a hydro-
phobic amino acid), was identified as being highly con-
served in a variety of organisms (Seraphin, 1992). The
crystal structure of rabbit Hint (histidine triad nucleotide-
binding protein), purified as an adenosine andAMP-binding
protein, showed that proteins in the HIT superfamily are
conserved as nucleotide-binding proteins (Brenner et al.,
1997). Hint homologues hydrolyse adenosine 59 mono-
phosphoramide substrates and function as positive regu-
lators of Cdk7/Kin28 in vivo (Bieganowski et al., 2002),
and Fhit (fragile histidine family) homologues related
to the HIT family are diadenosine polyphosphate hydro-
lases (Barnes et al., 1996). Therefore, the role of this
protein during adventitious root formation might be in
the regulation of the cell cycle or in signal transduction
pathways.

In conclusion, it has been shown that it was possible to
dissect the adventitious root formation process in Arabi-
dopsis in such a way as to distinguish between the action of
the two auxins IAA and IBA and to establish conditions
where one hormone treatment arrests the process at the
callus formation stage, whereas a second hormone treat-
ment induces the formation of roots from these calli. In
addition, it has been shown that the experiments presented
here are a promising method to identify IBA-induced
transcripts during adventitious root formation in the model
plant Arabidopsis thaliana. To study the process of adven-
titious root formation further, several experiments can be
envisioned: (i) the isolation of additional differentially
expressed fragments from this screen, or using the now
available microarrays to increase the number of cDNAs;
(ii) using this screening method to identify Arabidopsis
mutants impaired in adventitious root formation; and
(iii) using known Arabidopsis mutants to investigate their
response to IBA in this system. The gene sequences
identified can then be used to probe the adventitious
rooting pathway in horticulturally important species that
are difficult to root.
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Indole-3-butyric acid (IBA) was recently identified by GC/MS analysis as an endogenous constituent of various plants. Plant tissues 

contained 9 ng g 1  fresh weight of free IBA and 37 ng g 1  fresh weight of total IBA, compared to 26 ng g -1  and 52 ng g -1  fresh weight of 

free and total indole-3-acetic acid (IAA), respectively. IBA level was found to increase during plant development, but never reached the levE 

of IAA. It is generally assumed that the greater ability of IBA as compared with IAA to promote rooting is due to its relatively higher stability. 

Indeed, the concentrations of IAA and IBA in autoclaved medium were reduced by 40% and 20%, respectively, compared with filter 

sterilized controls. In liquid medium, IAA was more sensitive than IBA to non-biological degradation. However, in all plant tissues tested, 

both auxins were found to be metabolized rapidly and conjugated at the same rate with amino acids or sugar. 

Studies of auxin transport showed that IAA was transported faster than IBA. The velocities of some of the auxins tested were 7. 5 mm h 1 

 for IAA, 6. 7 mm h1  for naphthaleneacetic acid (NM) and only 3. 2 mm h 1  for IBA. Like IAA, IBA was transported predominantly in a 

basipetal direction (polar transport). After application of 3 H-IBA to cuttings of various plants, most of the label remained in the bases of the 

cuttings. Easy-to-root cultivars were found to absorb more of the auxin and transport more of it to the leaves. 

It has been postulated that easy-to-root, as opposed to the difficult-to-root cultivars, have the ability to hydrolyze auxin conjugates at the 

appropriate time to release free auxin which may promote root initiation. This theory is supported by reports on increased levels of free auxi 

in the bases of cuttings prior to rooting. The auxin conjugate probably acts as a 'slow-release' hormone in the tissues. Easy-to-root cultivar! 

were also able to convert IBA to IM which accumulated in the cutting bases prior to rooting. IAA conjugates, but not IBA conjugates, were 

subject to oxidation, and thus deactivation. The efficiency of the two auxins in root induction therefore seems to depend on the stability of 

their conjugates. The higher rooting promotion of IBA was also ascribed to the fact that its level remained elevated longer than that of IM, 

even though IBA was metabolized in the tissue. 

IM was converted to IBA by seedlings of corn and Arabidopsis. The K m  value for IBA formation was low (approximately 20 pM), indicating 

high affinity for the substrate. That means that small amounts of IM (only a fraction of the total IM in the plant tissues) can be converted t 

IBA. It was suggested that IBA is formed by the acetylation of IM with acetyl-CoA in the carboxyl position via a biosynthetic pathway 

analogous to the primary steps of fatty acid biosynthesis, where acetyl moieties are transferred to an acceptor molecule. Incubation of the 

soluble enzyme fraction from Arabidopsis with 3 H-IBA, IBA and UDP-glucose resulted in a product that was identified tentatively as IBA 

glucose (IBGIc). IBGIc was detected only during the first 30 min of incubation, showing that it might be converted rapidly to another 
conjugate 
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Abstract

Root induction by auxins is still not well understood at

the molecular level. In this study a system has been

devised which distinguishes between the two active

auxins indole-3-butyric acid (IBA) and indole-3-

acetic acid (IAA). IBA, but not IAA, efficiently induced

adventitious rooting in Arabidopsis stem segments at

a concentration of 10 lM. In wild-type plants, roots

formed exclusively out of calli at the basal end of

the segments. Root formation was inhibited by 10 lM
3,4,5-triiodobenzoic acid (TIBA), an inhibitor of polar

auxin transport. At intermediate IBA concentrations

(3–10 lM), root induction was less efficient in trp1,

a tryptophan auxotroph of Arabidopsis with a bushy

phenotype but no demonstrable reduction in IAA

levels. By contrast, two mutants of Arabidopsis with

measurably higher levels of IAA (trp2, amt1) show root

induction characteristics very similar to the wild type.

Using differential display, transcripts specific to the

rooting process were identified by devising a protocol

that distinguished between callus production only

and callus production followed by root initiation. One

fragment was identical to the sequence of a putative

regulatory subunit B of protein phosphatase 2A. It is

suggested that adventitious rooting in Arabidopsis

stem segments is due to an interaction between en-

dogenous IAA and exogenous IBA. In stem explants,

residual endogenous IAA is transported to the basal

end of each segment, thereby inducing root formation.

In stem segments in which the polar auxin transport is

inhibited by TIBA, root formation does not occur.

Key words: Adventitious root formation, Arabidopsis, auxin,

auxin-inducible proteins, differential display, indole-3-butyric

acid, protein phosphatase 2A, TIBA.

Introduction

Root development in Arabidopsis thaliana has been the
subject of many studies employing mutant screens during
the last few years (for a review see Casson and Lindsey,
2003). While development of the primary root from the
embryonic stage has received a lot of attention and the
processes involved are beginning to unravel, the formation
of lateral and adventitious roots is less well under-
stood. Lateral and adventitious roots are formed post-
embryonically. While lateral roots typically form from the
root pericycle, adventitious roots form naturally from stem
tissue. Adventitious roots are less predictable in their
cellular site of origin than lateral roots. They may form
from the cambium or, in the case of detached stem cuttings,
from calli. Therefore it appears that adventitious roots can
be formed by two different pathways: (i) direct organogen-
esis from established cell types or (ii) from callus tissue
following mechanical damage (Casson and Lindsey, 2003,
and references therein).

Adventitious root formation has many practical implica-
tions in horticulture and agronomy and there is a lot of
commercial interest because of the many plant species that
are difficult to root. (Davies et al., 1994; Kovar and
Kuchenbuch, 1994). The auxin indole-3-acetic acid (IAA)
was the first plant hormone to be used to stimulate rooting
of cuttings (Cooper, 1935). At that time it was discovered

* To whom correspondence should be addressed. Fax: +49 351 4633 7032. E mail: Jutta.Ludwig Mueller@mailbox.tu dresden.de
y Present address: The Institute for Genomic Research, 9712 Medical Center Drive, Rockville, MD 20850, USA.

Journal of Experimental Botany, Vol. 56, No. 418, pp. 2095–2105, August 2005

doi:10.1093/jxb/eri208 Advance Access publication 13 June, 2005

ª The Author [2005]. Published by Oxford University Press [on behalf of the Society for Experimental Biology]. All rights reserved.
For Permissions, please e mail: journals.permissions@oupjournals.org

 by guest on M
arch 28, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


that a second, ‘synthetic’ auxin indole-3-butyric acid (IBA)
also promoted rooting and was even more effective than
IAA (Zimmerman and Wilcoxon, 1935). IBA is now used
commercially worldwide to root many plant species
(Hartmann et al., 1990). Since its introduction more than
50 years ago, IBA has been the subject of many experi-
ments, mostly involving trial and error studies to achieve
optimum rooting conditions for the plant species in ques-
tion. Application of IBA to cuttings of many plant species
results in the induction of adventitious roots, in many cases
more efficiently than IAA (Epstein and Ludwig-Müller,
1993). For example, in Vigna radiata the induction of
adventitious roots was observed after IBA, but not IAA
application (Riov and Yang, 1989). The greater ability of
IBA to promote adventitious root formation compared with
IAA has been attributed to the higher stability of IBA
versus IAA both in solution and in plant tissue (Nordström
et al., 1991). The effective concentration of IBA in these
kinds of studies was also dependent on the pH of the
medium. It was shown that, at lower pH values, lower IBA
concentrations in the medium were sufficient to induce
rooting of apple cuttings (Harbage and Stimart, 1996).
Differences in the ability to form adventitious roots have

been attributed to differences in auxin metabolism (Alvarez
et al., 1989; Blazkova et al., 1997; Epstein and Ludwig-
Müller, 1993). It was shown, for example, that a difficult-
to-root cultivar of Prunus avium conjugated IBA more
rapidly than an easy-to-root cultivar (Epstein et al., 1993).
Only in the easy-to-root cultivar was the appearance of free
IBA observed after several days and the authors concluded
that the difficult-to-root cultivar was not able to hydrolyse
IBA conjugates during the appropriate time points of
adventitious root development. Interestingly, it was possi-
ble to induce rooting of the difficult-to-root cultivar after
application of an inhibitor of conjugation (Epstein et al.,
1993). It has been shown that IBAsp is even more active
than free IBA in the promotion of adventitious roots in
mung bean, possibly due to its higher stability during the
rooting process (Wiesman et al., 1989). However, other
differences such as uptake and transport can also account
for the differences in rooting behaviour (Epstein and
Ludwig-Müller, 1993).
The physiological events leading to root initiation may

be revealed by using targeted or untargeted molecular
approaches to identify genes that may be involved in
adventitious rooting. IBA has been identified as a natural
substance in Arabidopsis thaliana (Ludwig-Müller et al.,
1993) and there are indications that at least part of the action
of IBA is not through IAA in this species (Poupart and
Waddell, 2000; Zolman et al., 2000). Therefore a system
has been devised for adventitious root formation on stems
of the model plant Arabidopsis under sterile conditions,
where roots are specifically induced after the application of
IBA but not of IAA. The results have shown that (i) IBA is
one important factor in Arabidopsis to induce adventitious

roots, (ii) the timing of auxin application is important to
distinguish between callus and root formation, and (iii)
this system is suitable for identifying genes involved in
adventitious root formation. Finally, the effect of an auxin
transport inhibitor, TIBA, on IBA-induced adventitious
root formation has been investigated and IAA-deficient
mutants were used to analyse the interplay between IAA
and IBA during adventitious rooting.

Materials and methods

Plant material

Arabidopsis plants were grown aseptically on Murashige and Skoog
(MS) agar (Murashige and Skoog, 1962) in Magenta� boxes at 24 8C
under constant illumination with cool white fluorescent lights,
approximately 40 lmol m�2. The seeds were surface sterilized
with 5% (v/v) commercial bleach (Clorox; a 5% solution of sodium
hypoclorite) for 20 min, washed thoroughly, planted on 1% agar, and
vernalized for 24 h at 4 8C. Inflorescences from 4 8 week old plants
were used because, during this period, the age of the stems did not
influence callus/root formation, although on stem segments of older
plants no root formation could be observed; data not shown). The
inflorescences were cut into 0.5 cm node free segments and incubated
in the dark or under constant illumination in Petri dishes containing
full strength MS agar containing the appropriate concentrations of
IAA or IBA with or without different concentrations of 3,4,5
triiodobenzoic acid (TIBA). In the light, the plates were covered with
yellow plastic to prevent photo oxidation of auxins (Campanella
et al., 1996). Starting at 5 d, plates were examined daily and the
proportion of segments showing callus or root formation was scored.
For the differential display experiments, segment length was

reduced to 3 mm to increase the number of ends per fresh weight.
For the subsequent treatments, segments were transferred under
sterile conditions to fresh Petri dishes containing either plain MS agar
or MS agar with the appropriate hormone supplement.
For histology, stem segments were fixed for at least 24 h in FAA

(5% formaldehyde, 5% acetic acid, 50% ethanol), then dehydrated
through a series of ethanol steps (70%, 80%, 95%) before infiltration
with JB 4 resin (Polysciences, Inc., Niles, IL). Sections of 2 4 lm
were stained with toluidine blue.

Evaluation of the rooting process

On each Petri dish for the different treatments 10 12 Arabidopsis
stem segments were placed. Each experimental condition consisted of
at least two Petri dishes. All experiments were performed at least
three times, resulting in a minimum of 60 segments which were
scored per treatment. Mean values of the three independent experi
ments are given. After the different treatments the Arabidopsis stem
segments were inspected for callus or root formation and the number
of segments exhibiting the respective organs counted.

RNA extraction and differential display

Isolation of total RNA was performed using TRIzol reagent (Gibco
BRL, now marketed by Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions using 300 mg fresh weight of treated and
control segments. Reverse transcription followed by PCR using
anchored VNT11 39 primers and 10 mer OPA 59 primers (both
Operon Technologies) was performed essentially as described by
Liang and Pardee (1992). 35S Radiolabelled amplification products
were resolved on 6% acrylamide sequencing gels and detected by
autoradiography. The experiment was repeated to show reproducibil
ity of fragment induction. Fragments induced only under condition C
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were excised, re amplified with the same primer combination, the
PCR products purified (QIAquick� gel extraction kit, Qiagen),
ligated into pBSK vector, and sequenced from both ends at The
Institute for Genomic Research.

Northern blot analysis

Total RNA was isolated as described above. The synthesis of the
biotinylated (bio dUTP, Boehringer Mannheim) cDNA probe used
for northern hybridization was performed by PCR. Template was
cDNA prepared from total RNA of Arabidopsis stems induced with
IBA. For amplification of the phosphatase 2A like protein subunit as
a probe, the following primer pair was designed according to the
sequence information obtained: forward 59 GATCATGTGATA
GAAGATAAATTTAGTGCT 39; reverse 59 TCTTCTATCACAT
GATCTCGTCAGGGACCA 39. PCR was performed according to
standard procedures using the following programme: initial denatur
ation at 96 8C for 5 min, followed by 30 cycles of 96 8C for 45 s, 55 8C
for 45 s, 72 8C for 45 s. Equal sample loading (20 lg total RNA) was
confirmed by hybridization with an actin 2 (At3g18780) probe
amplified with the following primers: forward 59 GAAGAT
TAAGGTCGTTGCACCACCTG 39; reverse 59 ATTAACATTG
CAAAGAGTTTCAAGGT 39. Non radioactive northern blots were
performed according to Löw and Rausch (1994), with the Northern
Light� kit from Tropix (Serva) for detection.

Results

Indole-3-butyric acid can induce adventitious roots on
Arabidopsis stem segments

Several reports deal with the better performance of IBA
versus IAA during the rooting process. This was attributed
to parameters such as stability, transport, or metabolism.
Therefore a protocol was devised which would induce
adventitious roots on Arabidopsis stems by one of the
auxins but not the other. This study’s experiments showed
that several parameters influenced adventitious root in-
duction and helped to discriminate between the actions of
IAA and IBA. These were: (i) concentration of the
hormone, (ii) duration of treatment, (iii) priming event,
and (iv) second hormone treatment.

In a first set of experiments, 0.5 cm explants of
Arabidopsis stems were incubated for 7 d on MS medium
containing either IAA or IBA at different concentrations
and the phenotype was recorded (Fig. 1A). Since the
explants looked similar when they were cultivated on
hormone plates for 7 d, only the explants on different
IBA concentrations are shown. The induction of adventi-
tious roots was always preceded by callus formation. Root
induction was seen at 1 lM and 10 lM IBA and IAA,
and at 100 lM hormone the roots looked stunted with more
root hairs produced (Fig. 1A). Similarly, root induction by
IAA or IBAwas also possible using excised leaves (Fig. 1B).
The concentration dependence was also comparable with
that for stem segments.

On stem segments treated with IBA, adventitious roots
clearly arose from the cambium, which first de-differentiates
to form a callus (Fig. 2B). This is followed by the formation

of roots (Fig. 2C) that subsequently elongated and by the
formation of additional callus areas, which gave rise to
new adventitious roots (Fig. 2D). In the controls without
IBA such structures were never visible (Fig. 2A).

Timing of hormone requirement for adventitious rooting

To determine the period of IBA exposure required for
adventitious root induction, the stem segments were in-
cubated on 10 lM IAA or IBA for different time periods up
to 48 h and then transferred to hormone-free MS medium
for the remaining time. Callus and root formation was
scored at 7 d (Fig. 3). The proportion of explants forming
callus increased up to 100% after 48 h on auxin-containing
medium (Fig. 3A). While callus formation was comparable
on IAA- or IBA-containing MS agar, root formation was
found only when IBA was in the medium. After a 6 h
exposure, a response was already found, but optimum
rooting was observed with a treatment of 48 h (Fig. 3B).
After longer incubation periods the difference between IAA
and IBA treatment became less pronounced (data not
shown). The inset in Fig. 3B shows a picture of stem
segments incubated for the respective time on either 10 lM
IAA or 10 lM IBA.

A two-stage treatment was developed to distinguish be-
tween callus and root induction by IBA (Fig. 4). In stage I,

Fig. 1. Root induction on Arabidopsis stem (A) and leaf (B) explants
after treatment with different IBA concentrations.
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explants were incubated for 24 h on 10 lM IBA, a treatment
that resulted in callus formation. In stage III, explants
were given a second 10 lM IBA treatment of variable
duration after a period of 24 h on hormone-free medium
(stage II). The explants were transferred to hormone-free
medium after the second IBA treatment for the remainder of
the experiment (stage IV) and root formation was scored
14 d after the start of the second treatment. The second
treatment resulted in the formation of adventitious roots on
60–95% of the explants, provided that it was at least 48 h
long (Figs 4A, 5A). In addition, it was shown that the
highest rooting efficiency was found with treatments that
involved two exposures to IBA separated by a time with-
out hormone (Fig. 5A). Increasing the incubation time of
the second treatment on IBA also resulted in more seg-
ments showing adventitious root formation. Interestingly,
in the experiments using only one long IBA treatment
(Fig. 5B–D), more roots were formed when the treatment
started with MS medium alone.

The auxin concentration was also important for the
second treatment in which the explants were incubated
for 48 h with different concentrations of IBA. Again with
1 lM and 10 lM IBA good induction of adventitious
rooting was found with up to 95% of the segments showing
roots (Fig. 5B). Callus formation without subsequent root
formation was observed at concentrations <0.1 lM IBA.

Identification of transcripts expressed during
adventitious rooting using differential display

The treatments of Arabidopsis stems described above were
used to test this system for its suitability to isolate
differentially expressed genes during adventitious rooting.
Since the experimental procedure allowed the difference
between callus formation and adventitious rooting to be
distinguished, the comparison of control stems with stems
treated to form callus or adventitious roots should provide
transcripts which are specific for the rooting process. The

Fig. 2. Development of adventitious roots on Arabidopsis stems without (A) and after treatment with 30 lM IBA (B D). Sections were taken 3 d (B),
5 d (C), and 9 d (D) after placing the segments on rooting medium. Sections of 2 4 lm were stained with toluidine blue. Adventitious roots are marked
by arrows.

2098 Ludwig-Müller et al.

 by guest on M
arch 28, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


following three tissue samples were compared: (i) untreated
segments; (ii) segments exposed to 10 lM IBA for 24 h,
which will induce callus but not root formation; and (iii)
segments given 24 h 10 lM IBA, 24 h no IBA, 48 h 10 lM
IBA (see Fig. 4, Regime A), which induces roots in a large
fraction of the explants (Fig. 6A). For the differential
display experiment, a set of arbitrary primers (OPA1-12)
was used in combination with anchor primers on each of
the three mRNA populations described above. Bands
specific to treatment C (root induction) were obtained
with OPA primers 1, 6, and 12 (data not shown). Fragments
designated 01-a, 01-b, 06-a, and 12-a were excised, ream-
plified and further analysed. It was not possible to reamplify
fragment 12-a, therefore only three differentially expressed
fragments remained. In all three cases only short fragments

were amplified from the 39-end. Therefore, all sequences
are 39-UTRs of the respective cDNAs. Since the comple-
tion of the Arabidopsis genome sequencing project, iden-
tification of gene sequences has been much facilitated. One
390 bp fragment (01-a) was homologous to a regulatory
subunit B of protein phosphatase 2A (At3g54930). A
second 340 bp fragment (01-b) was found to be derived
from At1g29470 which was annotated as similar to the
early-responsive dehydration stress protein, ERD3 that
contains a putative methyltransferase motif. A third 300 bp
fragment (06-a) was derived from At5g48545, a gene
encoding an unknown protein of the histidine triad family
protein with a HIT domain (http://www.tigr.org/tdb/e2k1/
ath1/). Expression analysis confirmed the presence of
the PP2A homologous mRNA specifically in tissues after
IBA-induced adventitious root formation (Fig. 6B).

The polar auxin transport inhibitor TIBA inhibits
adventitious root formation

Factors important for the effect of auxins during rooting
might be (i) synthesis, (ii) metabolism, and (iii) transport.
The latter was tested by using the polar auxin transport
inhibitor 3,4,5-triiodobenzoic acid (TIBA) concomitantly
with the IBA treatment leading to adventitious roots.
Inhibition of root formation was observed when varying

Fig. 3. Callus (A) and root (B) formation after continuous treatment
with 10 lM IAA (hatched bars) or IBA (black bars) for different times on
MS medium. The photograph shows the phenotype of rooted stem
segments incubated for different periods on 10 lM IAA or IBA.

Fig. 4. Adventitious root formation is increased by a two stage
treatment and does not require continuous exposure to IBA. Different
treatments with IBA are marked as follows: (dotted section) MS only,
(black section) MS+10 lM IBA. The different variations tested are: (A)
24 h IBA/24 h MS/48 h IBA/MS; (B) 72 h IBA/MS; (C) 24 h MS/72 h
IBA/MS; (D) 48 h MS/72 h IBA/MS. The segments were placed either on
MS medium or MS supplemented with IBA after the indicated time
periods (see time scale; one white bar segment represents 24 h).
Percentage of root formation under the respective treatment conditions is
given to the right of the bar. The stages mentioned in the text are indicated
above the respective bar in Roman numerals. I: first IBA treatment; II:
first period on MS; III: second IBA treatment; IV: remaining time until
roots are visible on MS). The flash indicates a discontinuous time scale.

Fig. 5. Two stage treatment for distinction between callus (dotted bars)
and root (black bars) formation. (A) Dependence of root formation on the
duration of the second 10 lM IBA treatment. Segments were transferred
from IBA containing medium to medium without hormone after the
respective time periods. (B) Optimum concentration of IBA for the
second treatment (340 h). The medium for the second treatment was
supplemented with different IBA concentrations.

Root induction by auxins 2099

 by guest on M
arch 28, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://mips.gsf.de/proj/thal/ath1/
http://mips.gsf.de/proj/thal/ath1/
http://jxb.oxfordjournals.org/


concentrations of TIBA were added together with a fixed
concentration of IBA (10 lM) in the medium (Fig. 7).
While 0.1 lM and 1 lM TIBA had no inhibitory effect,
10 lM TIBA was already inhibitory and 100 lM TIBA
completely prevented adventitious root formation. With
lower TIBA concentrations there even seemed to be a
small promoting effect after longer incubation times.

Arabidopsis mutants with altered adventitious root
formation

IBA is an important factor for adventitious root formation if
applied exogenously. However, endogenous auxins may
also play a role in the rooting process. Therefore three
mutants with altered auxin levels were investigated for
their ability to form adventitious roots after IBA treatment.
The mutant amt1 (Kreps and Town, 1992) has no altered
phenotype compared with the wild type when grown under
normal conditions. However, if amt1 was grown on 10 lM
IBA, the roots looked more stunted with a higher number
of lateral roots and, at higher concentrations, less root
growth than the wild type was observed. amt1 also showed
altered levels of IAA and IBA (Ludwig-Müller et al.,
1993). It was therefore of interest to test whether this
mutant behaved differently concerning adventitious root-
ing and so at the same time two other mutants with defects
in the tryptophan biosynthesis pathway, trp1 and trp2
(Last et al., 1991; Rose et al., 1992) were included. Since

adventitious root formation was shown to be concentration-
dependent in Arabidopsis, several IBA concentrations were
tested on wild-type and mutant stem segments. At in-
termediate IBA concentrations (3–10 lM), root induction
was less efficient in trp1, a tryptophan auxotroph of
Arabidopsis with a bushy phenotype but no demon-
strable reduction in IAA levels, compared with wild-type
Columbia (Fig. 8). The two other mutants (amt1 and trp2)
with measurably higher levels of IAA show root induc-
tion characteristics very similar to the wild type.

Discussion

Arabidopsis has been used for the investigation of lateral
root development (Neuteboom et al., 1999) because of its
relatively simple organization of both primary and lateral
roots (Dolan et al., 1993). Lateral root formation in root
cultures of Arabidopsis was initiated by exogenous auxin.
Differential screening of a cDNA library from roots treated
with 1-NAA and the inactive analogue 2-NAA led to the
isolation of four cDNAs clones coding for proteins
putatively active outside the cell such as subtilisin-like
serine protease (Neuteboom et al., 1993). Arabidopsis
mutants exhibiting more lateral roots (sur1, sur2) were
linked to an overproduction of IAA (Boerjan et al., 1995;
Delarue et al., 1998). However, other genes regulated
independently of auxin induction are also involved in
lateral root development, such as the nuclear-localized
protein ALF4 (DiDonato et al., 2004).

Evidence for the involvement of IBA, but not IAA, in
lateral root development was recently reported for lateral
root induction in rice (Wang et al., 2003). While IBA was

Fig. 6. Identification of transcripts specifically expressed during adven
titious root formation by IBA. (A) The different treatment of segments is
shown: (a) untreated segments; (b) segments exposed to 10 lM IBA for
24 h, which will induce callus but not root formation; (c) segments given
24 h 10 lM IBA, 24 h no IBA, 48 h 10 lM IBA. (dashed section) Time
on IBA, (grey section) MS only. (B) RNA expression analysis of one
fragment (PP2A B regulatory subunit) in the three different tissues. The
small photographs (a c) show the segments as they looked after the
harvest. Root development in treatment (c) was only observed later
(indicated by an arrow). The Roman numerals correspond to those in Fig. 4.

Fig. 7. Adventitious root formation at different concentrations of the
IAA transport inhibitor TIBA in wild type plants over a time period of 4
weeks. IBA was always at 10 lM. Inhibition of adventitious root
formation was found at equimolar concentrations of IBA and TIBA.
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able to induce lateral roots, the same response was found
only at 20-fold higher concentrations of IAA (Chhun et al.,
2003, 2004). In addition, a rice lateral rootless mutant Lrt1
could be rescued by IBA but not IAA treatment (Chhun
et al., 2003). The mutated gene has yet to be described.

In contrast to lateral root development, adventitious root
formation has significant practical implications because of
the many plant species that are difficult to root. IBA is now
used commercially worldwide to root many plant species
(Hartmann et al., 1990). However, Arabidopsis as a model
to study adventitious rooting has so far been neglected. The
aim of this study was 2-fold: (i) to analyse the process
leading to adventitious roots on Arabidopsis stems and to
find out which of the two auxins known to be present in
Arabidopsis are involved in the process and to devise an
experimental system which could be used to distinguish
between callus and root formation and between IAA and
IBA in the rooting process; (ii) to test this system for its use
in the isolation of differentially expressed transcripts
specifically involved in the rooting process. These tran-
scripts could allow a more detailed analysis of adventitious
rooting at the molecular level and help to identify candidate
genes important for this process. The possible function of
the transcripts isolated in this study for the rooting process
will be briefly discussed. Furthermore, this system is also
suitable for the analysis of available Arabidopsismutants or
chemical inducers or inhibitors of the rooting process.

It was shown that IAA and IBA were able to induce
adventitious roots on cuttings of Arabidopsis stems if the

segments were not removed during the treatment (Fig. 1),
whereas removal of the segments from auxin-containing
medium to MS medium only resulted in the production of
calli with about the same efficiency for both hormones.
Callus formation preceded adventitious rooting (Fig. 2).
After shorter incubation times only IBA treatment resulted
in the formation of roots (Fig. 3), indicating that IBA is an
important factor for rooting. Several possibilities exist to
explain the better performance of IBA versus IAA (sum-
marized in Epstein and Ludwig-Müller, 1993): (i) higher
stability, (ii) differences in metabolism, (iii) differences in
transport, and (iv) IBA is a slow release source of IAA.

There is now a great deal of evidence that IBA occurs
naturally in plants. The higher stability of IBA, in contrast
to IAA, during rooting assays was reported by Nordström
et al. (1991) which affected both degradation and metab-
olism. It was therefore suggested that IBA may be a very
simple ‘conjugate’ of IAA and must be converted to IAA
by b-oxidation to have an auxin effect. The conversion of
IBA to IAA occurs in many plant species, such as Malus
pumila (Alvarez et al., 1989), Pinus sylvestris (Dunberg
et al., 1981), Populus tremula (Merckelbach et al., 1991),
Pyrus communis (Baraldi et al., 1993), and Vitis vinifera
andOlea europaea (Epstein and Lavee, 1984). However, in
microcuttings of Malus it was found that IBA was
converted to IAA only at very low levels (1%), but IBA
itself induced more roots than IAA. This led the authors to
suggest that either IBA itself is active or that it modulates
the activity of IAA (van der Krieken et al., 1992, 1993).

Fig. 8. Adventitious root induction at different IBA concentrations in wild type (Columbia) and three different Arabidopsis mutants with altered auxin
content over a time period of 5 weeks: (open diamonds) 1 lM, (filled diamonds) 3 lM, (open squares) 10 lM, (filled squares) 30 lM.
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The transport hypothesis is supported by recent findings
that IBA and IAA are differently transported in Arabidopsis
(Rashotte et al., 2003). These experiments are in agreement
with this study’s results using polar auxin transport inhibitors.
Several lines of evidence are now emerging which

suggest that part of the effects of IBA are the direct action
of the auxin itself (Ludwig-Müller, 2000; Poupart and
Waddell, 2000), although other functions may be modu-
lated by the conversion of IBA to IAA via b-oxidation
(Zolman et al., 2000; Bartel et al., 2001). For example,
drought and osmotic stress induced the synthesis of IBA
and, consequently, the endogenous content of IBA was
increased, whereas IAA was less affected (Ludwig-Müller
et al., 1995). In addition, IBA but not IAA was induced
after the inoculation of maize roots with an arbuscular
mycorrhizal fungus (Ludwig-Müller et al., 1997; Kaldorf
and Ludwig-Müller, 2000). In this paper a system was
established for the induction of adventitious roots on
sterile-grown stem sections of Arabidopsis thaliana where
IBA induced adventitious roots under conditions where
IAA was ineffective (Fig. 3). There was a desire to dissect
the rooting process and therefore different time and con-
centration schemes were used for the optimization of ad-
ventitious root formation (Fig. 4), which allowed callus and
subsequent root formation to be distinguished (Fig. 5).
The second goal of this research was the identification of

differentially expressed transcripts during the rooting pro-
cess. For this, the differential induction of callus and root on
Arabidopsis stem segments were used and those treatments
were compared with the controls (Fig. 6). Only those
transcripts which showed up under treatment C (Fig. 6)
were analysed further.
Initial studies on the hydrolytic enzymes found during

root formation after IBA treatment in cuttings of mung bean
revealed the induction of endo-b-1,4-glucanase (Shoseyov
et al., 1989), whereas the activities of b-1,3-glucanase and
a-amylase were not affected. It was shown by in situ
hybridization that the genes for endo-b-1,4-glucanase were
expressed in the area of adventitious root primordia
formation and in the cortex, where maceration of the cell
walls was in progress in order to enable root emergence
through the hypocotyl. To detect the induction of genes
during adventitious root formation in loblolly pine (Pinus
taeda) after treatment with IBA, a non-targeted approach
via differential display reverse transcription-polymerase
chain reaction was carried out (Hutchison et al., 1999).
One of the clones isolated by this method showed strong
similarity to the a-expansin gene family of angiosperms
and the differential gene expression after IBA treatment
was confirmed by RNA blot analysis. Expansins are
thought to be responsible for acid-induced cell wall
loosening and are expressed in rapidly growing tissues
(Cosgrove and Li, 1993; McQueen-Mason, 1995). They
were reported to be induced in loblolly pine in non-growing
regions of the stem prior to the resumption of cell division

leading to the appearance of adventitious roots (Hutchison
et al., 1999).

One fragment differentially expressed during the
adventitious rooting process in Arabidopsis (Fig. 6B) was
identified as a regulatory subunit B of protein phosphatase
2A. In plants, type 2A serine/threonine protein phospha-
tases (PP2As) are critical in controlling the phosphoryla-
tion state of proteins involved in such diverse processes
as metabolism, cell–cell communication, response to
hormone, and auxin transport (Smith and Walker, 1996).
The specificity, activity and subcellular targeting of PP2A
is modulated by its association with the A and B subunits
(Kamibayashi et al., 1994). In Arabidopsis, three families
of B-type regulatory subunits were identified, each con-
sisting of more than one member (Corum et al., 1996;
LaTorre et al., 1997; Rundle et al., 1995; Sato et al.,
1997). Expression analysis indicated that, in plants, every
B subunit shows a widespread, but fine-tuned, expression
pattern in different organs (Thakore et al., 1999). The
function of PP2A during polar auxin transport has recently
received more attention (Muday and DeLong, 2001, and
references therein). One Arabidopsis mutant that provided
insight into the regulation of auxin transport is called roots
curl in NPA1 (rcn1). This mutant was isolated using an
assay for alterations in differential root elongation in the
presence of the auxin transport inhibitor NPA aimed at
isolating genes encoding proteins involved in auxin trans-
port or its regulation. The RCN1 gene encodes a regulatory
A subunit of PP2A and the rcn1 mutant exhibits reduced
PP2A activity in extracts (Deruère et al., 1999). The
phenotypic alterations in this mutant are consistent with
reductions in PP2A activity because treatment of wild-
type plants with the phosphatase inhibitor cantharidin
produces a phenocopy of rcn1. The RCN1 gene is ex-
pressed in the seedling root tip, the site of basipetal
transport, in lateral root primordia, and in the pericycle
and stele, the likely site of acropetal transport (Muday and
DeLong, 2001). It can be hypothesized that other PP2A
subunits are co-ordinately expressed and that polar auxin
transport also plays a role in adventitious root formation in
Arabidopsis. This assumption is supported by the obser-
vation here that the auxin transport inhibitor TIBA
inhibited adventitious root formation. Deduced from the
findings summarized above a role can be proposed for
PP2A in the regulation of auxin transport during adven-
titious rooting by altering the phosphorylation status of
proteins involved in these processes thus most likely
acting upstream of auxin transport. Auxin transport itself
might be important for adventitious rooting by increasing
local auxin concentrations.

A second fragment was identified as derived from an
early-responsive dehydration stress ERD3 with otherwise
unknown function (http://www.tigr.org/tdb/e2k1/ath1/).
The sequence contains also a methyltransferase motif.
Protection against dehydration may result in an increase
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of lateral or adventitious root formation. It was shown that
IBA synthesis was increased under drought stress in
maize (Ludwig-Müller et al., 1995) and the root system
under these conditions was shorter, but with considerably
more lateral roots. Drought rhizogenesis is an adaptive
strategy that occurs during progressive drought stress and
is characterized in Arabidopsis and other Brassicaceae
and related families by the formation of short tuberized
hairless roots (Vartanian et al., 1994). These roots are
capable of withstanding a prolonged drought period and
give rise to a new functional root system upon rehydra-
tion. IBA might play a role during this process by
inducing new roots. This protein might therefore play
a more general role in IBA-induced root formation. As
long as the function of ERD3 is unclear, this has to remain
a hypothesis.

The Histidine Triad (HIT) motif identified in the third
gene product, His-phi-His-phi-His-phi-phi (phi, a hydro-
phobic amino acid), was identified as being highly con-
served in a variety of organisms (Seraphin, 1992). The
crystal structure of rabbit Hint (histidine triad nucleotide-
binding protein), purified as an adenosine andAMP-binding
protein, showed that proteins in the HIT superfamily are
conserved as nucleotide-binding proteins (Brenner et al.,
1997). Hint homologues hydrolyse adenosine 59 mono-
phosphoramide substrates and function as positive regu-
lators of Cdk7/Kin28 in vivo (Bieganowski et al., 2002),
and Fhit (fragile histidine family) homologues related
to the HIT family are diadenosine polyphosphate hydro-
lases (Barnes et al., 1996). Therefore, the role of this
protein during adventitious root formation might be in
the regulation of the cell cycle or in signal transduction
pathways.

