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Carbohydrate Accumulation in Leaves of Plants Treated with
the Herbicide Chlorsulfuron or Imazethapyr Is Due to a
Decrease in Sink Strength
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Herbicides that inhibit branched chain amino acid biosynthesis produce a rapid carbohydrate increase
in leaves of treated plants. The relationship between these processes is not known nor is the
importance of carbohydrate accumulation in the growth inhibition caused by these herbicides. This
work analyzes carbohydrate concentration in sources and sinks after herbicide treatments in pea
(Pisum sativum L.), as well as photosynthetic carbon assimilation, using two classes of chemicals,
chlorsulfuron and imazethapyr, applied to roots or leaves. The most remarkable result was that, in
addition to carbohydrate accumulation in leaves, accumulation of sucrose and/or starch in roots was
detected. This pattern of carbohydrate accumulation was similar for both herbicides and independent
of whether the herbicides were applied to leaves or roots. This indicates that root growth inhibition
was not caused by sugar starvation in sinks. Nevertheless, the results are consistent with a decrease
in sink strength, leading to the inhibition of photoassimilate translocation.
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INTRODUCTION pool, and decrease in protein levels (9—12). A rapid carbohy-
drate increase in leaves of plants treated with this type of

Herbicides that block essential amino acid biosynthesis are herbicide has been widely reporte®, (13, 14), but the

limited in activity to organisms possessing the target biochemical

and isoleucine are essential amino acids for animals, and the y ’ ’

inhibition of their biosynthetic pathway is the mechanism of photosynthesis is not affe_cteo_l by ALS inhibition, so the observed
action of four main classes of herbicides: imidazolinones, carbohydrate accumulation in treated leaves was suggested to

sulfonylureas, triazolopyrimidines, and pyrimidinylsalicilyc acids l:_)e related to a decreased photoassimilate translocation to sink
(1). All of these herbicides inhibit the first common enzyme in tissues (14’15)_' .

this pathway [acetohydroxyacid synthase (EC 4.1.3.18) or On the basis of.carbohydrate studlgs in treated leaves and
acetolactate synthase (ALS)] and together account-20% exudates from excised leave (3, 16), it was suggested that

of the herbicide market (2). ALS inhibition as the mechanism carbohydrate accumulation in leaves might be caused by an
of action of these herbicides was unequivocally described using impairment of phloem loading. This would explain the inhibition

physiological and enzymatic approaches and also genetically,0f photoassimilate translocation and may be part of the plant
after generation of herbicide-resistant plants by modification death mechanism, because meristematic tissues would be carbon

with genes coding a resistant ALS, @). starved (514,17). Although Hall and Devine (18) did not detect

Although the primary site of action has been ascertained, the 81y €ffect of chlorsulfuron on HATPase activity, Kim and
sequence of changes leading to plant death is unclear. Becaus¥@nden Born (1719) suggested that the inhibition of photo-
meristematic tissues are more susceptible to ALS inhibis ( assimilate transport was due to a reduced ability of leaf tissue
one of the first physiological effects is growth arrest. ALS to load sucrose into the phloem, based on structural alterations
inhibitors act slowly, so the death of the whole plant can take ©f mesophyll cells.
several weeks5). Several biochemical and physiological effects ~ Alternatively, carbohydrate accumulation in leaves might be
have been described as a secondary consequence of the primagaused by a decrease in sink strength. However, carbohydrate
action of ALS inhibitors: accumulation of 2-ketobutyric acid concentration in sinks after herbicide supply has not been
(6, 7), accumulation of 2-aminobutyric acid (the transamination thoroughly addressed. Sugar accumulation in pea leaves and
product of 2-ketobutyric acid) (8), increase in free amino acid roots after a long-term sublethal imazethapyr (IM) treatment (4

weeks) has been showg0Q), although this observation does

* Author to whom correspondence should be addressed (telephone 34-NOt preclude the possibility of a shortage of carbon skeletons
948169120; fax 34-948168930; e-mail royuela@unavarra.es). in the roots at the beginning of the treatment. However, it has
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been reported(l) that total soluble sugar accumulation in roots T T T T 3
occurs before starch accumulation in leaves of IM-treated plants,
indicating that carbohydrate accumulation in leaves is the
consequence of a decrease in sink strength. However, these
studies (2021) were performed with herbicides being applied

to the root system. The different method of herbicide application
(to leaves or to roots) may influence the carbohydrate accumula-
tion pattern and may explain the different results found in
different studies.

The aim of this work was to ascertain whether there is a
general pattern of carbon allocation following ALS-inhibiting
herbicide supply, independent of herbicide chemical class and
site of application (spray to leaves or supply to the roots via
the nutrient solution). For this purpose, carbon fixation in leaves
and carbohydrate content in leaves and roots were studied in
pea plants treated with two classes of ALS inhibitors: the
sulfonylurea chlorsulfuron (CS) and the imidazolinone IM.

Shoot length (cm)

Root length (cm)

20 ]
V 1 1 1 " 1 a 1
Chemicals and Apparatus. Commercial IM (Pursuit 10) was 0 2 4 6 8
supplied by BASF Espafiola SA (Barcelona, Spain), and commercial Days after herbicide treatment
CS (Glean) was supplied by DuPont (DuPont Ibérica SA, Barcelona, _.
Spain). All other reagents were obtained from Sigma Chemical Co. Figure 1. Shoot (A) and root (B) lengths of control pea (CJ) or plants
(St. Louis, MO). treated with imazethapyr (O) or chlorsulfuron (A) applied to the nutrient
A portable infrared gas analyzer (IRGA) (system Li-6200, Li-Cor, s_olu_ti_on. Ea(_:h value is the mean + standar_d error (n = 10). * indicates
Lincoln, NE) was used to determine G@ssimilation rate and internal  Significant difference between control and imazethapyr and #, between
CO, concentration. Leaf area was determined using an Li-3000 system control and chlorsulfuron (p < 0.05) at a given day.
(Li-Cor). Stomatal conductance was determined by a porometer (Delta ) - )
T Device Ltd., Cambridge, U.K.). Capillary electrophoresis was carried @ portable IRGA. Measurements were made in growth conditions using
out using a P/ACE system 5500 (Beckman Instruments, Fullerton, CA). an initial concentration of 450 ppm of G@nd a flow rate o230
Plant Material and Herbicide Treatment. Seeds of pea (Pisum  #Mol s*. Stomatal conductance was measured in intact plants in the
satipumL. cv. Snap Sugar Boys) were surface sterilized as described Youngest expanded leaf with a portable porometer.
in ref 22 prior to germination. For germination, seeds were grown in _ Carbohydrate Extraction and Determination. Roots and leaves
vermiculite for 96 h at 26C in darkness and then were transferred to (0.3 g of fresh weight) were exhaustively extracted in boiling 80%
hydroponic tanks of 2.7 L and placed in a growth chamber. The nutrient (/) €thanol (12 mL for roots; 16 mL for leaves). Ethanol-soluble
solution (23) was supplemented with 10 mM Ki@erated continu- ~ €xtracts were dried in a Turbovap (Zymark, Hopkinton, MA), and
ously (700 mL tank! min-1), and refreshed every 3 days. Growth ~Soluble compounds were redissolved with 4 mL of distilled water,
conditions were 30@mol m2 s (PPF; 14 h photoperiod) and 25/18 ~ Mixed, and centrifuged at 23g0for 10 min. The supernatant was

°C and 60/70% relative humidity day/night. When plants were 12 days immediately frozen and stored ai20 °C until its utilization. The
old, the tanks were divided into groups: one group was left as the ethanol-insoluble residue was extracted for starch, and the glucose

control, and the other groups were treated with herbicides. The four produced by amyloglucosidase enzyré)(vas analyzed as for soluble

herbicide treatments were IM or CS applied to the nutrient solution compounds.

and IM or CS applied to the leaves. There were eight plants per tank  The contents of fructose, glucose, and sucrose were analyzed by
and three replicates of tanks per treatment. high-performance capillary electrophoresis as described i25€eThe

Herbicide (IM and CS) concentrations necessary to induce similar 22ckground buffer was 10 mM benzoate (pH 12) containing 0.5 mM
effects on pea after application to roots or to leaves were determined MY"istyltrimethylammonium bromide (MTAB). The applied potential
in preliminary studies. The herbicide concentrations in the nutrient &S —15 KV, and the capillary tubing was 5m i.d. and 31.4/38.4

solution were maintained constant throughout the experiment: IM, 20 €M long. The indirect UV detection wavelength was set at 225 nm.
mg of active ingredient IM L* (69 xM); and CS, 10ug of active Soluble sugars were expressed as milligrams per gram of dry weight

ingredient CS L* (28 nM). These concentrations corresponded to 100 (PW). and starch was expressed as milligrams of glucose per gram of
times the recommended field application rate for IM (IM can be used DW. In roots, no detectable levels of glucose and fructose were found.

on legume crops) and 0.2 times for CS (pea is very susceptible to CS). Statistical Analy_sis. Res_ults shown_in Fhis paper were examined
The herbicides applied to leaves were sprayed with a mechanical by one-way analysis of variance. Replications refer to single plants. In

sprayer. IM was sprayed to plants at a concentration of 1.5 g of active the fi.ggres, * and # indicate significant djﬂerence between contro! and
ingredient IM L2 (5.2 mM), and CS was sprayed at 10 mg of active hgrblclde-treated plantg (= 0.05) at a given day of treatment using
ingredient CS L (28 uM). Fisher's test.

For carbohydrate analysis, leaf and root samples were taken 5 h
after the beginning of the photoperiod at 0, 1, 3, and 7 days after RESULTS
treatment. Plant material was immediately frozen in liquid nitrogen Effects of Herbicide Treatments on Growth. Preliminary
and stored at-80 °C. Some material was dried for 48 h at780 °C studies were conducted to determine herbicide concentrations

to obtain the fresh weight/dry weight ratio. Root and shoot lengths . S -
were measured at 0, 1, 3, and 7 days after treatment. Gas exchangz‘e’v'th effects on growth similar to those described after the supply

_l H H
measurements were conducted daily for 7 days after the onset ofOf 20 mg L I_M to the nutrient solution 21). Th_e four
treatment. Results given in this paper are the mean of two independentif€atments studied caused an arrest of root elongation after the

experiments with three rep”cates in each experiment_ onset Of treatment, and thIS grOWth II’]thItIOI’] was S|gn|f|cant
Gas Exchange Measurements\et CQ assimilation rate, internal ~ Within the third day. Shoot growth inhibition caused by the four

CO; concentration, and leaf area were measured 3 h after the beginningtreatments was smaller than root growth inhibitiginglires 1
of the photoperiod in intact plants in the youngest expanded leaf with and2). In all cases net photosynthesis was almost zero after 20
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Days after herbicide spraying Figure 3. Sucrose (A), glucose (B), fructose (C), and starch (D) contents
Figure 2. Shoot (A) and root (B) lengths of control pea (M) or plants in leaves of control pea plants (0) or plants treated with imazethapyr (O)
sprayed with imazethapyr (®) or chlorsulfuron (a) to the foliage. Each or chlorsulfuron (a) applied to the nutrient solution. Each value is the
value is the mean + standard error (n = 10). * and # indicate as in mean + standard error (n = 6). * and # indicate as in Figure 1.
Figure 1.
ROOTS
days from the onset of herbicide treatment, and plant death took 1257

~22—23 days. The concentrations used were suitable for
analysis of the physiological effects after ALS inhibition
because, although these concentrations caused a lethal pheno-
type, results presented in this study were carried out for 7 days
at the initial phase of toxicity, in which plant viability was not
compromised.

Carbohydrate Accumulation in Leaves and RootsIM and
CS supply to the nutrient solution led to a carbohydrate
accumulation in leaves both as soluble carbohydrates (glucose
and sucrose) and as starch from the onset of treatment. Sucrose
content was immediately increased under IM treatmEigfufe
3A), reaching up to twice the content of nontreated leaves by
day 1. Glucose and fructosEigure 3B,C) increased up to 9.5
and 23 times, respectively, by day 7, and starch accumulation
was observed within 3 days and was twice the control values
by 7 days (Figure 3D).

CS supplied to the nutrient solution did not lead to such a
drastic carbohydrate accumulation, but there was an increase [
in sucrose content after 3 dayBigure 3A) and in glucose L

sof

Sucrose (mg g1 DW)

25|

[
(=3
—T

(=]
B

Starch (mg glucose g-' DW)
=
T

content from 3 days of treatment (Figure 3B). Leaves of CS- 0 2 4 PR
treated plants showed an increase in starch content by day 1, Days after herbicide treatment
but then decreased to nearly zero at dayigire 3D). Figure 4. Sucrose (A) and starch (B) contents in roots of control pea

Despite carbohydrate accumulation in leaves, there was noplants (d) or plants treated with imazethapyr (O) or chlorsulfuron (A)
carbohydrate shortage in roots. Indeed, carbohydrates were als@pplied to the nutrient solution. Each value is the mean + standard error
accumulated in roots when herbicides were added to the nutrientn = 6). * and # indicate as in Figure 1.
solution Figure 4). IM caused a significant increase in sucrose
and starch contents in roots from day 1 throughout the treatment,starch accumulations were significant from dayRgj(ire 5A,D).
whereas CS led to only sucrose accumulation. Similarly, root carbohydrate content was also affected when

ALS-inhibiting herbicides applied by spraying caused an herbicides were sprayed to the foliage, although with different
increase in carbohydrate concentration of leaves. With IM, there patterns. With IM, a nonsignificant increase of starch mobiliza-
was a significant increase in sucrose and glucose at day 3tion at day 1 and a significant increase in sucrose content from
(Figure 5A,B). Although no variation in fructose content was day 3 were detected, whereas with CS, there was a significant
detected in IM-sprayed plants, the starch content increasedincrease in starch at day Bigure 6).
throughout the course of the experimefigure 5C,D). In CS- Photosynthetic Parameters under ALS Inhibition. Sup-
sprayed leaves, fructose accumulation was significant within 1 plying IM to the nutrient solution led to an inhibition of
day from the onset of treatmerftigure 5C), and sucrose and  photosynthetic parameters in leav&sgre 7). The inhibition
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Days after herbicide spraying
Figure 5. Sucrose (A), glucose (B), fructose (C), and starch (D) contents
in leaves of control pea plants (M) or plants sprayed with imazethapyr
(@) or chlorsulfuron (A) to the foliage. Each value is the mean =+ standard
error (n = 6). * and # indicate as in Figure 1.

ROOTS

Sucrose (mg g-! DW)

Starch (mg glucose g-! DW)
T

o &7 -
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Days after herbicide spraying
Figure 6. Sucrose (A) and starch (B) contents in roots of control pea
plants (M) or plants sprayed with imazethapyr (@) or chlorsulfuron (a) to
the foliage. Each value is the mean + standard error (n = 6). * and #
indicate as in Figure 1.
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Figure 7. Stomatal conductance (A), internal CO, concentration (B), and
net photosynthesis (C) in leaves of nontreated pea plants (O) or plants
treated with imazethapyr (O) or chlorsulfuron (A) applied to the nutrient
solution. Measurements were made daily on the youngest fully expanded
leaf. Each value is the mean + standard error (n = 8). * and # indicate
as in Figure 1.

tration was not significantly altered by IM spray to the foliage.
Stomatal conductance and net photosynthesis in IM-sprayed
leaves differed only slightly from those of untreated leaves
(Figure 8A,C). None of the four treatments caused any effect
in the water content of leaves, so it could not be related to
changes in stomatal conductance.

DISCUSSION

Carbohydrate accumulation in leaves has been repeatedly
reported after treatment with ALS inhibitor2g). On the
contrary, a decrease in glucose and starch in IM-treated soybean
(27) and no effect on total carbohydrate content in ma28) (
have been described. Nevertheless, these contradictory effects
may be due to differences in the dosages of herbicides used, as

photosynthesis rate were significant from days 2, 3, and 4, the latter results were found at a sublethal level, with dosages
respectively. Although CS supply to the nutrient solution did that did not produce any effect on growt?g).

not cause a similar decline in conductance, net photosynthesis In this paper, carbohydrate accumulation in leaves after 1
declined from day 5, being 50% inhibited after 7 days of and 3 days from the onset of the treatment was clearly detected
treatment (Figure 7A,C). Thus, at the end of the study period after either leaf or root application, by supplying lethal
(7 days) net photosynthesis was similarly affected by CS and concentrations of ALS inhibitors (causing plant death~20

by IM.

days). It was suggested that growth inhibition and plant death

When herbicides were sprayed onto the foliage, only CS induced by ALS inhibitors could be explained by a possible
caused a slight decline in net photosynthesis after a slight declinecarbon starvation in meristematic tissues caused by inhibition

of stomatal conductancé&igure 8A,C). Internal CQ concen-

of assimilate translocatiob(14,17). Nevertheless, our results
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I T T T performed in leaves or even excised leaves without considering
A# # 1 root performance. The results shown in this paper assess the
08| T time course of the pattern of carbohydrate content not only in

r leaves but also in roots, discerning the role of root carbohydrate
. content under in vivo conditions.

The inhibition of cellular division by ALS-inhibiting herbi-

7 cides (29) may cause a decrease in root growth, although

] carbohydrates are not limiting in that organ, as we have detected.

. If cellular division is inhibited, carbohydrates may not be

1 metabolized to obtain energy or to produce structural molecules,

o —+—+—F———— ] and that is why carbohydrates may accumulate in the roots. It
] remains unclear why the inhibition of the biosynthesis of

branched-chain amino acids leads to the inhibition of cellular

division. An alteration of intermediate metabolite po&&) or

the ATP levels after ALS inhibition could cause the inhibition

] of cellular division.

[ ] It is noticeable that plants treated with this class of herbicides
100 F ] maintain enough photosynthetic carbon assimilation rates to
[ ] accumulate carbohydrates in sources and sinks for a long time
9 # ] in a situation when growth is arrested and, ultimately, leads to
208+ 1 T —* plant death. Sugar accumulation showed a trend to decline to
of c ] control values after 7 days of treatment, but it does not mean a
[ ] recovery, because it matches up with the decline in carbon
assimilation, which makes it difficult to maintain the same
carbohydrate accumulation throughout the treatment period. In
contrast, no effect on carbon fixation rates was reported shortly
after application (within hours) of ALS inhibitor®9( 14, 30)

and after long-time applications of sublethal concentrations of
IM (20).

o, The time courses of conductance, internab@@ncentration,

0 2 4 6 8 and photosynthesis decline in leaves of IM-treated plants
strongly support the assumption that the decline in conductance
within 1 day of IM supply elicits the decline in net photosyn-

06

04

02

Conductance (cm sg!)

400 -

Internal CO, (ppm)

(umol CO, m2 s1)
-
T
1

Net Photosynthesis
[ 3V

—r—
1

(=3

Days after herbicide spraying

Figure 8. Stomatal conductance (A), internal CO, concentration (B), and thesis after 4 days. Another possibility is that the effect on
net photosynthesis (C) in leaves of control pea plants (M) or plants sprayed assimilation rates may be associated with the high carbohydrate
with imazethapyr (@) or chlorsulfuron (a) to the foliage. Measurements availability of the treated leaves. This has been described before
were made daily on the youngest fully expaqded Ieaf.. Eagh value is the under ALS inhibition £7) and other physiological situations
mean + standard error (n = 8). * and # indicate as in Figure 1. (31—33). It is proposed that the inhibition of photosynthesis

show that sugar accumulation occurs not only in leaves but a|sodetepted after ALS inhibiti_on is mediated by a stomatal closure
in roots. This supports the suggestion that root growth inhibition 21d iS & response to the increased carbohydrate content of the
of treated plants is not due to a shortage of carbon skeletons. I{i€ated leaves. In contrast, when herbicides were sprayed to the
seems that metabolic alteration induced by ALS inhibitors (as [0liage, photosynthesis slightly declined only in response to the
described in ref@0 and 21) impairs carbohydrate utilization, Nigh carbohydrate content, because no changes in stomatal

without much effect on photosynthesis, leading to carbohydrate conductance could be detected. This difference can explain the
accumulation in roots. The increase in sucrose and starch contenfore noticeable decline in GQixation rates when herbicides

in sinks suggests that sucrose is transported from leaves to theVereé supplied to the nutrient solution. It is difficult to explain
roots at a higher rate than sinks are able to use it. Under thesdN€ difference in stomatal conductance response between the

conditions, the gradient of sugars required for long-distance WO tyPes of applications. It might be due to the fact that when

transport is abolished, and phloem loading would be impaired. ALS inhibitors were sprayed to the foliage, it was only a sole

This decrease in sink strength seems to cause the carbohydrat@PPlication, whereas in the case of herbicides supplied to the

accumulation in leaves. nutrie_nt solutiqn, they remained in the container during the
Although previous studie€0, 21) supported the hypothesis  €XPerimental time course.

that carbohydrate accumulation in leaves is the consequence of The results presented in this paper indicate the existence of
decreased sink strength, it remained to be determined if thisa close relationship between ALS inhibition and carbohydrate
was a general effect of ALS inhibitors, independent of the site accumulation. The lack of use of the available carbohydrates
of application and the chemical class of herbicide. Our results by the root can be related to a slowing of metabolism in plants
show that the carbohydrate accumulation pattern in leaves andtreated by ALS inhibitors (2021, 34).

roots, evaluated with two different classes of herbicides and We conclude that carbohydrate accumulation in leaves of
two different applications, is a general physiological effect of treated plants is attributed to a decrease in sink strength and is
ALS inhibitors. There are few studies considering the role of not due to an inhibition of sucrose loading, because roots of
carbohydrate content in sinks of plants treated with ALS treated plants also accumulated carbohydrates. The validity of
inhibitors. Although phloem transport depends on the intensity this hypothesis has been demonstrated after herbicide supply
of sink strength, most studies dealing with carbohydrate to the nutrient solution and after herbicide spray to the foliage.
accumulation caused by ALS inhibitors in leaves have been The inhibition of carbon fixation several days after treatment
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with a lethal dose of IM or CS, which was not detected in shorter
or sublethal treatments, is a secondary response of ALS
inhibition, and it can be explained by two phenomena: reduced
stomatal conductance and high carbohydrate accumulation.

ABBREVIATIONS USED

ALS, acetolactate synthase; IM, imazethapyr; CS, chlorsul-
furon; DW, dry weight.

ACKNOWLEDGMENT

We thank G. Garijo for technical assistance and R. Farquarson
for helpful assistance with the English.

LITERATURE CITED

(1) Singh, B. K. Biosynthesis of valine, leucine and isoleucine. In

Plant Amino Acids: Biochemistry and Biotechnolp§ingh, B.

K., Ed.; Dekker: New York, 1999; pp 227—247.

Shaner, D. L. Crop modified to resist amino acid biosynthesis

inhibitors. In Plant Amino Acids: Biochemistry and Biotech-

nology; Singh, B. K., Ed.; Dekker: New York, 1999; pp 465

485.

Haughn, G. W.; Smith, J.; Mazur, B.; Somerville, C. Transfor-

mation with a mutantArabidopsisacetolactate synthase gene

renders tobacco resistant to sulfonylurea herbicitied. Gen.

Genet.1988,211, 266—271.

Hattori, J.; Rutledge, R.; Labbé, H.; Brown, D.; Sunohara, G.;

Miki, B. Multiple resistance to sulfonylureas and imidazolinones

conferred by an acetohydroxyacid synthase gene with separate

mutations for selective resistanddol. Gen. Genet1992,232,

167—173.

Shaner, D. L. Physiological effects of the imidazolinone herbi-

cides. InThe Imidazolinone HerbicideShaner, D. L., O’Connor,

S. L., Eds.; CRC Press: Boca Raton, FL, 1991; pp-1P38.

(6) LaRossa, R. A.; Van Dyk, T. K. Metabolic mayhem caused by
2-ketoacid imbalance®ioessayd987,7, 125—130.

(7) LaRossa, R. A.; Van Dyk, T. K.; Smulsky, D. R. Toxic
accumulation ofa-ketobutyrate caused by inhibition of the
branched chain amino acid biosynthetic enzyme acetolactate
synthase inSalmonella typhimuriuml. Bacteriol. 1987, 169,
1372—-1378.

(8) Rhodes, D.; Hogan, A. L.; Deal, L.; Jamieson, G. C.; Haworth,
P. Amino acid metabolism dfemma minoiL. Plant Physiol.
1987,84, 775—780.

(9) Shaner, D. L.; Reider, M. L. Physiological responses of corn
(Zea mays) to AC 243,997 in combination with valine, leucine,
and isoleucinePestic. Biochem. Phy4986,25, 248—257.

(10) Scarponi, L.; Alla, M. M. N.; Martinetti, L. Consequences on
nitrogen metabolism in soybea@lfcine max..) as a result of
imazethapyr action on acetohydroxy acid synthakeAgric.
Food. Chem1995,43, 809—814.

(11) Scarponi, L.; Younis, M. E.; Standardi, A.; Hassan, N. M.;
Martinetti, L. Effects of chlorimuron-ethyl, imazethapyr, and
propachlor on free amino acids and protein formatioVicia
fabal. J. Agric. Food Chem1997,45, 3652—3658.

(12) Sidari, M.; Pusino, A.; Gessa, C.; Cacco, G. Effect of imazametha-
benz-methyl on nitrate uptake in whedtiicum durumL.) J.
Agric. Food Chem1998,46, 2800—2803.

(13) Chao, J. F.; Quick, W. A.; Hsiao, A. |.; Xie, H. S. Effect of
imazamethabenz on histology and histochemistry of polysac-
charides in the main shoot of wild og4ena fatua) Weed Sci.
1994,42, 345—352.

@)

@)

(4)

®)

Zabalza et al.

(16) Kim, S.; Vanden Born, W. H. Chlorsulfuron decreases both
assimilate export by source leaves and import by sink leaves in
canola (Brassica napus L.) seedlinggstic. Biochem. Physiol.
1996,56, 141—148.

(17) Kim, S.; Vanden Born, W. H. Carbon allocation and translocation
in chlorsulfuron-treated canol&(assica napus Weed Scil997,

45, 466—469.

(18) Hall, L. M.; Devine, M. D. Chlorsulfuron inhibition of phloem
translocation in chlorsulfuron-resistant and susceptiriabi-
dopsis thalianaPestic. Biochem. Physiol993,45, 81-90.

(19) Kim, S.; Vanden Born, W. H. Effect of chlorsulfuron on
assimilate transport: ultrastructural implicatioi¢eed Scil997,

45, 470—473.

(20) Royuela, M.; Gonzalez, A.; Gonzalez, E. M.; Arrese-lgor, C.;
Aparicio-Tejo, P. M.; Gonzalez-Murua, C. Physiological con-
sequences of continuous, sublethal imazethapyr supply to pea
plants.J. Plant Physiol.2000,157, 345—354.

(21) Gaston, S.; Zabalza, A.; Gonzalez, E. M.; Arrese-Igor, C.;
Aparicio-Tejo, P. M.; Royuela, M. Imazethapyr, an inhibitor of
the branched-chain amino acid biosynthesis, induces aerobic
fermentation in pea plantBhysiol. Plant2002 114, 524-532.

(22) Labhilili, M.; Joudrier, P.; Gautier, M. Characterization of cDNA
encodingTriticum durumdehydrins and their expression patterns
in cultivars that differ in drought tolerancBlant Sci 1995 112,
219-230.

(23) Rigaud, J.; Puppo, A. Indole-3-acetic catabolism by soybean
bacteroidsJ. Gen. Microbiol.1975,88, 223—228.

(24) McRae, J. C. Quantitative measurement of starch in very small
amounts of leaf tissudlanta1971,96, 1110—1117.

(25) Warren, C. R.; Adams, M. A. Capillary electrophoresis for the
determination of major amino acids and sugars in foliage:
application to the nitrogen nutrition of sclerophyllous species.
J. Exp. Bot.2000,51, 1147—-1157.

(26) Wittenbach, V. A.; Abell, L. M. Inhibition of valine, leucine e
isoleucine biosynthesis. Rlant Amino Acids: Biochemistry and
Biotechnology; Singh, B. K., Ed.; Dekker: New York, 1999;
pp 385—416.

(27) Scarponi, L.; Martinetti, L.; Alla, M. M. N. Growth response
and changes in starch formation as a result of imazethapyr
treatment of soybearGlycine maxL.). J. Agric. Food Chem.
1996,44, 1572—1577.

(28) Scarponi, L.; Vischett, C.; Del Buono, D. Imazamox in maize:
uptake, persistence, and interference on protein and carbohydrate
formation.Ital. J. Food Sci.2001,2, 213-219.

(29) Rost, T. L. The comparative cell cycle and metabolic effects of
chemical treatments on root tip meristems. Ill. Chlorsulfuron.
J. Plant Growth Regul1984,3, 51-63.

(30) Ray, T. B. The mode of action of chlorsulfuron: A new herbicide
for cerealsPest. Biochem. Physiol982,17, 10-17.

(31) Azcon-Bieto, J. Inhibition of photosynthesis by carbohydrates
in wheat leavesPlant Physiol.1983,73, 681—686.

(32) Sawada, S.; Hayakawa, T.; Fukushi, K.; Kasai, M. Influence of
carbohydrates on photosynthesis in singled rooted soybean leaves
used as a source sink modelant Cell Physiol 1986 27, 591—

600.

(33) Chiou, T.-J.; Bush, D. R. Sucrose is a signal molecule in
assimilate partitioningProc. Natl. Acad. Sci. U.S.A.998,95,
4784—4788.

(34) Gaston, S.; Ribas-Carbo, M.; