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Abstract We investigated the growth and development of

flax roots in the presence of auxin antagonists 4,4,4-tri-

fluoro-3-(indole-3-)-butyric acid (TFIBA), p-chlorophen-

oxyisobutyric acid (PCIB), and the ethylene inhibitor silver

thiosulfate. Of these compounds, silver thiosulfate was most

effective in promoting root elongation. All compounds

reduced root diameter and root hair development. The

effects of TFIBA were reversed by exogenous indole-3-

acetic acid (IAA) or 1-aminocyclopropane-1-carboxylic

acid (ACC). Because the ethylene and ACC content of roots

was reduced by TFIBA and PCIB but increased by silver

thiosulfate, we measured the transcription level of five

isoforms of ACC synthases (Lu-ACS1-5) and three isoforms

of ACC oxidases (Lu-ACO1-3). Lu-ACS1-3 were inhibited

by TFIBA and PCIB but promoted by silver thiosulfate and

by exogenous IAA. TFIBA inhibited all three ACC oxidase

isoforms but PCIB inhibited only Lu-ACO3. Silver thio-

sulfate and IAA upregulated Lu-ACO1 and Lu-ACO2.

Exogenous IAA affected transcription of ACC synthases

and ACC oxidases in a concentration-dependent manner.

The root promotion by TFIBA and PCIB is related to eth-

ylene, but may also involve auxin interactions.

Keywords Auxin � Antiauxin � Ethylene � ACC �
ACC synthase � ACC oxidase

Introduction

Auxins are known for their strong inhibitory effects on

root elongation. However, some auxin derivatives such

as p-chlorophenoxyisobutyric acid (PCIB) and 4,4,4-tri-

fluoro-3-(indole-3-)-butyric acid (TFIBA) strongly pro-

mote root elongation. PCIB-induced promotion of root

elongation was first noted in wheat (Burström 1950) and

later in flax (Aberg 1950, 1951). McRae and Bonner

(1953) proposed PCIB’s function as an auxin antagonist

because of its competitive inhibition of auxin-induced

physiologic responses. However, PCIB-induced promotion

of root growth is not universal because it inhibits root

elongation in Arabidopsis (Oono and others 2003). Sim-

ilarly, TFIBA’s action is species-specific and its root-

growth promotion ranges from 40% in lettuce (Zhang and

Hasenstein 2000) to several fold in Chinese cabbage and

rice (Katayama and others 1995). The TFIBA activity is

higher for the [S?] than the [R-] enantiomer (Katayama

and others 1995) and independent of pH and ethylene

synthesis in Lactuca (Zhang and Hasenstein 2002). TFI-

BA can be viewed as an auxin antagonist because

it inhibits avena coleoptile and hypocotyl elongation

(Katayama and others 1995) and indole-3-butyric acid-

induced formation of lateral roots (Kaldorf and Ludwig-

Müller 2000).

The effectiveness of auxin antagonists such as TFIBA

and PCIB could stem from antagonizing ethylene (Zhang

and Hasenstein 2002), inhibiting supraoptimal endogenous

auxin in roots (Thimann 1948), or blocking auxin transport.

Comparing ethylene production after TFIBA and PCIB

application with an established ethylene antagonist such as

ionic silver, which stimulates root growth in lettuce (Zhang

and Hasenstein 2002) and promotes ethylene production in

tomato (Atta-Aly and others 1987) and Arabidopsis
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(Guzman and Ecker 1990), could reveal that root-growth

promotion is caused by a reduction in ethylene.

PCIB inhibits auxin activity by stabilizing the Aux/IAA

protein in Arabidopsis roots (Oono and others 2003), which

is in line with the observed PCIB-induced reduction of

IAA-induced ethylene (Tsai and Arteca 1984) and reduced

ACC oxidase activity (Trebitsh and Riov 1987). Assuming

a similar mode of action, TFIBA like PCIB could affect

auxin signaling and reduce ethylene biosynthesis by

counteracting auxin-induced ethylene production or

reducing ACC oxidase, which may be constitutive (Yang

and Hoffman 1984) or auxin-modulated (Peck and Kende

1995).

To elucidate the interaction of TFIBA and PCIB with

auxin and ethylene, we examined the effect of both com-

pounds and silver thiosulfate on root growth, ethylene

production, ACC content, and gene expression of ACC

synthases and ACC oxidases. Despite a dramatic promo-

tion of ethylene production, silver thiosulfate caused the

strongest root-growth promotion in flax seedlings. TFIBA

and PCIB reduced ethylene-related gene transcription,

which at least partially explains their promotive effect on

root elongation.

Material and Methods

Plant Material and Growth Measurements

Flax (Linum usitatissimum) seeds were surface-sterilized in

10% commercial bleach (v/v) for 5 min, washed in

deionized H2O for 5 9 5 min, and soaked in deionized

H2O for 1 h. Then the seeds were germinated on agar

medium (1% agar, 5 mM Mes/Tris, pH 6.5) in vertically

oriented 9-cm petri dishes. One-day-old seedlings were

transferred to fresh agar medium containing the desired

concentrations of the test compounds. Root length was

measured from digital pictures (Nikon Coolpix 4500). Root

thickness and root hairs were measured from images

obtained with a dissection microscope connected to a Sony

camera (DKC-ST5) using ImageJ software (v1.30, NIH,

USA). All experiments were performed under continuous

light (18 lmol s-1 m-2 PAR at 23�C).

Chemicals

TFIBA, PCIB, IAA, and ACC were prepared in 100-

250 mM stock in DMSO and stored at 4�C. Silver thio-

sulfate was prepared by mixing equal volumes of 100 mM

AgNO3 and 400 mM Na2S2O3 immediately before use.

The stock solutions were diluted with growth medium and

the concentration of DMSO was 0.2% or less for all

treatments.

Ethylene Measurement

Fifty flax seeds were placed between two layers of filter

paper in Corning 72-ml (25-cm2) tissue culture flasks

containing 3 ml of buffer (5 mM Mes/Tris, pH 6.0). The

flasks were kept upright in a growth chamber (23�C, con-

tinuous light, 18 lmol m-2 s-1 PAR). After 1 day, the

caps were removed for 20 min to vent any ethylene. Then

TFIBA, PCIB, or silver thiosulfate was added, the flasks

sealed, and the seedlings cultured for 24 h. One milliliter of

headspace sample was injected into a gas chromatograph

(SRI 8610) with a flame ionization detector and hydrogen

as carrier gas on a Porapak Q column at 70�C and a flow

rate of 13.4 ml min-1. The system was calibrated with a

standard of 12.4 ppm ethylene.

ACC Quantification

Catalytic conversion of ACC to ethylene with NaOCl and

Hg2? (Lizada and Yang 1979) was the basis for the

determination of the ACC content. One-day-old agar-

grown seedlings were exposed to TFIBA, PCIB, and silver

thiosulfate for 1 day. Untreated seedlings served as con-

trols. Sets of 75 roots were homogenized with a mortar and

pestle in 2 ml of 80% ethanol. The extract was centrifuged

(10 min 9 20,000 g at 4�C) and the pellet was re-extracted

twice with 2 ml of 80% ethanol each and centrifuged as

before. The combined supernatant was dried in a rotary

evaporator at 45�C. The residue was taken up in

3 9 300 ll H2O and diluted to 900 ll in a 10-ml vial.

After addition of 10 ll of 100 mM HgCl2, the vials were

sealed and kept on ice. Then, 100 ll of a mixture of cold

5% NaOCl and saturated NaOH (2:1 v/v) were added. The

mixture was shaken (200 rpm) for 15 min before a 1-ml

headspace gas sample was analyzed by gas chromatogra-

phy. ACC was quantified based on the conversion of 0.25,

0.5, 0.75, 1, and 1.25 nmol ACC to ethylene.

Cloning of ACC Synthases and ACC Oxidases

Total RNA was exacted from control and 24-h TFIBA-,

PCIB-, and silver thiosulfate-treated roots using Trizol

(Invitrogen). Aliquots of RNA (2 lg) were reverse-tran-

scribed using Superscript III (Invitrogen) according to the

manufacturer’s instructions. Degenerate primers modified

after Woltering and others (2005) (Table 1) were used for

PCR amplification. After separation on a 1% agarose gel,

the product was excised and purified using QIAquick Gel

Extraction Kits (Qiagen). The purified product was cloned

into pDrive vector (Qiagen). After transformation with

DH5a E. coli-competent cells (Invitrogen), transformants

were selected on LB medium containing kanamycin

(50 lg/ml). Colonies were checked by PCR with T7 and
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SP6 primers following the manufacturer’s protocol (Gen-

Hunter Co.) and cultured in liquid LB overnight at 37�C.

Plasmids were extracted from liquid culture with GenElute

Plasmid Miniprep Kit (Sigma). Sequencing was performed

with T7 and SP6 primers on an ABI 3100 system (Applied

Biosystems).

Quantitative RT-PCR

RNA samples were quantified with a Nanodrop ND-1000,

and the integrity confirmed using agarose gel electropho-

resis (Sambrook and others 1989). Reverse transcription

was based on 2 lg RNA and performed in 20 ll with

Superscript III. Genomic DNA contamination was assessed

by parallel reactions in the absence of RT. The RT product

was diluted in 200 ll nanopure H2O. PCR was performed

using the SYBR Green PCR Master Mix (Applied Bio-

systems) in a volume of 12 ll on a StepOne Real-time PCR

System (Applied Biosystems). The PCR mixture consisted

of 3 ll of cDNA, 3 ll of 0.8 lM primers, and 6 ll master

mix (ABI No. 4367659). Actin1 served as an internal

control with primers listed in Table 1. Denaturation and

Taq activation at 95�C for 10 min preceded 40 amplifica-

tion cycles (95�C for 15 s and 60�C for 1 min). Melt-curve

analysis of the amplified products confirmed uniformity.

The results were reported as averages of three biological

repeats, each replicated three times per plate. mRNA

abundance was calculated as fold change = 2^[DCt(ac-

tin1) - DCt(target)]. DCt represents the difference in cycle

numbers at which amplification first exceeds the threshold

fluorescence level.

Data Analysis

Growth measurements (control, 100 lM TFIBA, 50 lM

PCIB, and 1 mM silver thiosulfate) were repeated three

times with 12 seedlings each. Ethylene measurements were

repeated five times with TFIBA and PCIB and three times

with silver thiosulfate-treated seedlings; ACC measure-

ments were repeated four times. Ethylene and ACC data

were analyzed by ANOVA (Proc GLM v9.1; SAS Institute,

Cary, NC) with Tukey’s adjusted test for multiple com-

parisons. Real-time PCR data were analyzed in Excel

(Microsoft, Redmond, WA) and subjected to Student’s t

test.

Results

TFIBA, PCIB, and Silver Thiosulfate had Comparable

Effects on Root Growth and Morphology

TFIBA, PCIB, and silver thiosulfate promoted root elon-

gation but reduced root diameter and hair growth. The

strongest growth promotion was observed in the presence

of 50-100 lM TFIBA (Fig. 1a), 50 lM PCIB (Fig. 1b),

and 1 mM silver thiosulfate (Fig. 1c). Two days after

application of optimal concentrations of TFIBA, PCIB, and

silver thiosulfate, roots were 2, 1.9, and 3.1 times as long

as control roots, respectively (Fig. 1a–c).

The diameter of control roots increased steadily from the

root tip to about 12 mm, but the enhancement of root

elongation by the tested compounds resulted in a reduction

of the root diameter (Fig. 1d–f). The most effective con-

centration for growth promotion (100 lM TFIBA and

50 lM PCIB) generated the thinnest roots and higher

concentrations did not reduce the diameter further. Silver

thiosulfate produced the thinnest roots at 2 mM (Fig. 1f),

which was higher than the optimal concentration for root

elongation (Fig. 1c).

In addition to thinning, the tested compounds also

inhibited root hair development (Fig. 2). Increasing the

TFIBA concentration reduced the number and length of

root hairs, and at the optimal concentration for elongation

(100 lM), root hairs were completely absent (Fig. 2b–d).

PCIB affected root hair growth less than TFIBA; hair

density was greatly reduced, but even at supraoptimal

concentration (300 lM), PCIB did not completely elimi-

nate root hairs (Fig. 2e–g). Silver thiosulfate was most

Table 1 Primers used for cloning and real-time PCR

Gene Primer sequence

Lu-ACS F: ATTCARATGGGTCTHGCNGARAAYCAG

R: AARCARACACGRAACCAVCCMGGYTC

Lu-ACO F: TGYGARAAYTGGGGHTTCTTTGAG

R: CATKGCYTCRAAYCTBGGCTCYTTDGC

Lu-ACS1 F: AGCATTGCTGAAGTACTCAACGAT

R: GTAGTTCTCAGTAAACTCCGCGT

Lu-ACS2 F: GCTAGCGTGCATGCTTTCCAG

R: CGGACCCAAGTTCATCCAGCAG

Lu-ACS3 F: TGACTACCGCAAGAAGGATGTCG

R: CGGACCCATGTTCATCCAGCAA

Lu-ACS4 F: TAGAGGCGACAGAGTGAAATTCG

R: GATCGGCACCAGTTGGATTC

Lu-ACS5 F: GACTACCATGGCTTACCAGAGTTC

R: CCCGGTCGAATCCAGGGTAG

Lu-ACO1 F: GTTTCAGGATGATAAAGTGAGCGGT

R: GAACGACGCAATGGACATCCTC

Lu-ACO2 F: GGAGAGCACTTTCTTCCTCCG

R: ATTCTCGCACAACAGATCGAGC

Lu-ACO3 F: GGAGAGCACCTTCTACCTCAAG

R: CCTTCTTCAAGTAGCCCTTCTCG

Lu-Actin1 F: CCAATCTACGAAGGGTATGCTCTC

R: CGTTGTGAACATGTACCCTCTCTC
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effective in suppressing root hairs; application of 1 lM

severely inhibited (Fig. 2h) and 10 lM silver thiosulfate

completely eliminated root hair formation (Fig. 2i).

TFIBA Effects Are Reversed by IAA or ACC

Antiauxin effects should be reduced by elevated auxin or

relevant downstream compounds such as ethylene. There-

fore, we tested the coapplication of IAA and ACC in the

presence of TFIBA. IAA reduced and ultimately reversed

TFIBA-induced growth promotion (Fig. 3a), enlarged the

root diameter (Fig. 3b), and restored root hair growth

(Fig. 3c, d). A combination of 0.1 lM IAA and 100 lM

TFIBA generated roots similar to controls but with dif-

ferent thickness patterns. Despite the reduction of root

length, the root diameter was smaller than in controls in the

apical 4 mm but larger beyond 4 mm (Fig. 3b). Coappli-

cation of the ethylene precursor ACC partially reversed the

effect of TFIBA. Similar to auxin application, ACC

shortened the root (Fig. 3a), increased the root diameter

(Fig. 3b), and restored root hair growth (Fig. 3c, e). Roots

treated with 5 lM ACC and 100 lM TFIBA approached

the morphology of controls but were shorter with still

reduced diameter. ACC caused root curling when 5 lM or

higher concentrations were applied.

TFIBA and PCIB Inhibit but Ag? Increases Ethylene

Production

Because ethylene production in vegetative tissues is under

the control of IAA (Abeles 1973; Hansen and Grossmann

2000), we studied the effect of TFIBA, PCIB, and silver

thiosulfate on ethylene production in intact seedlings. The

ethylene production by 1-day old seedlings during the next

24-h period was reduced by 100 lM TFIBA and PCIB to

58% and 72% of control values, respectively. Ethylene

production decreased further with higher concentrations of

TFIBA or PCIB (Fig. 4a). TFIBA consistently inhibited

ethylene production more strongly than PCIB. In contrast,

silver thiosulfate increased ethylene production (Fig. 4b);

the concentration that eliminated root hair growth (10 lM)

resulted in 1.7-fold higher ethylene levels, and 1 mM silver

Fig. 1 Effect of TFIBA (a, d),

PCIB (b, e), and silver

thiosulfate (STS) (c, f) on root

elongation (a, b, c) and root

diameter (d, e, f) of 1-day-old

flax seedlings grown vertically

in petri dishes on 1% agar

medium containing different

concentrations of each

compound. Root length was

measured after 24 and 48 h and

root diameter was measured

after 48 h. Averages of three

replicates ± SE with 12

seedlings each
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thiosulfate, which induced the strongest growth promotion,

resulted in a more than 4-fold increase of ethylene

production.

Because IAA stimulates ethylene production via ACC

(Jones and Kende 1979; Yu and Yang 1979), auxin

inhibitors could inhibit ACC formation. This concept is

supported by the consistent ratio between measured ACC

(Fig. 4c) and released ethylene (Fig. 4a, b). One day after

application of 100 lM TFIBA or PCIB, the quantity of

ACC was half of that found in controls. The ACC content

of 1 mM silver thiosulfate-treated roots increased about

1.4-fold over controls (Fig. 4c).

TFIBA, PCIB, Silver Thiosulfate, and IAA Affect

Transcription of ACC Synthases and ACC Oxidases

The antagonistic effect between auxin and TFIBA or

PCIB could be related to altered transcription of

Fig. 2 Root hair growth on primary roots of 3-day-old flax seedlings

after 2 days of application of TFIBA, PCIB, and silver thiosulfate.

Controls show vigorous growth of root hairs (a) and increasing

concentrations of TFIBA gradually eliminated hair development (b–d).

Despite higher concentrations, PCIB (e–g) did not completely suppress

hair formation. Silver thiosulfate at 1 lM (h) strongly reduced and at

10 lM (i) completely prevented hair formation. Images show root

sections between 6 and 10 mm from the root tip. Scale bar = 1 mm

Fig. 3 Effect of coapplication of TFIBA and IAA or ACC on root

elongation (a), root thickness (b), and root hair growth (c, control; d,

TFIBA ? IAA; e, TFIBA ? ACC) in flax. TFIBA concentration was

either 0 (controls) or 100 lM. One-day-old seedlings were treated for

1 day. 0.1 lM IAA or 5 lM ACC restored root morphology to

control levels, but ACC treatment induced wavy growth. Root length

was measured in three replicates with 12 seedlings each. Root

diameter was measured from nine representative roots. Root hair

images were taken from 3 to 7 mm from the root tip. Scale

bar = 1 mm
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ethylene-producing enzymes such as ACC synthase and/or

ACC oxidase. Therefore, we identified five ACC synthase

genes (GenBank accession No. EF661820–EF661824) and

three ACC oxidase genes (GenBank accession No.

EF661825–EF661827) in flax. The cloned and sequenced

ACC synthase fragments (about 1100 bp) were more

diverse than the ACC oxidase fragments (about 840 bp).

The ACC synthase isoforms were 48% and the ACC

oxidase isoforms 88% identical at the amino acid level.

However, Lu-ACS1 and Lu-ACS2 differed by only one

amino acid. Lu-ACS3 was 96% identical to the previous

two isoforms, but the remaining two isoforms (Lu-ACS4-

5) were different from each other (81% identity) and from

the other three isoforms (Fig. 5a). Based on the phylo-

genetic tree of ACC synthase isoforms from Arabidopsis,

Lu-ACS1, 2, and 3 grouped together and are closely

related to AtACS 4, 5, 7, 8, 9, 11. On the other hand,

Lu-ACS4 and Lu-ACS5 are more similar to AtACS2 and

AtACS6 (Fig. 5b). As for ACC oxidases, Lu-ACO1 is

more closely related to Lu-ACO3 (98% identity), whereas

Lu-ACO2 is 89% identical to both Lu-ACO1 and

Lu-ACO3 (Fig. 6).

Based on the Ct values relative to actin1, the tran-

scription levels of ACS1 and ACS2 were similar and about

two times more abundant than those of ACS4 and ACS5

and five times more abundant than ACS3 in control roots at

all examined time points. The time courses of ACS1, 2, and

3 transcriptions were similar (Fig. 7a–c). These isoforms

were downregulated by TFIBA and PCIB but upregulated

by silver thiosulfate. Downregulation of ACS1 by TFIBA

and PCIB began 6 h after application (80 and 60%,

respectively) and lasted for the next 18 h, when ACS1 was

reduced to about 40% of controls (Fig. 7a). Similarly,

TFIBA and PCIB reduced ACS2 transcription to about 40%

of control levels (Fig. 7b). PCIB inhibited ACS3 within 3 h

(50% of control); TFIBA reduced ACS3 transcription sig-

nificantly 6 h after application (Fig. 7c). By 24 h, ACS3

transcription decreased to less than 20% of controls. Con-

versely, silver thiosulfate caused upregulation of ACS1,

ACS2, and ACS3 within 6 h to 1.5-2 times the control level

(Fig. 7a–c), but the stimulation was short-lived and after

12 h was similar to controls.

ACS4 transcription declined after about 12 h of treat-

ment with TFIBA and PCIB to about 40 and 60% of

controls, respectively (Fig. 7d). The inhibition lasted for

the next 12 h. Silver thiosulfate inhibited ACS4 more than

TFIBA or PCIB within 6 h to about half of controls and at

all time points (Fig. 7d). None of the three chemicals

affected ACS5 (Fig. 7e).

Fig. 4 Effect of TFIBA and PCIB (a) and silver thiosulfate (b) on

ethylene production in flax seedlings. Fifty flax seeds were sealed

between two layers of filter paper wetted with 3 ml buffer (5 mM

Mes/Tris, pH 6.0) in 75-ml tissue culture flasks for 1 day. Seedlings

were treated for 1 day. Average ± SE of five repeats with 50 roots

each for TFIBA and PCIB; three repeats for silver thiosulfate. c ACC

content in the flax root after treatment with TFIBA, PCIB, and silver

thiosulfate. One-day-old seedlings were transferred to agar medium in

vertical petri dishes and allowed to grow for 24 h. TFIBA and PCIB

significantly inhibited and silver thiosulfate increased the ACC

content of the roots. Average ± SE of four repeats with about 75

roots each; **P \ 0.01
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ACO3 was the most prominent among the ACC oxidase

isoforms and two and five times more abundant than ACO2

or ACO1. ACO1 was reduced by TFIBA to 60% of controls

but transiently stimulated by silver thiosulfate; PCIB had

no effect (Fig. 7f). ACO2 transcription changed relatively

little during the 24-h observation time. As for ACO1, silver

thiosulfate transiently upregulated ACO2 levels and PCIB

had no effect (Fig. 7g). TFIBA and PCIB inhibited ACO3

after 12 and 24 h (about 60% of controls) but silver thio-

sulfate had no effect (Fig. 7h).

IAA treatment of flax roots for 6 h did not affect ACC

synthase transcription at less than 10-8 M (Fig. 8a).

Fig. 5 a Multiple alignment of

deduced amino acid sequences

of flax ACC synthases using

Clustal W software

(http://www.ebi.ac.uk/

Tools/clustalw/index.html).

* represents identical amino

acid residues; - represents gaps.

b Phylogenetic tree built with

ACC synthases in flax and in

Arabidopsis using Mega3

(http://www.megasoftware.

net/mega.html). Neighbor-join-

ing method was used with 1000

bootstrap replicates
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Increasing IAA concentrations transiently upregulated

ACS1 and ACS2 (1.2-fold of controls at 10-7 M). Higher

IAA concentrations (10-6 M) downregulated these iso-

forms (Fig. 8a). ACS3 expression was upregulated almost

2-fold by 10-7 M IAA and remained elevated at higher

IAA concentrations. Increasing IAA concentration pro-

gressively inhibited ACS4 and ACS5 transcription.

ACC oxidases showed upregulation with increasing

IAA concentrations; the strongest effect was observed for

ACO1, which was upregulated at all auxin concentra-

tions with a maximum at 10-6 M IAA (Fig. 8b). ACO2

was upregulated by 10-7 M IAA (1.6-fold) but showed

no response to higher auxin concentrations. Similarly,

ACO3 transcription decreased with increasing auxin

concentrations.

Discussion

TFIBA, PCIB, and Silver Promote Root Growth

Although the effectiveness of the compounds differed at

optimal concentrations, the three compounds similarly

affected root elongation, diameter, and root hair develop-

ment (Figs. 1 and 2). Previous work on TFIBA mentioned

only promotion of root elongation (Katayama and others

1995; Zhang and Hasenstein 2000, 2002) but did not

consider root diameter or root hair development. A com-

bination of root elongation, diameter, and hair formation

better assesses physiologic effects than does elongation

alone. The variability of these three parameters suggests

that TFIBA interferes with ethylene because ethylene

inhibits root elongation, causes swelling of the tip (Bertell

and others 1990), and enhances formation of root hairs

(Masucci and Schiefelbein 1994, 1996). During early

stages of root growth, auxin and ethylene occur at their

highest concentrations and inhibit root elongation (Bialek

and others 1992; Epstein and others 1980; Lalonde and

Saini 1992; Tillberg 1977). TFIBA was most effective in

promoting root elongation during the early stages of root

growth, and the effect of TFIBA was reversed by both IAA

and ACC (Fig. 3). Thus, TFIBA is likely to promote root

growth when auxin concentrations are inhibitory for root

elongation. If auxin concentrations are limited, antiauxins

are more likely to inhibit growth, as has been shown for

PCIB in Arabidopsis (Oono and others 2003). Furthermore,

the inhibition of ethylene and ACC production by TFIBA

and PCIB but promotion by silver thiosulfate (Fig. 4)

suggests a different mode of action for Ag?, despite the

common effect on root growth and morphology. The

reduction of ethylene and ACC by TFIBA and PCIB

(Fig. 4a, c) may originate from the inhibition of auxin,

which is thought to control ethylene biosynthesis (Abeles

1973; Kang and others 1971).

The partial but incomplete compensation of TFIBA

effects by ACC on root growth (Fig. 3) may also stem from

overlapping functions of auxin and ethylene on root growth

(Alonso and others 2003; Pitts and others 1998; Rahman

and others 2002; Stepanova and others 2007; Swarup and

others 2002). Li and others (2006) reported that auxin

response factors ARF19 and ARF7 not only participate in

auxin signaling, but also play a critical role for the ethylene

pathway. The enhancement of primary root elongation by

TFIBA, PCIB, and silver thiosulfate (Fig. 1) suggests that

ethylene inhibits early root elongation, as was also dem-

onstrated by the promotional effect of the ethylene bio-

synthesis inhibitor L-a-(2-aminoethoxyvinyl) glycine

(Zhang and Hasenstein 2002).

Therefore, inhibiting auxin or ethylene can produce

similar effects on root growth and may explain the

Fig. 6 Comparison of deduced

amino acid sequences of flax

ACC oxidases. Clustal W

software (http://www.

ebi.ac.uk/Tools/clustalw/

index.html) was used for multi-

ple alignments. * represents

identical amino acid residues
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interaction between TFIBA and ACC. Although it is pos-

sible that TFIBA interferes with the auxin signaling sys-

tem, similar to PCIB (Oono and others 2003), this

mechanism remains to be discovered.

TFIBA Is not a Universal Root-Growth Promoter

The TFIBA-promoted root elongation caused speculations

of improved rooting of seedlings (Katayama and Gautam

1997) and the mimicking as of yet unidentified root-spe-

cific growth promoters (Zhang and Hasenstein 2000).

However, root elongation coincided with reduced root

thickness, reduced root hair growth (Figs. 1 and 2b–d), and

reduced lateral root formation (Zhang and Hasenstein

2000). Because root thickness is important for mechanical

strength, hairs are important for water and mineral

absorption, and lateral roots are essential for anchorage and

soil exploitation, TFIBA may not be unequivocally bene-

ficial for seedling development despite its promotion of

root elongation. The promotional effect of TFIBA on root

elongation also depends on the nutrient status and age of

seedlings (data not shown). The TFIBA effect on root

growth decreased as seedlings developed or when nutrients

were added to the growth medium. Therefore, TFIBA is

not likely to improve the overall performance of a root

system, soil utilization, or plant productivity.

Fig. 7 Time course of ACC

synthase and ACC oxidase

transcription in flax roots treated

with 100 lM TFIBA, 100 lM

PCIB, and 1 mM silver

thiosulfate. ACS1 (a); ACS2

(b); ACS3 (c); ACS4 (d); ACS5

(e); ACO1 (f); ACO2 (g);

ACO3 (h). One-day-old

seedlings were transferred to

fresh medium and treated for the

indicated time. Actin1 was used

as reference gene and showed

less than 10% variability. The

onefold line indicates

expression of genes in untreated

controls. Each treatment was

repeated three times, with three

replicates per PCR plate;

*P \ 0.05
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TFIBA and PCIB Affect Ethylene Synthesis

ACC synthase and ACC oxidase represent gene families.

Arabidopsis has eight active ACC synthases (Tsuchisaka

and Theologis 2004) and at least two ACC oxidase genes

(Raz and Ecker 1999) similar to tomato, where eight ACC

synthases (Shiu and others 1998) and four ACC oxidases

(Nakatsuka and others 1998) have been identified. We

identified five isoforms of ACC synthase and three iso-

forms of ACC oxidase (Figs. 6 and 7). Although the

complete number of copies for these genes in flax is

unknown, the identified isoforms should be representative

for these two gene families in this species. Despite the high

similarity, real-time PCR was able to distinguish all ACC

synthase and ACC oxidase isoforms.

TFIBA and PCIB reduced the transcription of ACS1,

ACS2, and ACS3 similarly (Fig. 7a–c). The upregulation of

these three isoforms by silver thiosulfate underscores their

importance for ethylene production. The similarity among

these isoforms is also supported by their phylogenetic

relationship with AtACS4 in Arabidopsis (Fig. 6b), which

is induced by IAA (Abel and others 1995; Wang and others

2005). IAA enhanced the transcription of ACS3, ACO1,

and, at low concentrations, ACO2 (Fig. 8) but did not

induce ACS4 or ACS5 transcription despite their similarity

with the auxin-susceptible isoforms AtACS2 and AtACS6

(Tsuchisaka and Theologis 2004; Yamagami and others

2003). The auxin susceptibility of ACC synthase isoforms

may be species specific because AtACS9 has been dem-

onstrated as not IAA inducible (Tsuchisaka and Theologis

2004; Yamagami and others 2003). In contrast, TFIBA and

PCIB decreased the expression of all ACS isoforms except

ACS5 (Fig. 7). These observations suggest that TFIBA and

PCIB at least partially counteract IAA-induced ethylene

biosynthesis.

The ACC oxidase isoforms ACO1 and ACO2 were

inhibited by TFIBA but promoted by silver thiosulfate and

IAA (Fig. 7f, g, 8b). ACO1 was promoted by the entire

range of tested IAA concentrations (Fig. 8b). ACO3, the

most abundant isoform, was not induced by IAA but

inhibited by TFIBA and PCIB (Fig. 7h). This result sug-

gests that ACO3 transcription may be saturated by endog-

enous auxin but suppressible by antiauxins such as TFIBA

and PCIB.

The sensitivity of ACC synthase and ACC oxidase

isoforms’ transcription to auxin concentration (Fig. 8)

indicates that these enzymes may be under auxin control.

Transcription of abundant isoforms may be saturated by

endogenous IAA and not be inducible (ACS4, ACS5,

ACO3) or stimulated only by low IAA concentrations

(ACS1, ACS2, ACO2). The well-documented sensitivity of

roots to exogenous auxin is in line with saturation of

transcription of most ACC synthase and ACC oxidase

isoforms by 0.1 lM IAA.

Possible Mode of Action of TFIBA

Comparing TFIBA and PCIB with other auxin antagonists

shows important differences. Yokonolide B stimulates

lateral root formation and does not inhibit root hair growth

(Hayashi and others 2003). Terfestatin A does not compete

with auxin for the receptor because it does not inhibit the

interaction between SCFTIR1 and Aux/IAA (Yamazoe and

others 2005). However, these compounds inhibit auxin-

induced gene expression by blocking the degradation of

Aux/IAA repressor proteins in Arabidopsis (Hayashi and

others 2003; Yamazoe and others 2005).

The structural similarity between TFIBA and PCIB and

the auxins IAA and 2,4-D, respectively, suggests some

competition at a recognition site. This concept is sup-

ported by different activities for IAA and 2,4-D (Rahman

and others 2006, 2007) and by observations that the

Fig. 8 Expression levels of ACC synthases (a) and ACC oxidases (b)

in flax roots after treatment with different concentrations of IAA.

One-day-old seedlings were transferred to fresh medium and treated

with IAA for 6 h. Actin1 was used as reference gene and showed less

than 10% variability. The onefold line indicates expression of genes

in untreated controls. Averages ± SE of three experiments;

*P \ 0.05
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Arabidopsis mutant aar1 is resistant to PCIB and 2,4-D

but responds normally to IAA (Rahman and others 2006).

The low effectiveness of PCIB on some auxin-controlled

processes could be the result of some structural specific-

ity. Compared with PCIB, TFIBA is the stronger pro-

moter of root elongation (Fig. 1), more powerful inhibitor

for root hair growth (Fig. 2), and a more potent ethylene

inhibitor (Fig. 4a). Although the experiments described

here focus on ethylene, our data do not rule out that

TFIBA might be an auxin antagonist similar to PCIB.

Although the antiauxin mode of action for PCIB results

from its stabilization of the Aux/IAA protein (Oono and

others 2003), similar modes of action for TFIBA are pos-

sible but remain to be detected.
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