In conclusion, it has been shown that it was possible to
dissect the adventitious root formation process in Arabi-
dopsis in such a way as to distinguish between the action of
the two auxins IAA and IBA and to establish conditions
where one hormone treatment arrests the process at the
callus formation stage, whereas a second hormone treat-
ment induces the formation of roots from these calli. In
addition, it has been shown that the experiments presented
here are a promising method to identify IBA-induced
transcripts during adventitious root formation in the model
plant Arabidopsis thaliana. To study the process of adven-
titious root formation further, several experiments can be
envisioned: (i) the isolation of additional differentially
expressed fragments from this screen, or using the now
available microarrays to increase the number of cDNAs;
(ii) using this screening method to identify Arabidopsis
mutants impaired in adventitious root formation; and
(iii) using known Arabidopsis mutants to investigate their
response to IBA in this system. The gene sequences
identified can then be used to probe the adventitious
rooting pathway in horticulturally important species that
are difficult to root.
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Minireview

Indole-3-butyric acid in plants: occurrence, synthesis, metabolism
and transport
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Epstein, E. and Ludwig-Miiller, J. 1993. Indole-3-butyric acid in plants: occurrence,
synthesis, metabolism and transport. - Physiol. Plant. 88: 382-389.

Indole-3-butyric acid (IBA) was recently identified by GC/MS analysis as an endo-
genous constituent of various plants. Plant tissues contained 9 ng g~ fresh weight of
free IBA and 37 ngg 'fresh weight of total IBA, compared to 26 ngg ' and 52 ngg '
fresh weight of free and total indole-3-acetic acid (lAA), respectively. IBA level was
found to increase during plant development, but never reached the level of lAA.
It is generally assumed that the greater ability of IBA as compared with lAA to
promote rooting is due to its relatively higher stability. Indeed, the concentrations of
lAA and IBA in autodaved medium were reduced by 40% and 20%, respectively,
compared with filter sterilized controls. In liquid medium. IAA was more sensitive
than IBA to non-biological degradation. However, in all plant tissues tested, both
auxins were found to be metabolized rapidly and conjugated at the same rate with
amino acids or sugar.
Studies of auxin transport showed that IAA was transported faster than IBA. The
velocities of some of the auxins tested were 7.5 mm h ' for IAA, 6.7 mm h ' for
naphthaleneacetic acid (NAA) and only 3.2 mm h ' for IBA. Like IAA, IBA was
transported predominantly in a basipetal direction (polar transport). After applica-
tion of 'H-IBA to cuttings of various plants, most of the label remained in the bases
of the cuttings. Easy-to-root cultivars were found to absorb more of the auxin and
transport more of it to the leaves.
It has been postulated that easy-to-root, as opposed to the difficult-to-rool cultivars,
have the ability to hydrolyze auxin conjugates at the appropriate time to release free
auxin which may promote root initiation. This theory is supported by reports on
increased levels of free auxin in the bases of cuttings prior to rooting. The auxin
conjugate probably acts as a 'slow-release' hormone in the tissues. Easy-to-root
cultivars were also able to convert IBA to IAA which accumulated in the cutting
bases prior to rooting. IAA conjugates, but not IBA conjugates, were subject lo
oxidation, and thus deactivation. The efficiency of the two auxins in root induction
therefore seems to depend on the stability of their conjugates. The higher rooting
promotion of IBA was also ascribed to the fact that its level remained elevated longer
than that of IAA, even though IBA was metabolized in the tissue.
IAA was converted to IBA by seedlings of corn and Arabidopsis. The K^ value for
IBA formation was low (approximately 20 \iM), indicating high affinity for the
substrate. That means that small amounts of IAA (only a fraction of the total IAA in
the plant tissues) can be converted to IBA. It was suggested that IBA is formed by
the acetylation of IAA with acetyl-CoA in the carboxyi position via a biosynthetic
pathway analogous to the primary steps of fatty acid biosynthesis, where acetyl
moieties are transferred to an acceptor molecule. Incubation of the soluble enzyme
fraction from Arabidopsis with 'H-IBA, IBA and UDP-glucose resulted in a product
that was identified tentatively as IBA glucose (IBGIc). IBGIc was detected only
during the first 30 min of incubation, showing that it might be converted rapidly to
another conjugate.

Key words - Auxin, auxin conjugates, auxin transport, IAA, IAA aspartic acid, IAA
glucose, IBA aspartic acid, IBA glucose, rooting.
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Introduction

The auxin indoie-3-acetic acid (IAA) was the first plant
hormone to be used in rooting (Cooper 1935). In the
same year, Zimmerman and Wilcoxon (1935) dis-
covered that several new synthetic auxins, among them
indole-3-butyric acid (IBA), also promoted rooting. It
was demonstrated that IBA is very effective in promot-
ing rooting of a wide variety of plants, and it is used
commercially to root many plant species world-wide
(Hartmann et al. 1990). Since its introduction more
than 50 years ago, IBA has been the subject of hun-
dreds of experiments and articles. Many of the experi-
ments involved trial and error studies of different con-
centrations, formulas, additives and treatment dura-
tions. Today one can still find varieties and cultivars in
almost every species that do not root even after treat-
ment with this auxin, respond to treatment during only
part of the growing season, or produce roots only in a
fraction of the treated cuttings. In recent years, several
attempts were made to understand the role of IBA in
the rootmg process in plants at the metabolic level. For
recent reviews on rooting see Gaspar and Hofinger
(1988) and Blakesley et al. (1991). In this minireview we
will concentrate on the occurrence, biosynthesis, me-
tabolism and transport of IBA in plants.

Abbreviations - 2,4-D. 2.4-dichlorophenoxyacetic acid;
DIAasp, 3-hydroxy-2-indolone-3-acetylaspartic acid; IAA, in-
dole-3-acetic acid; IAGlc, indoleacetyl glucose; IAAsp, in-
dole-,3-acetylaspartic acid; IBA, indole-3-butyric acid; IBGIc,
indolebutyryl glucose; IBAsp. indole-3-butyrylaspartic acid;
IPA, indolepropionic acid; NAA, naphthaleneacetic acid; Ox-
IAAsp, 2-indolone-3-acety!aspartic acid.

Natural occurrence of IBA

Although iBA was identified as a natural product in
potato peelings by paper chromatography almost 40
years ago (Blommaert 1954), it is still referred to as a
synthetic auxin (Hartmann et al. 1990). During the past
20 years IBA was identified in various plants and tissues
(Tab. 1), such as tobacco (Bayer 1969) and Phaseolus
vulgaris (Brunner 1978); and only recently by GC/MS
analysis in pea (Budenoch-Jones et al. 1984, Schneider

et al.l985), in cypress (Epstein et al. 1988), and maize
(Epstein et al. 1989, Ludwig-MuUer and Epstein 1991).
An attempt was a!so made to correlate the infection of
plants with growth-itifluencing bacteria and IBA con-
tent (Fallik et al. 1989, Epstein et al. 1991). Very little is
known about the actual endogenous concentrations of
IBA in piant tissues. Sutter and Cohen (1992) syn-
thesized ["Cjindoie-[ring 2]-3-butyric acid and used it as
an internal standard for the determitjation of IBA in
tobacco leaves by isotope dilution GC/MS. They found
that the tissue contained 9 ng g ' fresh weight of free
IBA and 37 ng g ' fresh weight of total IBA, compared
with 26 ng g ' and 52 ng g"' fresh weight of free and
total IAA, respectively. The occurrence of free and
conjugated IBA under different growth conditions was
studied more thoroughly in plantlets of Arabidopsis tha-
liana grown in liquid medium under sterile conditions
(Ludwig-Miiller et al. 1993). IBA level increased during
the development of the plantlets, but never reached the
level of !AA. In seeds of Arabidopsis, IBA concentra-
tion was higher than that of IAA; both hormones were
secreted into the medium. Concentrations of free IBA
were between 7 and 25 ng g~' fresh weight, whereas
total IBA was in the range of 100 ng g"' fresh weight.

IBA metabolism

It is generally assumed that the greater ability of IBA
compared with IAA to promote rooting is due to its
relatively higher stability (Hartmann et al. 1990). Rob-
bins et al. (1988) demonstrated that IBA can be stored
for 6 months in amber or clear glass at various tempera-
tures (22-25, 6 and O'C) without significant change in
biological activity or breakdown. Nordstrom et al.
(1991) showed that IBA was more stable than IAA in
KOH solution in black containers at room temperature.
Nissen and Sutter (1990) studied the stability of IAA
and IBA under various tissue culture procedures. They
showed that the concentrations of IAA and IBA in
autoclaved MS (Murashige and Skoog 1%2) medium
were reduced by 40% and 20%, respectively, compared
with filter sterilized controls. Under growth chamber
conditions, IAA and IBA losses from both liquid and

Tab. 1. Indole-3-butyric acid as a natural endogenous compound in plants.

Plant material Detection method Reference

Potato peelings
Tobacco leaves
Phaseolus hypocotyls
Pea root nodules
Pea root, epicotyl & cotyledons
Cypress leaves
Maize leaves & kernels
Maize roots
Maize roots, leaves & coleoptiles
Carrot
Arabidopsis thaliana
Tobacco leaves

Phvsiol. Planl. «S. 1993

Paper chromatography
Gas chromatography
TLC and bioassav
GC/MS
GC/MS
GC/MS
GC/MS
GC/MS
GOMS
GOMS
GOMS
GOMS

Blommaen et al. 1954
Bayer 1969
Brunner 1978
Budenoch-Jones 1984
Schneider et al. 1985
Epstein et al. 1988
Epstein et al. 1989
Fallik et al. 1989
Ludwig-Miiller and Epstein 1991
Epstein et al 1991
Ludwig-Muller and Epstein 1992
Sutter and Cohen 1992
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agar-solidified MS were significant. In liquid medium,
IAA was more sensitive than IBA to non-biological
degradation. In the light, IAA and IBA concentrations
were reduced by more than 97% and 60%, respectively,
compared to a decline by 70% and 30%, respectively, in
the dark. In agar-solidified MS, IAA and IBA concen-
trations were reduced by 45% and 38%, respectively,
after 30 days in darkness, and ca 95% and 80%, respec-
tively, after only 3 days in the light. Similar results were
obtained after application of auxins to plant tissue.
Wiesman et al. (1988) found that labeled IBA and IAA
were metabolized rapidly by cuttings of mung bean
{Vigna radiata L.), and 24 h after application only a
small fraction of the radioactivity of both auxins corre-
sponded to the free auxin. Similarly, Pythoud and Bu-
chala (1989) found that only 17% of the "C-IBA which
was applied to the bases of cuttings of trembling aspen
(Populus tremula L.) was still present as unmodified
IBA after 24 h. IAA was metabolized more quickly
than IBA by green cuttings (leaves and apex excised) of
P. Iremula L. (Merckelbach et al. 1991). Baraldi et al.
(1993) also observed a rapid disappearance of IBA in
pear [Pyrits communis L.) plantlets propagated in vitro.
Only a small fraction of the total extractable radio-
activity could be identified as free IBA after 12 h of
incubation. In apple shoots cultured in vitro only 5% of
IBA and 1% of IAA were found in the free form (van
der Krieken et al. 1992a,b).

IBA conjugates

it has been established that natural plant honnones such
as IAA, gibberellin, cytokinin and ABA are present in
plant material both as free acid and in the form of
conjugates (Cohen and Bandurski 1982). All plants that
have been studied had most of their IAA in conjugated
form, and conjugates may account for over 90% of the
IAA in some tissues. Evidence has emerged over the
last several years which indicates that conjugates play
an important role in auxin physiology and metabolism.
They are thought to be involved in transport of the
hormone, the storage and subsequent usage of the hor-
mone, protection from enzymatic destruction, and the
homeostatic control of the concentration of the hor-
mone within the plant (Bandurski 1980, Cohen and
Bandurski 1982). Andrea and Good (1955, 1957) re-
ported that pea sections converted IBA to compounds
which had chromatographic properties similar to those
of IBA-aspartic acid (IBAsp), IAA-aspartic acid
(IAAsp) and IAA. They concluded that IBA was con-
verted by ^-oxidation to IAA and that both IBA and
IAA (formed from the applied IBA) were conjugated
to aspartic acid by pea sections.

Wiestnan et al. (1988, 1989) studied the metabolism
of IAA and IBA by mung bean cuttings. The cuttings
were incubated with "C-IAA and 'H-IBA and samples
were extracted after various periods of incubation and
the radioactive compounds were identified. The major

metabolite of IAA was identified as lAAsp, whereas
IBA was converted to IBAsp and at least two high
molecular weight conjugates (probably conjugates with
peptides). They proposed that the better rooting ability
of IBA was due to the formation of IBAsp which pro-
moted rooting better than IAA (Wiesman et al. 1989)
or IAAsp (PWss et al. 1989). Epstein and Sagee (1992)
studied the metabolism of IBA in leaf midribs of citrus
(Citrus reticulata Blanca). IBA was converted by the
midribs to a metabolite that was identified tentatively as
an ester conjugate with glucose (IBGIc). Pythoud and
Buchala (1989) could not detect any oxidation products
of IBA after feeding '•'C-IBA to cuttings of P, tremula,
but noticed the conversion of IBA to a glycosyl conju-
gate and another conjugate, probably IBA peptide.
IAA, on the other hand, was both oxidized by P, tre-
mula cuttings and conjugated to aspartic acid to form
2-indolone-3-acetylaspartic acid (OxIAAsp). Tsurumi
and Wada (1988) found that seedlings of Vicia faba
oxidized IAA and conjugated it with aspartic acid to
form 3-hydroxy-2-indolone-3-acetylaspartic acid
(DIAasp). Plliss et al. (1989) and Merckelbach et al.
(1991) identified OxIAAsp in greenwood cuttings of P.
tremula. Neither product was biologically active (Tsu-
rumi and Wada 1988. Pluss et al. 1989). Riov and Ban-
gerth (1992) identified OxIAAsp in tomato fruit tissue.
These reactions render iAA inactive and thereby re-
move it from the auxin pool. Since no such oxidation
products have yet been found for IBA, this might be the
cause for the better activity of IBA in rooting. How-
ever, it is also possible that IBA oxidation products
have yet to be discovered.

Merckelbach et al. (1991) also showed that the IBA
was conjugated mainly to IBGIc and that IAA was
conjugated more slowly than IBA in cuttings of P. tre-
mula, probably because IAA, and not IBA, induced its
own metabolism. They ascribed the higher rootability of
IBA to the fact that its level remained elevated longer
than that of IAA, even though IBA was metabolized in
the tissue. They also showed that following incubation
with IBA, the level of IAA and IAAsp in the cuttings
increased steadily.

Plantlets of easy- and difficult-to-root cultivars of
pear grown in vitro converted approximately 50% of the
IBA taken in to IBAsp (Baraldi et al. 1993). Baraldi et
al. attributed the differences in the rooting ability of the
two pear cultivars to differences in IBA uptake and
metabolism and to free IAA level in the shoots. Epstein
et al. (1993b) studied the metabolism of exogenously-
applied IBA in easy- and difficult-to-root cultivars of
sweet cherry {Prunus avium L.) in an aseptic system.
Both cultivars rapidly metabolized the IBA to a conju-
gate, probably IBGIc. Autofluorography of the extracts
of the plantlet bases showed that after one day no free
IBA could be detected in the difficuit-to-root cultivar,
while the easy-to-root cuStivar metabolized the IBA
more slowly and free IBA could still be detected. The
free IBA disappeared after 2 days of incubation, but
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re-appeared after 4 days (3 days before root emergence)
and disappeared again after 7 days. They postulated
that the easy-to-root, as opposed to the difficult-to-root
cuitivar, has the ability to hydrolyze the ester conjugate
at the appropriate time to release free IBA, which may
promote root initiation. This theory is supported by
reports on increased levels of free auxin in the bases of
cuttings prior to rooting (Brunner 1978, Moncousin et
ai. 1989, Liu and Reid 1992, Epstein and Ackerman
1993. Epstein et al. (1993h) used the conjugate inhibitor
2,6-dihydroxyacetophenone (DHAP, Lee and Starratt
1986) in order to increase the level of free auxin in
cuttings of the difficult-to-root olive cv, Uovo di Pic-
cone. Significantly more cuttings rooted following treat-
ment with 2 mM DHAP and 0.8% IBA than with 0.8%
IBA alone (30% vs 15%, respectively).

IBA was metabolized very rapidly by Petunia hybrida
cell suspension (Epstein 1993a). HPLC of the cell ex-
tracts demonstrated a new metabolite after only 2 min
of incubation, and after 30 min 60% of the radioactivity
was in the new metabolite vs 10% in the IBA. The new
compound was resolved by autofluorography to two
metabolites but after 24 h only one metabolite was
present. One metabolite was eluted in the neutral frac-
tion from DEAE-Sephadex column and was hydrolyzed
to free IBA by both 1 M NaOH and j3-glucosidase,
proving it to be an ester conjugate of glucose with IBA
(Bandurski and Schulze 1977). The second metabolite
was eluted from the DEAE-Sephadex column with the
acidic fraction, hydrolyzed to free IBA by 7 Af NaOH,
but not by 1 M NaOH or /3-glucosidase, pointing to a
peptide bond (Bandurski and Schulze 1977). In a separ-
ate experiment, it co-chromatographed with authentic
IBA-aspartic acid on TLC. Autofluorography showed
that IBGIc was the first to appear without a distinct lag
phase simultaneously with the decrease of IBA. After
30 min, IBAsp began to show, and IBGIc decreased and
disappeared after 24 h. In ^ . thaliana seedlings cultured
in liquid medium, the formation of IAA and IBA conju-
gates was also indudble by exogenous NAA, but the
amount of conjugates formed was dependent on the
time of the addition of NAA to the culture medium
(Ludwig-Mtiller and Epstein 1993).

Epstein and Sagee (1992) showed that Citms leaf
midribs metabolized exogenous IBA to a compound
that was tentatively identified as an ester conjugate,
Zenk (1964) claimed, without supporting data, that
IAGlc is formed in plants without a lag phase, and that
this conjugate is the precursor of amino acid conjugates.
Michalczuk and Bandurski (1982) showed that the ac-
tual siibstrate for the IAA-myo-inositol forming enzyme
was IAGlc, IAA glucose is formed from UDP-glucose
by a transferase, and the equilibrium of this reaction is
strongly in favor of UDP-giucose by a factor of about
50:1 (R.S. Bandurski, personal communication).
IAGlc is thus a highly effective acyl donor and a likely
candidate for the acylation of aspartate. In the same
fashion. Petunia cells rapidly conjugate IBA to IBGIc,

which in turn is converted to form IBAasp. It was
postulated that IBAasp probably acts as a 'slow-release'
hormone (Cholodny 1935). Petunia probably releases
IBAsp into the medium, and since the cells do not
absorb IBAasp readily (Shea et al. 1988), the IBA in
the medium is replaced in this way by IBAsp until
equilibrium is reached. Only intact cells were able to
metabolize IBA and the reaction was affected by low
temperature and anaerobic conditions. IAA metabo-
lism proceeded at a slower rate, and autofluorography
showed that while free IBA disappeared after 0.5 h,
free IAA was still present after 1 h incubation,

Nordstrom et al. (1991) studied the metabolism of
exogenous IAA and IBA during adventitious root for-
mation in pea cuttings. The cuttings metabolized IAA
predominantly to IAAsp. The level of free IAA in the
cuttings increased considerably on the first day of in-
cubation, but then decreased rapidly and reached con-
trol level after 4 days. IBA, on the other hand, was
converted to IAA, IBAsp and IAAsp. Free IBA level
remained high throughout the experimental period.

In seedlings of A. thaliana cultivated in liquid me-
dium under sterile conditions, IBA was also metabo-
lized to two major metabolites (Ludwig-Miiller and Ep-
stein 1993) that were tentatively identified as IBGIc and
IBAsp. Incubation of the soluble enzyme fraction from
A. thaliana with 'H-IBA, IBA and UDP-glucose re-
sulted in a product with an R, value identical to that of
IBGIc and which stained positive for indole. IBGIc was
detected only during the first 30 min of incubation,
showing that it might be rapidly converted to another
conjugate, as was also demonstrated with IAA in maize
(Kowalczyk and Bandurski 1991). This was the first
report of an enzyme that is able to conjugate IBA in
vitro.

Conversion or IBA to IAA
Fawcett et al. (1960) found that indolealkenecarboxylic
acids with even chain lengths were converted in the
plant to acetate, and those with odd chain lengths re-
sulted primarily in propionate. They exposed wheat
coleoptile and pea stem tissue to IBA solutions and
subsequently identified IAA in the tissues and the re-
sidual solution. Conversion of IBA to IAA was re-
ported in cuttings of Pinus sylvestris (Dunherg et al.
1981), P, tremula (Merckelbach et al. 1991), P, commu-
nis (Baraldi et al. 1993), Malus pumila (Alvarez et al.
1989) and Malus cultivar Jork (van der Krieken et al.
1992a). Epstein and Lavee (1984) used 'H-IBA to
demonstrate the conversion of IBA to IAA in cuttings
of grapevine and olive. Noiton et al. (1992) found that
the level of IAA increased markedly in apple microcut-
fings after treatment with IBA. Although the conver-
sion of IBA to IAA was found to occur in so many plant
species, and many authors attribute the rooting ability
of IBA to its conversion to IAA, no hiochemicai studies
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of this reaction have, to the best of our knowledge, been
carried out.

Biosynthesis of IBA

The biosynthesis of IBA can proceed according to one
of the following pathways: (I) a pathway analogous to
the IAA biosynthetic pathway via the tryptophan path-
way (indole -t- serine) using glutamate-y-semialdehyde
instead of serine; (2) by /J-oxidation via reactions similar
to those found in the biosynthesis of fatty acids; (3) a
nontryptophan pathway similar to that demonstrated by
Wright et al. (1991) in a mutant of the maize orange
pericarp for IAA.

IAA was found to be converted to IBA by seedlings
of corn {Zea mays L.) (Ludwig-Miiller and Epstein
1991). After feeding [l-^Cl-lAA to segments of com
shoots and roots, a new labeled compound was detected
by TLC and HPLC which corresponded to authentic
IBA. This compound was not detected in a control
experiment without plant tissue. After feeding ['•'C )̂-
lAA to the plant tissues it was possible to identify the
formation of ["CJ-IBA by GC/MS. Most of the con-
version was found to occur in the leaves and some
activity was found also in the roots and coieoptiles.
Maximum activity was detected after 1 h incubation,
and the pH optimum was 6.0 for uptake and 7.0 for IBA
formation. The K^ value for IBA formation was low
(approximately 20 fiA/), indicating high affinity for the
substrate. That means that small amounts of IAA (only
a fraction of the total IAA in the plant tissues) can be
converted to IBA. It was also shown that the conversion
rate was higher in a variety of corn that formed an
extensive root system, than in another variety with
smaller roots. It is suggested that IBA is formed by the
acetylation of IAA with acetyl-CoA in the carboxyi
position via a biosynthetic pathway analogous to the
primary steps of fatty acid biosynthesis, where acetyl
moieties are transferred to an acceptor molecule (Wakil
1989).

Several co-enzymes which might be involved in the
chain elongation reaction were studied as to their effects
on IBA formation in vitro (Ludwig-Muller and Epstein
1992, 1993). In the presence of the co-factors ATP,
Mg-*, and NAD(P)H, some IBA forming activity was
detected with acetyl-CoA and propionyl-CoA, but not
with malonyl-CoA or acetoacetyl-CoA, A labeled
product was detected only when the 50000 g fraction
was incubated with acetyl-CoA or propionyl-CoA and
its formation was increased by adding ATP or Mg^*,
respectively. A time course study of the formation of
this product showed that it must be turning over, but it
is not directly converted to IBA or IPA in this fraction.
Preliminary characterization of the product indicated
that it is an indole, most likely a carboxylic acid, and it is
probably a conjugate. The product was collected by
HPLC and incubated with the 10000 g fraction and the
supernatant. IBA-forming activity was detected in the

10000g fraction and found to be enhanced by NADPH.
The supernatant also showed significant activity without
any co-factor, but the product was unstable. In the
organelle fraction, no IBA formation was detected after
1 h incubation, but after 4 h approximately 45% of the
product was converted to IBA. It was therefore con-
cluded that the biosynthesis of IBA might be a two-step
reaction, but further characterization and identification
of the intermediate step is necessary to confirm this
hypothesis.

Incubation of axenically cultured seedlings of Arabi-
dopsis with labeled IAA resulted in a labeled compound
with an R, similar to authentic IBA (Ludwig-Miiller and
Epstein 1993). The IBA peak decreased rapidly concur-
rently with the formation of a new compound which was
identified as an IBA conjugate. Determination of the
acidic organic phase showed that after 1 h incubation
with IAA most of the IAA that was taken in (46%) was
found as an IAA conjugate, a significant amount (ca
24%) was in IBA conjugates, and only ca 14% of the
recovered radioactivity was present as free IBA. In
contrast, van der Krieken et al. (1992a) did not find any
conversion of iAA to IBA by shootlets of apple grown
in vitro.

Uptake and transport of IBA

Studies of the transport of IBA using the Avena curva-
ture test showed that IAA was transported faster than
IBA (Went and White 1938, McCready 1963). Among
the various auxins, IAA and NAA appeared to have
very similar transport velocities (Hertel et al. 1969,
Kaldewey 1984), while IBA was markedly slower (Mc-
Cready 1963), behaving more like 2,4-D (Riov and Go-
ren 1979). Leopold and Lam (1961) determined the rate
of the polar movement of some auxins, and found that
the velocity of NAA was 6.7 mm h~', of IAA 7.5 mm
h ' and of IBA only 3.2 mm h ' .

iBA was transported in midribs of Citrus leaves pre-
dominantly in a basipetal direction (polar transport), at
a somewhat lower rate than IAA (Epstein and Sagee
1992). Basipetal transport of IBA was approximately
60% of that of IAA and only twice the acropetai trans-
port. After application of 'H-IBA to cuttings of V.
radiata (Wiesman et al. 1988), P. tremula (Pythoud and
Buchala 1989), olive and grapevine (Epstein and Lavee
1984), sweet cherry (Epstein et al. 1993b), and apple
(van der Krieken et a!. 1992b), most of the label re-
mained in the bases of the cuttings. The same results
were obtained using labeled IAA (Pythoud and Buchala
1989) and ["CJ-IAA (Liu and Reid 1992). This suggests
that the auxin transport is passive and is probably in-
volved with xylem transport, which is probably due to
transpiration. Pythoud and Buchala (1989) showed that
IBA was associated with the cambium and phloem tis-
sues. It was suggested (Jarvis and Booth 1981) that
basal application of IBA to mung bean cuttings
increased the basipetal translocation of IAA that was
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applied to the leaves. Pythoud and Buchala (1989) used
the agar block technique with '""C-IAA in the donor
block at the apical end, and found no significant in-
crease in the translocation of IAA in stem segments or
petioles of P. tremula when lU mg mi"' of IBA was
present in the receiver block. However, when they used
stem segments from cuttings which were pretreated with
10 mg ml ' of IBA for 24 h they noticed an increase in
the translocation of IAA. In an experiment with L,
i/(.yco/or (Epstein and Ackerman 1993), cuttings of easy-
and difficult-to-root cultivars were incubated with la-
beled IBA. The major difference in the transport be-
tween the two cultivars was that in the difficult-to-root
cultivar the label in the leaves was almost a constant
10% of the total uptake, while in the easy-to-root leaves
the value increased after 2 weeks to 30% and after 3
weeks to 45% , with a final level of 357o after 4 weeks
(the same as in the shoot).

In a study of IBA uptake by easy- and difficult-to-
root plantlets of sweet cherry (Epstein et al. 1993b) it
was found that easy-to-root plantlets absorbed more
IBA for a longer period than did difficult-to-root plant-
lets. The uptake of IAA and IBA was studied in suspen-
sion cell cultures of P. hybrida (Epstein et al. 1993a).
The initial uptake of 'H-IBA was much higher than that
of 'H-IAA, and after 10 min of incubation with labeled
IBA and IAA , 4.6 pA/ vs (1.35, respectively (,39% vs
12% of total applied radioactivity) was found in the ceil
extracts. The uptake of IBA reached a plateau of 6.0
pM (62% I after 2 h while that of IAA increased contin-
uously up to 1.5 pM (46%) after 24 h. Following the
addition of 40 \iM of unlabeied auxin more IBA was
taken in initially than IAA (39% vs 12%). but the level

almost equalized after 24 h incubation when IBA up-
take reached 890 nM (55%) and IAA 840 nJW (46%).

Uptake of IAA and IBA in A. thaliana was followed
for 24 h and 48 h, respectively (Ludwig-Muller and
Epstein 1993). There was no significant difference in the
uptake of the auxins during these time periods.

The physiological events leading to root initiation
may be revealed by studies of the direct genetic controls
using molecular genetic techniques. Shoseyov et al.
(1989) treated 20-day-old cuttings of mung bean (V.
radiata) with IBA and checked the activity of hydrolytic
enzymes. They found that the activity of endo-l,4-/3-
glucanase was enhanced only in the IBA-treated cut-
tings, reaching a maximum 12 h after the IBA treat-
ment. The activities of/J-l,3-glucanase and a-amylase
were not affected by the treatment. Four endo-l,4-/J-
glucanase genes were cloned and sequenced. In situ
hybridization revealed the expression of the 4 genes in
the area of adventitious root primordia formation and in
the cortex, where maceration of the cells was in process,
to enable emergence of roots through the hypocotyls.

Conclusions

This review has dealt mainly with recent work on IBA
in plants. There is a plethora of evidence available
showing that IBA is present as an endogenous consti-
tuent in a variety of plants and tissues. Still, there is not
enough information on its importance as an auxin. In all
studies IBA was conjugated very rapidly, and so far no
non-conjugation products of IBA have been reported.
It is reasonable to assume that free auxin released from
the conjugate is the major source of the free auxin

Tryptophan

oxidation
inactivation IAA IAA conjugates

inactivation

inactivation IBA
conjugation

bydroly5is
IBA conjugates

Fig. 1. Scheme for the
metabolic interconversions
of IAA and IBA and their
conjugates. ifiactivation
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during the rooting process. The interconversions of
IAA and IBA (Fig. 1), the different conjugates in vari-
ous plants, and the influence of factors such as medium,
light, pH, and others on its metabolism makes it diffi-
cult to construct a hypothesis for the involvement of
IBA in adventitious root initiation. There are several
possibile explanations for the better rooting ability of
IBA than of IAA, and the failure of some plants to root
even after IBA treatment: (1) IBA shows better stabil-
ity in solution; (2) rooting ability depends on the forma-
tion of IAA from IBA and a certain ratio of IAA:IBA
must be maintained; (3) rooting ability depends on the
stability of the respective auxin conjugates; (4) rooting
ability depends on the ability of the tissue to convert the
auxin conjugate to the free hormone during a critical
rooting phase; and (5) uptake and transport of the two
auxins differ significantly. There is still not enough evi-
dence to support any of the hypotheses, and more work
is needed to elucidate the role of IBA as an auxin and
rooting factor in plants.
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ABSTRACT

Indole-3-butyric acid (IBA) was identified as an endogenous
compound in leaves and roots of maize (Zea mays L.) var Inrakom
by thin layer chromatography, high-performance liquid chroma-
tography, and gas chromatography-mass spectrometry. Its pres-
ence was also confirmed in the variety Hazera 224. lndole-3-
acetic acid (IAA) was metabolized to IBA in vivo by seedlings of
the two maize varieties. The reaction product was identified by
thin layer chromatography, high performance liquid chromatog-
raphy, and gas chromatography-mass spectrometry after incu-
bating the com seedlings with [14C]IAA and [13C6]1AA. The in vivo
conversion of IAA to IBA and the characteristics of IBA formation
in two different maize varieties of Zea mays L. (Hazera 224 and
Inrakorn) were investigated. IBA-forming activity was examined
in the roots, leaves, and coleoptiles of both maize varieties.
Whereas in the variety Hazera 224, IBA was formed mostly in the
leaves, in the variety Inrakom, IBA synthesis was detected in the
roots as well as in the leaves. A time course study of IBA formation
showed that maximum activity was reached in inrakom after 1
hour and in Hazera after 2 hours. The pH optimum for the uptake
of IAA was 6.0, and that for IBA formation was 7.0. The Km value
for IBA formation was 17 micromolar for Inrakom and 25 micro-
molar for Hazera 224. The results are discussed with respect to
the possible functions of IBA in the plant.

The use of natural and synthetic auxins in horticultural
practice is very common, and the ability ofauxins to stimulate
root formation is well known (16, 20). IBA2 is the most widely
used auxin for rooting purposes in agriculture (16), and
although many reports deal with its use in root propagation
( 16), no attention has yet been paid to its biosynthesis. Several
studies provided evidence for the occurrence of IBA as a
natural constituent of plants (2, 6, 12-14, 24), and there are
some studies on its metabolism. Epstein and Lavee (10)
showed that IBA may be converted to IAA in cuttings of
grapevine and olive. Andreae and Good (1) reported that IBA-
treated tissues accumulated substances that were tentatively
identified as indolebutyramide and IBAsp. Chromatographic
data provided by Fawcett et al. (15) also indicated the for-

Supported in part by grant (U.S. 1362-87) from the United States-
Israel Binational Agricultural Research and Development Fund.

2Abbreviations: IBA, indole-3-butyric acid; IBAsp; indolebutyryl-
aspartic acid; RIC, reconstructed ion chromatogram.

mation of IBAsp from exogenous applied IBA. Wiesman et
al. (27) demonstrated that IBA as well as IAA were rapidly
metabolized in mung bean and that conjugation is the major
pathway of IAA and IBA metabolism in this tissue. The IBA
conjugates were identified as IBAsp and at least two high mol
wt conjugates, in which IBA is coupled by an amide linkage
(28). An IAA-peptide with a similar mol wt was also demon-
strated in Phaseolus vulgaris (4). Our report deals with the in
vivo conversion of IAA to IBA and the identification and
characterization of the reaction product.

MATERIALS AND METHODS

Plant Material

Seeds of maize, Zea mays L. var Hazera 224 and Inrakorn
(treated with fungicides), were soaked with water for 2 h and
cultivated under sterile conditions in the presence of 0.1%
streptomycin sulfate in the dark at 23°C with 90% humidity.
The plant material was harvested after 8 d.

Incubation with [14C]IAA and [13C]IAA
Feeding experiments were carried out with either [1-'4C]

IAA (Amersham, specific activity 1.85 TBq mol-') or with
['3C6]IAA. The appropriate amount (25 ng ['4C]IAA; 500 ng
['3C]IAA) was added to 5 mL of 100 mm Mes-KOH buffer,
pH 6. For the pH dependence studies, the buffer was brought
to the appropriate pH, which was monitored during the
incubation time. Leaves, roots, and coleoptiles of maize were
cut into 2 mm segments and washed in substrate-free buffer.
After drying the plant material on filter paper, 1 g of material
was added to the incubation solution for various time intervals
at 25°C. Control experiments were carried out without tissue
in the feeding solution to exclude chemical conversion ofIAA
to IBA. Several experiments were performed in the presence
of 0.1S% streptomycin sulfate. After incubation, the tissue was
filtered and washed with 50 mL of substrate-free buffer,
homogenized with 70% acetone with an Ultra Turrax (20,000
rpm), and centrifuged for 10 min at 50OOg and the superna-
tant evaporated to the aqueous phase. The aqueous residue
was adjusted to pH 3.0 with 2 N HCI and extracted twice with
equal volumes of ethyl acetate. The combined organic phases
were dried over Na2SO4 and, after concentration, used directly
for TLC, HPLC, and/or GC-MS analysis. The uptake of
radioactivity in the tissue as well as the total recovery of
radioactivity in the acetone phase after extraction were deter-

765



LUDWIG-MULLER AND EPSTEIN

(60:40, v/v) as solvent. Visualization was done with Ehmann
reagent (8).

HPLC Analysis

The methylated IAA and IBA from TLC plates and the
ethyl acetate extract were analyzed by HPLC using a reverse-
phase column (Biotronik-J., finepak SILC 18-5, Maintal,
FRG; pre-column from Guard-PAK, C,8, Waters Associates,
Milford, MA) and UV detection at 280 nm. Solvents were
55% methanol containing 1% acetic acid for the nonmethyl-
ated samples and 60% methanol for the methylated samples.
Flow rate was 0.8 mL min-'. Identification was achieved by
co-chromatography with authentic standards. Fractions of 0.4
mL were collected and counted as above or used for subse-
quent GC-MS analysis.

GC-MS Analysis

GC-MS identification was performed with a Finnigan
model MAT 4600 using electron impact ionization. The gas
chromatograph was equipped with a Durabond-5 column, 30
m x 0.25 mm, 0.25 km, film (J&W Scientific, Folsom, CA).
Temperature program was 140°C for 2 min, following by an
increase of 10°C min-' to 200NC and of 20°C min-' to 250°C.
Under these conditions, IBA was eluted after 10.5 min. Spec-

Sample Me-IBA Me-IAA Sample
(Rt of Me-IBA) Stnds. (Rt of Me-IAA)

Figure 1. Thin layer chromatograph of methylated samples and of
standards of authentic methylated IAA and IBA. The samples used
for the TLC analysis were obtained after HPLC of the extract from
the corn variety Inrakorn (total seedlings). HPLC conditions were as
described in "Materials and Methods." TLC solvent was hexane:ether
(60:40, v/v); visualization done with Ehmann reagent.

mined by taking appropriate aliquots and determining their
radioactivity (details below).

TLC Analysis

The ethyl acetate fraction was chromatographed on silica
gel F254 plates (Merck) with chloroform:acetic acid (95:5, v/
v) as solvent. Identification was achieved by co-chromatog-
raphy with authentic standards by fluorescence quenching at
254 nm (RF values of IAA and IBA were 0.45 and 0.6,
respectively). The results were confirmed on silica gel plates
with benzene:dioxan (65:35, v/v) as solvent. The chromato-
gram was then divided horizontally in 0.5 to 1 cm zones and
the silica gel was scraped off into scintillation vials. The
radioactivity of the different zones was then determined after
adding 1 mL methanol and 3 mL of scintillant (Szintillator
199, Packard) in a Packard 2000 CA Tri Carb liquid scintil-
lation counter equipped with an IBM PC/XT computer.
Alternatively, the sample was chromatographed on HPLC
and the radioactive IAA and IBA fractions were pooled,
evaporated to dryness, and methylated with diazomethane (7)
prior to TLC analysis on silica gel plates with hexane:ether
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Figure 2. Distribution of [14C] on TLC chromatogram of extract after
1 h incubation of corn leaves (var Inrakorn) with 5 kBq ['4C]IAA.
Solvent was chloroform:acetic acid (95:5, v/v). A, Sample; B, control
without tissue.
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MS (see Fig. 4B). All feeding experiments were carried out
with both varieties (Hazera 224 and Inrakorn). Because there
were no significant differences between the two varieties,
representative experiments with only one variety are pre-
sented. After feeding of [ I-'4C]IAA to 2 mm segments of corn
shoots and roots, a labeled compound was detected by TLC
corresponding to authentic IBA standard (Fig. 2A). The con-
trol experiments without tissue showed no significant label at
the RF of IBA (Fig. 2B). No differences were found between
the experiments performed with or without streptomycin
sulfate (data not shown), indicating that no bacterial activity
was involved in the process. The zone corresponding to IBA
was eluted from TLC and chromatographed on HPLC. The
eluate was collected and the radioactivity determined and
compared to a co-chromatogram with authentic IBA standard
(Fig. 3A, B). Similarly, the methylated sample co-migrated
with authentic methyl IBA standard on TLC (data not shown).
[13C6]IBA was identified in the plant extract following incu-
bation with ["3C6]IAA (Fig. 4D). Figures 4A, B, and C show
the RIC and mass spectra of methylated authentic IBA and
methylated samples ofthe corn varieties Inrakorn and Hazera
224, respectively. Figure 4D shows the reconstructed ion

Rt (min)

Figure 3. HPLC separation of the IBA fraction from TLC. Solvent
was methanol:acetic acid:water (55:1:44, v/v). Flow rate, 0.8 mL
min-'. A, Standard chromatogram of IAA and IBA; B, radioactivity
profile of the IBA fraction.

tra were taken by both continuous and RIC scans and by
selected ion monitoring. The results of the mass spectra were

confirmed by library search.

Alkaline Hydrolysis

An aliquot of the plant extract was evaporated to dryness
and hydrolyzed with 7 N NaOH under N2 at 100°C for 3 h.
After hydrolysis, the solution was diluted with water to 1 mL
and brought to pH 3.0 with HCI. The solution was extracted
with ethyl acetate and used for TLC analysis for the deter-
mination of free IBA as described above.

Statistical Treatment of the Data and Confirmation of
Results

All experiments, except GC-MS analysis, were done three
to five times at the Botanical Institute in Frankfurt, Germany.
Confirmation of the experiments was provided by repeating
the TLC and HPLC analysis in Volcani Center, Israel, with
independent cultured plants. All results present means of
independent experiments. Mean SE was c 10%. The Km values
were calculated by linear regression analysis of the data after
Lineweaver-Burk transformation.

RESULTS

Identification of the Reaction Product

IBA was identified as an endogenous compound in the corn
variety Inrakorn by HPLC followed by TLC (Fig. 1) and GC-
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Figure 4. The 70 eV impact mass spectra of (A) methylated IBA
standard, (B) methylated endogenous IBA isolated from leaves of
Zea mays L. var Inrakorn, and (C) endogenous methylated IBA
isolated from leaves of Zea mays L. var Hazera 224. D, Monitoring
ion detector RIC of methyl[13C6]1BA after incubation of leaves of Zea
mays L. var Hazera 224 with [13C6IAA.
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chromatography for ions 130, 136, 217, and 223 of the
reaction product after the in vivo experiment. The mass
spectrum of the RIC peak at retention time 10.5 min yielded
the fragmentation pattern oftypical 3-substituted indoles. The
molecular ions of m/z 217 and 223 are those of ['2CJIBA and
['3C]IBA, respectively. The cleavage of the side chain with
retention ofthe methylene carbon and ring expansion resulted
in a base peak at m/z 130 and 136, the quinolinium ions of
those molecules.

Characterization of the Reaction

After 8 d, the two maize varieties showed differences in
root morphology (Fig. 5). The maize variety Inrakorn (Fig.
5A) possesses longer, more hairy roots, whereas the variety
Hazera 224 (Fig. 5B) has little roots with a small number of
root hairs under the same culture conditions. When roots,
leaves, and coleoptiles of the two varieties were harvested
separately and incubated with ['4C]IAA, they showed different
rates of formation of IBA after 1 h incubation (Table I).
Hazera 224 had the highest IBA formation rate in the leaves,
with 4.2% of the IAA taken in by the plant, whereas in roots
and coleoptiles, only 1.1% and 1.5%, respectively, of total
IAA uptake was converted to IBA. Contrary to the IBA
formation in Hazera 224, IAA conversion in Inrakorn was
nearly the same in both leaves (2.4%) and roots (1.7%),
whereas in the coleoptiles, only 0.8% of IAA taken in was
converted to IBA. The time course study of IBA formation in
roots and leaves of the two varieties showed a maximum after
2 h in the leaves of Hazera 224 and after 1 h in the roots of
Hazera 224 and in the leaves of Inrakorn (Fig. 6). In roots of
Inrakorn, IBA formation reached maximum after 2 h, but
showed no decline up to 4 h incubation. Alkaline hydrolysis
of the extracts from Hazera 224 leaves showed 25% more
['4C]IBA than without hydrolysis (data not shown). The pH
optima for IAA uptake and IBA formation were at 6.0 and
7.0, respectively (Fig. 7). Both maize varieties had similar pH
optima for IAA uptake and IBA formation; therefore, data of
the experiment with the variety Inrakorn are representative

Figure 5. Eight-day-old seedlings of Zea mays L. var Inrakorn (A)

and var Hazera 224 (B). Note the differences in root hair development
between the two varieties.

Table I. In Vivo Conversion of [14C]IAA to [14C]IBA by Various
Tissues of Two Varieties of Zea mays
One gram fresh weight of roots, leaves, and coleoptiles of Zea

mays L. var Inrakorn and Hazera 224 were incubated with 5 kBq
[14C]IAA for 1 hr at 250C. TLC (silica gel) with chloroform:acetic acid
(95:5, v/v) as solvent.

Uptake of ['4C]IBA 1BA
Variety Tissue 1[4c]IAA Formed Conversion

Bq %

Hazera 224 Roots 2514 28 1.1
Coleoptiles 1225 18 1.5
Leaves 1736 73 4.2

Inrakorn Roots 1944 32 1.7
Coleoptiles 1735 14 0.8
Leaves 1540 36 2.4

for both varieties. After incubation with different IAA con-
centrations, IBA formation showed typical Michaelis-Menten
kinetics. Following transformation of the data into a Line-
weaver-Burk plot (Fig. 8), Km values of 17 and 25 ,iM for the
IBA formation were determined in leaves and roots of Inra-
korn and Hazera 224, respectively.

DISCUSSION

In the present study, we have shown that roots and shoots
oftwo different corn varieties are able to convert IAA to IBA.
Both the ring system (indole moiety) and the side chain of
the newly formed IBA were found to derive from IAA.
Feeding of ['3C6]IAA, in which the '3C atoms are in the
benzene ring, resulted in the formation of ['3C]IBA (as dem-
onstrated by GC-MS), showing that the labeled ring system is
preserved. Feeding with ['4C]IAA labeled in the 1-position
resulted in radioactively labeled IBA, meaning that the car-

0 1 2 3 4

Time (h)

Figure 6. Time course of IBA formation from [14C]IAA over a period
of 4 h. (@) Zea mays L. var Hazera 224, leaves; (0) Zea mays L. var
Hazera 224, roots; (*) Zea mays L. var Inrakorn, leaves; (O) Zea
mays L. var Inrakorn, roots. All values are corrected for [14C0IAA
uptake.
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Figure 7. pH dependence of IBA formation from IAA. For every
experiment, 1 g leaf tissue of Zea mays L. var Inrakorn was incubated
for 1 h at 250C in 100 mm Mes buffer with 5 kBq of [14C]IAA at
different pH values. (0) IBA formation; (0) IAA uptake.

boxyl group is maintained in the biosynthesis of IBA from
IAA.

It is possible that the conversion of IAA to IBA follows the
primary steps of fatty acid biosynthesis, in which acetyl moie-
ties are transferred to an acceptor molecule (IAA) (26). Ban-
durski and Schulze (personal communication) demonstrated
the acetylation of IAA by injecting IAA and acetyl-CoA
simultaneously into corn kernels. A head-to-tail acylation of
acetyl-CoA by a second molecule of acetyl-CoA resulting in

acetoacetyl-CoA would build the butyryl side chain of IBA.
Alternatively, two acetyl-CoA molecules are added sequen-
tially to the IAA residue, thus forming the 4-carbon side
chain. Patel and Walt (21) investigated the substrate specificity
of acetyl-CoA synthetase from yeast. They found that the
enzyme was not very specific and that it had some flexibility
in accepting a variety of small carboxylic acids (e.g. CH3-
CH2-COOH) as substrates. As there is also evidence for indole-
3-propionic acid as a natural compound in plant tissue (24,
25), this might be a reasonable pathway for the biosynthesis
of both compounds from IAA. So we can propose a biosyn-
thetic pathway for the biosynthesis of IBA from IAA analo-
gous to the first steps in fatty acid biosynthesis involving an

acetyl-CoA synthetase (22), and probably also an acetyl-CoA
carboxylase (17) and an acyl-CoA transferase (3) to transfer
the acetyl units to IAA.
We have demonstrated that IAA was converted to IBA in

the roots, coleoptiles, and leaves of corn seedlings (Table I).
Overall, the highest rate of IBA formation was found in the
leaves of Hazera 224 (4.2%). Significantly more IBA was

found in the roots of the maize variety that formed an

extensive root system (Inrakorn) than in the one with the
small root system (Hazera 224). We still do not have enough

experimental evidence to attach any biological significance to
the conversion of IAA to IBA and its relationship to root
formation. Many reports deal with the better effect of IBA
versus IAA on the formation of lateral roots (1 1, 16, 20), and
it was suggested that the higher rooting ability of IBA is due
to the higher stability of the former compound to oxidation
in the plant (16, 20). However, Wiesman et al. (27) were not
able to find any significant differences in the rate of metabo-
lism between these two auxins in mung bean cuttings, and
there are reports that in some species, IAA even decreases
rather than promotes the number of roots formed (9). One
possibility is that IBA and IAA form different conjugates in
the specific tissues. Epstein and Wiesman ( 11) demonstrated
that IBA-alanine had a better effect on the number of roots
induced in olive cuttings compared with free IBA. Wiesman
et al. (28) showed that both IAA and IBA formed conjugates
with aspartate in mung bean cuttings, but IBA also formed
another conjugate, probably an IBA peptide.
The time course study of IBA formation in maize leaves

showed a decrease of radioactivity in the IBA fraction after 1
and 2 h for the varieties Inrakorn and Hazera 224, respectively
(Fig. 6). This decline might be due to conjugation of IBA
during the incubation time. Higher rates of free IBA were
only detected after alkaline hydrolysis with 7 N NaOH at high
temperature, which cleaves all conjugated forms, but not after
alkaline hydrolysis with 1 N NaOH at room temperature (J.
Ludwig-Miller, unpublished results), at which auxins are only
released from ester conjugates (5). These data, as well as the
other data mentioned above, might prove that amide conju-
gates of IBA are important as a source of free auxin and,
therefore, have a regulatory function in the rooting process.
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Figure 8. Lineweaver-Burk plot of substrate kinetics. (0) leaves of
Zea mays L. var Inrakorn; (0) leaves of Zea mays L. var Hazera 224.
The Km values were determined as 25 and 17 lM, respectively.
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However, further experiments should be carried out on this
subject to generate more information about the role of these
substances in the plant.
The conversion rate of IAA to IBA (2-4% of total radio-

activity uptake, Table I) is in agreement with other conversion
rates determined for in vivo reactions in the biosynthesis of
IAA. Ludwig-Muller and Hilgenberg (19) found a formation
rate for individual indole derivatives of 4 to 13% of total
radioactivity uptake after feeding ofN-DL-malonyltryptophan
to segments of Chinese cabbage. Helmlinger et al. (18) found
rates of 8 to 15% for the conversion of indole-3-acetaldoxime
to indole-3-acetonitrile in Chinese cabbage, while Rausch et
al. (23) determined rates of approximately 3% in benzene-
soluble products and approximately 12% in water-soluble
products after feeding of tryptophan to segments of Brassica
napus. The low Km value for the conversion of IAA to IBA,
indicating high affinity for the substrate IAA (Fig. 8), allows
even small amounts of IAA (i.e. only parts of total IAA
present in plant tissues) to be converted to IBA.
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Charles Darwin cited the 1871 I'h.D. thesis of Theophil 
Ciesielski when he postulated in 1880 that a "transmitted 
influence" present in the tip of plant shoots was responsi- 
ble for gravitropism. Both Darwin and Ciesielski had real- 
ized that the influence was affecting growth differentially. 
This influence was given the name auxin more than 50 
years later and subsequently any compound that promoted 
growth in specific bioassays was defined as an auxin. The 
chemical structure of the primary plant auxin, IAA (Fig. 11, 
has been known since the 1930s to be a 3-substituted indole 
like Trp. Since that time, the prevailing theory has been 
that IAA is derived from Trp. However, due to lack of 
convincing evidence, the biosynthetic pathway for IAA in 
plants is still undefined. Within the last 10 years, develop- 
ment of precise quantitative methods, good model systems 
for in vivo analysis, and mutants altered in IAA metabo- 
lism have resulted in substantial progress in our under- 
standing of IAA biosynthesis. This review focuses on the 
new and more complex picture of IAA biosynthesis that 
has emerged as a result of recent experiments. 

THE TROUBLE WlTH TRP 

In the late 1940s and 1950s, studies showed that labeled 
and unlabeled Trp applied to various plant tissues was 
converted to IAA. The ensuing biochemical analysis of over 
20 different species of plants led to the conclusion that IAA 
is derived from Trp, albeit through several possible path- 
ways (reviewed by Nonhebel et al., 1993). Predicted inter- 
mediates have been shown to incorporate label from Trp 
and to be present as native compounds in plants. Enzyme 
activities that catalyze the interconversion of specific inter- 
mediates have been identified, and in some cases the genes 
encoding these enzyme activities have been cloned (De 
Luca et al., 1989; Bartel and Fink, 1994; Bartling et al., 1994). 

Biochemical studies carried out with tissue segments or 
plant extracts disrupt compartmentalization; therefore, the 
enzymes that can catalyze the interconversion of Trp to 
IAA in vitro may, in fact, never come into contact with the 
required intermediates in intact cells. So, although many 
studies have demonstrated the competence of plants to 
convert Trp to IAA, the physiological relevance of the 
hypothetical pathways remains questionable. Over the past 
four decades, the assertion that Trp is the precursor to IAA 

* Corresponding author; fax 1-301-504-5107. 

has been questioned several times. Trp is present in vast 
excess to IAA, thus the incorporation of label from Trp into 
IAA amounts to only a meager few percent. In early ex- 
periments, minimal attempts were made to quantify the 
total amount of IAA produced, thereby making it difficult 
to determine if the low leve1 of conversion was physiolog- 
ically meaningful. Furthermore, many of the experiments 
were not carried out under aseptic conditions. Since it has 
been well established that microbes convert Trp to IAA, the 
argument has been made that bacteria associated with the 
plants were actually responsible for the observed conver- 
sion of Trp to IAA. Perhaps most troubling for the inter- 
pretation of these studies is the observation that Trp is 
readily converted to IAA nonenzymatically upon routine 
handling in the laboratory. Although these challenges to 
the prevailing theory of IAA biosynthesis have been noted 
periodically over the last 40 years, they have been inexpli- 
cably dismissed and the hypothesis that Trp is the primary 
precursor to IAA has persisted. 

STABLE ISOTOPE DlLUTlON CC-MS SETS A NEW 
STANDARD FOR ANALYZINC IAA BIOSYNTHESIS 

A critica1 component for the study of IAA biosynthesis is 
the ability to accurately quantify the precursors, interme- 
diates, and end products involved. IAA is present in very 
low abundance and requires more sensitive detection 
methods than those used for the study of a major metabolic 
pathway. Isotope dilution analysis coupled with MS has a 
long history of solving difficult analytical problems in bi- 
ology and biochemistry. Stable isotope dilution analysis is 
based on the principle that a heavy-labeled compound (e.g. 
'H-, I5N-, or 13C-labeled compounds) of known amount 
added to a plant extract will behave analogously to the 
unlabeled endogenous compound throughout the isolation 
procedure. Since the amount of labeled compound is 
known, determining the ratio of labeled to unlabeled com- 
pound with GC-MS reveals the amount of endogenous, 
unlabeled compound. Furthermore, the added specificity 
obtained by monitoring individual ions lessens the empha- 
sis on purity and yield during isolation of the compound to 
be measured. The application of this technique to IAA 

Abbreviations: GST, glutathione-S-transferase; IAN, indole 
acetonitrile; IBA, indole-3-butyric acid; TDC, tryptophan 
decarboxylase. 
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Figure 1. Proposed routes of IAA biosynthesis 
from Trp. The pathway utilized by microbes is 
indicated by dashed arrows. Reviewed by Non-  
hebel et al. (1 993). 

indole-3-acetaldoxime 

indole-3-acetonitrile indole-3-acetaldehyde 
I 

biosynthesis has increased in the last decade as a result of 
two important advances. The first was the availability of a 
reliable interna1 standard. IAA with I3C substituted at a11 
six of the benzene ring carbons is stable, can be readily 
distinguished from endogenous IAA by MS, and behaves 
like the endogenous IAA during purification. Second, sig- 
nificant improvement has been made in the speed with 
which one can isolate IAA from small amounts of tissue. 
Good yields can be obtained from as little as 100 mg of 
tissue in less than 1 d (see Wright et al., 1991; Normanly et 
al., 1993, and refs. therein). As a consequence, the measure- 
ment of IAA levels (and for that matter intermediates in the 
pathway of IAA synthesis) is now feasible as a routine 
laboratory procedure. 

Stable isotopes are also useful for establishing a precur- 
sor-to-product relationship between any two compounds 
that will incorporate isotope as a result of de novo synthe- 
sis. For example, in the case of IAA biosynthesis, if Trp 
were the sole precursor to de novo-synthesized IAA, then 
the percent incorporation of isotope into Trp from a labeled 
Trp precursor (e.g. [15N]anthranilate; see Fig. 2) would be 
expected to be greater than or equal to the percent incor- 
poration of isotope into IAA. If the percent incorporation of 
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Figure 2. Trp biosynthetic pathway. PRA, N-phosphoribosylanthra- 
nilate; CDRP, 1 -(O-carboxyphenylamin0)-1 -deoxyribulose phos- 
phate; ICP, indole-3-glycerol phosphate; trp, Trp. 

indole-3-acetic acid 

indole-3-acetamide 

isotope into IAA is greater than that of Trp, there has to be 
another precursor available to synthesize IAA, in a manner 
that bypasses Trp, to account for the higher leve1 of isotopic 
enrichment. This approach provides a means to assess the 
significance of any compound postulated to be a precursor 
to IAA. 

QUANTITATIVE IN VIVO LABELING STUDIES 
PROVIDE INSIGHT 

Aseptic cultures of the aquatic monocot Lemna gibba 
(duckweed) are ideal for stable isotope labeling studies 
because the entire underside of the plant readily takes up 
labeled compounds from the surrounding media. Using 
Lemna, the experiments by Baldi et al. (1991) were the first 
to quantitatively address the question of whether Trp is the 
precursor to IAA in vivo in intact, growing plants. Their 
results completely contradicted the then-prevailing theo- 
ries about IAA biosynthesis (Baldi et al., 1991). Lemna fed 
[15N]Trp, to the extent that 98% of the Trp pool was la- 
beled, incorporated very little 15N into IAA over a period of 
5 d. Feeding Lemna unlabeled Trp in vast excess had no 
effect on IAA IeveIs either. 

Deuterium oxide, or heavy water, is an excellent com- 
pound for labeling studies, since water is generally freely 
accessible to a11 compartments of the plant. Deuterium 
exchange will occur early in the shikimate pathway prior to 
the synthesis of anthranilate; therefore, knowledge of the 
precursors and intermediates in IAA biosynthesis is not 
required. This technique has played a critica1 role in a 
number of recent studies on de novo IAA biosynthesis 
(Baldi et al., 1991; Cooney and Nonhebel, 1991; Wright et 
al., 1991; Bandurski et al., 1992). In one such study, dark- 
grown maize seedlings fed deuterium oxide incorporated 
deuterium into Trp but not into IAA over a 7-d period. This 
result indicates that synthesis of the two compounds is 
separable over time (Bandurski et al., 1992). 

MUTANTS REVEAL A TRP-INDEPENDENT IAA 
BIOSYNTHETIC PATHWAY 

Because of a lack of auxin biosynthetic mutants, a genetic 
approach to the problem of IAA biosynthesis has not been 
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feasible in the past. Although such mutants still have not 
been identified, analysis of recently identified Trp auxo- 
trophs resulted in some surprising new data that have 
dramatically changed our view of IAA biosynthesis. Maize 
and Arabidopsis thaliana Trp mutants clearly showed that 
IAA biosynthesis can proceed without Trp and that a pre- 
viously unknown IAA biosynthetic pathway likely 
branches from the Trp biosynthetic pathway at indole or 
indole-glycerol phosphate (Fig. 2). 

Orange pericarp maize is a double mutant defective in 
both Trp synthase /3 genes. In vivo labeling with [15N]an- 
thranilate revealed that this mutant does not synthesize 
Trp ([l5N1Trp was not detected) but does synthesize IAA to 
levels 50-fold above those of wild type. Feeding deuterium- 
labeled Trp to the mutant did not result in any incorpora- 
tion of deuterium into IAA, providing strong evidence for 
a Trp-independent IAA biosynthetic pathway (Wright et 
al., 1991). 

The trp2 mutant of Arabidopsis is defective in one of two 
Trp synthase /3 genes and is a Trp auxotroph in conditions 
of high light intensity. The trp3 mutant is defective in Trp 
synthase a and the t rp l - l  mutant is defective in anthrani- 
late phosphoribosyl transferase activity (Last, 1993). Like 
the orange pericarp mutant, both trp2 and trp3 mutants 
accumulate IAA (38- and 19-fold above wild-type levels, 
respectively) (Normanly et al., 1993). The trp2 mutant also 
accumulates indole. Double labeling of the trp2 mutant 
with [l5N1anthranilate and deuterated Trp revealed that 
significantly more I5N was incorporated into IAA than into 
Trp, which argues against Trp being a precursor. The 
amount of deuterium incorporated into IAA from deuter- 
ated Trp was not significantly above the background non- 
enzymatic conversion of Trp to IAA. 

Although in vivo labeling experiments with Lemna, 
maize, and Arabidopsis have uncovered IAA biosynthetic 
pathways that were not detected by previous methodolo- 
gies, Trp as a precursor to IAA is certainly not eliminated 
by these results. Phaseolus vulgaris seedlings have proven to 
be another good model system with which to study IAA 
biosynthesis. In vivo labeling studies of bean seedlings 
clearly demonstrated that essentially a11 of the IAA is de- 
rived from Trp (Bialek et al., 1992). 

MULTIPLE, DEVELOPMENTALLY RECULATED IAA 
BIOSYNTHETIC PATHWAYS 

Careful investigation into the role played by IAA bio- 
synthesis in somatic embryogenesis has yielded very in- 
triguing information about IAA biosynthesis. Carrot cells, 
cultured in the presence of the synthetic auxin 2,4-D, pro- 
liferate in an undifferentiated state, whereas removal of 
2,4-D induces somatic embryogenesis. In this system, IAA 
is synthesized at a11 times; however, two different biosyn- 
thetic pathways are utilized in a developmentally or 2,4- 
D-regulated manner. Cells proliferating in the presence of 
2,4-D synthesized IAA from Trp. Once 2,4-D was removed 
and the cells were undergoing embryogenesis, Trp was no 
longer utilized as a precursor and instead IAA was pro- 
duced via a Trp-independent pathway (Michalczuk et al., 

1992). This is the first clear demonstration of multiple IAA 
biosynthetic pathways in a single plant type, and it indi- 
cates a greater degree of regulatory complexity than has 
been previously presumed. 

There is evidence for multiple pools of Trp throughout 
the cell and IAA biosynthesis has been shown to occur in 
chloroplasts as well as in the cytoplasm (reviewed by Non- 
hebel et al., 1993). For this reason it has been argued that 
lack of incorporation of label from Trp into IAA could be 
due to the inability of the amino acid to localize to the site 
of IAA biosynthesis. The experiments carried out in the 
carrot system demonstrated that deuterated Trp labels 
plastids and cytoplasm with similar efficiency (Michalczuk 
et al., 1992), an important point for interpreting in vivo 
labeling studies. 

Although recent work has provided an exciting impetus 
to the field of IAA biosynthesis, we are still left with the 
same question: how do plants make IAA? Both the maize 
endosperm and carrot cell culture systems will be useful in 
the characterization of the nove1 Trp-independent path- 
ways. Recently, Bandurski and co-workers demonstrated 
the suitability of immature maize endosperm as a model 
system to study IAA biosynthesis. In this in vitro system 
radioactive indole was converted into IAA, indicating that 
a11 of the enzymes required for IAA biosynthesis must be 
present (Rekoslavskaya and Bandurski, 1994). Further- 
more, Trp does not appear to be the precursor to IAA, since 
the yield of radioactive IAA from labeled indole was not 
reduced by the addition of unlabeled Trp (Jensen and 
Bandurski, 1994). These results are consistent with the in 
vivo data from the orange pericarp mutant. 

Those systems in which Trp is confirmed to be the pre- 
cursor to IAA can now be examined much more quantita- 
tively with isotope dilution analysis to determine which of 
the previously postulated pathways from Trp are utilized. 
Below is a summary of those pathways (see Fig. 1). 

The Indole-3-Pyruvate Pathway 

Nonhebel and Cooney used isotope dilution analysis to 
establish that indole-3-pyruvate is present as a natural 
component of tomato (Cooney and Nonhebel, 1991; Non- 
hebel et al., 1993). In deuterium-labeling studies with seed- 
lings, indole-3-pyruvate incorporated more deuterium 
than IAA, which would be expected of a precursor to IAA. 
Because incorporation of deuterium into Trp was lower 
than into indole-3-pyruvate, Nonhebel and Cooney invoke 
Trp compartmentation and selective utilization of Trp 
pools to explain the observed labeling patterns. In light of 
recent results in other systems, however, their data are not 
inconsistent with a Trp-independent IAA biosynthetic 
pathway. Although enzyme activities for each step in the 
indole pyruvate pathway have been identified in plants, 
and the genes encoding indole-pyruvate decarboxylase 
have been isolated from Enterobacter cloacae (Koga et al., 
1991) and Azospivillum brasilense (Costacurta et al., 1994), 
none of the plant genes encoding these enzymes has been 
cloned. 
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The IAN Pathway 

IAN and other components of the IAN pathway have 
been found primarily in the Brassicacae; therefore, this 
pathway has not been considered to be of general impor- 
tance. Trp is converted to indole-3-acetaldoxime by an 
enzyme activity that has been detected in several plant 
species (Ludwig-Miiller and Hilgenberg, 1988). Indole-3- 
acetaldoxime conversion to indole-3-acetonitrile has been 
demonstrated in plasma membranes of Chinese cabbage 
(Ludwig-Miiller and Hilgenberg, 1990). The nitrilase that 
converts indole-3-acetonitrile to IAA has been cloned in 
Arabidopsis (Bartel and Fink, 1994; Bartling et al., 19941, 
where there are four genes that show differential expres- 
sion (Bartel and Fink, 1994). Because Arabidopsis is partic- 
ularly amenable to molecular genetic analysis, this path- 
way has received renewed interest. Although earlier 
studies suggest that IAN is derived from Trp, IAN accu- 
mulates in the Arabidopsis trp2 mutant, indicating that it 
could be derived independently of Trp (Normanly et al., 
1993). 

The majority of IAA in plants is conjugated to sugars, 
peptides, amino acids, or myo-inositol via ester or amide 
linkages. The identities of IAA conjugates are at present 
unknown in most plant species, so in order to quantify 
ester-linked and amide-linked IAA, extracts are treated 
with base to cleave the conjugates and yield free IAA, 
which is then fractionated on HPLC. The Brassicacae pro- 
duce a large variety and quantity of indole compounds, 
IAN and indoleglucosinolates among them. These com- 
pounds present a challenge in the quantitation of IAA, 
since they can be potentially converted nonenzymatically 
to IAA in alkaline conditions. Therefore, when measuring 
conjugated IAA in Arabidopsis or other Brassicacae, it is 
necessary to account for the "background" levels of IAA 
that are derived from nonenzymatic conversion of IAN. 
This entails adding 13C-labeled IAN as an interna1 standard 
to determine the amount of IAN in the sample under 
conditions of neutra1 pH, then subtracting the I3C-labeled 
IAA and corresponding amounts of unlabeled IAA that 
result from breakdown of IAN (Normanly et al., 1993). 
Selective hydrolysis applied to members of the Brassicacae 
without correcting for IAN conversion is subject to signif- 
icant error. Under the standard conditions used for extrac- 
tion of conjugated IAA, indolemethylglucosinolate does 
not convert to IAA. Knowing the identity of IAA conju- 
gates in Arabidopsis would simplify quantitation enor- 
mously, since they could then be analyzed directly. 

The Tryptamine Pathway 

The first step in a third pathway postulated for the 
conversion of Trp to IAA involves the decarboxylation of 
Trp to tryptamine by way of TDC. The gene encoding this 
enzyme has been isolated from Catkarantkus roseus 
(De Luca et al., 1989) and tryptamine has been identified 
as a native compound in tomato by GC-MS (Cooney and 
Nonhebel, 1991). Transgenic tobacco expressing the C. 
roseus TDC gene under control of the cauliflower mosaic 
virus 35s promoter accumulated tryptamine but not IAA 

(Songstad et al., 1990). This appears to negate a role for 
tryptamine in IAA biosynthesis, although it could be ar- 
gued that the 35s promoter did not direct expression of 
TDC in a manner that was temporally and spatially com- 
patible with the other enzymes in this pathway. Deuterium 
labeling ruled out tryptamine as an intermediate in tomato 
(Cooney and Nonhebel, 1991), and tryptamine is not uni- 
versally present in plants; thus, a tryptamine pathway may 
not be widespread. 

D-Trp versus L-Trp 

Radiolabeling studies, together with the observation that 
D-Trp stimulated seedling growth more effectively than 
L-Trp, led several laboratories to the hypothesis that the D- 
rather than the L-isomer of Trp is used as the IAA precur- 
sor (see Baldi et al., 1991). This theory was supported by 
the report that 4-Cl-Trp, the expected precursor to 4-C1- 
IAA found in pea, also occurred in the D-form (see Sak- 
agami et al., 1993). Baldi et al. (1991) carried out a careful 
labeling study using Lemna as a model system to test this 
premise and found no evidence for such a pathway. The 
Lemna experiments were performed under aseptic condi- 
tions, and uptake of both D- and L-forms of Trp from the 
medium occurred rapidly. Even after several days, the 
~ - [ l ~ N ] T r p  taken up from the medium was not converted 
into [15N]IAA, although there was a several hundred-fold 
enrichment of the D-Trp pool. In addition, only low levels 
of L-Trp conversion were observed, and this ~ - [ '~NlTrp  to 
[I5N]IAA labeling occurred without detectable labeling of 
the D-Trp pool (Baldi et al., 1991). 

Conversion of N-malonyltryptophan (found in vivo, in 
both the L- and D-Trp forms) to indole-3-acetaldoxime and 
then to IAA has been proposed as another route to IAA. 
However, Ludwig-Miiller and Hilgenberg (1989) showed 
that whereas N-malonyltryptophan was converted, it was 
N-malonyl-L-tryptophan that was the substrate for this 
reaction. An additional set of data that is not widely known 
but that also sheds light on this area shows that 4-Cl-Trp, 
the expected precursor to 4-C1-IAA in pea seeds, occurs 
primarily in the L-form. Contrary to previous reports, only 
about 2% of 4-C1-Trp is in the D-form and the bulk of 
4-C1-Trp is in the L-isomer (Sakagami et al., 1993). These 
results suggest that only L-Trp can be converted into IAA. 

OTHER AUXINS 

Although IAA was the first auxin isolated.and is the 
major auxin, other compounds with auxin activity occur in 
plants as well. Most of these compounds are active only at 
higher concentrations than IAA and their role in growth 
remains largely unknown. IBA and 4-C1-IAA are two in- 
dolic auxins other than IAA with significant biological 
activity. IBA has recently been positively identified in 
plants by GC-MS (Epstein and Ludwig-Miiller, 1993). The 
role of IBA in plant growth regulation is unknown, al- 
though it is implicated in root formation and widely used 
commercially for induction of adventitious rooting. The 
interconversion of IBA and IAA occurs in plants invoking 
a mechanism of chain lengthening and 0-oxidation, analo- 
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gous to that occurring in fatty acid biosynthesis. Nothing is 
known about the regulation of such reactions. 

A highly active halogenated indole auxin, 4-Cl-IAA, has 
been identified in a number of plants, mainly members of 
the Fabaceae, but also in pine seeds (Ernstsen and Sand- 
berg, 1986, and refs. therein). In bioassays, 4-C1-IAA has 
been shown to have up to 10 times the biological activity of 
IAA. 4-C1-IAA occurs as the methyl ester in many of the 
plants examined, although 4-CI-IAA aspartate and its 
monomethyl ester have also been described. As with IBA, 
a clear physiological role for 4-C1-IAA has not been estab- 
lished, although the recent report of its activity in the 
stimulation of pod growth in deseeded pea, where other 
auxins are weak or inactive, and its presence in seeds and 
pod tissue suggest a function in pod development (Ozga 
et al., 1993). 

WHY NO AUXIN AUXOTROPHS? 

Mutants defective in biosynthesis of such a major hor- 
mone might very well be inviable. The discovery of mul- 
tiple IAA biosynthetic pathways provides an additional 
explanation for the lack of auxin auxotrophs. The interde- 
pendence of these pathways may be the real reason for the 
lack of auxin biosynthetic mutants. Are these pathways 
separable in space and time? Would a block in one path- 
way result in compensation by another pathway? Data 
regarding these issues are accumulating as a consequence 
of the newly available genetic and quantitative tools, but 
explanations are still only working hypotheses. 

IS IAA CONJUCATION A KEY POlNT OF 
RECULATION? 

In mutants or transgenic plants that accumulate IAA, the 
levels of free IAA generally remain normal while conju- 
gated IAA accumulates. This leads to the speculation that 
free IAA is the biologically active form and that conjuga- 
tion of IAA is a control mechanism for hormone levels. The 
IAA-conjugating and -deconjugating enzymes are there- 
fore of great interest from a regulatory standpoint. Han- 
garter and Good (1981) showed that auxin conjugates could 
be used as "slow-release" forms of IAA in plant tissue 
cultures. They attributed differences in physiological activ- 
ity and persistence to the slow hydrolysis of IAA amino 
acid conjugates, although hydrolysis rates were not mea- 
sured. The in vivo hydrolysis of IAA amino acid conjugates 
was studied by applying radioactive conjugates to bean 
stems and measuring the release of free IAA by reverse 
isotope dilution analysis (Cohen et al., 1988, and refs. there- 
in). The rate of hydrolysis was found to correlate positively 
with stem bending. Conjugate hydrolysis has been ex- 
tremely difficult to reproduce in vitro, thereby hindering 
the isolation of these enzymes. An extract capable of hy- 
drolyzing IAA-amino acid conjugates was prepared from 
bean tissue (Cohen et al., 1988), but the activity was too 
labile for purification. Kuleck and Cohen (1992) reported 
the isolation of a similar, also labile, enzymatic activity 
from carrot cell cultures. This enzyme showed specificity 
for IAA-Ala, IAA-Phe, and related amino acid conjugates. 

A report that the protein encoded by the Agrobacterium 
rhizogenes rolB gene might catalyze the hydrolysis of auxin 
conjugates has now been shown to be incorrect (Nilsson 
et al., 1993). 

The pathways for auxin conjugation have been studied 
most extensively in the endosperm of maize kernels (for 
review, see Bandurski et al., 1994), where esters among 
IAA and inositol, Glc, inositol glycosides, and glucans 
account for essentially a11 of the IAA present. Enzymes that 
catalyze the following reactions have been described, and 
in some cases at least partially purified: 

IAA + UDP-Glc ++ I-O-IAA-Glc + UDP 

1-O-IAA-Glc + myo-inositol + IAA-myo-inositol + Glc 

IAA-myo-inositol + UDP-Gal -+ 

IAA-myo-inositol-Gal + UDP 

IAA-myo-inositol + UDP-Ara + 

IAA-myo-inositol-Ara + UDP 

1-O-IAA-Glc + IAA + Glc 

IAA-myo-inositol + Glc + 6-O-IAA-Glc 

6-O-IAA-Glc -+ IAA + Glc 

In addition, in vitro evidence exists for the conversion of 
IAA-myo-inositol-Ara and IAA-myo-inositol-Gal back to 
IAA-myo-inositol. The first gene for a plant enzyme in- 
volved in IAA metabolism to be cloned is the maize gene 
for the IAA-Glc synthase (Szerszen et al., 1994). Tobacco 
plants overexpressing this gene showed reduced apical 
dominance and weak geotropism but normal flowering. 

A nove1 peptide conjugate has been identified in bean 
seedlings (Bialek and Cohen, 1986). Antibodies raised 
against the 18-amino acid peptide can be used to determine 
the prevalence of this conjugate in other plant species. 
Cloning the gene encoding this peptide will be useful for 
investigating the role of protein-IAA conjugates in plants 
and the regulation of peptide conjugation. 

A number of IAA-induced genes show significant ho- 
mology to GST. A 25-kD polypeptide with significant ho- 
mology to tobacco and maize GST was isolated from Hyo- 
scyamus muticus based on its binding to azido-IAA (Bilang 
et al., 1993). This protein had GST activity and in fact could 
be purified based on its affinity for glutathione. In compe- 
tition assays active auxins were able to inhibit labeling of 
this GST by azido-IAA, giving rise to speculation that GST 
may play a role in IAA metabolism. It has been speculated 
that GST facilitates the formation of the conjugate IAA-Glc 
via an IAA-COA intermediate. The recent isolation and 
cloning of the IAA-Glc synthase precludes this possibility, 
however, since this enzyme does not utilize IAA-COA as an 
intermediate and the gene has homology to a Glc trans- 
ferase (Szerszen et al., 1994). 

IAA TURNOVER 

The leve1 of IAA available to mediate a biological re- 
sponse in a cell at any given time is regulated by a number 
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Figure 3. Factors affecting IAA levek in plant cells. 

of factors: biosynthesis, conjugation, transport, and degra- 
dation (Fig. 3) .  While biosynthesis and conjugation have 
been the focus of intense study with recent breakthroughs, 
degradation or "turnover" has been largely ignored until 
recently. The isolation of a-methyl-Trp-resistant lines of 
Lemna is providing new insight into the importance and 
dynamic nature of IAA turnover (Tam et al., 1995). In these 
lines, anthranilate synthase is resistant to feedback inhibi- 
tion by Trp, which results in Trp accumulation. Indole and 
indole-3-glycerol phosphate might also be expected to ac- 
cumulate and lead to increased IAA levels, yet GC-MS 
analysis showed only a slight increase in free IAA and no 
change in conjugated IAA levels. Most interestingly, the 
half-life of IAA was 1 h, 10 times faster than that of wild 
type. Somehow, degradation of IAA has increased in re- 
sponse to the greater flux of metabolites through the Trp 
biosynthetic pathway. With the sensitivity afforded to IAA 
analysis by GC-MS, it should now be possible to make a 
thorough examination of IAA turnover as a function of 
developmental and environmental state. 

Whatever Happened to IAA Oxidase? 

It is also important to note that our ideas concerning IAA 
catabolism have recently undergone substantial revision. 
IAA catabolism was thought to occur primarily through 
the action of IAA oxidase, a companion activity to most 
peroxidases of plant origin. This concept has now received 
serious challenge in that (a) the products of "IAA oxidase" 
(noted by the loss of the carboxyl carbon) do  not appear to 
be present in plants in significant amounts (Ernstsen et al., 
19871, and (b) experiments with transgenic plants show no 
change in IAA levels even with a 10-fold increase in per- 
oxidase expression or a 90% decrease in peroxidase levels 
(Lagrimini, 1991). 

Recent data provide evidence for two nondecarboxyla- 
tive oxidation routes. In the first, IAA is oxidized to oxin- 
dole-3-acetic acid and subsequently glycosylated through 
an added 7-OH. An enzyme from maize has been isolated 
that oxidizes IAA at the 2 position in a nondecarboxylating 
manner, and this product, oxindole-3-acetic acid, is found 
in plants in quantities similar to that of IAA (Reinecke, 
1990). In a second pathway, IAA is conjugated to aspartate 

and subsequently oxidized (Tsurumi and Wada, 1990). The 
resultant oxindole-3-acetylaspartate can either be further 
oxidized to the 3-hydroxy derivative or hydrolyzed back to 
oxindole-3-acetic acid (Tuominen et al., 1994). Recent 
progress in this area highlights the need to study turnover 
as a component of IAA regulation. 

CONCLUSIONS 

Within the last 10 years the basic assumptions about how 
indolic auxin compounds are made and degraded in plants 
have changed. These changes have created new challenges 
to our understanding of how auxins regulate development 
in plants and how, in turn, development regulates the rates 
of production, rates of degradation, type of indolic auxin, 
and even the pathways that will be used to produce these 
compounds. 
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ABSTRACT 

 
Auxins are a class of plant hormones, or phytohormones, that mediate the coordination of 
a number of important growth and behavioral processes in plants. The two widely 
distributed naturally occurring auxins are indole-3-acetic acid (IAA) and indole-3-butyric 
acid (IBA). Interestingly, IBA can be converted to IAA and IAA can serve as a precursor 
to IBA.  These two events happen through two different pathways.  IAA is converted into 
IBA in a two-step process that is only partially understood. This work aims to identify by 
genetic analysis the unknown enzyme involved in catalyzing the initial step in this 
biosynthetic conversion of IAA to IBA through the quantification of these auxins within 
lines of Arabidopsis thaliana mutated in genes that have been positively or negatively 
correlated with endogenous auxin levels and/or developmental events mediated by these 
hormones, such as adventitious root formation.  Endogenous IAA and IBA were 
extracted via an automated high-throughput solid-phase extraction method and a 
modified post-extraction clean-up specifically designed to purify both IAA and IBA 
within the same sample.  GC-SIM-MS analysis of samples utilized a novel IBA internal 
standard, [13C8

15N]-indole-3-butyric acid.  This modified high-throughput method of 
multiple indolealkanoic acid quantification was applied to determine IAA and IBA 
concentrations in different ecotypes of Arabidopsis thaliana seedlings under different 
experimental growth conditions.  Once optimal growth conditions for IBA production 
were identified, IBA and IAA levels in a series of insertional mutants revealed two gh3-6 
mutants with an increased ratio of IAA to IBA concentrations suggesting that the GH3-6 
protein is involved in maintaining endogenous levels of IAA and IBA.
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INTRODUCTION 
 
 

Introduction to the Phytohormone Class of Auxins 

  

 Auxins are a class of plant hormones, or phytohormones, that are involved in 

nearly every developmental event within plants, from embryogenesis to senescence 

(Slovin et al., 1999).  Auxin compounds are classified by their demonstrated ability to 

induce particular developmental events such as increasing the rate of cell elongation, 

increasing lateral root production, inhibiting root elongation (Zolman et al., 2000), 

inducing adventitious root formation (Zimmerman and Hitchcock, 1942), and the bending 

of pea explants (Fawcett et al., 1960) when applied to plants.  Early bioassays revealed 

four major compounds that exert auxin-like effects: indole-3-acetic acid (IAA), indole-3-

butyric acid (IBA), 2,4-dichlorophenoxyacetic acid (2,4-D), and naphthalene acetic acid 

(NAA) (Woodward and Bartel, 2005).  Where IAA and IBA are primary auxins produced 

in plants, NAA and 2,4-D are synthetic auxins widely used as plant growth regulators or 

as auxinic herbicides.  Both IAA and IBA are defined as indolealkanoic auxins because 

of their shared indole group and carboxylic acid chain extending from the C3 in the 

indole ring. Other auxins that have been found in plants include a chlorinated form of 

IAA, 4-Cl-IAA (Slovin et al., 1999), phenylacetic acid (PAA) (Ludwig-Müller and 

Cohen, 2002) as well as two IAA precursors indole-3-pyruvic acid (IPA) and indole-3-

acetonitrile (Thinmann, 1977).  Figure 1 shows the chemical structure of these common 

auxins. 
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Figure 1 Chemical structures of compounds that have auxin activity.  All of the compounds listed above, 
with the exception of ICA, have been identified within Arabidopsis. 

 

 Much attention in phytohormone research has been given to IAA as it exerts 

direct control over hormone response genes  (Reed, 2001), is indicated in a myriad of 

developmental processes (Davies, 1995), and exists in quantifiable amounts within 

Arabidopsis thaliana (Ilic et al., 1996), pea (Schaerer and Pilet, 1993), bean plants 

(Bialek and Cohen, 1989), Oryza sativa (Kobayashi et al., 1989), Zea Mays (Pilet and 

Saugy, 1987) and Douglas firs (Crozier et al., 1980), among others.  Combined gas 

chromatography-mass spectrometry (GC-MS) analysis has demonstrated the presence of 

IAA in numerous plant tissues at concentrations ranging from 1-1000 ng/g fresh weight 

(Sandberg et al., 1987). While the physiological responses to auxins are well 

characterized, our understanding of the exact genetic and molecular mechanism of auxin 

metabolism, regulation, and signaling remains incomplete.   

 In general, hormonal control within plants is neither hierarchical nor mutually 

exclusive to specific phytohormones.  Rather, discrete physiological activities mediated 

by hormones require multiple hormonal inputs to ensure appropriate responses.  

However, certain classes of phytohormones exert greater control over particular 
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development events.  Auxins exert control over developmental and behavioral responses 

within plants through complex interactions between numerous auxin compounds (Zolman 

et al., 2000) and with other phytohormones such as gibberellins (Fu and Harberd, 2003; 

Olszewski et al., 2002), abscisic acid, cytokinin, ethylene and jasmonate (Nemhauser et 

al., 2006).  One important phytohomone relationship within plants is between the two 

primary auxins IAA and IBA. 

 Auxins mediate dynamic adaptive response to changes within a plants 

environment such as drastic temperature changes, light and dark cycles, and exposure to 

pathogens and other biotic and abiotic stresses.  Growth retardation and reduced 

metabolic rates are symptomatic of infected or otherwise stressed plants. These responses 

are mediated by the reallocation of metabolic resources between different pathways that 

maximize plant survival under stress conditions.  One of the primary ways in which 

plants coordinate auxin-mediated processes that guard against stresses is to maintain the 

endogenous pool of the primary auxin, IAA, at an appropriate level by regulating auxin 

biosynthesis and distribution among different organs and by conjugate formation with 

sugars, peptides, and amino acids (Park et al., 2007).   

 Higher plants have devised at least two ways of controlling the endogenous pool 

of IAA that does not fully catabolize IAA in order to store IAA for later use; the 

formation of IAA-amino acid conjugates and through the production of IBA.  Amino acid 

conjugates (such as IAA-Asp, IAA-Glu, and IAA-Ala) provide free IAA upon hydrolysis.  

Alternatively, IBA can be converted to IAA in peroxisomes in a process similar to fatty 

acid ß-oxidation (Zolman et. al., 2000).  IAA conjugates and IBA are involved in IAA 

storage, transport, compartmentalization and provide a mechanism to sequester excess 
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IAA to safeguard against toxic IAA levels and further protects IAA against peroxidative 

degradation (Cohen and Bandurski, 1982).   

 Two important studies published within the past year that highlight these distinct 

mechanisms involved in auxin homeostasis that are essential elements regulating stress 

adaptation responses.  Park et al. (2007) showed that an auxin-responsive GH3 gene 

encoding a IAA-amino acid conjugation enzyme is induced by various biotic and abiotic 

stresses, suggesting that GH3-mediated growth suppression directs reallocation of 

metabolic resources to establish stress resistance.  Ludwig-Müller (2007) demonstrated 

that IBA synthetase activity increased dramatically in maize seedlings when subjected to 

drought conditions.  Together, these observations present two potential pathways of IAA 

homeostasis that achieve a similar result: the reduction of endogenous IAA.  In one 

instance through the reduction of amino acid conjugation, in the other, IAA is reduced as 

it is converted to IBA. These works provide the necessary background in elucidating the 

biosynthesis of IBA from IAA as they propose that beyond the developmental importance 

of IBA within normal growth processes, IBA is produced in response to stresses in order 

to maintain IAA homeostasis.  Furthermore, these observations suggest that beyond 

maintaining homeostasis changes with IBA and IAA concentrations within plants 

generate specific stress responses. 

 

Indole-3-Butyric Acid (IBA): History and Function 

 IBA was first identified as a “synthetic hetero-auxin” that induced increased 

rooting in lemon and Chrysanthemum cuttings (Cooper, 1935).  Thus the initial 

classification of IBA was a synthetic auxin able to induce the heartiness of root cut 



 

9 

species far better than naturally occurring auxins through its ability to initiate rooting 

(Zimmer and Wilcoxon, 1935).   It wasn’t until 1954 that IBA was tentatively reported as 

a natural product through the analysis of acids extracted from potato tuber peels and 

exposing explants to these extracts and observing root formation (Bommaert, 1954).  This 

research was an early demonstration of the importance of applying sensitive chemical 

assays to purify and identify auxins.  

 Within the past fifteen years advances in molecular genetic and chemical 

techniques, such as combined gas chromatography-mass spectrometry (GC-MS) 

established that IBA is an endogenously produced compounds in a variety of species that 

plays an indispensable role within plant physiology (Ludwig-Muller, 2000; Woodward 

and Bartel, 2005).  Table 1 lists the species IBA has been detected via gas 

chromatography-mass spectrometry in chronological order of their discovery. 

Table 1 Identification of indole-3-butyric acid as an endogenous compound in different plant species by 

gas chromatography-mass spectrometry (GC-MS).  Quantification of IBA within these studies relied on 
either [3H]-IBA, [13C1]-IBA internal standard.   

 
 
 In general, IBA is present in equal or lower concentrations than IAA and 

represents, when present, between 25% and 30% of the total free auxin pool in 

Arabidopsis (Ludwig-Müller et al., 1993).  The occurrence of IBA varies between species 

(Ludwig-Müller, 2000) and among different ecotypes and cultivars (Ludwig-Müller 

2007; Dunberg et al. 1981; this research).  It has been demonstrated that IBA is present at 

Plant Species Organ Reference 

Pisum Sativum Root nodules Badenoch-Jones et al. 1984

Pisum Sativum Roots, epicotyls, cotyledons Schneider et al. 1985

Cupressus sp. Leaves Epstein et al. 1989

Zea Mays Leaves, kernals Epstein et al. 1989

Zea Mays Root inoculated with Azospriillum Fallik et al. 1989

Zea Mays Roots, leaves, coleoptiles Ludwig-M�ller and Epstein 1991

Daucus carotia Hairy root Epstein et al. 1991

Nicotiana tobacum Leaves Sutter and Cohen 1992

Arabidopsis thaliana Seedlings Ludwig-Muller et al. 1993

Zea Mays Leaves, roots, AM-inoculated roots Ludwig-Muller et al. 1997

Tropaeolum majus Roots, shoots leaves, flowers Ludwig-Muller and Cohen, 2002
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different concentrations within different parts of the plant (Epstein et al., 1989) and its 

levels apparently fluctuates throughout development (Ludwig-Müller, 2007).  IBA levels 

are highly dependent upon growth conditions such as pH, volume of culture flask (which 

effects gaseous ethylene levels), and light intensity (Ludwig-Müller, 2007).  Furthermore, 

it has been postulated that IBA does not occur in some cultivars of the same plant species 

(Epstein et al., 1989).  However, this lack of detection does not rule out the presence and 

activity of IBA because the techniques employed at quantifying IBA were not sensitive 

enough to detect the low concentrations of IBA with confidence.      

 Indeed, more sensitive methods of quantifying IBA are needed to gain a more 

complete understanding of the function and regulation of IBA within plants.  It is no 

surprise that IBA evaded researchers for as many years as it has.  Not only can it 

naturally exist at extremely low concentrations, it has proven difficult to design 

experimental growth conditions to maximize its concentrations.  To date, as reviewed by 

Ludwig-Müller (2000), there has been only limited research aimed at establishing the 

impact of IBA in plants through the development of quantification methods.  

  

Indole-3-butyric Acid Transport 

 Important in understanding the diversity of the biological activity of IBA is 

determining how plants transport this compound.  Like IAA, IBA is thought to be 

produced in specific regions of plants, such as the apical region of leaves, and 

subsequently transported throughout the plant using a series of transport proteins.   

   Investigations into polar auxin transport have led to the identification of a series 

of efflux carrier membrane proteins involved in polar IAA transport know as PIN 
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proteins (Galwëiler et al., 1998; reviewed by Friml and Palme, 2002).  This work led to 

the interesting work surrounding the hypothesis that the polar transport of IBA follows a 

different pathway than IAA.  IBA transport is not sensitive to IAA efflux inhibitors and 

IAA, not IBA, transport is disrupted in plants that have mutations in genes responsible for 

these PIN IAA efflux carriers (Rashotte et al., 2003).  Rashotte et al. (2003) further 

showed that both IAA and IBA transport approach a saturation point as an increasing 

amount of synthetic hormone were applied suggesting distinct mechanisms of protein-

mediated polar transport for both IBA and IAA. These intriguing results suggest that not 

only does the transport of IBA involved specific carriers, but it is also the strongest 

evidence to support the hypothesis that IBA has activities beyond being a so-called 

“slow-release” form of IAA.  That is, if IBA transport to specific tissues doesn’t result in 

the production of IAA it would appear that IBA is having some physiological effect on its 

own.  However, it is important to note that the tissues examined for polar auxin transport 

by this group displayed similar transport kinetics as both IBA and IAA under certain 

light/dark growth conditions implying that there could be overlap in their transport 

systems under specific conditions. 

 Important work has yet to be done to effectively assess the differential transport 

of IAA and IBA within tissues known to be more dependent upon polar IAA transport.  

The hypothesis that IBA acts as an independent auxin as suggested by Rashotte et al. 

(2003) is supported by these observations that assess IBA transport in the IBA-

unresponsive resistant to IBA (rib1) mutant in Arabidopsis (Poupart et al. 2005).  They 

observed that IBA, not IAA, transport was decreased dramatically in the rib1 mutant, 

suggesting a possible family of proteins involved in IBA polar transport.  That is, the 
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authors hypothesize that the primary reason why rib1 does not respond to IBA is because 

they lack elements of the polar transport system that deliver IBA to tissue where it is 

most active. 

 

Indole-3-Butyric Acid Metabolism 

 Exactly how IBA acts at the molecular level is unknown. An important route that 

IBA exerts its auxin effects through its conversion to IAA.  Genetic and biochemical 

evidence has revealed that the conversion of IBA to IAA is similar to peroxisomal fatty 

acid synthesis.  Recently, Zolman et al. (2007) identified an IBA-responsive mutant ibr3 

with decreased responses to the inhibitory effects of IBA on root elongation or the 

stimulatory effect on lateral root formation while responding normally to IAA application 

suggesting that IBR3, an acyl-CoA dehydrogenase with a perioxsomal targeting 

sequence, is essential in the conversion of IBA to IAA.  IBA has been thought to function 

as a so-called “slow release” form of IAA that behaves similarly to IAA conjugates (van 

der Krieken et al., 1997). Because IAA and IBA share a common indole group it has been 

possible to radiolabel carbons in this ring within IBA, ‘feed’ it to plants, and observe the 

generation of radiolabeled IAA, confirming that IBA was converted to IAA (van der 

Krieken et al., 1992).  Alternatively, it has been shown that IAA acts as a precursor to 

IBA through a series of chain elongation reactions similar to that of fatty acid synthesis 

(Ludwig-Müller, 2000). 

 It has been rationalized that the reason synthetically produced IBA is more 

effective at inducing auxin effects is that IBA is a more stable compound, having a half-

life over four times as long as IAA in solution and can therefore enter into tissues more 
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effectively than IAA to then be converted to IAA in planta inducing root formation 

(Nordström et al., 1991).  If this hypothesis were correct, endogenous levels of IAA 

would increase proportionately to the application of synthetically produced IBA.  This, 

however, has been found not to be the case: high levels of applied IBA do not lead to a 

considerable increase in endogenous IAA concentrations (Ludwig-Müller, 2000).  Thus, 

it appears that IBA alone has some direct responsibility for root growth induction. 

 Like IAA, plants have devised ways to metabolize IBA by forming conjugates, 

increasing their stability for storage.  In Arabidopsis where IAA is found primarily as 

amide conjugates to amino acids, ester conjugates of IBA to glucose dominates in this 

plant (Woodward and Bartel, 2005).  However, some experimental evidence has shown 

that IBA can be effectively metabolized to both ester and amide conjugates, primarily in 

the form of IBA-Asp (Baraldi et al., 1993).  

 

Biosynthesis of Indole-3-Butyric Acid 

 The biosynthesis of IBA could follow at least three pathways: (1) via a 

tryptophan-dependent pathway, (2) tryptophan-independent pathway similar to the 

biosynthetic pathways responsible for IAA generation (see Wright et al. 2002; Cohen et 

al., 2003), or (3) via a chain elongation reaction analogous to fatty acid synthesis using 

IAA as its substrate (Ludwig-Müller, 2000).  However, the latter is the only pathway 

strongly supported by experimental evidence.  

 Important work has been done in mapping the IBA biosynthetic pathway and 

identifying enzymes that catalyze these reactions.  However, as will be shown, elements 

that converts IAA to IBA, two compounds that share a high degree of structural similarity 
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differing by only two carbons extending from an indole ring, remain to be determined.  

Figure 2 outlines the biosynthetic relationship between IAA and IBA. 

 

 
Figure 2 Potential pathways of IAA and IBA metabolism and biosynthesis.  IAA and IBA can be 
interconverted through independent mechanism.  Red, blue, and purple structures are IAA, IBA, and 
intermediate structures.  The exact structure of ‘product X’ is unknown.  The circled ??* denotes the step 
within the conversion of IAA to IBA that is the focus of this research.  Suggested conversion for which 
plant genes are not identified are indicated with question marks. Structures of product X are adapted from 
Ludwig-Müller et al. (1995b) and over all metabolic relationships are adapted from Woodward and Bartel 
(2005).   

 

 Investigations into the in vitro conversion of IAA to IBA in Zea mays revealed 

that IBA formation is dependent on four components, a microsomal membrane 

preparation, IAA, ATP, and acetyl CoA (Ludwig-Müller et al.1995b).  The reaction is 

described as the acetylation of the IAA carboxylic group with acetyl-CoA that results in 

the addition of two more carbons on the carboxylic acid chain extending from the indole 

ring that differentiate IBA from IAA.  This work in addition to a follow up study 

(Ludwig-Müller and Hilgenberg, 1995a) revealed that this conversion reaction is a two-

step process catalyzed by two different enzymes.  Incubation of microsomal membranes 
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from the roots and hypocotyls of dark-grown maize with IAA, acetyl CoA and ATP 

resulted in the formation of an as yet to be identified reaction intermediate known as 

‘product X’ that proceeds to form IBA in the presence of the cofactor NADPH (Ludwig-

Müller et al. 1995b).  The second step in this reaction, the formation of IBA from the 

reaction intermediate, has been shown to be catalyzed by a 31 kDa enzyme known as 

IBA synthetase.  The formation of the reaction intermediate is reportedly catalyzed by a 

20 kDa yet to be purified and identified enzyme that is associated with different 

membrane fractions than IBA synthetase (Ludwig-Müller 1995a).  This work conducted 

more than 10 years ago has led to some important insight in IBA activity.  However, it 

also represents a loose end in IBA biochemistry in that it only partially describes the 

biosynthesis of IBA. 

 The endogenous concentration IBA correlates with IBA synthetase activity 

(Ludwig-Müller, 2007).  This suggests that although there may be other possible routes 

plants used to synthesize IBA, utilizing IAA as a precursor is perhaps the dominant 

pathway.  However, this does not rule out the possibility that plants may employ other 

biosynthetic pathways to IBA in different tissues or at specific developmental stages.  

Given that IBA is widely considered a storage derivative of IAA, its regulation is likely 

dependent upon external conditions that trigger the plant to sequester IAA for later use 

such as the conjugation of IAA to amino acids via GH3 proteins in response to stresses.  

However, it appears that the conversion of IBA from IAA is more than a way in which a 

plant can maintain appropriate IAA levels for later use.   Ludwig-Müller (2007) showed 

that IBA synthetase activity sharply increased in maize seedlings when subjected to 

drought stress conditions.  As noted by these authors, changes in IBA synthetase activity 
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were accompanied by changes in root morphology typical to the maize drought response 

including the thickening of the elongation zone, an increase in the number of root hairs, 

and the curling of the roots.  Based on these observations, they suggest that one natural 

role of IBA might be the induction of changes in root morphology and the number of 

roots during stress (Ludwig-Müller, 2000).  Thus, it appears that the conversion of IBA 

from IAA plays a distinctive role in stress response from that of GH3-mediated events 

that lead to the production of stable storage conjugates. 

 

Formation of product X 

 The exact structure of the reactive intermediate, product X, and the enzyme that 

catalyzes the addition of the acetyl CoA and ADP (via ATP) have yet to be determined. 

Preliminary chemical analysis of product X has revealed two possible structures; see 

Figure 3.  
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Figure 3 Proposed chemical structures of the intermediate structure of the biosynthesis of IBA from IAA, 

product X. Adapted from Ludwig-Müller (1995a). 

 

This intermediate is characterized by the conjugation of ADP and acetyl-CoA with IAA.  

Understanding the structure of this intermediate is key in the search for the enzyme that 

catalyzes this reaction.  These provocative findings suggest that this first step within the 

biosynthesis of IBA proceeds via an ATP catalyzed ADP-IAA intermediate in which the 

α  carbon of IAA is adenylated. 
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 These observations provide a starting point in the search for enzymes that could 

potentially be responsible for this reaction.  Broadly, such an enzyme would be an ATP-

dependent acetyl-CoA transferase.  The mechanism proposed by Ludwig-Müller (1995a) 

is strikingly similar to the mechanism of IAA amino acid conjugation that is 

characterized by the formation of an AMP-IAA intermediate, a reaction catalyzed by 

GH3 proteins (Staswick et al., 2005) differing by the addition of AMP rather than ADP. 

 Studies of mutants responsive to jasmonic acid, a phytohormone structurally 

similar to indolealkanoic acids, demonstrated that a family of enzymes known 

collectively as GH3 genes (Gretchen Hagen, named after the researcher who first 

characterized this family), originally identified as an auxin-response family of genes 

(Hagen and Guilfoyle, 1985), conjugates amino acids to both jasmonic acid and IAA 

(Staswick et al., 2002; Staswick et al., 2005).  Phylogenic analyses of this family of 20 

genes reveal three distinct groups that appear to have divergent functions (Staswick et al., 

2005 and this work; see Figure 4). 

 

Figure 4 Phylogenetic grouping of the GH3 gene family.  Phylogentic tree was generated using ClustalW 
(http://www.ebi.ac.uk/clustalw/) in which the amino acid sequence of each line was analyzed. Red boxes 
indicate genes positively correlated with adventitious rooting and/or auxin content (Sorin et al., 2006) that 
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are being assessed in this research for their potential role in the synthesis of the intermediated formed in the 
production of IBA from IAA. 

 

 Where group one contains the jasmonate-amido synthetase JAR1 and one other 

uncharacterized gene GH3.10, group two included genes responsible for proteins that act, 

at least, as IAA-amido synthetases, and group three includes genes with functions yet to 

be assigned (Staswick et al., 2005).  Because the conjugation of IAA to amino acids is 

ATP-dependent, Staswick et al. (2005) was able to assess the activity of group two GH3 

proteins on several auxins through monitoring the exchange of [32P]-PPi into ATP.  

Because GH3-mediated amino acid conjugation is ATP-dependent the rate of PPi 

exchange is proportional to the activity of these enzymes.  Intriguingly, these so-called 

IAA-amido synthetases were also indicated to be active on IBA.  In fact, for GH3.5 it 

appears that IBA, not IAA, is the preferred substrate (see Figure 5).   

 

 

Figure 5 Adenylation activity of GH3 proteins on several auxins (Figure 2 in Staswick et al., 2005) 

 

 Together, the data reported by Staswick et al. (2003; 2005) and Ludwig-Müller et 

al. (1995a; 1995b) suggest that one of the unexplored possible routes leading to the 

production of product X proceeds through the GH3 catalyzed conjugation of ADP to 

IAA.  However, the experiments conducted by Staswick et al. (2005) did not analyze the 

resulting conjugated products.  One explanation of these results could be that GH3.5 
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conjugates amino acids to the carboxylic acid group on IBA more readily than IAA and 

does not effect the conversion step.  Furthermore, these work observe the activity of these 

proteins on different auxins in the presence of only ATP.  The structure of product X 

proposed by Ludwig-Müller (1995a) suggests the addition of acetyl-CoA to IAA as well.  

Thus, from these data present by Staswick et al. (2005) we can only assert that some GH3 

proteins interact with IBA.  Whether or not it is involved with its conversion of IBA from 

IAA remains to be conclusively determined. 

 As previously mentioned the exact structure of product X is unknown.  Not until 

this compound is isolated can we begin to make reasonable hypotheses regarding the 

chemical alterations that might be made to IAA and extrapolate which enzymes could 

perhaps be involved with this step. Recent work by Park et al. (2007) demonstrate that 

both biotic and abiotic stress adaptation responses are mediated, at least in part, by auxin 

homeostasis governed through negative feedback regulation by a group two GH3 proteins 

(namely GH3.5, a protein of interested to this work).  Lastly, it is possible that the 

tenuous relationship between GH3 proteins and IBA could be an artifact of the 

promiscuity of one or more of GH3 proteins in their ability to conjugate amino acids to 

indolealkanoic acids besides IAA.  However, it would seem counter intuitive that this be 

the primary relationship between GH3 proteins and IBA.  We know that GH3 genes are 

induced by stress responses to sequester IAA in conjugated form, thereby inactivating the 

ability of IAA to function hormonally (Park et al., 2007).  Furthermore, we know that 

IBA production increases in response to external stresses (Ludwig-Müller, 2007).  From 

these data an intriguing question emerges: what would be the benefit of GH3-mediated 

amino acid conjugation of IBA under stressful conditions if such a conjugating event 



 

20 

would inactivate IBA from cuing these important development adaptations?  An 

alternative explanation of the role of GH3 proteins within IAA homeostasis in response 

to stress that would reconcile the scenario described above would be that while some 

GH3 proteins function to promote IAA-conjugation events, others catalyze the 

conversion of IAA to IBA that exerts greater controlled over root development.    Indeed, 

this is an intriguing hypothesis.  However, there is not direct experimental evidence 

analyzing the enzymatic activity of each of the 17 GH3 proteins, only the 6 shown in 

Figure 5.  

 

Overview of This Research 

 There are two primary objectives for this research.  First, this research was aimed 

at expanding the use of GC-MS to accurately and efficiently quantify the levels of  IAA 

and IBA in the same sample.  Second, to apply this technology to address a salient 

biological question.  The latter objective is premised on the following idea.  From studies 

that have correlated the activity of IBA synthetase with IBA production (Ludwig-Müller 

2007) it is clear that this is the primary route of IBA production within Arabidopsis.  A 

mutant lacking a gene that is instrumental in the conversion of IBA to IAA in 

Arabidopsis will be characterized by an imbalanced of IBA and IAA levels, a ratio that is 

quantifiable via GC-MS analysis of tissue extracts of seedlings. 

 

Putative Product X Synthase? 

 A recent proteomic analysis of Arabidopsis mutants characterized as either IAA 

overproducers or under producers revealed eleven proteins that positively or negatively 
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correlated with adventitious root development and or the formation of root primordia 

(Sorin et al., 2006).  Three of these proteins are members of the GH3 family: GH3.3, 

GH3.5, and GH3.6.  They were positively correlated with the formation of excessive 

adventitious roots in auxin over-producing mutants, suggesting that they play a specific 

role in the formation of these types of roots.  Together with the fact that IBA induces 

adventitious roots to a greater degree than any other auxin (Woodward and Bartel, 2005; 

King and Stimart, 1998) one unexplored explanation of these findings could be that the 

high rate of adventitious root formation in the IAA-overproducer mutant is a result of an 

increased rate of GH3-catalyzed biosynthesis of IBA.  This hypothesis is further 

supported by the idea that, in general, IBA is produced when there is an excess of IAA.  

Thus, the high amounts of endogenously produced IAA within this mutant could trigger 

the production of enzymes responsible for the conversion of IAA to IBA.  This increase 

in IBA levels could then induce adventitious root formation.  It must be noted, however, 

it is unknown if there exists a discrete IBA-mediated pathway, independent of IAA, that 

leads to the formation of adventitious roots. 

 As a working hypothesis, we suggest that the first of the two-step biosynthetic 

formation of IBA from IAA is catalyzed by an enzyme that is increasingly produced 

within mutants with high levels of endogenous IAA that are characterized by the 

formation of higher than normal numbers of adventitious roots.  To test this hypothesis, 

lines of Arabidopsis lacking genes that encode the overrepresented proteins found by 

Sorin et al. (2006) were obtained and assayed for their ability to develop adventitious 

roots and other IBA-mediated events.  Also, for these lines, the endogenous levels of both 
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IAA and IBA were to be quantified.  Table 2 lists the insertional mutants used in this 

study. 

 

 

Table 2 Lines of Arabidopsis thaliana containing T-DNA insertions in genes involved in adventitious 

rooting or root primordial development. The mutant names presented above denote the particular T-DNA 
insertion mutant used within this research. gh3-5a, gh5-3b, gh3-6a, gh3-6b, gh3-6c, gh3-6d represent 
different T-DNA insertion lines for the same gene. Protein names (*) are found at www.arabidopsis.org. 
 

 
Steps to Identify a ‘Product X Synthase’ 

 The determination of the relationship between IAA and IBA as well as 

understanding how IBA might act as an auxin has been difficult to ascertain for numerous 

reasons.  Despite the large body of evidence demonstrating the in vivo conversion of IBA 

from IAA, a clear biochemical mechanism for this process has yet to be established.  As 

mentioned before, we also lack a clear understanding of any alternative biosynthetic 

routes IBA production may follow.  Furthermore, the complete set of genes involved in 

the synthesis of IBA from IAA has yet to be determined.  These issues stand as important 

gaps in our understanding of the function of IBA within plants.   

 This research is aimed at developing a protocol of IBA and IAA quantification 

that can be employed to address the key issue of identifying the enzyme(s) involved in 

Locus Name Mutant Name Arabidopsis Protein Name* T-DNA insertion 

At2g23170 gh3-3 GH3-3 CS104933

At4g27260 gh3-5a GH3.5 / AtGH3a SALK_033434 

At4g27260 gh3-5b GH3.5 / AtGH3a SALK_151766

At5g54510 gh3-6a GH3-6 / DFL1 SALK_082530

At5g54511 gh3-6b GH3-6 / DFL1 SALK_140227

At5g54512 gh3-6c GH3-6 / DFL1 SALK_023621

At5g54513 gh3-6d GH3-6 / DFL1 SALK_060813

At3g18490 myf24 Aspartyl protease SALK_045354.47.75.x 

At4g38970 At4g38970 Putative Fru-bs-P aldolase SALK_000898.50.00.x 

At1g79930 hsp91 HSP91 (Heat Shock Protein) SALK_082815.45.00.x 

At1g74100 At1g74100 Putative flavanol sulfotransferase SALK_003961.56.00.x 

At4g25100 fsd1 Iron Superoxide dismutase SALK_029455.51.70.n 

At5g20630 glp3b Germin-like protein GLP3b SALK_055557.55.50.x 

At1g32060 prk Phosphoribulokinase SALK_076352.55.75.x 

At5g28540 bip1 Luminal bindind protein, putative WiscDsLox368E04
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the production of the reaction intermediate, product X, which is converted to IBA 

through a reaction catalyzed by IBA synthetase.  There are two basic approaches to 

identifying an enzyme with this activity, a genetic or biochemical approach.  The former 

is achieved through assessing the catalytic activity of proteins purified from extracts from 

in vitro IAA to IBA biosynthesis experiments.  This was the method employed by 

Ludwig-Müller and Hilgenberg (1995) in the identification and characterization of IBA 

synthetase.  Work has still yet to be done to identify the gene responsible for this enzyme.  

The genetic approach would aim at isolating the gene or genes responsible for the 

enzyme involved in the reaction.  These two approaches yield a different set of 

information.  Where the identification of the enzyme allows for enzymatic activity assays 

that enable the measurement of IBA production under particular growth conditions and 

within specific tissues (Ludwig-Müller, 2007), understanding the gene(s) responsible for 

the production of the enzyme(s) allow for more precise characterization of the true 

physiological scope of IBA production within plants because it allows for important 

knock-out, loss of function mutational analysis of lines lacking the proteins hypothesized 

to be involved.  Indeed, such mutant lines would be instrumental in understanding other 

biosynthetic routes that lead to IBA production. 

 

GC-MS Indole-3-Butyric Acid Quantification 

 The purification and quantification of IBA and IAA has been of interest in the 

fields of both phytohormone biology and analytical biochemistry, as it has required 

insight from both fields to identify, locate, purify and analyze these specific auxins.  

Methods for isolation, purification, and subsequent synthesis of both IAA and IBA were 
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established quickly upon the identification of their major roles within plant development 

(see Wildman, 1997).  It wasn’t until the introduction of combined gas chromatography – 

mass spectrometry (GC-MS), however, that the correlation between the levels of 

endogenous auxins and selected physiological processes emerged.  Anti-IAA antibodies 

have also been used to quantify IAA levels with a high degree of sensitivity (Mertens et 

al., 1985) but without analytical certainty as to what was being measured.  Thus, much of 

what we know today about auxin activity within plants is a direct result of the 

quantification of these compounds with GC-MS.  This technology stands as the preferred 

method of auxin quantification as it has demonstrated to be the most accurate and it has 

the ability to reveal the levels of multiple types of auxins in both free and conjugated 

forms (Rivier, 1986; Ilîc et al., 1996). 

 GC-MS quantification of IBA and IAA involves three basic steps: tissue 

extraction, indolealkanoic acid purification, and GC-MS analysis of the isolated 

compounds.  During the extraction and purification steps there will be loss of product.  It 

is therefore mandatory to correct for these losses through the addition of a known amount 

of a well-chosen internal standard.  The preferred internal standard is an isotopomer of 

the compound of interest that shares its chemical properties (and thus behaves in the same 

manner as the native compound when subjected to the purification protocol), and can be 

distinctly measured upon MS analysis.  The addition of an internal standard allows for an 

analysis that is independent of the percent of IAA or IBA lost throughout the handling 

and analysis of the sample. That is, because MS analysis allows for the direct 

quantification of compound as a ratio to the added internal standard. Thus, once the ratio 

of the added internal standard to plant derived hormone has been calculated, the 
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abundance of the endogenous auxin measured by the MS can be adjusted accordingly 

since the amount of internal standard added to the extract was known. 

 The extraction and purification of indolealkanoic acids results in free IAA and 

IBA in solution with some residual contaminants that can be discerned upon GC-MS 

analysis.  Prior to GC-MS analysis, preparation of the methyl ester derivatives of these 

acids in which the terminal hydroxyl group is blocked upon addition of a methyl group 

through the exposure to diazomethane is necessary to increase the volatility of the 

compound (Cohen, 1984).  Figure 6 gives the chemical structures of indolealkanoic acid 

derivatives after methylation. 

 

N
H

O

O

CH3

methyl-indole-3-acetic acid (me-IAA) FW=189

N
H

O

O

CH3

methyl-indole-3-butyric acid (me-IBA) FW=217  

 Figure 6 Chemical structures of me-IAA and me-IBA after methylation with diazomethane. 

 

  

 The resulting methylated indolealkanoic acid (me-IAA or me-IBA) is then 

analyzed.  Figure 7 highlights the fragmentation pattern of me-IAA and me-IBA upon 

MS analysis.   
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quinolinium ion

 
 
Figure 7 Mass spectrometry fragmentation pattern of me-IAA and me-IBA. Ions m/z 189, m/z 217 and m/z 
130, respectively, are the most common ions formed.  The brackets represent the two addition carbons of 
IBA. 

 

 This fragmentation pattern is the same with the internal standard isotopomers 

differing only in their respective m/z value.  MS analysis highlights important 

characteristics of a well-designed internal standard. 

 The primary ions used in calculating the abundances of the IAA and IBA are the 

M+ (m/z 189 and m/z 217, respectively) and the quinolinium ion (m/z 130 for both IAA 

and IBA).  The primary ions for the internal standard will be the same fragments with 

m/z + x, where x is equal to the number of atomic isotopes within the internal standard.  

Given the integrity of the indole ring in both IAA and IBA when analyzed with GC-MS, 

this has been the target for isotopic enrichment of internal standards.  The accuracy of the 

measurement is dependent upon the difference between the masses of the native 

compound and its isotopomer because of the natural occurrence of 13C within the native 

compound and the incomplete enrichment of the internal standard.  Thus, there will 

always be a calculable abundance of the primary IAA and IBA fragments, M+ and the 

quinolinium ion with a m/z +1, +2, +3 etc greater than the theoretical ideal m/z of these 

ions.  Moreover, there will also always be a small percentage of the stable isotope 
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internal standard that will not be fully enriched resulting primary fragments with a m/z -

1, -2, -3 etc less than the assumed mass of the internal standard.  Together, the need for 

an internal standard with the greatest mass is apparent.  This would allow for the least 

amount of overlap between the native and internal standard fragments as read by the MS, 

resulting in the most precise data.   

 When I began this research, the highest mass (thus, preferred) stable isotope 

internal standard was 13C6-[benzene ring]-indole-3-acetic acid and 13C6-indole-3-butyric 

acid for the quantification of IAA and IBA, respectively, over the past twenty years 

(Cohen et al., 1986; Sutter and Cohen, 1992).  These internal standards have been widely 

successful in the quantification of IAA and, to a lesser extent, IBA.  This is primarily due 

in part to IBA existing in plants at levels that are difficult to quantify with certainty 

compared to IAA and the less suitable internal standard.  Thus, any future work assessing 

endogenous levels of IBA requires a heavier internal standard. 

 I have capitalized on the availability of [U-13C8, 98%+,: 15N, 96-99%] indole that 

has made possible the synthesis of [13C8-
15N]-indole-3-butyric.  This work reports the 

synthesis and application of this novel internal standard to quantify IBA within plants 

that will allow for the accurate quantification of both IAA and IBA within mutants 

hypothesized to be involved in the conversion of IBA from IAA. 

 Early research on the activity of various indolealkanoic acids suggests that indoles 

with longer side chains, such as indole-3-caproic acid (ICA), demonstrate auxin activity 

(Fawcett et al. 1960).  It is thought that these auxins undergo a ß-oxidative shortening of 

the carboxylic acid side chain similar to that of IBA that convert them to IAA.  Although 

indole-3-caproic acid (among other indolealkanoic acids) was shown to have auxin 
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activity, it has yet to be shown if this activity is a result of the promiscuous ability for the 

enzymes that carry out the side chain shortening pathway involved in forming IAA from 

IBA, or if plants synthesize indolealkanoic acids such as ICA in vivo.  There has been 

little to no follow up in the past forty-five years to this simple question.  If these other 

auxins did naturally exist, they are likely present at concentrations below the level of 

sensitive analytical assessment.  This work also reports the synthesis of the novel internal 

standard [13C8-
15N]-indole-3-caproic acid that can be used in detection of ICA within 

plant tissue. 
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MATERIALS AND METHODS 

 

Plant Material 

Seeds Stock 

 Three different ecotypes of Arabidopsis thaliana were used. Colombia-0 (Col-0), 

Colombia-4 (Col-4), and Landsberg erecta (Ler).  All insertion lines used had a Col-0 

background.  When unspecified, Col-0 is the assumed ecotype. 

 

Insertion Lines 

 In order to create lines mutated in target genes this work relied on T-DNA 

insertion lines available through the Arabidopsis Biological Resource Center (ABRC) at 

The Ohio State University.  T-DNA insertion lines were selected via the online tool 

SIGnAL “T-DNA Express” Arabidopsis Gene Mapping Tool (http://signal.salk.edu/cgi-

bin/tdnaexpress) with which relevant genes were located (those indicated in Sorin et al., 

2006) and appropriate insertion lines were selected based on the location of the insertion 

and the hetero/homozygosity and availability. 

 

Growth Conditions 

 For the generation of seeds stocks, plants were grown in isolated pots (five plants 

per 4” by 4” or 2” by 2” pots) under greenhouse conditions with 16-hour light cycles and 

watered every other day. 
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Genotyping of Seed Stocks 

DNA Extraction 

 Portions of mature leaves were collected in 1.5 ml microcentrifuge tubes and 

immediately transferred to ice.  DNA was extracted using the REDExtract-N-Amp Plant 

PCR Kit protocol (Product Codes XNAPS and XNAP, Sigma-Aldrich 3050 Spruce 

Street, St. Louis, Missouri 63103 USA).  DNA samples were stored for up to 6 months at 

4˚C. 

 

Primer and PRC Specifications 

 The presence or absence of the T-DNA insertion was confirmed through PRC 

analysis.  Individual 3’ primers were designed based on sequence data available through 

The Arabidopsis Information Resource (www.arabidopsis.org).  All of the SALK 

insertions shared the same primer that targets the insertion DNA: TGG TTC ACG TAG 

TGG GCC ATC G.  The WisDsLox and CS/SM insertion primer that used was: AAC 

GTC CGC AAT GTG TTA TTA AGT TGT C, and TAC GAA TAA GAG CGT CCA 

TTT TAG AGT GA, respectively. Figure A1 in the Appendix lists the genomic LP and 

RP of the individual insertion lines.  PCR amplification was carried out using the 

REDExtract-N-Amp Plant PCR protocol with the following adjustments in order to 

maximize the utility of each kit.  Total volume of ‘master mix’ was reduced from 20µl to 

12µl by reducing the Ready-Mix volume to 6µl and the DNA solution to 1µl.  Final 

concentration of LP and RP primers was 0.5µM.  The volume of the remaining reagents 

was adjusted accordingly.  PCR cycling parameters were as follows: 94˚C 3mn; 35-45 

cycles of 94˚C 1mn, 57˚C 0.5mn, 72˚C 2mn; 72˚C 10mn; cooled to 4˚C.  PCR products 
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were separated and visualized using 1.2% agarose with 0.005% ethidium bromide gel 

electrophoresis run for 45mn at 90V and visualized with a Alpha Innotech Coporation 

camera and UV source (Model #2.1.1, San Leandro, CA) and Alpha Ease FluoroChem 

5500 software. Figure A2 in the Appendix shows the gels used to identify the 

homozygous progeny used in this study.  Seeds from insertion lines SALK_033434 and 

CS104933 used in this study were grown from homozygous seed stocks that were 

directly order from T-DNA Express. 

 

Growth Conditions 

Seed Sterilization 

 All phenotypic assays and seedlings used for IAA and IBA quantification were 

grown under sterile conditions.  Prior to sowing the seeds in growth media, 20-200 seeds 

were collected in a 1.5 ml microcentrifuge tube for surface sterilization which was done 

by adding 800µl 95% ethyl alcohol, mixed with vortexing, and the solution was aspirated 

off with pipette within 1 minute of application, followed by the addition of 800 µl of a 

20% bleach 0.05% Tween-20 solution, mixed with vortexing, and the solution again was 

aspirated off, followed by two rinses with 800µl dH2O.  Seeds were either plated directly 

or stored up to a week at 4˚C. 

 

Growth Media 

 Growth media contained 0.7% Cassion phytablend agar, 0.44% Musrashige and 

Skog salts with macronutrients and vitamins (MSP002), pH 5.6 (adjusted with 0.1 KOH).  

Liquid media contained the above ingredients without the agar.  Media was autoclaved, 
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cooled, and poured into sterile Petri dishes (150x15mm) in a laminar flow hood and 

allowed to cool.  Sterilized seeds were sown or ‘plated’ onto Petri dishes in a laminar 

flow hood and immediate wrapped with Parafilm.  Plates were placed under the growth 

conditions specified by the experiment. 

  

Experimental Growth Conditions for Indolealkanoic Quantification 

 For IAA and IBA quantification experiments surfaced sterilized seeds were grown 

in either liquid or solid growth media in a growth chamber under continuous light (140-

160 µmol) at 24˚C.  Liquid cultures were shaken at 100-150 rpm. 

  

Adventitious Root Assay 

 Adventitious rooting assays were carried out as follows.  Seeds were prepared and 

plated in 2 to 4 parallel rows on the media and placed in a light proof canister (Fisher 

Brand autoclave canister) sealed with light-proof tape and placed in the growth chamber 

so that the rows were perpendicular to the gravity vector at 4˚C for 18-48 hours, 

unwrapped and exposed to light (~140-160 µmol) for 1 hour, placed back in the light-

tight canister and placed vertically in a growth chamber at 24˚C for 5 days (etiolation 

period).  After the etiolation period, plates were placed vertically in a growth chamber 

and subjected to either a 16/8 hour light/dark cycle or continuous light for 10 to 15 days.  

The adventitious were counted, or ‘scored,’ with the aid of a dissecting microscope.   
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Hypocotyl and Root Elongation Assays 

 Hypocotyl elongation assays followed the same steps as for the adventitious 

rooting assay.   However, hypocotyl lengths were measured directly after the etiolation 

period.   Root elongation experiments were carried out by placing the plated vertically in 

a continuous light source at 24˚C and scored with 10 to 14 days.  Photographs of etiolated 

seedlings and vertically grown seedlings were taken with an Alpha Innotech Coporation 

light source and camera (Model #2.1.1, San Leandro, CA) and visualized with Alpha 

Ease FluoroChem 5500 software.  ImageJ software (available at: http://rsb.info.nih. 

gov/ij/) was used to make measurements through calibration of pixel distance based on a 

ruler placed on the media within every picture. 

 

Synthesis of Indolealkanoic Internal Standards 

Synthesis of  [
13

C8-
15

N]-Indole-3-Butyric Acid 

 The synthesis and purification of  [13C8-
15N]-IBA and  [13C8-

15N]-ICA followed 

the basic steps of indolealkanoic acid synthesis as described by Cohen et al. (1986).  This 

reaction follows two basic steps, the opening of the lactone ring and its subsequent 

addition to the C3 of the indole ring (See Figure 7): 

13C
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 [13C8 15N]-indole-3-butyric acid FW=226  

Figure 7 IBA is the product of a two step process of the opening of a lactone ring and subsequent attack on 

the C3 of the indole ring.  The synthesis of ICA follows a similar path with the substitution of gamma 
butyrolactone with 6-caprolactone. 
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 For the synthesis of [13C8-
15N]-IBA 0.08 moles of gamma butyrolactone, 0.08 

moles NaOH, and 4.26x10-4 moles (0.05g) of [U-13C8, 98%+;15N, 96-99%]-indole 

(Lot# PR-11049, Catalog # CNLM-4786-0, Cambridge Isotope Laboratories Inc., 

Andover, MA) were mixed together in a 23 mL Teflon insert (Catalog # A280-AC, Parr 

Instruments, Moline Illinois) and fitted into a screw-top reaction bomb (Catalog# 276AC-

T304-012304, Parr Instruments, Moline Illinois).  The reaction bomb was heated to 

220˚C at a rate of 2˚C/minute in a sand bath and incubated at 220˚C for 24 hours.  The 

reaction mixture (consisting of a brown liquid layer and solid white layer) was removed 

from the Teflon insert and placed in an Erlenmeyer flask.  50 ml of dH2O was added to 

stop the reaction.  The mixture was stirred until the solid white mass was completely 

dissolved. 

 

Purification of [
13

C8-
15

N]-IBA from Reaction Products 

 The synthesized indolealkanoic acid internal standard was purified from the 

reaction mixture by the following partitioning sequence.  The aqueous reaction mixture 

and 125 ml chloroform (density = 1.412) was added to a separatory funnel, mixed 

thoroughly and allowed to phase separate.  The chloroform layer was removed and 

another 125 ml of chloroform is added and collected.  The chloroform layer contains any 

unreacted indole. After the chloroform layer had been removed the aqueous layer was 

collected and brought to pH 2.5 with 6N HCl and added to a new separatory funnel with 

an equal volume of ethyl acetate (density = 0.9).  This step was repeated three times, 

partitioning off and discarding the aqueous layer each time.  The ethyl acetate layer 
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containing the product was transferred to a round bottom flask and evaporated using a 

rotovap and redissolved in 12 ml 50% isopropanol for storage. 

 Due to the expense of the labeled indole and the low percent yield of this reaction, 

the unreacted starting material was recovered by evaporating the chloroform layer with a 

rotovap and redissolved in ~20 ml dichloromethane for later use.  The presence of the 

indole was confirmed via TLC (see Thin Layer Chromatography section of Materials and 

Methods) and GC-SIM-MS, and purified via liquid phase chromatography as described 

below (see Synthesis of [
13

C8-
15

N]-Indole-3-Caproic Acid section of Materials and 

Methods).  Figure A3 in the Appendix displays the GC-MS spectra of the recovered 

indole. 

 

Product Yield Calculation 

 The product yield was calculated via gas chromatography-selected ion 

monitoring-mass spectrometry (GC-SIM-MS).  To measure the amount of [13C8-
15N]-

IBA synthesized, what was estimated to be equal amounts of  the IBA internal standard 

and an accurate determined amount of unlabeled IBA ( for this a 5mg/50 ml 

IBA/methanol solution was prepared) were methylated and analyzed with GC-SIM-MS..  

To determine the concentration of the IBA internal standard, and estimation of the final 

concentration was made in order to add approximately an equal amounts of the IBA 

internal standard and IBA together for GC-SIM-MS analysis. 2 µl (1µg) of the 5mg/50 

ml IBA/methanol solution was added and 5 µl of the product in 50% isopropanol were 

added together in a GC-SIM-MS vial, dried over N2 and methylated with an ethereal 

solution of diazomethane (see Cohen, 1984), and resuspended in 15µl ethyl acetate for 



 

36 

GC-SIM-MS analysis.  Ions at m/z 139 and 226 were monitored for the base peak 

(quinolinium ion) and molecular ion, respectively, of the [13C8-
15N]-IBA internal standard 

and ions at m/z 130 and 217, the base peak and the molecular ion of IBA were also 

monitored.  The ratio of 130:139 was used to calculate the amount of [13C8-
15N]-IBA 

synthesized and the ratio of 217:226 was used for confirmation.  This procedure was 

preferred over an average of the two ratios because of the better ion statistics for the more 

abundant base peak (Cohen et al., 1984). 

 

Synthesis of [
13

C8-
15

N]-Indole-3-Caproic Acid 

 The synthesis and purification of [13C8-
15N]-indole-3-caproic ([13C8-

15N]-ICA) 

followed the basic guidelines outlined above.  However, the [13C8-
15N]-indole used in this 

reaction was recovered from the incomplete synthesis of [13C8-
15N]-IBA described above.  

After the chloroform layer was evaporated and the unreacted products are redissolved in 

dichloromethane, the presence of the indole was confirmed via TLC.  The purpose of the 

chloroform partition step was to crudely separate out the nonpolar contaminates and the 

unreacted indole from the polar indolealkanoic acid that is soluble in the aqueous layer.   

 Reverse-phase liquid chromatography with a polar to nonpolar elution gradient 

was used to purify the unreacted indole from the other unknown contaminants present in 

the chloroform layer.  The unreacted products that were dissolved in dichloromethane 

were dried over N2 and redissolved in 2-3 ml 50% isopropanol.  A 1 x 50 cm column was 

filled with Sephadex LH-20 (in 50% isopropanol) and connected to an automated fraction 

collector set to collect 250 drops (~3 ml).  The sample was applied to the column.  Once 
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the sample was applied to the lipophilic Sephadex column, a 50% to 100% isopropanol 

gradient was drawn into the closed system (see Figure 9). 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 The gradient elution system for the purification of indole via reverse-phase liquid 

chromatography.  The 50% to 100% isopropanol gradient is generated as the column draws eluent from the 
gradient maker that will becoming increasingly polar.  The system is connected by tubing and driven by 
gravity. 

  

 As the eluent was drawn through the system and fractions collected, the newly 

added solvent becomes increasingly polar. Thus, compounds are separated and eluted 

based on their decreasing polarity.  Fractions of 250 drops are collected for 10-24 hours.  

5 µl from each fraction was spotted onto a silica gel 60 F254 plate and stained directly for 

the presence of indole (see Thin Layer Chromatography in Materials and Methods).  

Fractions that stained positive for indole were combined and the presence of indole 

confirmed via GC-SIM-MS by taking a 5µl sample of the collected fractions, drying with 

a stream of N2 and the residue redissolved in ethyl acetate and then the sample was 

analyzed by GC-SIM-MS.   
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 The goal of using GC-SIM-MS was two fold: to verify the presence of the labeled 

indole and to calculate the percent enrichment of the indole.  This was calculated with the 

data in Figure A3 in the Appendix where the retention time of 6.2 to 6.4 minutes of 

indole was verified by a previously run standard and the m/z 126 represented the 

molecular ion of the fully enriched [13C8-
15N]-indole, and m/z 117 the molecular ion of 

unlabeled indole. 

 

Thin Layer Chromatography 

 Indole and Indolealkanoic acids were visualized via thin layer chromatography 

(TLC) under the following conditions.  Samples were spotted onto a standard silica gel 

60 F254.  The developing solvent was 85:14:1 chloroform:methanol:dH2O solution. The 

staining solution for both indolealkanoic acids and indole used was Ehmann’s reagent 

(Ehmann A, 1977).  Ehmann reagent is a 3:1 mixture of Salkowski’s reagent and 

Ehrlich’s reagent.  800 ml of Salkowski’s reagent was prepared on ice by combing 2.06 g 

hydro-FeCl3, 500 ml dH2O, 300 ml concentrated sulfuric acid, pouring the acid into water 

very slowly (extremely exothermic reaction).  100 ml of Elrlich’s reagent was prepared 

by combining 1 g p-dimethylaminobenzaldehyde, 50 ml concentrated HCl, and 50 ml 

absolute ethanol. 

 The TCL plate was placed vertically in a jar  where the atmosphere was saturated 

with solvent vapor and containing enough solvent to cover the bottom to a depth of about 

1 cm.  After development in the solvent the plate was removed, residual solvent allowed 

to evaporate and  the plate is submerged into Ehamm’s reagent (freshly prepared) for 5 

minutes, removed, blotted dry with a paper towel and placed at 100˚C for 5 minutes.  The 
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plate was then fixed permanently by submerging it into a circulating water bath for 30 

minutes. 

 

High Throughput Quantification of IBA and IAA 

 The quantification of both IAA and IBA followed the general protocol reported 

by Barkawi et al. (in preparation).  The primary refinement presented here is a post-SPE 

purification step of methylated samples from which IBA and IAA measurements were 

calculated from a single biological sample.  

 

Tissue collection 

 Seedlings were grown under the specified experimental conditions.  Samples were 

be collected, weighed, and were either directly extracted or placed at -80˚C for storage 

until use. 

 For both liquid and solid media cultures, Whatman filter paper was placed in the 

bottom of a Buchner funnel to which a vacuum was applied.  The tissue was collected 

into the funnel and washed thoroughly with dH2O and dried with the running vacuum for 

5 to 10 minutes. 

 Eppendorf tubes were labeled and their masses were determined.  The dried 

sample was added to the tube.  The mass of the tube containing the dried tissue sample 

was determined.  Measurements to the ten-thousandths of a gram were taken.  Samples 

were immediately place in either an ethanol-dry ice bath or liquid nitrogen for 

transportation and placed at -80˚C for storage. 
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Pipettes and Tips 

 In order eliminate phthalate contamination within samples analyzed using GC-

MS. Gilson Microman positive-displacement pipettes together with disposable capillary 

piston (Gilson, Middletown, Wisconsin) tips were used in every experiment in which 

samples were to be eventually analyzed with the GC-MS. 

 

Determining internal standard concentrations with Ultra Violet Spectrometry 

 Ultra violet spectrophotometry (UV spectrophotometry) was used to determine 

the concentration of internal standard added to each sample. An average of three 

measurements were taken with a Hewlett Packard 8453 UV Spectrophotometry using a 

10.00 mm QS 50µl quartz cuvette (Agilent, Germany).  Data was computed with 845x 

UV-Visible ChemStation System 1 software and averaged for the final concentration 

measurements.  Indole-containing compounds have a maximal UV absorbance at 282 nm 

with an extinction coefficient of 6060 cm-1•(moles/liter)-1.  Concentrations of indole 

containing compounds can be calculated with Beer’s Law: 

A282 = εcl 

where A282 is the absorbance at wavelength 282 nm, ε is the extinction coefficient, c is 

the concentration (molarity) and l is the length of the light path for the cuvette in 

centimeters.   

 

Tissue Preparation and Disruption/Extraction 
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 Tissue homogenization was performed in individual 1.5 ml Eppendorf tubes.  To 

each tube 150 µl homogenization buffer (65% isopropanol, 35% 0.2M imidizole, pH 7), 

1-3 tungsten carbide beads (Qiagen, Valencia, California) were added along with a 

known amount of the appropriate internal standard.  Approximately 40ng/g fresh weight 

and 20ng/g fresh weight of IAA and IBA internal standards was added, respectively. 

 Samples containing the tissue, metal beads, internal standards, and 

homogenization buffer are homogenized using a Mixer Mill MM 300 (Qiagen) at 15 Hz 

for 4 minutes.  Homogenates are equilibrated on ice for 1 hour, centrifuged for 5 minutes 

at 10,000 x g.  The supernatants of the sample were transferred with Pasteur pipettes to a 

deep 96-well microplate on the sample rack of an automated liquid handler (ALH).  

  

ALH Sequence  

 An eight probe 215 SPE automated liquid handler (Gilson, Middleton, Wisconsin; 

see Figure 10) was programmed to carry our the sample purification of indolealkaonic 

acids from tissue homogenate by solid phase extraction, using positive pressure, provided 

from a nitrogen gas line (ultra-high purity [UHP], <0.5 ppm oxygen), to carry out elution 

steps.  The ALH was equipped with the following Gilson racks: 1 Code 205H rack to 

accommodate two deep-well 96 well microplates; 2 custom racks to hold Varian 

Versaplate solid phase extraction tubes (Varian, Lake Forest, California); and 2 Code 228 

racks that each hold four 700 ml reagent bottles (solvent and eluents, Figure 10).  Liquid 

transfers and positive pressure elutions are carried out with eight 1 ml syringes.  The 

ALH was controlled using Gilson’s 735 Instrument Control V 5.10 Software. 
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Figure 10 Automated Liquid Handler.  Homogenated samples are placed on the sample rack.  The liquid 
handler transfers the solvents and eluents to solid-phase extraction tubes in sequence. 

 

 

Solid Phase Extraction (SPE) 

 Once loaded onto sample rack, homogenized samples are extracted using the 

following protocol that was programmed into the ALH control software.  For the protocol 

nitrogen pressure was set at 20 psi and each step in the method that called for positive 

pressure to push liquid through columns flow rate was set at 6 ml/min.  Amino anion 

exchange columns (50 mg; Varian) were sequentially conditioned with 0.6 ml of hexane, 

acetonitrile, water and 0.2M imidazole, followed by 3 x 1.2 ml water.  Samples were 

diluted to 10x with 1.35 ml dH2O, mixed thoroughly, and loaded onto the columns and 

the column was dried with nitrogen for 5 minutes.  After which, the samples were pushed 

through the columns and the column was dried with nitrogen for 5 minutes.  The columns 

were sequentially rinsed for on-column clean-up with 0.6 ml each of hexane, ethyl 

acetate, acetonitrile, and methanol.  The SPE rack was programmed to move over a deep-
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well collection plate, and IAA and IBA was eluted form the columns using 1.8 ml of 

0.25% phosphoric acid.  To raise the pH of the eluate to 3.5, 380 µl of a 0.1 M succinic 

acid was added and mixed thoroughly.  The second SPE rack contained SPE tubes that 

had been prepped with 1 ml of a 25% (w/v) suspension of polymethylmethacrylate 

(PMME) resin (Affi-Prep, BioRad, Herclues, California) in 0.1 NaHCO3 pH 7 (which 

results in columns that contain about 200 mg of resin).  The residual loading liquid was 

pushed through, leaving the resin in the tubes, which were then conditioned to pH 3.5 

using 3 x 0.6 ml 6:1 phosphoric acid: succinic acid (v/v).  The pH-adjusted eluate was 

then loaded onto the PMME columns, and after a 5 minute wait time, was pushed through 

the columns.  The columns were then rinsed using 3 x 0.6 ml 6:1 phosphoric acid: 

succinic acid (v/v) followed by 300 µl methanol.  The SPE rack was moved over a 

collection plate and eluted with a second 300 µl methanol.  The first volume of methanol 

served to dry the column with minimum loss of IAA and IBA and the second volume of 

methanol was the sample eluent, containing the larger percentage of IAA. 

 

Methylation of Samples 

 Samples were transferred to GS-MS glass vials with Pasteur pipettes.  

Approximately 1-2 ml of ethereal diazomethane was carefully added to the vials with a 

Pasteur pipette.  Diazomethane is an extremely dangerous explosive chemical that can 

cause serious respiratory distress and can cause damage to tissues and should be handle 

with great care minimizing exposure by use of a well vented solvent hood and limiting 

the amount of time of use.  Samples were allowed to equilibrate for 5 minutes and dried 

over nitrogen in a heated sand bath.  Samples analyzed solely for IAA were redissolved 
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in 15 µl ethyl acetate and transferred to new GC-MS vials with a 50 µl glass insert to 

accommodate the small volume of sample for direct GC-SIM-MS analysis.  Samples 

analyzed for both IBA and IAA were redissolved in 50 µl 0.2 M imidazole pH 7 for post-

SPE indolealkanoic acid purification. 

 

Post-SPE Indolealkanoic Purification 

 A 96-column holder fitted to a vacuum source was used as the negative pressure 

system to draw through eluents of the post-SPE purification.  To maximize the contact 

time with the column the samples and elutions were pulled through the columns with a 

vacuum pressure between -10 and -20 kPa.  C18 columns (Varian) were conditioned with 

2 x 250 µl 100% methanol followed by 2 x 250 µl water.  Samples dissolved in 50 µl 0.2 

M imidazole pH 7 were loaded to conditioned columns, allowed to equilibrate for 5 

minutes and pulled through slowly.  Columns were washed sequentially with 250µl of 

10%, 20%, and 30% methanol solutions, discarding the washes.  Columns were eluted 

with 3 x 250 µl of 60% methanol, collecting each elution in a deep-well 96 well plate for 

a total volume of 750 µl.  Samples then were transferred to a glass GC-MS vial with a 

Pasteur pipette, dried over nitrogen in a heated sand bath and redissolved in 15 µl ethyl 

acetate and transferred to new GC-MS vials with a 50 µl glass insert.  Vials were capped 

and samples analyzed via GC-SIM-MS. 

 

GC-SIM-MS Analysis 

 Two GC-SIM-MS instruments were used in this research.  GC-SIM-SM analysis 

of all tissue samples were carried out with a combined 6890 Series CG System – 5973 
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Network Mass Spectrometry Detector (Agilent) with the appropriate software under the 

following specifications: HP19091S-433 capillary inlet system with HP-5MS 5% Phenyl 

Methyl Siloxane column with a film thickness of 0.25 µm, nominal diameter 25.00 µm.  

SIM analysis for IAA and IBA was done using a 7 ion program dwelling on each ion for 

50 ms.  For methyl-IAA using [13C6]-IAA as an internal standard, the ions m/z 130, 136, 

189, and 195 were monitored.  For methyl-IBA using  [13C8-
15N]-IBA as the internal 

standard, the ions m/z 130, 139, 217, and 226 were monitored.  The injector was heated 

at 280˚C and He at 50.0 ml/mn (purge rate) and 20.0 ml/mn (saver rate) with a pressure 

of 8.81 psi was the carrier gas.  With the HP oven at 70˚C for 2 minutes followed by 

temperature programming at 20˚C/mn for 5 mn with a final temperature of 280˚C.  The 

columns were held at 280˚C for 0.5 mn.  Injections were made in the splitless mode 

through the column at a constant flow rate of 1 ml/mn with an average velocity of 37 

cm/sec with a total run time of 17.5 mn for each sample.  An ethyl acetate blank was used 

between each sample. 

 The amount of free IAA and IBA in samples was calculated from tabulated data 

from each spectrum using a modification of the isotope dilution equation presented above 

(see Quantification of IAA and IBA in Arabidopsis thaliana in Results and Discussion).  

Ions at m/z 136 and 195 were monitored for the base peak and molecular ion, 

respectively, of the [13C6]-IAA internal standard and ions at m/z 130 and 189 for the base 

peak and molecular ion of endogenous IAA. Ions at m/z 139 and 226 were monitored for 

the base peak (quinolinium ion) and molecular ion, respectively, of the [13C8-
15N]-IBA 

internal standard and ions at m/z 130 and 217, the base peak and the molecular ion of 

IBA were also monitored.  The ratio of 130:139 was used to calculate the amount of free 



 

46 

IBA present in the sample and the ratio of 217:226 was used for confirmation.  The ratio 

of 130:136 was used to calculate the amount of free IAA in the sample and the ratio of 

189:195 was used for confirmation. 

 GC-SIM-MS analysis of the isolated labeled indole and the IBA internal standard 

for R value calculations were generated with a HP 5890A gas chromatography machine 

and HP 5970 mass selected detector.  This GS-SIM-MS machine is calibrated somewhat 

differently than the GS-SIM-MS used in IAA/IBA quantification and is used when low 

level trace analysis is not required.  For our purposes, the major different between these 

machines is the retention time of IBA on the HP5890A GC-SIM-MS (~10.2 mn) is 

slightly less than that of the first machine (~11.4 mn). 

  

 

Refining Post-SPE Purification of Samples 

Radioactive Labeling Experiments 

 The elution pattern of IBA for the post-SPE purification was determined by 

tracking the elution pattern of methylated [3H]-IBA (Lot# 020814 ART 1112-IBA[3H], 

American Radiolabeled Chemicals, St. Louis, MO).  Radioactivity was measured with a 

Beckman-Coulter LS6500 Multi-Purpose Scintillation Counter (Fullerton, California) 

measuring 3H radioactivity at dpm/mn for 1 minute for each sample with quench limits 

of 7.174 to 329. 
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Methylation of [
3
H]-IBA 

 10 µl of a 1000 dpm solution of [3H]-IBA was added to each sample after SPE. 

Ethereal diazomethane was added to each sample as describe above, dried over nitrogen 

and dissolved in 20 µl ethyl acetate.  5 µl of this solution was spotted onto a TLC plate 

with me-IBA and IBA standards.  5 mm sections of the silica gel were cut using a razor 

blade and collected into 5 ml scintillation tube to which 4 ml of a biodegradable counting 

cocktail (Research Products International, Mount Prospect Ill.) was added.  Samples were 

capped and counted on a scintillation counter. 

 

Determining the Elution Pattern of [
3
H]-IBA  

 [3H]-IBA was added to samples after SPE, methylated and were added to C18 

columns prepared as described above.  The initial flow through (after 5 minutes 

equilibration) and the following series of elutions were collected into 5ml scintillation 

vials: 250µl of 10%, 20%, 30%, and 50% methanol solutions.  The resin within the C18 

column was also collected.  Radioactivity was measured as described above.  Two 

independent trails of this experiment were run and the data was calculated by comparing 

the percent of each vial with the total amount of radioactivity measured within the sample 

vials. 

 

Expanding the IAA-Specific Clean Up Protocol 

  [3H]-IBA was added to samples after SPE, methylated and were added to C18 

columns prepared as described above.  The initial flow through (after 5 minutes 

equilibration) and the following series of elutions were collected into 5ml scintillation 



 

48 

vials: 250µl of 10%, 20%, 30%, 40%, 45%, 50%, 55%, 60%, 65%, and 75% methanol 

solutions.  The flow through and each elution and the final C18 column material were 

collected into scintillation vials and radioactivity was measured. 
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RESULTS AND DISCUSSION 

Phenotypic Growth Assays 

 The goal of the phenotypic assays was to determine the effects of the loss of 

genes encoding the proteins that were correlated with adventitious root formation and/or 

endogenous IAA content.  Sorin et al. (2006) identified 11 proteins that they predicted to 

be involved in different biological processes including the regulation of auxin 

homeostasis and light-associated metabolic pathways.  Auxin homeostasis is carried out 

by mechanisms that help maintain a suitable level of IAA in response to external stimulus 

and developmental cues.  IAA levels can be altered through the conjugation of IAA to 

amino acids as well as the conversion of IAA to IBA.  Because the proteins that were 

identified by Sorin et al. (2006) were broadly defined as potentially involved in auxin 

homeostasis as well as other biological processes it was important for this work to figure 

out which proteins play a role in auxin-mediated processes involve, more specifically, if 

any of these auxin-mediated processes demand the production of IBA from IAA.  I 

performed three sets of assays to evaluate three auxin-mediated developmental processes: 

adventitious root formation, hypocotyls elongation, and root elongation. 

 

Adventitious Rooting Assay 

 Adventitious rooting is a developmental event heavily influenced by auxin, 

especially IAA (Woodward and Bartel, 2005; King and Stimart, 1998).  The ability of 

each mutant line was assayed for their ability to form adventitious roots.  Figure 11 

shows the average number of adventitious roots formed per seedling of the mutant line. 
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Figure 11 Average number of adventitious roots in insertion lines are less than Col-0.  Seeds were 
surfaced sterilized and plated on GM held at 4˚C for 24 hours, exposed to light for 8 hours, etiolated in 
complete darkness for 5 days and scored after 18 days of germination.  Error bar represent the standard 
deviation of the number of adventitious roots among the seedlings (n=40-80). 

 

Notably, each of the insertion lines have an impaired ability to form adventitious roots 

under these experimental conditions.  The mutant gh3-5a, fsd1, and gh3-6a have the most 

impaired ability to form adventitious roots compared to all others, implying that these 

proteins potentially play a role in auxin homeostasis.  The gh3-5a mutant displayed 

virtually no adventitious roots under these experimental conditions. 

 These results are in line with the findings of Sorin et al. (2006).  They found that 

GLP3, GH3-5, AT1G74100, and HSP91 production correlated with adventitious rooting.  

Thus, in lines in which these proteins are not expressed it is to be expected that these 

plants will demonstrate an impaired ability to form adventitious roots. 

 

Hypocotyl and Root Elongation Assays 

 Both IAA and IBA are known to be involved in the elongation of the hypocotyls 

of Arabidopsis seedlings (Rashotte et al. 2003; Gray et al., 1998).  Furthermore, root 

elongation is highly dependent upon auxin homeostasis (Celenza et al. 1995).  Both of 
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these assays can be used to assess auxin homeostasis with Arabidopsis seedlings.  Figures 

12 and 13 display the results from these assays. 

 
Figure 12 Hypocotyl length of 7 day-old Arabidopsis insertion mutant lines.   Seedlings were grown 
vertically with respect to the gravity vector on GM.  Seedlings were sown, placed at 4˚C for 24 hours, 
exposed to light for 8 hours at 24˚C for 8 hours, etiolated in complete darkness for 5 days and exposed to 
light for 7 days.  Error bars represent the standard deviations within each population of seedlings (n=50-
80). 

 

 
Figure 13 Root length of 9 day-old Arabidopsis insertion mutant lines. Seedlings were grown vertically 
with respect to the gravity vector on GM for 9 days under continuous light at 24˚C.  Error bars represent the 
standard deviations within each population of seedlings (n=50-75). 
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When growth media is supplemented with synthetically produced IBA two very distinct 

effects results: decreased primary root elongation and increased lateral root formation.  

By extension, high levels of endogenous IBA should demonstrate similar effects.  

However, it should be noted that there have been no published reports correlating these 

phenotypes with IBA over- and under-producers.  In the context of this study, an 

insertion line with an aberrant IBA biosynthetic pathway would be expected to have 

uncharacteristically long roots when grown under the conditions described above. 

 Interestingly, the mfy24 mutant (MFY24 has identified as an aspartyl protease and 

a putative chloroplast nucleiod DNA binding protein[Sorin et al. 2006]) has an apparent 

impairment in hypocotyl elongation and an increase ability of root elongation.  It is 

difficult to say with any certainty why this aspartyl protease mutant demonstrates 

increased root growth and decrease hypocotyls elongation without further analysis of this 

protein.  However, it is unlikely that this protein plays a direct role in the conversion of 

metabolic products of IAA homeostasis (see Figure 2). 

 I measured the relative concentrations of IAA and IBA within seedlings grown 

under these conditions in order to firmly establish the relationship between root 

elongation and IBA concentrations within these lines.  It should be kept in mind, 

however, that there are many other factors that are involved in root elongation including 

other hormonal relationship such as the involvement of the phytohormone gibberellin (Fu 

and Harber et al., 2003), or the availability of nutrients such as nitrates (Zhang et al., 

1998) 

 Together, these data revealed a general trend for mutant lines to be impaired in 

biological processes that are dependent upon auxin homeostasis. However, they also 
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provide limited insight of the role IBA within each of these processes.  From these data 

we cannot say conclusively that IBA is directly responsible for these observed 

phenotypes.  When comparing the adventitious rooting of these mutants to their root 

elongation data it becomes difficult to theorize a specific pattern of hormone control, 

especially in terms of IBA regulation and production. 

 Although phenotypic data of mutants cannot provide conclusive insights to the 

mechanism of protein function is provides the necessary biological data to generally 

contextualize the potential role of the encoded protein. These results demonstrate the 

potential importance of each of these proteins within auxin homeostasis system and 

therefore point to the importance of more direct analysis. This research was concerned 

with pinpointing the enzyme involved in the interconversion of IAA and IBA, an 

important step in auxin homeostasis. The next step will be to determine whether or not 

these mutant lines demonstrate differential levels of IAA and IBA, a step that will allow 

for a more conclusive understanding of the role of these proteins in this biosynthetic step. 

 

Quantitative Analysis   

Calculating R-Values for Novel IBA and ICA Internal Standards 

 When biological samples are analyzed via GC-SIM-MS, the machine only detects 

the selected ions for each of the compounds measured, or m/z 130, 136, 189, and 195 for 

me-IAA, m/z 130, 139, 217 and 226 for me-IBA, and m/z 130, 139, 223 and 232 for me-

ICA.  Together, these measurements underestimate the actual abundance of the fragments 

these ions represent because they do not measure isotopes of the associated ion.  

Calculating the amount of the endogenous compounds relies upon sound ratios between 
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the compound and its respective internal standard.  These two compounds will have a 

relatively constant abundance of isotopic ions.  That is, whenever IAA is run on a GC-

SIM-MS approximately 10% of its base peak (know as the ‘quinolinium ion’) is m/z 131 

(where each C and N has a 1% chance of being an isotope), and approximately 1% of the 

base peak is m/z 132.  GC-MS data analysis software does not account for this, it detects 

the selected M+ peak at 100% abundance and measures all other peaks relative to it.  

However, this peak is actually representative of only ~89% of the quinolinuim ion 

present.  This exact percentage must be determined for both the endogenous, unlabeled, 

compound and its respective internal standard because each endogenous compound will 

have a different isotopic envelope within the resulting ions when compared to its internal 

standard.  We need to know what percentage of the base peak the M+ abundance of both 

compound actually represented because we are comparing the relative abundance of M+ 

of the internal standard to the endogenous compound in the same spectra where only one 

of these are taken for the individual base peak of that data set.  Knowing the ratio 

between the percentage that the base peak of each compound allows for an appropriate 

correction of this selective ion monitoring.  Importantly, R-values must be determined via 

GC-MS analysis for each endogenous compound/internal standard pair.  Once 

determined, this value can then be used for every application of that internal standard.   

 The IAA internal standard used in these experiments, [13C6]-IAA, has a reported R 

value of 1.13 (Cohen et al., 1986).  The R-values for the novel [13C8-
15N]-IBA and [13C8-

15N]-ICA internal standards was calculated with the data in Figure A4 in the Appendix 

with the following equation: 
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Rvalue =

m / z 130
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unlabeled

m / z 139

m / z 130, 131, 132, 133, 134, 135, 136, 137, 138, 139∑
 

 
 
 

 

 
 
 

labeled  

 

The R-values for the [13C8-
15N]-IBA and [13C8-

15N]-ICA internal standards were 

calculated to be 1.33 and 1.32, respectively. 

 

Percent yield of [
13

C8-
15

N]-indole-3-butyric acid synthesis 

 The percent yield of [13C8-
15N]-IBA synthesized was determined by the following 

equation: 
Massindolealkanoic acid (product)

MassIndole (reactant)

×100  where the mass of the [13C8-
15N]-indole used was 

0.05g, and the mass of [13C8-
15N]-IBA product was calculated from the data in Figure A4 

in the Appendix using the following equation: 

 

 

 

 

where Y is the amount of the unlabeled IBA (µg); X is the amount of labeled IBA (µg); 

Ci is the initial percentage of m/z 139 relative to 130 + 139, or 100%; Cf is the percentage 

of m/z 139 relative to the total ion current at m/z 130 and 139 found by the GC-SIM-MS, 

or 19.25%.  Importantly, Cf accounts for both the naturally occurring 13C isotopes and the 

partially enrichment of the isotopic indole through adding m/z 130, 131, and 132 for the 
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‘m/z 130’ numerator and adding m/z 136, 137, 138, 139, 140 for the ‘m/z 139’ 

denominator: 

 

 

 

 

X is the amount of labeled added, or 1 µg. R is the ratio of the fraction of endogenous 

IAA or IBA that has a peak at m/z 130 to the fraction of m/z 136 or m/z 139 for IAA and 

IBA, respectively. The amount of the IBA internal standard in the 5 µl added to the MS 

vial can be calculated: 

 

              

 

 

Thus, the percent yield and the total amount of IBA internal standard synthesized can be 

calculated: 

 

 

 

 

 

 

 

Ci =
m/z(130+131 +132)

m/z(130+131 +132) +  m/z(136+137 +138 +139 +140)

3.2 µg (calculated amount in MS vial) 

5 µl (total volume in MS vial)
=

7.68 mg (total mass of product

12 ml (total volume of product)

Percent Yield =  
Mass indolealkanoic acid (product)

Mass indole (reactant)

×100 =
7.68 mg

50 mg
×100 = 15.36%

100

19.25
−1

 

 
 

 

 
 

1

1.33
= 3.2µg in 5µl solution
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Post-SPE Purification of Indolealkanoic acids 

Methylation of [
3
H]-IBA 

 The primary goal of the radiolabeled experiments was to track the elution of IBA 

through the post-SPE purification steps.  This was needed because the guidelines 

previously described for this method of purification were for me-IAA only.  [3H]-IBA 

was added to samples after SPE and methylated.  Samples were run on TLC with IBA 

and me-IBA samples. 5 mm sections were collected along the plate were collected and 

the radioactivity of each was assessed with a scintillation counter.  Figure 14 displays the 

data from these radiolabeled experiments. 

Figure 14 [
3
H]-IBA is successfully methylated.  Samples of [3H]-IBA were methylated with diazomethane 

after SPE-purification and run on a TLC plate.  0.5 cm segments of the TLC plate were collected and tested 
for radio activity from [3H].  Figure a is the percent of total radioactivity (DPM) of each TLC segment 
collected in each trial.  Figure b is a schematic of the TLC plate.  Virtually all radioactivity was observed in 
the Rf region of me-IBA. 

 

 

Post-SPE Purification Protocol 
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 Once the robust methylation of [3H]-IBA was established, the elution pattern of 

IBA under the IAA-specific post-SPE purification protocol was determined.  Figure 15a 

shows that, as expected, virtually no me-[3H]-IBA was present in the initial flow through 

and the 10%, 20%, and 30% washes.  The 50% methanol elution step contained roughly 

slightly less than 40% of the total me-[3H]-IBA and the majority of the me-[3H]-IBA 

remained bound to the column. 
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Figure 15 me-[

3
H]-IBA is fully eluted from the C18 column with 60% methanol.  Figure a and b represent 

two separate experiments.  Figure a shows that me-[3H]-IBA is only partially eluted with 50% methanol.  
Figure b displays the elution pattern of me-[3H]-IBA under a series of methanol dilutions. 

 

 The experiment resulting in Figure 15a was repeated eluting with a series of 10%, 

20%, 30%, 40%, 45%, 50%, 55%, 60%, 65%, and 75% methanol solutions to precisely 

determine the elution pattern of me-[3H]-IBA.  Figure 15b shows that the majority (90%) 

of me-[3H]-IBA was eluted by the addition of 60% methanol leaving only a small amount 
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of me-[3H]-IBA still bound to the column.  Thus, a simple solution to expand the IAA-

specific post-SPE clean up protocol to include me-IBA is made clear.  Given that both 

me-IAA and me-IBA are not eluted with the 30% wash (Barkawi et al., in preparation, 

and this work) samples can be washed with a 10%, 20%, and 30% methanol solution 

series and eluted with a 60% methanol solution.  This protocol is especially important 

when quantifying both endogenous IAA and IBA within the same sample.  By extension, 

this method could be applied to longer chain indolealkanoic acids, such as ICA. 

 

Application of Expanded Post-SPE Purification Protocol 

 Post-SPE C18 solid phase purification of me-IAA has shown to greatly decrease 

the amount of contamination remaining within samples extracted from plant tissues after 

the initial automated solid-phase extraction.  The C18 column has a relatively high 

affinity to the nonpolar me-IAA within the post-SPE solution.  Figure 16 is an extracted 

chromatogram of one sample in which ions representative of me-IAA detection are 

monitored.   

 

Figure 16 Post-SPE purification greatly reduces background contamination of samples with similar 

retention times as me-IAA.  Ion extracted chromatogram for me-IAA before and after (Figure a and b, 
respectively) C18 post SPE purification following the IAA-specific protocol.  Each color line represents the 
retention times and associated abundance of each separate ion. 
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 Precise calculations of free IAA and IBA are dependent upon a low background 

because they allow for the best relative measurements between each ion.  This is less of 

an issue when trying to measure IAA because the amount of free IAA is generally twice 

that of IBA and will have ion peaks that rise above the background contamination enough 

to make significant calculations of free IAA (see Barkawi et al., in preparation; Ludwig-

Müller et al., 1993).  Getting precise IBA measurements presents a more difficult 

problem mainly because it exists in very low concentrations that are often 

indistinguishable from background readings under normal extraction protocols (see 

Figure 17a). The basic concept behind the C18 clean up is to take advantage of the 

slightly hydrophobic nature of me-IAA and me-IBA.  Washing with a series of methanol 

dilutions will clean the column of contaminants.  A high % of methanol will compete 

with the methylated indolealkanoic acid and eventually lead to the elution of the product.  

Because me-IBA is slightly more hydrophobic with its longer side chain it was necessary 

to adjust the elution pattern to maximize the elution of me-IBA without considerable lost 

of me-IAA.  Thus, a higher percentage of methanol solution was needed to fully elute 

IBA from the column.  Figure 17 displays the efficiency of eluting the column with a 

great percentage of methanol to extract IBA from the column. 
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Figure 17 IBA-expanded protocol greatly reduced amount of sample contamination.  Ion extracted 
chromatogram for me-IBA before (Figure a) and after C18 post-SPE clean up following the IBA-expanded 
protocol (Figure b). Each color line represents the retention times and associated abundance of each 
separate ion.  The C18 column will attract the non-polar me-IAA and me-IBA.  After samples are added to 
the C18 columns, they are washed with low concentrations of methanol and eluted with high concentration 
of methanol. 

 

 Importantly, the IBA-expanded protocol mentioned above does not reduce the 

amount of me-IAA that is eluted from the column because the only major alteration of 

the protocol is increasing the percentage of methanol the column is eluted with after the 

washes.  A higher percentage of methanol will elute both IAA and IBA.  This simple 

addition to the automated SPE method described above ensures samples with very low 

contamination at the cost of very minimal product loss. 

 

Quantification of IAA and IBA in Arabidopsis thaliana 

Free IAA and IBA in Arabidopsis under different growth conditions 

 Ludwig-Müller (2007) demonstrated that IBA synthetase activity varies under 

different experimental growth conditions, within different ecotypes, and as the seedlings 

ages.  Given that IBA synthetase is essential in the production of IBA from IAA, it 

follows that activity assays for this protein should, at least in part, serve as predictors of 

changing IBA levels, and, by extension, IBA activity.  However, this method doesn’t rule 

out the production of IBA via different pathways that are active under different 

conditions.  Indeed, IAA synthesis can follow numerous pathways (Cohen et al., 2003) 
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and can be produced through the hydrolysis of IAA-amino conjugates (Bialek and Cohen, 

1986).   The indirect method to detect IBA employed by Ludwig-Müller (2006) would 

not account for the accumulation of IBA from other pathways.  IBA can exist in 

conjugated form in wheat (Campanella et al., 2004).  The ideal assay for IBA activity 

would be the direct measurement of free and conjugated IBA within samples. 

 The basic goal of expanding the IAA quantification protocol to be able to 

accurately measure IBA within the sample is to determine the relative amounts of these 

compounds in mutants to screen for their potential role in synthesizing IBA from IAA.  

Prior to pursuing the quantification of these auxins in mutants, baseline data from various 

ecotypes of wild type Arabidopsis seedlings grown under different experimental 

conditions is needed to be established in order to assess the optimal conditions in which 

IBA is present and to determine variability. 

 Col-0 seedlings were sown in both liquid culture and on solid growth media and 

harvested at 3, 5, and 9 days after planting.  IAA and IBA measurements were calculated 

and are presented in Figure 18 and Figure A5 in the Appendix.   
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Figure 18 Arabidopsis seedlings have higher concentrations of free IAA and IBA when grown on solid 

growth media.  Figures a and b represent free IAA and IBA in Col-0 Arabidopsis seedlings grown on solid 
and liquid grown media, respectively. Note: an increasing amount of IAA and IBA internal standard were 
added to samples in Figures a and b leading to an apparent increase in free IAA and IBA over time.   

 

 It should be noted that the amount of internal standard within this trial increased 

proportionally to the mass of sample to have concentrations of 20 ng and 10 ng of IAA 

and IBA, respectively, per gram fresh weight of tissue.  A follow up experiment was 

performed to determine the variation between IAA and IBA levels within the Col-0, Col-
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4 and Ler ecotypes grown in liquid culture and on solid growth media over time. Figure 

18 represent the amount of free IBA ad IAA within these samples, respectively.  
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Figure 19 Arabidopsis seedlings grown on solid media for 5 days is a suitable growth conditions for IAA 

and IBA quantification.  Col-0 seedlings were grown in liquid media or on solid media for 3, 5, and 9 days 
under continuous light at 24˚C.  Liquid cultures were shaken at 150 rpm.   

 
 

There are some important learning points from comparing each of these sets of data.  The 

apparent variation between these two trials seems to be due to the amount of internal 

standard (See Figure A5 in the Appendix).  The experiment presented in Figure 18 had 

more internal standard added by a factor of 2.  It has been hypothesized that including 

such a relatively large amount of internal standard will upset the extraction and 

purification behavior of IAA and IBA via mass action effects (Lana Barkawi, personal 

communication).  However, these data have relative, if no absolute, value.  In both 

experiments, there is a marked increase of both IAA and IBA production within the 

seedlings grown on solid growth media.  Furthermore, Figure 19 demonstrates that IBA 

production seems to peak slightly at 5 days and taper off slowly after that.  
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 The apparent increase in detected IAA in Figure 18 is most likely due to the 

addition of a high amount of internal standard rather than having biological origins.  

However, it should be noted that these values are not outside of the reported biological 

variation within Arabidopsis.  Together with the experiment measuring IAA and IBA 

within different ecotypes, the importance of adding equal amounts of internal standards 

within sets of samples is apparent.  Together, these data help stream line a protocol in 

which to grow and assess the relative amounts of IAA and IBA within the mutant 

insertions lines.  Thus, growing seedlings for 5 days on solid growth media will yield 

high enough IBA and IAA concentrations to quantify using the methods described in this 

paper.   

 

Free IAA and IBA in Arabidopsis mutants with altered adventitious rooting 

 The primary aim of this research was to apply this modified method of IBA and 

IAA quantification gain insight into the biosynthetic relationship between these two 

auxins. Once optimal growth conditions, extractions and quantification parameters were 

tailor to accommodate the measurement of both IAA and IBA within the same sample, 

this technology was successfully employed to quantify IAA and IBA levels within 

mutants previously described.   Seedlings from each insertion line and Col-0 were grown 

under continuous light on solid growth media and harvested five days after germination.  

Each line was grown in triplicate.  In order to ensure consistent germination initiation, 

and therefore consistent quantification data, the plates were placed in 4˚C for 25 hours 

prior to being transferred to the normal growth conditions described above. Figure 20 and 

Table 3 shows the free IAA and IBA within these lines. 
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Figure 20 Free IAA and IBA within insertion lines.  Seedlings were grown on solid media for fives under 
continuous light at 24˚C and harvested on day 5.  Each data point represents the average of three 
independent trials, error bars are the standard deviate of the mean.  Asterisks denote data points that are 
statistically significant when compared to Col-0 (p=0.05). 
 

Table 3 Free IAA and IBA within insertion lines.  Free IAA and IBA measurements represent the average 
of three independent trials.  T-test comparing the measurements from each insertion line to the Col-0 wild 
type was used to generate the p-values.  Double asterisks denote insertion lines that demonstrated 
significantly different IAA and IBA levels compared to Col-0. 
 
 

IAA levels within the Col-0 wild type were consistent with normal physiological ranges 

(see Figure18c) and IBA levels were nearly twice as high as that reported in Figure 19.  

This discrepancy is most likely due the stage of development at which these seedlings 

Free IAA                      

(ng / g fresh weight)

Standard 

Deviation p-value

Free IBA                      

(ng / g fresh weight)

Standard 

Deviation p-value

Ratio of 

IAA:IBA

Col-0 25.32 1.96  - 18.36 2.80  - 1.38

gh3-6c 34.79 6.75 0.091 16.34 1.55 0.170 2.13

hsp91 17.61 5.08 0.086 15.83 1.60 0.042 1.11

gh3-6a** 42.58 4.11 0.003 12.33 2.60 0.013 3.45

myf24 23.74 6.39 0.380 12.80 2.60 0.036 1.85

glp3b 36.25 3.57 0.003 19.99 4.50 0.240 1.81

prk 21.23 3.18 0.018 14.30 4.40 0.123 1.48

At1g74100 25.06 9.57 0.479 14.99 4.40 0.289 1.67

gh3-3** 16.33 2.46 0.035 9.70 2.74 0.036 1.68

fsd1** 17.05 4.61 0.018 9.45 2.23 0.004 1.80
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were harvested.  Each line in this experiment initiated germination within 24 hours of 

each other and demonstrated a very high germination rate (>90%).  Germination rates 

were calculated by dividing the number of emerging seedlings by the number of total 

seeds sown.  Col-0 seedlings harvested for the data presented in Figure 19 demonstrated a 

relatively low germination rate (~60%) and appeared to be somewhat underdeveloped 

compared to the insertion lines used in experiment above.  Although this subjective 

assessment does not completely reconcile this different, the robust IBA levels measured 

in the insertion lines grown for 5 days (Figure 20; Table 3) demonstrated that a 5 day 

harvest time is suitable for IBA and IAA concentration measurements. 

 Notable deviations from these baseline wild type measurements displayed in 

Figure 20 are gh3-6c, gh3-6a, gh3-3, and fsd1.  gh3-6a, gh3-3, and fsd1 showed a 

significant difference in both IAA and IBA levels.  Furthermore, gh3-6a and gh3-6c 

demonstrated a 2- and 3-fold increase in the ration between the amounts of IAA to IBA.  

This latter metric is perhaps the most revealing with respect to the role of these two genes 

within the conversion of IBA from IAA because mutant lacking a protein that is involved 

with the conversion of IAA to IBA would be expected to display a high ratio of IAA to 

IBA.  Figure 21 displays the ratio of IAA to IBA within the insertion lines. 
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Figure 21 gh3-6 mutants demonstrated an increase ratio of IAA:IBA.  Average levels of IAA were 
compared to the average levels of IBA within each insertion sample.  The dashed line represents the ratio of 
[IAA]:[IBA] within Col-0 seedlings. 

 

 The gh3-6 is known to conjugate IAA to amino acids, a mechanism utilized by 

Arabidopsis to maintain suitable IAA concentrations (Staswick et al. 2005).  The data 

presented in Figures 20 and 21 supports these findings in that lines lacking this gene will 

be unable to conjugate excess IAA to amino acids leading to an increase in the free IAA 

pool.  

 The data presented in Figures 20 and 21 expand on the finding of Sorin et al. 

(2006) in that this work serves to further differentiate on the behavior of GH3 proteins 

within IAA homeostasis.  In their assessment of GH3 protein expression within 

Arabidopsis lines that over or under express IAA (sur2 and ago1, respectively) Sorin et 

al. (2006) observed similar expression patterns and intensities of GH3-3, GH3-5, and 

GH3-6 (Figure 3 in Sorin et al. 2006).  The data presented in Figures 20 and 21 of this 

work suggest that although these proteins respond similarly to IAA, they act to maintain 

IAA homeostasis differently.  Where the gh3-6 mutants demonstrate an increased ratio of 
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IAA to IBA primarily due to the 2- to 3-fold increase of IAA within these lines, the gh3-3 

mutant had considerably less IAA as well IBA while maintaining a ratio of IAA to IBA 

that does not deviate significantly from that of Col-0.  These results suggest that the gh3-

3 mutation effects both IAA and IBA synthesis and a divergent role of GH3-6 and GH3-3 

in maintaining auxin homeostasis. 
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CONCLUSION 

 This thesis presents data surrounding the development and application of a high 

throughput method for IAA and IBA quantification within Arabidopsis thaliana 

seedlings.  This work is important in laying the groundwork for assessing the complex 

relationship between IAA and IBA within plants as it presents a thorough protocol in 

quantifying their respective concentrations in the same plant tissue.  Furthermore, this 

work assayed insertion lines mutated in genes correlated with auxin homeostasis and/or 

adventitious rooting that serve as potentially candidates for playing a role in the most 

direct redirect relationship of IAA and IBA, the production of IBA from IAA.  Important 

studies have yet to be done in order to establish this relationship under various 

conditions. 

 This work reports the synthesis and application of a novel [13C8-
15N]-IBA internal 

standard and the synthesis of [13C8-
15N]-ICA.  The latter of which can be now used to 

detect the presence of ICA within various plant species.  Through observing the behavior 

of IBA throughout the methylation and post-SPE steps of indolealkanoic acid purification 

through a series of radiolabeled experiments this work was able to make adjustments to 

existing extraction protocols to allow for the easy purification and analysis of IBA and 

IAA within Arabidopsis seedlings.  This method can be applied to a wide range of plant 

species and will be helpful in understanding the biological importance of IBA.  The 

availability of [13C8-
15N]-IBA internal standard will be instrumental in research involved 

IBA quantification.  Given the concentrations needed to within GC-MS quantification 

protocols, the amount of this internal standard synthesized in this work will be more than 

enough for thousands of such measurements.  I will be sending out samples of this 
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internal standard to researchers that are focused on IBA quantification, most notably to 

Prof. Dr. Jutta Ludwig Müller and Dr. Jennifer Normanly who are both actively working 

with their colleagues to either identify the enzymes involved in IBA synthesis and/or 

measuring IBA levels in plants.  

 There are many important steps that will need to be taken to properly identify and 

characterize the enzyme that catalyzes the first step in the conversion of IBA from IAA, 

such as measuring the relative concentrations of IBA and IAA within mutant lines 

described in this research.  This research is ongoing and doing such quantification 

analysis is my next primary objective. 

 In order to verify the effectiveness of using the IAA/IBA quantification method 

employed in this research an IBA synthetase mutant will need to generated and tested in 

order to have a sound positive control for these mutant screens.  No such mutant currently 

exists.   

 Currently, the role of GH3 proteins stands as an intriguing possibility in their role 

in catalyzing this reaction.  Currently, less than half of the GH3 family has been well 

characterized in terms of their biological activity (Staswick et al., 2003; Park et al., 

2007).  What is known is they all are up-regulated in response to auxin (Staswick et al., 

2003) and some conjugate amino acids to IAA.  Figure 19 and Table 3 present 

quantification data of select insertion lines.  These data highlight GH3-6 as a potential 

candidate as an enzyme that converts IAA into IBA.  This protein is known to conjugate 

amino acids to IAA (Staskwick et al., 2003).  Together, two hypotheses of this observed 

increase in the ratio between IAA and IBA can be drawn in respects to the role of the 

GH3-6 protein in IBA biosynthesis.  This protein could be directly involved in both 
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conjugating amino acids to IAA as well as the conversion of IAA to product X.  

Alternatively, the decrease in the amount of IAA conjugates that would be expected in a 

gh3-6 mutant could disrupt the conversion of IBA from IAA.  The latter hypothesis 

suggests there to be a feedback mechanism that monitors IAA homeostasis through the 

production of its conjugates where an increase of conjugates would signal further 

sequestering of IAA into its more stable IBA derivative.  It is difficult to determine 

exactly what role GH3-6 has in the conversion of IBA to IAA with this data.  However 

the data presented in this research certainly merits further investigation into the specific 

role that this protein has in this important biosynthetic pathway of IBA. 

 Given the high redundancy within the Arabidopsis genome it will be important to 

create multiple GH3 gene mutants in which closely related GH3 genes will be loss of 

function.  I am currently working on cultivating a double knockout mutant that is 

homozygous for the SALK_151766 and SALK_08253 insertion with hopes of generating 

a gh3-5/gh3-6 mutant.  Measuring the IAA and IBA concentration within this mutant will 

address the potential redundancy within this family of proteins in the IAA to IBA 

pathway. 

 Confirmation of the enzyme that catalyzes the production of product X is 

dependent upon two steps.  First, product X will need to be isolated and fully 

characterized.  Second, candidate proteins will need to be purified and incubated with 

necessary reactants to produce product X.  Both of these steps are achievable with little 

resource expenditure. 

 There is also important work yet to be done in terms of applying the IBA/IAA 

quantification method developed within this research.  This research presented 
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phenotypic data on a series of mutants lacking genes indicated in auxin homeostasis.  In 

order to better understand the role of IBA within adventitious rooting, hypocotyls and 

root elongation, it will be important to contextualize these phenotypic characteristics 

within IBA over-and under-producers.  Once this relationship is established, it will be 

possible to develop more accurate IBA-responsive assays that do not rely on the 

application of synthetically produced IBA and will thus have greater biological 

pertinence.  Furthermore, this work demonstrated the ability to accurately measure IBA 

and IAA within the same sample to address a key element within the biosynthetic 

pathway of IBA.  The application of this technology to insertion lines provided evidence 

as the potential importance of GH3 proteins within this biosynthetic pathway.   
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APPENDIX 

Figure A1 Left and right primers used for genotyping of insertion lines.  All insertion 
lines used in this study were T-DNA knock-out mutations. 
 

 
 

 
Figure A2 PCR genotype analysis of heterozygous F1 progeny reveal homozygous lines. Lines 
homozygous (HM) for the T-DNA insertion were identified through the amplification of regions flanked by 

T-DNA insertion
Location of 

Insertion
Mutant Name Genomic 3' (LP) Primer sequence

CS104933 Exon gh3-3 TTTCAAGAATTAGGGTTTAAGGTTTCTGA

SALK_033434 Exon gh3-5a TTGGATTCGGACTTGATGAAC

SALK_151766 Exon gh3-5a CGTTCAAGATGACCAAATCTG

SALK_082530 Exon gh3-6a AAAAATAAAACTATTAGAATGCAGCAAG

SALK_140227 1000-Promoter gh3-6b TGTGTTCACACGAAACAAAATG

SALK_023621 Exon gh3-6c CTCAGGCCAATGTTTCTCAAG

SALK_060813 Exon gh3-6d CGCTTAGAGAAACATAAACCGG

SALK_045354.47.75.x Exon myf24 TTGGATAATCGCTTGTAGACTTG

SALK_000898.50.00.x Exon  - TCCATCCAACAAGATCTCTGG 

SALK_082815.45.00.x Exon hsp91 TCTTTACACGCTCCAAAATCG

SALK_003961.56.00.x Exon  - ACCAAGCCTCTCTCTACCTGC

SALK_029455.51.70.n Exon fsd1 CGCATGTATACATTTTCATGTGTC

SALK_055557.55.50.x Exon glp3b TCAACCTCGAGAGTGATGGTC 

SALK_076352.55.75.x Exon prk ATTTTACCGTTTGATGCGTTG

WiscDsLox368E04 Exon bip1 GAGGGGTTCCTCTGTCAAAAC
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primers specific for genomic DNA (“G”) and the T-DNA insert (“T”).  Both “G” and “T” primer pairs 
shared the same genomic RP primer.  Wild type Col-0 was used to check “G” primer pairs specific to each 
insertion line and gene pair.  Figure a displays two plants HM for the SALK_0003961 insert and one plant 
HM for the SALK_151766 insert. Figure b displays four lines HM for the SALK_082815 insert, Figure c 
displays two lines HM for the SALK_076352 insertion.  Figure d show two gels: the left gel displays the 
Col-0 primer pair for the SALK_029455 insert showing product for genomic region amplification only and 
the gel on the right shows a plant HM for the same insert.  Figure e displays a plant HM for the 
SALK_055557 insert in lanes 5 and 6.  Figure f shows a plant HM for the SALK_000898 insert in lanes 3 
and 4.  Figure g shows a plant HM for the SALK_045345 insert in lanes 7 and 8.  Figure h shows two gels: 
the gel on the left the Col-0 primer pair for the WisDsLox368E04 insert and the gel on the right shows a 
plant HM for this insert in lanes 4 and 5.  Figure i shows a plant HM for the SALK_060813 insert in lanes 
4 and 5.  Figure j shows three plats HM for the SALK_082530 insert.  Figure k shows a plant HM for the 
SALK_140277 and Figure l shows two lines HM for the SALK_023621 insert.  Once HM plants were 
identified, they were grown to maturity after which they were dried out and their seeds were harvested for 
the seed stocks used in this study.
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Figure A3 GC-SIM-MS spectra of recovered indole from IBA internal standard synthesis.  The m/z 
represent the molecular ion of the fully enriched indole and m/z 117 the molecular ion of unlabeled indole. 
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Figure A4 GC-MS spectra for [
13

C8
15

N]-IBA and IBA used to calculate the R-value for 

the [
13

C8
15

N]-IBA internal standard.  Both compounds were methylated prior to GC-MS 
analysis. Figures a and c are the GC-MS chromatogram of the samples.  me-IBA have a 
retention time of 10.1 to 10.4 minutes for both labeled and unlabeled products.  Figures b 
and d are the MS bar graphs showing the ion abundance within each sample. The inset 
tables in Figures b and d shows the tabulated abundance of the selected ions used to 
calculate Ci value and the R-value for the equation used in calculating the amount of 
labeled IBA synthesized.  Figures e-f are the GC-MS spectral data and tabulated results 
used in the calculation of Ci value and the R-value for the ICA internal standard. 
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Figure A5 Raw data used in IAA/IBA quantification of different ecotypes of Arabidopsis 
grown under different growth conditions over time for Figures 18 in the text.  Dash marks 
indication loss of sample or inconclusive data points due to low tissue mass. 
 

 

Col-0 seedlings grown in solid or liquid growth media (IAA)

Sample Name m/z 130 m/z 136 fresh weight

Amount 13C6-IAA 

internal standard 

added (ng)

Free IAA                      

(ng / g fresh 

weight)

3 day GM 2164 91429 0.0238 46.368 40.81

3 day liquid 1940 91810 0.032 46.368 27.10

5 day GM 1669 58795 0.076 160.22 52.96

5 day liquid 2664 106560 0.1178 160.22 30.09

9 day GM 1651 22524 0.1185 264.13 144.58

9 day liquid 2329 33459 0.2006 264.13 81.11

Col-0 seedlings grown in solid or liquid growth media (IBA)

Sample Name m/z 130 m/z 139 fresh weight

Amount IBA internal 

standard added (ng)

Free IBA                      

(ng / g fresh 

weight)

3 day GM 652 8826 0.0238 9.968 23.26

3 day liquid 584 6951 0.032 9.968 19.68

5 day GM 453 4652 0.076 34.532 33.27

5 day liquid 750 9502 0.1178 34.532 17.40

9 day GM 532 4798 0.1185 56.96 40.07

9 day liquid 575 3829 0.2006 56.96 32.06

Figure a

Different ecotypes grown in solid or liquid growth media (IAA)

Sample Name m/z 130 m/z 136 fresh weight

Amount 13C6-IAA 

internal standard 

added (ng)

Free IAA                      

(ng / g fresh 

weight)

3d solid media Col-0  -  -  -  -  -

3d solid media Col-4 140 69 0.0289 1 62.13

3d liquid media Col-4 319 199 0.097 1 14.62

3d solid media Ler 512 235 0.04 1 48.20

5d solid Col-0 130 79 0.0552 1 26.38

5d liquid media Col-0 1102 595 0.0868 1 18.88

5d solid media Col-4 648 250 0.1089 1 21.06

5d liquid media Col-4a 1135 403 0.1034 1 24.10

5d liquid media Col-4b 1330 547 0.1186 1 18.14

5d solid media Ler 2061 1111 0.0247 1 66.46

9d solid media Col-0a 1220 724 0.049 1 30.43

9d solid media Col-0b 709 281 0.0717 1 31.14

9d liquid media Col-0a 1920 3554 0.1857 1 2.57

9d liquid media Col-0b 1759 714 0.2276 1 9.58

9d solid media Col-4a 1899 834 0.0338 1 59.62

9d solid media Col-4b 124 47 0.0354 1 65.95

9d liquid media Col-4a  -  -  -  - -

9d liquid media Col-4b 613 333 0.1278 1 12.75

9d solid media Lera 1040 431 0.0627 1 34.06

9d solid media Lerb 2277 1085 0.0661 1 28.10

Different ecotypes grown in solid or liquid growth media (IBA)

Sample Name m/z 130 m/z 139 fresh weight
Amount IBA internal 

standard added (ng)

Free IBA                      

(ng / g fresh 

weight)

3d solid media Col-0  -  -  -  -  -

3d solid media Col-4  -  -  -  -  -

3d liquid media Col-4 20 20 0.097 0.5 4.56

3d solid media Ler 16 45 0.04 0.5 3.93

5d solid Col-0 19 26 0.0552 0.5 5.86

5d liquid media Col-0 50 105 0.0868 0.5 2.43

5d solid media Col-4 130 46 0.1089 0.5 11.48

5d liquid media Col-4a 70 68 0.1034 0.5 4.41

5d liquid media Col-4b 73 131 0.1186 0.5 2.08

5d solid media Ler 129 196 0.0247 0.5 11.79

9d solid media Col-0a 117 328 0.049 0.5 3.22

9d solid media Col-0b 45 67 0.0717 0.5 4.14

9d liquid media Col-0a 1040 159 0.1857 0.5 15.59

9d liquid media Col-0b 877 158 0.2276 0.5 10.79

9d solid media Col-4a 88 226 0.0338 0.5 5.10

9d solid media Col-4b 6 19 0.0354 0.5 3.95

9d liquid media Col-4a  -  -  -  -  -

9d liquid media Col-4b 19 48 0.1278 0.5 1.37

9d solid media Lera 33 124 0.0627 0.5 1.88

9d solid media Lerb 109 228 0.0661 0.5 3.20

Figure b
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Transport of the Two Natural Auxins, Indole-3-Butyric
Acid and Indole-3-Acetic Acid, in Arabidopsis1
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Polar transport of the natural auxin indole-3-acetic acid (IAA) is important in a number of plant developmental processes.
However, few studies have investigated the polar transport of other endogenous auxins, such as indole-3-butyric acid (IBA),
in Arabidopsis. This study details the similarities and differences between IBA and IAA transport in several tissues of
Arabidopsis. In the inflorescence axis, no significant IBA movement was detected, whereas IAA is transported in a basipetal
direction from the meristem tip. In young seedlings, both IBA and IAA were transported only in a basipetal direction in the
hypocotyl. In roots, both auxins moved in two distinct polarities and in specific tissues. The kinetics of IBA and IAA
transport appear similar, with transport rates of 8 to 10 mm per hour. In addition, IBA transport, like IAA transport, is
saturable at high concentrations of auxin, suggesting that IBA transport is protein mediated. Interestingly, IAA efflux
inhibitors and mutations in genes encoding putative IAA transport proteins reduce IAA transport but do not alter IBA
movement, suggesting that different auxin transport protein complexes are likely to mediate IBA and IAA transport. Finally,
the physiological effects of IBA and IAA on hypocotyl elongation under several light conditions were examined and
analyzed in the context of the differences in IBA and IAA transport. Together, these results present a detailed picture of IBA
transport and provide the basis for a better understanding of the transport of these two endogenous auxins.

Auxins are phytohormones involved in mediating
a number of essential plant growth and developmen-
tal processes. The majority of the research conducted
on endogenous auxin has focused on the primary
free auxin in most plants, indole-3-acetic acid (IAA),
yet there are other abundant auxins in plants. Indole-
3-butyric acid (IBA) comprises approximately 25% to
30% of the total free auxin pool in Arabidopsis seed-
lings (Ludwig-Muller et al., 1993). Although there
have been great advances in understanding the mo-
lecular mechanisms behind IAA action and transport
(Muday and DeLong, 2001; Friml and Palme, 2002;
Leyser, 2002), it is not yet clear whether IBA and IAA
act and move by similar mechanisms.

In vivo studies on the function of IBA are rather
limited (Ludwig-Muller, 2000; Bartel et al., 2001). IBA
has been identified in a number of plant species from
maize (Zea mays) and pea (Pisum sativum) to Arabi-
dopsis, and concentrations of free IBA approach the
levels of free IAA in a number of plants (Ludwig-

Muller, 2000). IBA, like IAA, is also found in conju-
gated forms, yet at significantly lower levels than
IAA (Ludwig-Muller et al., 1993). IBA and IAA can
be interconverted (Bartel et al., 2001), which has led
to the suggestion that IBA may act as a precursor to
IAA. Arabidopsis mutants whose roots have reduced
sensitivity to growth inhibition by IBA but normal
sensitivity to IAA have been isolated recently (Bartel
et al., 2001), and many of these have defects in beta-
oxidation, which is the pathway by which IBA is
thought to be converted to IAA (Zolman et al., 2001a,
2001b). These findings support a role for IBA as an
IAA precursor.

Other lines of evidence suggest that IBA might also
act directly as an auxin, rather than solely being an
auxin precursor. First, IBA is the preferred auxin for
the induction of root formation because it is much
more potent than IAA or synthetic auxins (Ludwig-
Muller, 2000). Several studies have demonstrated
that internal IBA levels, not IAA levels, increase and
stay elevated during IBA-induced root formation
(Nordstrom et al., 1991; van der Krieken et al., 1992).
Finally, the occurrence of several IBA resistant, IAA-
sensitive mutants that do not have defects in beta-
oxidation also suggest that IBA could act directly and
not necessarily through conversion to IAA (Poupart
and Waddell, 2000; Zolman et al., 2000).

To understand the endogenous role of IBA and the
defects in these IBA-insensitive Arabidopsis mutants,
it is necessary to examine how IBA is transported and
the relationship between transport and action of IBA.
This question has been examined using several ap-
proaches in plants other than Arabidopsis. Early
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studies relied on bioassays to detect auxin movement
through tissues. Such studies report a polar move-
ment of IBA in a basipetal direction in stems with
similar or slower rates of movements to those of IAA
(Went and White, 1938; Leopold and Lam, 1961).
Interpretation of these studies is hampered by differ-
ences in sensitivity of bioassays to IBA and IAA
(Thimann, 1952) and the effects of application of high
auxin concentrations on auxin movement (Parker
and Briggs, 1990). Further evidence for basipetal
transport of IBA can be found in the work of Yang
and Davies (1999). These authors showed that api-
cally applied IBA can stimulate elongation of sub-
tending nodes, suggesting IBA is transported basipe-
tally in intact pea plants, but with slower kinetics
than that of IAA (Yang and Davies, 1999). Additional
studies have examined the distribution of radiola-
beled IBA after application of a rooting solution to
the base of explants. In most cases, however, these
studies were not designed to distinguish between
movement of auxin in the plant’s vascular system
and polar auxin transport (for example, see Epstein
and Lavee, 1984; Wiesman et al., 1988; van der
Krieken et al., 1992; Epstein and Ackerman, 1993). In
one notable exception, IBA polar transport was ex-
amined in excised citrus leaf midribs and found to be
twice as high in the basipetal direction as in the
acropetal direction (Epstein and Sagee, 1992).

There is one report in the literature comparing IBA
and IAA transport in the inflorescence axis of Arabi-
dopsis ecotype Landsberg erecta (Ludwig-Muller et
al., 1995). Using a nonstandard assay, transport of
both IAA and IBA in the inflorescence axis was found
to occur mostly in the acropetal direction but with
some basipetal transport of both auxins (Ludwig-
Muller et al., 1995). The authors of this study sug-
gested this acropetal auxin movement could occur
through the transpiration stream, possibly because of
water loss at wound sites where leaves and siliques
were removed from the axes (Ludwig-Muller et al.,
1995). This is the only report in the literature in which
there is more acropetal IAA movement than basipetal
IAA movement in the Arabidopsis inflorescence axis
in either Landsberg erecta or other ecotypes (Okada et
al., 1991; Bennett et al., 1995), leaving it difficult to
conclude whether the methods used in that report
(Ludwig-Muller et al., 1995) were measuring cell-to-
cell polar transport of either IAA or IBA in the Ara-
bidopsis inflorescence axis. To the best of our knowl-
edge, polar IBA transport in roots or hypocotyls of
Arabidopsis and its regulation by auxin transport
inhibitors, such as naphthyphthalamic acid (NPA),
has not been examined. These are the tissues that
have a clear IBA response and an altered sensitivity
to IBA in mutant plants.

The major goals of this study were to gain a more
detailed understanding of IBA transport in Arabi-
dopsis and to use this information to clarify the role
of this auxin in plant growth and development.

Auxin transport was examined in several different
tissues to determine where, and in which direction,
IBA is transported. Furthermore, the rate and quan-
tity of IBA transport was examined, as well as how
this transport is affected by IAA efflux inhibitors and
mutations in genes encoding putative IAA transport
proteins. In addition, we have compared the effects
of IAA and IBA on elongation of hypocotyls because
differences in transport of the two auxins are de-
tected in this tissue. Together, these results present a
detailed picture of IBA transport with insights into its
physiological role and provide the necessary back-
ground to interpret IBA mutant phenotypes.

RESULTS

Survey of IBA Transport in Several Arabidopsis Organs

IAA polar transport occurs in several distinct path-
ways in Arabidopsis. In the hypocotyl and inflores-
cence axis, IAA moves in a single direction from the
apex to the base (basipetal transport). In the root,
there are two distinct polar transport pathways. The
first flows from the base of the root to the root tip
(acropetal transport) and the second flows from the
root tip back toward the base (basipetal transport).

To detect auxin movements in seedlings, tritiated
auxin was applied from a 1-mm-diameter agar cyl-
inder placed on top of roots or hypocotyls grown on
agar and followed by measuring the amount of ra-
dioactivity that was taken up and transported into a
distant tissue. Auxin transport was determined for
several tissues, in which either 3H-IAA or 3H-IBA
was applied continuously for the duration of the
assay. For hypocotyls, radioactive auxin was applied
below the cotyledons to examine basipetal transport
toward the hypocotyl base. For acropetal transport in
the hypocotyl, radioactive auxin was applied at the
root shoot junction, and its movement to the hypo-
cotyl apex was quantified. Radioactive auxin was
applied at the root tip to examine root basipetal
transport (RBT) within the first 5 to 10 mm of the
root. For root acropetal transports (RATs), tritiated
auxin was applied at the root shoot junction, and
transport of auxin to the root tip was measured.

Measurements of both 3H-IAA and 3H-IBA move-
ments in Arabidopsis tissues are reported in Table I
and Figure 1A. IBA, like IAA, is transported in the
root in both polarities and in the basipetal direction
in the hypocotyl. In both roots and hypocotyls, IBA is
transported at greater levels than is IAA. The ele-
vated movement of IBA could be due to either
greater IBA uptake or elevated polar IBA transport,
but we did not differentiate between these two
possibilities.

In contrast, there was no detectable IBA transport
above background levels in the inflorescence stem at
18, 24, or 36 h after application in either a basipetal or
an acropetal manner (Table I; data not shown). To
determine if low levels of IBA transport could be
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detected in the inflorescence axis, an additional
pulse-chase assay was used because this assay can
identify small local amounts of auxin movement.
3H-IAA was transported in a single wave, and the
transport was completely inhibited by addition of the
transport inhibitor NPA, whereas no detectable 3H-
IBA transport was observed in the presence or ab-
sence of NPA (Fig. 2). These results suggest that IBA
is not transported in the Arabidopsis inflorescence
axis, although IBA transport is readily measurable in
the hypocotyl and root.

Polarity of IBA Transport in Roots and Hypocotyls

To identify the polarity of auxin transport in the
hypocotyl, a comparison of 3H-IAA or 3H-IBA move-
ment after application at the hypocotyl base and apex
was performed (Fig. 1A). Both IBA and IAA are
transported basipetally from the tip to the base of the
hypocotyl, whereas neither IBA nor IAA is trans-
ported acropetally at levels above background.

IAA is transported basipetally in the first 5 to 7 mm
of the Arabidopsis root tip, whereas acropetal IAA
transport occurs along the whole length of the root
(Rashotte et al., 2000). To determine if IBA is trans-
ported similarly in roots, 3H-IAA or 3H-IBA was
applied mid-root in an agar cylinder 10 mm back
from the root tip, and the amount of transport was
measured in both directions (Fig. 1B). Because this
site of auxin application is behind the zone of basi-
petal auxin transport, IAA and IBA movement is
predominantly in the acropetal direction.

An additional assay was performed that deter-
mined how far IBA traveled from the tip. Labeled
auxin was applied to the root tip, and after 5 h, the
radioactivity in several 2-mm segments from the root
tip back toward the base was quantified (Fig. 3A).
These results indicate that root basipetal auxin trans-
port occurs over the same distance for both IBA and
IAA and is confined to the apical 7 mm of the root tip.

Rates of IBA Transport

To compare the rates of IAA versus IBA movement,
a pulse-chase method for measuring the rate of root
acropetal auxin transport was developed. It is easier
to measure the rate of acropetal transport than basi-

Figure 1. Polarity of IBA and IAA transport. A, Direction of IAA and
IBA movement in hypocotyls was examined by applying 3H-IBA or
3H-IAA at the base or the tip of the hypocotyl and measuring radio-
activity in distant 5-mm segments, as shown in inset (�SE; n � 30). B,
Acropetal and basipetal movement of IBA and IAA in roots was
examined by applying 3H-IBA or 3H-IAA at mid-root and measuring
radioactivity in distant 3-mm segments, as shown in inset (�SE; n �
10). For the inset diagrams, the arrow and asterisk indicate the site of
3H-IBA or 3H-IAA application, and the boxes indicate the segments
in which radioactivity was measured.

Table I. Transport of IBA and IAA in Arabidopsis seedlings

Transport Assay Control NPAa

pmoles transported b

Root acropetal
IAA 4.5 � 0.4 3.3 � 0.2c

IBA 11.4 � 1.4 11.8 � 1.4
Root basipetal

IAA 2.7 � 0.2 1.6 � 0.1c

IBA 10.2 � 0.7 10.6 � 0.6
Inflorescence basipetal

IAA 1.4 � 0.1 0.04 � 0.02c

IBA 0.03 � 0.005 0.02 � 0.002
a For root transport assays, NPA concentration was 100 �M and for

inflorescence transport assays NPA concentration was 15
�M. b Average and SE of 14 to 86 seedlings from two to seven
experiments. c P � 0.05 as determined by one-tailed Student’s t
test for control vs. NPA. For all IBA transport experiments, the control
vs. NPA treatments had P � 0.05.
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petal transport because it occurs over a longer dis-
tance and with higher amounts of auxin movement.
Using this assay, it was possible to identify the lead-
ing edge of auxin movement to estimate the rates of
auxin movements (Fig. 3B). In 1 h, both auxins are
transported the same distance to the segment 10 mm
from the site of auxin application. Radioactivity lev-
els in segments that are 12 mm or further from the
site of labeled auxin application are at background
levels. This experiment shows that IBA and IAA are
transported at the same rate of 8 to 10 mm per hour.

Regulation of Auxin Transport by IAA
Efflux Inhibitors

Polar IAA transport is reduced by inhibition of IAA
efflux using inhibitors such as NPA and 2,3,5-
triiodobenzoic acid (TIBA). These two inhibitors
block efflux by binding to two different sites on the
auxin efflux carrier complex, either a regulatory sub-
unit or to the auxin-binding site, respectively (Ru-
bery, 1990; Muday and DeLong, 2001). The mecha-
nism of action of these compounds is not completely
clear, but they may either directly block auxin move-
ments or indirectly alter the cycling of auxin trans-
port proteins to or from the plasma membrane (Mu-
day and DeLong, 2001). The effect of NPA on IAA
and IBA transport in roots and hypocotyls was de-
termined (Tables I and II). There was no effect on the
transport of IBA in any of these tissues, even with
concentrations of NPA as high as 100 �m, which
significantly reduce IAA transport. The ability of
TIBA to block root acropetal IAA and IBA transport
was also tested, and a concentration of 100 �m sig-
nificantly reduced IAA movement (3.3 � 0.2 pmol) as

compared with untreated controls (4.5 � 0.5 pmol),
but did not significantly affect IBA movement (12.2 �
1.4 pmol) as compared with controls (11.4 � 1.4
pmol). These results indicate that IBA transport is not
regulated by IAA efflux inhibitors and suggest that
the inhibitor-sensitive auxin efflux carrier protein
complexes that transport IAA differ from the protein
complexes that transport IBA.

IBA Transport in Arabidopsis Mutants with Defects in
Auxin Transport

To test the hypothesis that IBA is transported by
different transport proteins than IAA, measurements
of IBA and IAA transport were made in the aux1 and
eir1 mutants, which have defects in genes predicted
to encode IAA influx and efflux carriers, respectively
(Parry et al., 2001b; Friml and Palme, 2002). aux1 and
eir1 have been shown previously to have significant
reductions in IAA accumulation and basipetal IAA
transport in the root (Chen et al., 1998; Marchant et
al., 1999; Rashotte et al., 2000, 2001). Levels of IBA
and IAA transport in the roots of aux1-7 and eir1-1

Figure 2. Inflorescence axis transport of IBA and IAA. IBA and IAA
basipetal transport was examined in 25-mm inflorescence axis seg-
ments. The apical end of each segment was placed in 3H-IBA or
3H-IAA for 10 min, followed by a 90-min chase of the respective
unlabeled auxin, either with or without NPA. The radioactivity in
2-mm segments was determined (�SE; n � 3).

Figure 3. Distance and rate of IAA and IBA transport. A, Distance of
IBA and IAA basipetal transport from the root tip was examined by
applying 3H-IBA or 3H-IAA at the root tip and measuring radioactiv-
ity in either 2- or 5-mm segments spanning the indicated distance
from the root tip. B, Rate of IBA and IAA acropetal transport was
examined by applying 3H-IBA or 3H-IAA 20 mm from the root tip and
measuring radioactivity in 2-mm segments at the indicated distance
from the site of application (�SE; n � 10).
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and in the wild-type Columbia background are
shown in Table III. Basipetal IAA transport is signif-
icantly reduced in aux1-7 and eir1-1, and acropetal
IAA transport is reduced in aux1-7. We have found
previously that acropetal IAA transport is unaffected
by the eir1-1 mutation (Rashotte et al., 2000). Basipe-
tal IBA transport is similar to wild type in both
aux1-7 and eir1-1, and acropetal IBA transport is sim-
ilar to wild type in aux1-7. These results suggest that
IBA transport does not require the activity of either
the EIR1 or AUX1 proteins, whereas IAA transport
requires both of these proteins. Differences in values
for basipetal transport in Table III, as compared with
other values, reflect ecotype differences in transport
and refinements in technique during the course of
this work.

Examination of Transport Saturation

If IBA transport is protein mediated, then it should
saturate at high auxin concentrations. Increasing con-
centrations of unlabeled IBA or IAA were added to
an agar cylinder containing a constant level of radio-
active auxin in an RBT assay (Fig. 4). Transport of
IAA and IBA are both saturated at similar high con-
centrations of IAA and IBA, suggesting that IBA
transport, like IAA transport, is carrier mediated.

Relationship between Physiological Effects of
IBA and Transport

Previous studies have examined the IBA and IAA
sensitivity of Arabidopsis developmental processes,
such as root elongation and lateral root formation
(Poupart and Waddell, 2000; Zolman et al., 2000), but
have not examined the response of hypocotyls to
these two auxins. We examined the sensitivity of
hypocotyl elongation to IBA and IAA using hypoco-
tyls grown in dark, low, or high light. Figure 5 shows
that IBA, but not IAA, is able to stimulate hypocotyl
elongation significantly in high-light conditions, at
concentrations ranging from 1 to 10 �m, with a max-
imum of about 50% stimulation at a concentration of
3 �m IBA. In all light conditions, hypocotyl elonga-
tion is more sensitive to inhibition by exogenous IAA
than to IBA. This can be seen in dark and low-light
conditions at concentrations ranging from 0.3 to 3 �m
and in high-light conditions at concentrations rang-
ing from 10 to 100 �m. These experiments also show
that about 30-fold higher concentrations of auxin are
required to inhibit hypocotyl elongation in high-light
conditions relative to low-light or dark conditions.

Figure 4. Saturation of auxin transport. The ability of IBA and IAA to
saturate RBT was measured as a function of the movement of a
constant amount of 3H-IBA or 3H-IAA with increasing unlabeled
amounts of the respective auxin in distant 5-mm segments (�SE; n �
10).

Table II. Effect of light on hypocotyl basipetal transport of IBA and IAA

Auxin Transported
Low Light Darkness

Control �NPA Control �NPA

pmoles transporteda

IAA 1.4 � 0.2 0.54 � 0.09b 0.52 � 0.04b 0.43 � 0.06b

IBA 2.3 � 0.3 2.2 � 0.4 1.2 � 0.1b NDc

a Average and SE of 20 to 30 seedlings from two to three experiments. b Indicates values that were
significantly different from low-light controls with P � 0.001 as determined by one-tailed Student’s t test
for control vs. 10�4 M NPA and by two-tailed Student’s t test for low light vs. darkness. IAA transport
in darkness was not significantly different in the presence and absence of NPA with a P value �
0.05. c N.D., Not determined

Table III. Transport of IBA and IAA in auxin transport mutants

Transport Columbia aux1-7 eir1-1

pmoles transporteda

Root basipetal
IAA 1.1 � 0.1 0.6 � 0.03*** 0.8 � 0.05***
IBA 1.7 � 0.08 1.7 � 0.1 1.8 � 0.1

Root acropetal
IAA 3.7 � 0.4 2.7 � 0.2** N.D.b

IBA 5.6 � 0.6 5.6 � 0.6 N.D.b

a Average and SE of 23 to 30 seedlings from three experiments. The
P values were obtained by two-tailed Student’s t test for Columbia vs.
mutant plants. **, P � 0.01; ***, P � 0.001. No significant differ-
ences in IBA transport were detected for these mutants. b N.D.,
Not determined.
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Consistent with the differences between IBA and
IAA on growth in hypocotyls under different light
conditions are differences in hypocotyl IBA and IAA
transport under similar conditions. The amount of
IBA and IAA transport in hypocotyls under low light
and in the dark are shown in Table II. In low light,
there is more IBA transport than IAA transport, and
only IAA transport is NPA sensitive. In the dark,
both IAA and IBA transport are reduced about 2-fold
(Table II), and the IAA transport is no longer sensi-
tive to NPA.

DISCUSSION

The major goal of this work was to determine if the
natural auxin, IBA, is transported in Arabidopsis
with similar polarity, rate, and regulatory properties
as is IAA. The effects of IAA and IBA on hypocotyl
elongation were also examined to explore the rela-
tionship between polar transport and action of these
two natural auxins. Polar transport of IBA was found
to occur in hypocotyls and roots of Arabidopsis seed-
lings. IBA transport in hypocotyls occurred in a ba-
sipetal direction, with no detectable acropetal move-
ment. In the roots, IBA transport occurred
acropetally from the root shoot junction to the root
tip at a rate of 8 to 10 mm h�1 and basipetally for a
short distance back from the root tip. These results
indicate that IBA transport mirrors the directional
transport of IAA found in Arabidopsis seedlings
(Rashotte et al., 2000, 2001), which was first dem-
onstrated over 30 years ago in Phaseolus coccineus
(Davies and Mitchell, 1972).

In stark contrast to the results with hypocotyls and
roots, no IBA transport was detected in the inflores-
cence axis of Arabidopsis. Numerous experiments
were performed to try to detect IBA transport in this
tissue because there is one previous report of IBA
movement in the inflorescence axis of the Landsberg
erecta ecotype (Ludwig-Muller et al., 1995). In that
paper, IAA and IBA were reported to have a predom-
inantly acropetal movement in the inflorescence axis
but were also found to move in a basipetal direction
with both auxins transported at similar rates
(Ludwig-Muller et al., 1995). These results conflict
with other published papers on IAA movement in
the inflorescence. Other studies have shown that IAA
moves solely in the basipetal direction in the inflo-
rescence and have confirmed that this movement is
polar transport by using efflux inhibitors (Okada et
al., 1991; Bennett et al., 1995). The acropetal transport
observed by Ludwig-Muller et al. (1995) was
suggested to be movement in the transpiration
stream, and it is unclear whether the basipetal auxin

Figure 5. Effect of auxins on hypocotyl elongation. Dose response
curves for hypocotyl elongation in response to 5 d on IAA or IBA
under high white light (90 �mol m�2 s�1; A), low light (5 �mol m�2

s�1; B), or dark (C) conditions are reported (�SE; n � 6–26).
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movements reported in that work were truly polar
transport.

To look for IBA transport in our system, we per-
formed several assays for time periods spanning
from 5 to 36 h, with a range of IBA concentrations,
and with tissue segments from different positions in
the inflorescence axis from the Nossen ecotype and
from plants of different ages. IBA transport was not
detected in any of these experiments (J. Poupart and
C.S. Waddell, data not shown). The pulse-chase ex-
periment reported here examined IBA and IAA
movement in the inflorescence axis by dividing this
tissue into a number of small segments. Even when
IBA transport was examined within 5 mm from the
site of IBA application, no 3H-IBA was detected
above background levels. It remains a formal possi-
bility that 3H-IBA moves differently in the inflores-
cence of Landsberg erecta, which we did not specifi-
cally test in our experiments, although no ecotypic
differences in inflorescence auxin transport have
been reported previously.

To determine if the same auxin carrier protein com-
plexes might mediate both IAA and IBA transport,
auxin transport was examined in plants with muta-
tions in genes believed to encode IAA transport pro-
teins and in the presence of IAA efflux inhibitors. IBA
and IAA transport were measured in roots of eir1-1
and aux1-7, plants with mutations in genes predicted
to encode IAA efflux and influx proteins, respec-
tively (Parry et al., 2001b; Friml and Palme, 2002).
There was no reduction or alteration in the transport
of IBA in either the eir1-1 or aux1-7 mutant back-
ground, whereas basipetal IAA transport was signif-
icantly reduced in both mutants, and acropetal IAA
transport was reduced in aux1-7. These results sug-
gest that IBA is not transported by proteins encoded
by the allelic AGR1/EIR1/PIN2/WAV6 gene or the
AUX1 gene. Because the influx and efflux proteins
are members of large gene families (Parry et al.,
2001b; Friml and Palme, 2002), it is possible that other
members of these gene families mediate IBA trans-
port. Alternatively, IBA transport might be mediated
by other proteins such as the AtMDR and AtPGP
proteins, which have been implicated recently in IAA
transport (Noh et al., 2001).

In experiments using the IAA transport inhibitors
NPA and TIBA, concentrations as high as 100 �m had
no effect on IBA transport in any tissues examined,
whereas there was a significant reduction in IAA
transport in the same tissues. This result suggests
that IAA efflux carrier protein complexes sensitive to
these inhibitors are unlikely to transport IBA. In the
root and hypocotyl, in contrast to the inflorescence
axis, polar IAA transport is not completely inhibited
by these IAA efflux inhibitors. The residual level of
IAA transport in these tissues may be mediated by
auxin efflux carrier complexes that are insensitive to
inhibitors, and these complexes may also mediate
transport of IBA. Two additional lines of experimen-

tation support this hypothesis. In roots of the eir1-1
mutant, basipetal IAA transport is reduced, and the
remaining transport of IAA is insensitive to NPA
(Rashotte et al., 2000), consistent with the presence of
a remaining NPA-insensitive carrier. This putative
NPA-insensitive efflux carrier complex does not ap-
pear to act in the inflorescence axis; in this tissue,
NPA treatment results in the almost complete inhi-
bition of IAA transport. The absence of this putative
NPA-insensitive efflux carrier complex in the inflo-
rescence correlates with the absence of IBA transport.

One formal possibility to explain the lack of effect
of IAA efflux inhibitors and mutations in putative
IAA transport proteins is that IBA transport is not
protein mediated. However, the strict polarity and
tissue specificity of IBA movement argue against this
possibility. Ludwig-Muller (1995) reported that IBA
uptake is saturable for young Arabidopsis seedlings
grown in culture. We also asked whether IBA move-
ment is saturable in our transport assays. 3H-IBA and
3H-IAA movement were examined in the presence of
increasing amounts of unlabeled IBA or IAA, respec-
tively. The transport of IBA and IAA saturated at
high concentrations, in a manner consistent with IBA
and IAA transport being protein mediated. This sat-
uration result, combined with the absence of IBA
movement in the inflorescence axis and the strict
directionality of IBA movement in other tissues, sug-
gest that IBA transport is protein mediated but by
proteins with different tissue specificity and regula-
tory properties than IAA carriers.

The levels of radioactive IBA transported in roots
and hypocotyls are in general 2 to 4 times greater
than those of IAA. The higher amounts of IBA trans-
port could be due to either a greater uptake of IBA or
more transport of IBA after it has been taken up. It is
difficult to experimentally resolve these possibilities
because we measured the radioactive auxin at a dis-
tance and did not measure the radioactivity at the site
of application in these tissues. In contrast, in experi-
ments with the inflorescence axis, IBA and IAA up-
take into the first segment was compared. Even
though IBA is not transported in this tissue, higher
levels of tritiated IBA were found in the segment in
direct contact with the solution containing radioac-
tive auxin (data not shown). This suggests higher IBA
uptake, although it could also reflect the absence of
movement of IBA out of this tissue. The pulse-chase
experiment in Arabidopsis roots, shown in Figure 3B,
also suggests that IBA uptake is higher than IAA
uptake. However, the higher amounts of IBA may
result from an increased capacity for IBA transport.
Without a compound that can effectively inhibit the
transport of both IAA and IBA, we are unable to
distinguish between higher uptake and higher trans-
port capacity. Therefore, we are unable to resolve
whether there is a greater total flux of IBA movement
or whether the initial uptake of IBA is greater than
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for IAA and the subsequent higher levels of transport
represent a larger initial pool for transport.

We considered the possibility that applied IBA was
converted to IAA before transport. The radiolabeled
versions of IAA and IBA used in our experiments are
labeled on the indole ring; therefore, interconversion
of these auxins will not affect the associated radioac-
tivity. Several lines of evidence argue against this
possibility. First, the complete absence of IBA trans-
port in the inflorescence axis is inconsistent with
conversion of IBA into IAA, at least in this tissue,
because some transport should be detectable if IBA is
converted to IAA. In both roots and hypocotyls, IAA
transport is inhibited by the efflux inhibitors, NPA
and TIBA. The complete absence of inhibition of
polar IBA transport by these inhibitors suggests that
significant quantities of 3H-IBA are not converted to
3H-IAA during these assays either. Finally, we failed
to detect conversion of IBA to IAA in seedlings.
Experiments were performed in which Arabidopsis
seedlings were incubated with 3H-IBA for time peri-
ods from 5 min to 24 h, and the labeled metabolites
were extracted and then separated by thin-layer
chromatography (TLC; for details, see “Materials and
Methods”). No free IAA was detected in any of the
assays. We estimate that free IAA must be present in
levels equal to 5% to 10% of IBA levels to be detected
in these assays.

The phenotypes of a number of mutants need to be
examined in the context of these results. Analysis of
the auxin resistant axr and aux mutants of Arabidop-
sis, which are resistant to root growth inhibition by
IAA, has helped dissect the mode of action and trans-
port of this auxin in plants (Leyser, 1997; Muday,
2001; Kepinski and Leyser, 2002). By analogy, mu-
tants specifically resistant to IBA, but retaining wild-
type sensitivity to IAA also have been identified and
analyzed to help dissect the role of IBA in plant
growth and development (Poupart and Waddell,
2000; Zolman et al., 2000). A subset of these mutants
are resistant to the synthetic auxin 2,4-
dichlorophenoxyacetic acid and to the auxin trans-
port inhibitors NPA, TIBA, and 9-hydroxyfluorene-
9-carboxylic acid. It is difficult to reconcile the
inhibitor resistance phenotype of these mutants with
the fact that IBA transport is not sensitive to such
inhibitors. Many mutants that are insensitive to IAA
exhibit reduced sensitivity to auxin transport inhibi-
tors (Muday et al., 1995). The IBA-insensitive mu-
tants are normally sensitive to IAA; therefore, in
response to NPA treatment, local IAA accumulation
at the root tip may cause an increase in IAA conver-
sion to IBA, to which the roots are insensitive. The
local accumulation of IAA after such IAA efflux in-
hibitor treatments has been reported (Casimiro et al.,
2001), although the accumulation of IBA in response
to elevated IAA levels under these conditions has not
been investigated.

Previous reports suggest that IBA is not a substrate
for the EIR1 protein because differential root growth
in the eir1 mutant can be stimulated by IAA but not
by IBA (Poupart and Waddell, 2000; Zolman et al.,
2000). This result is consistent with the transport
experiments reported here. A similar conclusion for
the role of AUX1 in mediating IBA transport is not as
clear. In this study, we find no role for AUX1 in
mediating IBA transport, yet two previous lines of
experimentation have suggested IAA and IBA up-
take may occur by similar mechanisms. The first is
the ability of excess IAA to prevent labeled IBA
uptake (Ludwig-Muller et al., 1995). These results
can be reconciled by the hypothesis that IAA, but not
IBA, is transported into the cell through the AUX1
carrier, whereas both IAA and IBA are transported
into the cell through an alternative influx carrier,
which is the only mode for IBA entry into the cell. If
this was the case, then excess IAA would compete
with labeled IBA uptake to the cell as reported
(Ludwig-Muller et al., 1995). The second line of ex-
perimental evidence supporting a role for AUX1 me-
diation of IBA influx is the report that the aux1-7
mutant is reduced in root growth inhibition by IBA
(Zolman et al., 2000). However, the reduced growth
inhibition is modest; aux1-7 root growth is reduced
35% in the presence of IBA relative to untreated
plants as compared with approximately 55% growth
inhibition for wild-type plants. Furthermore, the
aux1-7 mutant responds in a wild-type manner to
IBA induction of lateral roots. The reduced sensitiv-
ity of aux1-7 to growth inhibition by IBA, therefore,
may be the indirect result of excess conversion of IBA
to IAA that then affects root growth (Bartel et al.,
2001). Overall, these data suggest that if AUX1 plays
a role in IBA transport, it is an indirect one.

The tissue specificity of IBA transport reported
here supports the possibility that this endogenous
auxin plays a role in growth and development of
some Arabidopsis tissues. Several previous studies
have shown that IBA, like IAA, inhibits root elonga-
tion and induces lateral root formation (Poupart and
Waddell, 2000; Zolman et al., 2001b). IBA affects stem
elongation in pea seedlings (Yang and Davies, 1999),
but its effect on Arabidopsis hypocotyl elongation
has not been examined previously. Therefore, we
examined the growth sensitivity of Arabidopsis hy-
pocotyls to IAA and IBA. Hypocotyls were sensitive
to growth stimulation by low concentrations of IBA
in high-light conditions, but insensitive to growth
stimulation if grown in low light or dark. In contrast,
hypocotyls were insensitive to growth stimulation by
IAA at any concentration tested or under any light
condition. Interestingly, in pea epicotyls, both auxins
can stimulate growth at low concentrations, and the
growth-promoting effect moves in a basipetal polar-
ity, consistent with the data reported here for IBA
and IAA polar transport in hypocotyls (Yang and
Davies, 1999). Both dark- and light-grown Arabidop-
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sis hypocotyls were sensitive to growth inhibition by
both auxins but were more sensitive to IAA in this
assay.

The amounts of auxin transport in the hypocotyl
change between low-light and dark conditions. In the
dark, IAA transport and IBA transport are both re-
duced relative to low-light-grown hypocotyls, and
IAA transport is no longer NPA insensitive, suggest-
ing that similar mechanisms may control both IBA
and IAA transport in the dark. Previous reports on
hypocotyl growth are consistent with auxin transport
in the dark being mediated by an IAA efflux carrier
inhibitor-insensitive mechanism (Jensen et al., 1998).
The interactions between light and auxin signaling
are only now becoming apparent (Tian and Reed,
2001; Swarup et al., 2002). There is a complex inter-
action between light and auxin levels, transport, and
hypocotyl elongation. Low concentrations of exoge-
nous IBA stimulate hypocotyl elongation only in
light-grown seedlings. Transgenic or mutant Arabi-
dopsis plants with altered IAA levels show altered
hypocotyl growth only in light-grown seedlings
(Boerjan et al., 1995; Romano et al., 1995). These
results suggest that light-grown hypocotyls are more
sensitive to growth stimulation by auxin. There are
much lower levels of IAA in dark-grown hypocotyls
and roots as compared with light-grown plants
(Bhalerao et al., 2002), indicating that light also con-
trols the level of auxin synthesis. Finally, light-grown
but not dark-grown hypocotyls show growth inhibi-
tion by NPA (Jensen et al., 1998) and NPA regulation
of IAA transport (this report). Therefore, light influ-
ences auxin synthesis, transport, and response.

The physiological significance of the absence of
IBA transport in the inflorescence axis should also be
considered. There are no reported measurements of
IBA levels in the inflorescence, although this tissue is
an abundant source of IAA (Brown et al., 2001) and is
a site of conversion between IAA and IBA (Ludwig-
Muller and Epstein, 1994). In addition, the mutants
that have been isolated with altered IBA sensitivity
largely have no apparent inflorescence phenotypes
(Bartel et al., 2001). Two exceptions to this statement
are the pxa1 and aim1 mutants, which have defects in
fatty acid mobilization (Richmond and Bleecker,
1999; Zolman et al., 2001b). The inflorescences of
pxa1, like all parts of this plant, are reduced in size,
perhaps as a side effect of the fatty acid utilization,
not IBA insensitivity (Zolman et al., 2001b). The in-
florescence defects are much more striking in the
aim1 mutant, which has a defect in beta-oxidation of
both lipids and auxins. This mutant is resistant to
root growth inhibition by IBA (Zolman et al., 2000),
so the inflorescence defects could be a result of al-
tered IBA metabolism or altered lipid metabolism,
although this has not been experimentally tested
(Richmond and Bleecker, 1999). Given our finding
that IBA is not transported in the inflorescence axis,

any direct role that IBA has in the phenotype of these
mutants must occur through local synthesis.

In summary, our study has revealed the basic out-
line of IBA transport within Arabidopsis, in terms of
polarity, tissue specificity, distance, and rate. Our
results suggest that different IAA efflux carrier pro-
tein complexes may mediate IAA and IBA transport.
The best characterized IAA transport proteins, AUX1
and EIR1, do not have a role in IBA transport. Several
of our results suggest the presence of an uncharac-
terized auxin efflux carrier complex, which is insen-
sitive to NPA and transports both IAA and IBA. This
study provides the groundwork necessary for under-
standing the differences and similarities between po-
lar transport of IAA and IBA; this, in turn, will be
critical for understanding the role of IBA in plant
growth and development and in characterization of
the recently isolated mutants with altered sensitivity
to IBA.

MATERIALS AND METHODS

Chemicals

Chemicals were purchased from the following suppliers: NPA from
Chemical Services (West Chester, PA), absolute ethanol from McCormick
Distilling Co., Inc. (Weston, MO), and 3-[5(n)-3H]-IAA (27 and 25 Ci
mmol�1) from Amersham (Arlington Heights, IL). 3-[3H(G)]-IBA (25 Ci
mmol�1) was prepared in a custom synthesis under conditions designed to
label the indole ring by American Radiolabeled Chemicals (St. Louis). All
other chemicals were obtained from Sigma (St. Louis).

Seed Germination and Plant Growth

Wild-type Arabidopsis seeds (ecotype Columbia) and aux1-7 and eir1-1
seeds were obtained from the Arabidopsis Biological Resource Center (Ohio
State, Columbus). All experiments were performed with ecotype Nossen-0,
except where indicated. Seeds were soaked in distilled water for 30 min and
surface sterilized with 95% (v/v) ethanol for 5 min and 20% (v/v) bleach
with 0.01% (v/v) Triton X-100 for 5 min. After five washes in sterile distilled
water, seeds were germinated and grown on 9-cm petri plates containing
sterile control medium containing 0.8% (w/v) agar (Sigma type M, plant
tissue culture), 1� Murashige and Skoog salts (pH 6.0), 1.5% (w/v) Suc, 1 �g
mL�1 thiamine, 1 �g mL�1 pyridoxine HCl, and 0.5 �g mL�1 nicotinic acid.
Seeds were grown in vertically oriented petri dishes in continuous 90 �mol
m�2 s�1 fluorescent light at room temperature (22°C) for root auxin trans-
port experiments. Seedlings used in hypocotyl assays were grown in hori-
zontally oriented petri dishes at room temperature (22°C) but exposed to
only 5 �mol m�2 s�1 of constant fluorescent light to increase hypocotyl
length. Plants for continuous pulse inflorescence axis assays were grown on
a 1:1:1 (w/w) mixture of perlite:vermiculite:Sunshine mix number 1 (Sun
Gro Horticulture Inc., Bellevue WA). Plants were grown at 24°C under
continuous white fluorescent light and fertilized twice during their growth
period with 0.25� Hoagland solution. Light intensity was approximately 90
�mol m�2 s�1. Plants grown for pulse-chase inflorescence axis assays were
grown in metro mix 220 soil at room temperature (22°C) at 90 �mol m�2 s�1

fluorescent light on a 16-h-light: 8-h-dark cycle for 25 d.

Inflorescence Auxin Transport Assays

Inflorescence axis transport measurements were conducted on 25-d-old
plants using a continuous pulse of radioactive auxin as described previously
(Okada et al., 1991; Brown et al., 2001). In this assay, 100 nm 3H-IAA or
3H-IBA were applied to a 2.0-cm inflorescence axis segment in the presence
or absence of 15 �m NPA, and transport into the basal 5 mm of that segment
was measured after 18 h. Equivalent amounts of solvent only (dimethyl
sulfoxide [DMSO]) were added to assays without NPA. Each segment was
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placed into 2.5 mL of scintillation fluid overnight, and the amount of
radioactivity within each sample was determined using a Beckman LS6500
scintillation counter (Beckman Instruments, Fullerton, CA) for 2 min.

Inflorescence axis transport was also measured using a pulse-chase ex-
periment (modified from Parry et al., 2001a). This procedure is similar to the
continuous pulse experiment above except that 400 nm 3H-IAA or 3H-IBA
was applied to a 2.5-cm inflorescence axis segment for 10 min, then briefly
rinsed and placed in a solution of nonradioactive auxin of similar concen-
tration for 90 min. Higher concentrations of radioactive auxins were used in
the pulse chase experiments because plants are in contact with radioactivity
for very short periods, and higher levels of radioactivity are necessary to get
sufficient counts in the segments. Transport was measured 100 min after the
experiment started in the basal-most 10 2-mm segments as above.

Hypocotyl Transport Assay

Hypocotyl transport measurements were obtained for 5-d-old seedlings
grown under low light or in the dark. Seedlings were transferred to control
plates and oriented vertically along the surface of the agar. In experiments
to examine hypocotyl basipetal transport, seedlings were aligned by their
shoot apical meristems, and cotyledons were excised immediately preced-
ing the experiment, leaving approximately 10 mm of hypocotyl. In experi-
ments to examine acropetal transport, the root shoot junctions were aligned,
and no tissues were removed. There was very little growth in a 5-h exper-
iment. In these assays, mixtures containing 1% (w/v) agar, 100 nm 3H-IAA,
or 3H-IBA with either 100 �m NPA or DMSO at the same concentration (1%
[v/v]) were prepared in 3-mL scintillation vials. A narrow stem transfer
pipette was carefully inserted into the hardened agar mixture such that a
long 1-mm diameter cylinder of agar was removed. This cylinder containing
radioactive auxin mixture was applied such that the agar was in contact
with the cut surface of the hypocotyl for hypocotyl basipetal transport and
on top of the seedling, just above the root shoot junction for hypocotyl
acropetal transport. Plates remained vertically oriented in the dark to avoid
auxin degradation (Stasinopoulos and Hangarter, 1989). Radioactive auxin
transport was measured after 5 h by scintillation counting of a 5-mm
segment of hypocotyl from the opposite end of the hypocotyl. The distance
the auxin was transported was approximately 10 mm for dark- and low-
light-grown seedlings from the cylinder of applied radioactive auxin. For
experiments with dark-grown hypocotyls, all manipulations were per-
formed with the aid of a green safelight.

Root Transport Assays

Basic root auxin transport measurements were made on 6- or 7-d-old
vertically grown seedlings as in Rashotte et al. (2001), which is a modifica-
tion of the original protocol developed in Rashotte et al. (2000). In all root
transport assays, seedlings were transferred to control plates and oriented
vertically such that the site where radioactive auxin would be applied was
aligned. In each of these assays, mixtures containing 1% (w/v) agar, 100 nm
3H-IAA, or 3H-IBA with either 100 �m NPA, TIBA, or 1% (v/v) DMSO were
prepared in 3-mL scintillation vials and prepared and applied as above.
Standard placement of radioactive agar cylinders was so there was just
contact with the root tips for RBT and on top of the seedlings, just on the
root side below the root shoot junction for RAT. Auxin transport was
measured after 5 h for RBT by first removing the 1 mm of tissue in contact
with the agar cylinder, then cutting 2- or 5-mm segments (as indicated) from
the site of application along the desired length. In RAT, measurements were
made either after 18 h from an application site at the root shoot junction
using a 5-mm segment at the root tip, which was approximately 15 to 20 mm
from the site of auxin application. The amount of radioactivity in each
segment was determined as described above.

For the experiments to determine polarity of auxin transport in the root
(Fig. 2B), RBT and RAT were measured for each root. Radioactive agar
cylinders, as described above, were placed 10 mm back from the root tip in
this experiment, and transport occurred during a 5-h assay. RBT was deter-
mined by measurement of radioactivity in a 3-mm segment at the root
base, which was approximately 7 mm from the site of application. RAT
was quantified by determination of the radioactivity in a 3-mm segment at
the root tip, which measured auxin movement 7 mm from the site of
application.

For RAT pulse-chase experiments (Fig. 3B), seedlings were placed on
agar plates with the root shoot junction aligned, and a cylinder containing
400 nm 3H-IBA or 3H-IAA was applied 20 mm from the root tip. After 10
min, the radioactive agar cylinder was removed from the seedlings, and all
seedlings were moved to a new agar plate where a nonradioactive agar
cylinder of similar auxin concentration was applied in the same position on
the seedling for a 50-min chase. Ten 2-mm segments were excised starting
from the root tip and analyzed as above.

RBT assays to determine saturation kinetics were conducted as basic
continuous pulse assays with a constant level of 3H-IBA or 3H-IAA and
increasing amounts of unlabeled IBA or IAA from 0.1 to 20.0 �m, as indicted
in Figure 4, in each agar cylinder. The amount of DMSO used as an auxin
solvent was maintained at 0.1% (v/v) of the final concentration of each agar
cylinder. A single 5-mm segment back from the root tip, excluding the 1 mm
of root tip in contact with the agar cylinder, was collected and counted after
5 h as above.

Analysis of the Sensitivity of Hypocotyl Elongation to
IBA and IAA

Seeds were surface sterilized using the vapor phase sterilization protocol
(Clough and Bent, 1998). Seeds were placed in open microfuge tubes in a
desiccating jar. One hundred milliliters of a 10% (v/v) sodium hypochlorite
solution (commercial bleach) were placed in a 250-mL beaker in the jar with
the seed in a fume hood. Three milliliters of concentrated hydrochloric acid
was added to the bleach, and the desiccating jar was quickly closed. Seeds
were left to sterilize for three to 6 h, after which the jar was opened carefully
in a fume hood, the tubes were removed from the jar, and sterile water was
added to each tube of seeds. Seeds were stratified 4 to 7 d in the dark at 4°C
before being germinated. For growth analyses only, IAA and IBA were
dissolved in 1 mL of 1 n NaOH and diluted with 49 milliliters of deionized
water to a final stock concentration of 1 mg mL�1 and filter sterilized. These
stocks had pH values of 11.5 and 11.3 for IBA and IAA, respectively.
Appropriate amounts of the sterile stocks were added to media after auto-
claving to obtain the different concentrations required. Because the growth
media (GM) used in these studies is buffered (see below), addition of the
stocks did not result in any pH change in the media.

The effects of auxins present in horizontally oriented GM plates on
hypocotyl elongation were investigated. GM medium containing 0.8%
(w/v) Difco agar was used instead of solidified nutrient solution. GM
medium consists of 1� Murashige and Skoog basal salts, 1% (w/v) Suc, 0.5 g
L�1 MES, 1 mg of thiamine, 0.5 mg L�1 pyridoxin, 0.5 mg L�1 nicotinic acid,
and 100 mg L�1 myo-inositol, with pH adjusted to 5.7 with 1 n KOH
(Valvekens et al., 1988). After stratification, seeds plated directly on auxin-
containing plates, or control media were placed either in dark, high constant
white light conditions (90 �mol m�2 s�1) or low-light conditions (5 �mol
m�2 s�1). Hypocotyl length was determined on 5-d-old seedlings by tracing
magnified seedlings (approximately 5-fold) using an overhead projector. A
transparent ruler placed beside the hypocotyls was also traced for use as a
scale bar. The tracings were then digitally scanned, and measured using the
public domain National Institutes of Health Image program (http://rsb.
info.nih.gov/nih-image/). Similar results were obtained in three separate
trials for each light condition. Data from a single representative trial are
presented.

Analysis of IBA Metabolism

Analysis of 3H-IBA metabolism was performed using a protocol adapted
from Delarue et al. (1999). Twenty-five 8-d-old seedlings were incubated in
a 35-mm petri dish containing 2 mL of liquid GM media and 1 �Ci of 3H-IBA
for periods of time ranging from 5 min to 24 h. Seedlings were removed
from the incubation medium, rinsed twice with 2 mL of sterile distilled
water, and blotted dry. The seedlings were transferred to a new microfuge
tube containing 200 �L of methanol, crushed using a small plastic pestle
(Kimble, Vineland, NJ), and left to extract overnight in methanol at 4°C.
Extracts were centrifuged to clear debris, dried partially in a centrifugal
evaporator (Speedvac, Savant Instruments, Holbrook, NY), and loaded onto
silica gel TLC plates with aluminum backing (Merck, Darmstadt, Germany).
Unlabeled IAA and IBA stocks were loaded in lanes at both sides of the plate
and radioactive IAA and IBA were loaded in a control lane on one side of
the plates. The mobile phase consisted of chloroform:methanol:water (84:
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14:1 [v/v]; Piskornik and Bandurski, 1972) and resulted in well-separated
IAA and IBA peaks (RF values of 0.73 and 0.78, respectively). After migra-
tion, control lanes containing nonradioactive auxins were cut off the plate,
sprayed with Ehmann’s reagent (Ehmann, 1977), and heated to reveal the
position of the IAA and IBA spots. The remaining plate was cut into
individual lanes, and each lane was cut in 5-mm sections that were placed
directly in scintillation vials containing 5 mL of scintillation cocktail. Pieces
of TLC plate were allowed to extract overnight in the dark before radioac-
tivity was measured using a scintillation counter. Free IBA was detected in
the appropriate migration position. Radioactivity levels were never above
background at the position of IAA migration, indicating that levels of
conversion were below the detection limits of this assay.

Statistics

Statistical analyses of data were performed using Excel (Microsoft, Red-
mond, WA). Multiple experiments were analyzed simultaneously by com-
paring averages, using each root as an independent sample. The data were
analyzed by a one-tailed Student’s t test for equal variance for transport
inhibitor treatments and by a two-tailed Student’s t test for equal variance
when comparing the wild type with mutant or inhibitor treated seedlings or
to compare IAA and IBA treatments in physiological assays. The P values
are reported.
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CORRECTION

The authors of the articles listed below discovered an error in a spreadsheet developed by
their laboratory. This error resulted in an incorrect conversion of radioactive counts to the
appropriate molar units. The absence of a 1,000-fold difference led them to report their
auxin transport values as pmol instead of reporting them correctly as fmol. The following
articles were affected by this conversion error.

Vol. 122: 481–490

Rashotte A.M., Brady S.R., Reed R.C., Ante S.J., and Muday G.K. Basipetal Auxin Transport
Is Required for Gravitropism in Roots of Arabidopsis.

The units of radioactive indole-3-acetic acid transport were mislabeled in Figure 3 and
Tables II and IV, as were the units of radiolabeled benzoic acid in Tables II and IV. Both
control and experimental values should have been reported as fmol rather than pmol. This
change in units does not alter the interpretation of the data since all experiments had
internal controls.

Vol. 133: 761–772

Rashotte A.M., Poupart J., Waddell C.S., and Muday G.K. Transport of the Two Natural
Auxins, Indole-3-Butyric Acid and Indole-3-Acetic Acid, in Arabidopsis.

The units of radioactive indole-3-acetic acid and indole-3-butyric acid transport were
mislabeled in Figures 1 to 4 and Tables I to III and in the text on page 764. Both control and
experimental values should have been reported as fmol rather than pmol. This change in
units does not alter the interpretation of the data since all experiments had internal controls.
The one exception to this change is the inflorescence transport data reported in Table I,
which are correctly reported as pmol and are consistent with greater amounts of indole-3-
acetic acid transport in the inflorescence. Additionally, the higher number of counts in the
inflorescence data in Table I is also due to the higher amounts of radioactive auxin added.
The amount of added radioactivity in this continuous pulse of auxin in the inflorescence
assay was incorrectly reported in the methods as 100 nM and should have been reported as
333 nM.
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CORRECTION

Vol. 133: 761–772, 2003

Rashotte A.M., Poupart J., Waddell C.S., and Muday G.K. Transport of the Two Natural
Auxins, Indole-3-Butyric Acid and Indole-3-Acetic Acid, in Arabidopsis.

Plant Physiology regrets that due to an editorial error, a journal name was listed incor-
rectly in the references for this article. The corrected references are listed below.

Clough SJ, Bent AF (1998) Floral dip: a simplified method for transformation of Arabidopsis thaliana.
Plant J 16: 735–743

Epstein E, Ackerman A (1993) Transport and metabolism of indole-3-butyric acid in cutting of
Leucadendron discolor. Plant Growth Regul 12: 17–22

Epstein E, Sagee O (1992) Effect of ethylene treatment on transport and metabolism of indole-3-butyric
acid in citrus leaf midribs. Plant Growth Regul 11: 357–362

Ludwig-Muller J (2000) Indole-3-butyric acid in plant growth and development. Plant Growth Regul 32:
219–230

Ludwig-Muller J, Epstein E (1994) Indole-3-butyric acid in Arabidopsis thaliana: III. In vivo biosynthesis.
Plant Growth Regul 14: 7–14

Ludwig-Muller J, Sass S, Sutter E, Wodner M, Epstein E (1993) Indole-3-butyric acid in Arabidposis
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Yang T, Davies P (1999) Promotion of stem elongation by indole-3-butyric acid in intact plants of Pisum
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ABSTRACT

An internal standard, ['3CJ[indole-2]-indole-3-butyric acid, was
synthesized from indole-2['3C] and was shown to be effective for
the quantitative determination of indole-3-butyric acid from plant
tissue. When this standard was used along with [13C6Jindole-3-
acetic acid, both indolic auxins could be quantified from the same
tobacco (Nicotiana tabacam) leaf sample by isotope dilution analy-
sis using selected ion monitoring gas chromatography-mass spec-
trometry for detection.

become important to devise accurate procedures to determine
how much endogenous IBA contributes toward adventitious
root formation as well as other physiological processes
thought to be mediated by endogenous auxins. Thus, we set
about the establishment of a method that would enable us to
study the physiological involvement of both auxins by accu-
rate quantitation of the levels of both IAA and IBA in plant
tissues. In this report, we describe the production of stable
isotope-labeled IBA and its application, together with ['3C6]
IAA, to the analysis of plant-derived IAA and IBA using
stable isotope dilution GC-SIM-MS.

Auxins are important hormonal factors affecting adventi-
tious root formation. In propagation systems, auxins, partic-
ularly in the form of IBA,2 have been used to improve the
percentage of rooting and quality of roots formed in both
herbaceous and woody plants (3). IAA has been considered
the primary endogenous auxin closely involved in adventi-
tious root formation and has been found to be positively
correlated with adventitious root formation (14). IBA, until
recently thought of only in terms of its use as a synthetic
growth regulator, has been found to be considerably more

effective as an exogenous agent than IAA (1). Several hy-
potheses have been proposed to explain the greater effective-
ness of IBA over that of IAA including (a) that IBA may be
less susceptible to degradative enzymes than is IAA and (b)
that over time IBA may be slowly converted to IAA, thus
providing a steady supply of free IAA (2, 9). More recent
studies by Nordstrom et al. (12) indicated that the greater
effectiveness of IBA was due, in part, to its greater longevity
within tissues.

Concepts about the relationship between IAA and IBA
have changed with the recent demonstration that IBA is a

native auxin occurring in maize, tobacco (Nicotiana tabacam)
tumors, and carrot (4, 8, 10). To extend these findings, it has

' Supported in part by grants from the U.S.-Israel Binational
Agricultural Research and Development Fund (BARD US-1362-87)
and the National Science Foundation, Cellular Biochemistry Program
(DCB-8917378).

'Abbreviations: IBA, indole-3-butyric acid; SIM, selected ion
monitoring.

MATERIALS AND METHODS

Plant Material

Plants of tobacco (Nicotiana tabacum cv SRI) were grown
from seed. When the plants were 4 weeks old, shoot tips
were removed, surface sterilized using 0.05% sodium hypo-
chlorite, and then placed in Murashige and Skoog nutrient
medium containing 0.1 mg/L BA. Shoots were multiplied in
vitro and were transferred every 4 weeks.

Synthesis of ["3C]indole-[ring 21-3-Butyric Acid

We used a modification of the method of Cohen and
Schulze (7), described for the synthesis of '4C-labeled IBA,
for production of ['3C]IBA. Twelve milligrams of indole-2['3C]
(Cambridge Isotope Laboratories,3 CLM-1863) were placed
in a 1-mL (4 mL capacity) freeze-drying tear bulb (A.H.
Thomas, 5136-610) fitted with a condenser collar. Freshly
broken NaOH pellets (0.75 g) and 1.5 mL of y-butyrolactone
(Sigma) were added to the bulb. The tear bulb was placed in
a heating mantle, brought to a temperature of 2200C at the
rate of 2°C/min, and then refluxed for an additional 23-h
period. The reaction was stopped by the addition of water
and the reaction mixture was cooled to a hardened, white,
solid glass. The product was then dissolved slowly by adding

3 Mention of a trademark, proprietary product, or vendor does not
constitute a guarantee or warranty of the product by the U.S.
Department of Agriculture and does not imply approval to the
exclusion of other products or vendors that may be suitable.
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2- to 5-mL aliquots of distilled water and shaking the mixture
on a Vortex mixer each time. The final volume was 50 mL.

After the reaction mixture was dissolved, it was partitioned
twice against an equal volume of chloroform. The aqueous
phase was then adjusted to pH 2.5 with 6 N HCl and
partitioned three times against diethyl ether. The ether ex-
tracts were combined and checked by TLC (7) for complete
extraction of IBA into the ether phase. The chloroform and
aqueous fractions were also checked for product. The chlo-
roform fraction was found to contain substantial amounts of
product, which was then partitioned against water and sub-
sequently reextracted with diethyl ether. The ether fractions
were combined and then dried over anhydrous sodium sul-
fate for 1 h, filtered, and evaporated to near dryness in a
Buchi rotovaporator. The residue was applied to a 2.5 x 48
cm column of Sephadex LH-20 after being dissolved in 2 mL
of 50% 2-propanol (aqueous, v/v). The IBA was eluted with
50% 2-propanol and collected in 16-mL fractions. IBA eluted
at 276 to 294 mL as determined by TLC. These fractions were
combined, dried in vacuo, and 2 mL of 2-propanol was added.
The product was run on silica gel TLC (chloro-
form:methanol:water, 85:14:1 [v/v]; EM Science No. 5719-2
plates) against standards containing known amounts of IBA
to determine approximate concentration and yield (30%,
based on indole). Final concentration was determined by
reverse isotope dilution analysis using a mixture of a known
volume of the product solution and a known amount of
unlabeled IBA, followed by methylation and GC-SIM-MS
analysis (see below).

Determination of IBA and IAA Levels in Tobacco Tissues

Between 0.7 and 1.0 g fresh weight of leaf tissue was
obtained from tobacco shoots grown in vitro. The tissue was

ground in a liquid nitrogen-chilled mortar to a fine powder
and 4 mL of imidazole buffer (35% 0.2 M imidazole, 65% 2-
propanol, pH 7) per g of material was added. The ground
plant material and buffer were transferred to a 13-mL Corex
centrifuge tube and the following standards were added:
100,000 dpm [3H]IBA (7 Ci/mmol, a gift from Dr. Ephraim
Epstein, Volcani Center, Israel), 100,000 dpm [3H]IAA (29
Ci/mmol, Amersham), and 50 ng each of [13C6]IAA (synthe-
sized as in ref. 6) and [13C][ring 2]-IBA. The extract was
allowed to equilibrate with the added isotopes for 1 h at 40C.
The sample was centrifuged for 5 min at 2000g and was
washed two additional times with extraction buffer. Extracts
were combined and reduced in vacuo to one-third of their
original volume.
The extract was transferred quantitatively to a Mixxor

vessel (Lida, Israel) or to a small separatory funnel and
partitioned once against one-half volume hexane. The
aqueous phase was brought to pH 2.5 to 3.0 and was parti-
tioned two times against diethyl ether, saving the ether phase.
The ether portions were combined and dried over one-third
volume anhydrous sodium sulfate for 1 h at 40C. The ether
phase was evaporated to dryness in vacuo and the residue
dissolved in 100 ,uL of 15% acetonitrile.

HPLC Analysis

Samples were further purified by reverse-phase HPLC
using a system consisting of two Waters 6000A pumps with
a model 680 controller and fitted with a C18 reverse-phase,
3-/.m Microsorb column (Rainin, 4.6 mm i.d. x 100 mm) and
an Upchurch guard column packed with Whatman Co:Pell
ODS. The gradient used was a linear change of acetonitrile/
1% acetic acid from 15 to 50% acetonitrile over 25 min at 1
mL/min. Under these conditions, the retention volume of
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Figure 1. Mass spectrum and total ion chromatogram of synthesized ["3C1]IBA methyl ester. The ions at m/z 131 and 218 are from the
quinolinium ion and molecular ions, respectively.
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Figure 2. Calibration plot of [13C1]IBA showing the relationship
between the molar ratio for methyl [12C/13C]IBA and the peak area
ratios for methyl [12C/13C]IBA derived from the molecular and
quinolinium ions.

IAA was 7.8 mL and that of IBA was 13.5 mL. Samples
containing the radioactive peaks were combined, keeping the
IAA and IBA samples separate. Each sample was evaporated
to dryness in vacuo and 100 uL of methanol was added
immediately. The samples were methylated with ethereal
diazomethane (5), dried under nitrogen, and dissolved in 20
ML of ethyl acetate for analysis by GC-MS.

Analysis by GC-MS

GC-MS was performed using a Hewlett-Packard 5890 GC
equipped with a 15 m x 0.21 mm i.d. DB-1701 fused silica
column (&W Scientific). Helium was used as the carrier gas
at a flow rate of 1 mL/min. IAA and IBA were analyzed
separately; however, the GC conditions were identical. The
injector was at 2500C and the initial column temperature was
1400C. After a 1-min hold, the temperature was programmed
to increase at a rate of 20°C/min. Under these conditions,
methyl-IAA had a retention time of 4.7 min and methyl-IBA
had a retention time of 6.5 min. On older columns, these
times were reduced somewhat due to shortening of the
column length (we routinely remove 0.33 m of column at the
injector side periodically to maintain column performance)
and a decrease in sample retention.
MS was performed with a Hewlett-Packard 5971A mass

selective detector coupled to the GC using SIM with a dwell
time of 50 ms for each ion. The selected ions monitored were
at m/z 130, 136, 189, and 195 for IAA and its 13C6 standard
and m/z 130, 131, 217, and 218 for IBA and its 13C, standard.

(404:412) Rvg 6.447:6.493 min. from DRTR:ESB71.D
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Figure 3. Mass spectrum and selected ion chromatogram of IBA fraction from partially purified and methylated extracts of tobacco leaf tissue
using 100 ng of [13C,]IBA as internal standard.
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RESULTS AND DISCUSSION

The identity of the synthesized '3C1 standard was con-

firmed by GC-MS. The quinolinium ion at m/z 131 and the
molecular ion at m/z 218 were present as expected with no

significant "2C isotopic contribution at m/z 130 and 217 (Fig.
1). In addition, an essentially linear relationship was observed
between the molar ratio and area ratio of 12C/13C (Fig. 2).
One potential problem with using a stable isotope-labeled
standard with only one heavy atom is that it overlaps with
the naturally occurring heavy isotope cluster on the plant-
produced compound (11, 13). Thus, when the intemal stand-
ard was significantly less than the sample, nonlinearity
occurred (Fig. 2, inset). This was primarily due to the contri-
bution of "3C that occurs naturally in unlabeled IBA. The
amount of 13C in unlabeled IBA accounts for 10.28% of the
ion at m/z 130 (13). However, because the internal standard
we produced contains no significant amount of unlabeled
IBA, near linearity is obtained as long as the ratio of internal
standard to endogenous IBA in the sample is high. Under
conditions in which the amount of internal standard added
is high relative to what was in the plant sample, only a minor
correction (i.e. subtraction of 10.28% of the m/z 130 value
from the m/z 131 abundance) is required to account for the
small overlap at m/z 131 and 218. In other situations in
which a higher endogenous level of IBA is found than was

expected, the quantitation can be calculated using the known
relationship (see ref. 11) or, more conveniently, the standard
curve can be used for quantitation.
The mass spectrum of the tobacco leaf sample showed a

clear peak at the retention time for IBA (Fig. 3). The selected
ion mass spectrum of the peak had m/z values at 130, 131,
217, and 218, confirming that the peak was IBA. For the
sample shown, the values obtained for IAA were 26 ng/g
fresh weight free and 52 ng/g fresh weight total; for IBA
they were 9 ng/g fresh weight free and 37 ng/g fresh weight
total.
The use of ['3C1]IBA as an intemal standard is similar to

the previous use of [13C6]IAA (6) for measurement of IAA,
except as noted above. Previously, no heavy-labeled intemal
standard was available of analysis of IBA. The availability of
[13C1]IBA now allows the determination of the amount of IBA
in plant tissues with the precision and reliability inherent in
the stable isotope dilution GC-SIM-MS technique.
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Production of indole-3-acetic acid by several
wild-type strains of Ustilago maydis


V.M. MartõÂnez, J. Osuna, O. Paredes-LoÂpez* and F. Guevara


Indole-3-acetic acid (IAA) was identi®ed and quantitated in spent media from cultures of ten Ustilago maydis


strains. IAA was identi®ed by thin-layer chromatography, high performance liquid chromatography (HPLC) and


u.v. spectroscopy, and was quantitated by HPLC. All strains produced IAA in a tryptophan (Trp)-supplemented


minimal medium at levels of 0.1 to 4.0 lg IAA/ml of spent medium as assessed by HPLC. The highest levels of IAA


were found in strains I2 and P2. The latter was also capable of producing IAA without addition of Trp to the


medium.


Key words: Huitlacoche, IAA, indoleacetic acid, maize smut, plant-microbe interaction.


The ability to produce the plant hormone indole-3-acetic


acid (IAA) is widespread among fungi and bacteria


(Gruen 1959; Jameson & Hutzinger 1970). Some micro-


organisms which inhabit the aerial or subterranean sur-


faces of plants are capable of IAA synthesis (Wichner &


Libbert 1968). Such microbes include rhizobia (Bade-


noch-Jones et al. 1982), mycorrhizal fungi (Ek et al. 1983)


and pseudomonads (Loper & Schroth 1986; Prikryl et al.


1985). Fungi and bacteria that cause plant diseases have


also been reported to produce IAA (Gruen 1959; Sequeira


1973) but in most instances the identity of IAA has not


been con®rmed by modern analytical methods.


The basidiomycete Ustilago maydis produces phyto-


hormones such as auxins and cytokinins in in vitro cul-


ture. It also induces the formation of galls (tumours) in


stem, leaves, tassels and kernels (Christensen 1963), a


symptom characteristic of maize smut disease. Some re-


ports indicate that the tumours contain higher than


normal levels of certain hormones (Moulton 1942; Mills


& Van Staden 1978). Whether this is the cause or the


result of gall formation is not known.


The auxin produced by U. maydis is indole-3-acetic


acid. Early studies have attempted to relate IAA pro-


duction by U. maydis with gall formation (Moulton 1942;


Wolf 1952; Turian & Hamilton 1960; Navarre 1990), but


conclusive evidence is still to be produced. We report


here the in vitro production of IAA by U. maydis strains


and its qualitative and quantitative analyses in un-


supplemented cultures or in those supplemented with


tryptophan (Trp).


Materials and Methods


Strains and Growth Conditions
The ten U. maydis strains employed in this study are listed in
Table 1. Some of these were isolated from galls of maize (Val-
verde-GonzaÂlez 1992; Valverde & Paredes-LoÂpez 1993). All were
maintained on potato dextrose agar (Difco). Inocula of the
strains were grown in Czapek's minimal medium (CzMM)
(Wolf 1952) at 28 °C with shaking at 200 rev/min. For the pro-
duction of IAA, an active inoculum (1 ´ 106 cells/ml) was added
to CzMM supplemented with LL-tryptophan (100 mg/l) and
incubated as above. The culture was sampled at different time
intervals; samples were centrifuged and the levels of IAA in the
supernatant solutions were estimated by the colorimetric assay
of Salkowski (Gordon & Weber 1951) prior to extraction with
ethyl acetate as described below. In a separate experiment, U.
maydis strain P2 was also grown in unsupplemented CzMM and
extracted with ethyl acetate.


Extraction of IAA
IAA analysis in U. maydis cultures was carried out according to a
modi®cation of the method of Manulis et al. (1994). The super-
natant was acidi®ed to pH 3.0 with HCl and extracted three
times with ethyl acetate. Ethyl acetate extracts were pooled and
vacuum-evaporated at 30 °C. The dry pellet was dissolved in
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500 ll of methanol: 20 mMM butylated hydroxytoluene (methanol-
BHT) and chromatographed on a silica gel 60H column
(1.7 ´ 10 cm). The column was washed three times with hex-
ane/ethyl acetate (38:12 v/v). The IAA-containing fraction was
dried in vacuo and dissolved in 300 ll of methanol-BHT.


Identi®cation and Quantitation of IAA
Initial identi®cation of IAA was carried out by TLC, using
hexane/ethyl acetate/isopropanol/acetic acid (40:20:5:1, v/v) as
the developing solvent. IAA was detected by spraying with
Salkowski reagent (Yamada et al. 1990). Quantitative analysis of
IAA was by HPLC in a Hewlett-Packard model 1050 system
equipped with a u.v./visible diode-array detector; the u.v. ab-
sorbance detector was operating at 280 nm. IAA was separated
in a Vydac C18 reverse-phase column (5 lm bead size; 25 cm
long ´ 4.5 mm ID). Elution was carried out isocratically with 4%
methanol in 20 mMM ammonium acetate, pH 6.5 for the initial
20 min, and with a linearized gradient of 4 to 76% methanol in
20 mMM ammonium acetate for the next 40 min, at a ¯ow rate of
0.5 ml/min. The identi®cation and quantitation of IAA was
based on comparison of HPLC retention times, peak areas, and
u.v. absorbance spectra with those of the authentic reference
compound.


Results


Production of IAA was investigated in ten strains of


U. maydis; Figure 1 shows that, after an incubation period


of only 17 h, the spent media from three of the U. maydis


strains gave a positive Salkowski reaction, suggesting


that IAA was already being produced. The highest levels


of IAA equivalents, as quantitated with the Salkowski


method, were observed in strain P2 after 33 h of in-


cubation after which they gradually decreased, whereas


the maximum levels for strains T5 and FB1 were smaller


and appeared slightly earlier.


After spraying with Salkowski reagent, the TLC


chromatogram of the ethyl acetate extract showed a clear


red spot at the Rf of 0.78 (Figure 2A) corresponding to


authentic IAA; the remaining spots may be indolic


compounds as well but were not identi®ed here. An


HPLC chromatogram of the extract from three different


strains showed several peaks (Figure 2B±D). There ap-


peared a main peak having the same retention time


(17.9 min) as that of the IAA standard; the other peaks


were not identi®ed.


The quantitative estimates of IAA were based on the


HPLC analysis (Table 2); a previous report (Crozier et al.


1988) suggested that the Salkowski assay is not a totally


reliable method for measuring IAA levels. Our results


indicated that two strains yielded >3.5 lg of IAA/ml,


while most fell in the range of 1.0 to 1.8 lg of IAA/ml,


and two cultures contained <0.7 lg/ml.


The ethyl acetate extract from U. maydis strain P2


grown in the absence of Trp was analysed by reverse-


phase HPLC (Figure 3). The analysis indicated the pre-


sence of a compound, which corresponded in retention


time (10.7 min) and u.v. spectrum, to authentic IAA


(Figure 3A). A sample of the same extract was co-injected


with the IAA standard (Figure 3B). Clearly, based on the


retention time of the authentic IAA used in this study,


there is very good evidence for the occurrence of IAA in


the Trp-free medium. The data showed that in this


medium, U. maydis strain P2 accumulated approximately


0.1 lg of IAA/ml.


Table 1. Strains of Ustilago maydis.


Strain SourceG Relevant genotype


and phenotype


I2 M.E. Valverde a2b?


P2 M.E. Valverde a1b?


P1 M.E. Valverde a1/a2 b?/b?


T5 M.E. Valverde a1b?


T4 M.E. Valverde a1/a2 b?/b?


T2 M.E. Valverde a2b?


FB1 F. Banuett a1b1, wild-type


d132* J.W. Kronstad a1/a2 b1/b2


P6D* J.W. Kronstad a2/mfa1 b2/b1E


56-5F
J.W. Kronstad a2b2 IAA±Met±


* Solopathogenic strains; F Mutant with reduced IAA synthesis; G Ms.


M.E. Valverde, Unidad Irapuato, CINVESTAV-IPN, Irapuato, GTO,


MeÂxico; Dr. F. Banuett, Dept. of Biochemistry and Bio-physics,


University of California-San Francisco, San Francisco CA, USA; Dr.


J.W. Kronstad, Biotechnology Laboratory, The University of British


Columbia, Vancouver, BC, Canada.


Figure 1. Accumulation of indole-3-acetic acid (IAA) in cultures of


Ustilago maydis strains FB1 (d), T2 (h), and P2 (Ð) grown in


Czapek's minimal medium supplemented with tryptophan.
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Discussion


This study con®rmed that U. maydis is capable of syn-


thesizing the plant hormone IAA from LL-tryptophan. In


previous reports, identi®cation of IAA was based on


paper chromatography, reaction with chromogenic re-


agents (e.g. Salkowski), and bioassays (Moulton 1942;


Wolf 1952). Strain P2 was also capable of IAA synthesis


in unsupplemented CzMM, but IAA levels were


increased 41-fold by the addition of LL-tryptophan to the


medium, suggesting that LL-tryptophan is a most effective


precursor for IAA synthesis by U. maydis.


The possible signi®cance of IAA biosynthesis in the


absence of added tryptophan is unknown, although it


might play a role in the initiation of tumour growth in-


duced by U. maydis which is later accompanied by a


movement of assimilates towards the infection sites.


Figure 2. Separation and identi®cation of indole-3-acetic acid (IAA) extracted from spent media of Ustilago maydis cultures grown in Czapek's


minimal medium supplemented with tryptophan. (A) TLC of IAA in ethyl acetate extract obtained from 33 h-old cultures. (B±D) Reverse-phase


HPLC of ethyl acetate extracts corresponding to strains P2 (B), T5 (C), and FB1 (D). Arrows indicate retention time of IAA.


Table 2. Maximum levels of indole-3-acetic acid (IAA) in the


spent media from cultures of Ustilago maydis supplemented


with tryptophan.


Strain IAA concentration*


(lg IAA/ml spent medium)


I2 4.02 � 0.60


P2 3.68 � 0.03


T4 1.78 � 0.04


P1 1.76 � 0.26


T5 1.36 � 0.09


P6D 1.14 � 0.31


d132 1.05 � 0.00


T2 1.02 � 0.48


FB1 0.66 � 0.07


56-5 0.09 � 0.01


* IAA levels were determined in triplicate by HPLC; means � standard


deviations are shown.
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These events would eventually lead to gall formation,


which is a characteristic symptom of pathogenicity of


U. maydis on maize.


Further research is required to determine whether the


U. maydis strains studied here produce IAA in the maize


plant, and, if so, to determine whether IAA production in


planta is a virulence factor determining tumour size.
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Figure 3. Reverse-phase HPLC analysis of indole-3-acetic acid (IAA)


in spent culture medium from Ustilago maydis strain P2 grown in


Czapek's minimal medium without tryptophan supplementation. (A)


Ethyl acetate extract, (B) Ethyl acetate extract spiked with authentic


IAA standard. The conditions of analysis were as described in Ma-


terials and Methods, except that the ¯ow rate was 1 ml/min. Arrows


indicate retention time of IAA.
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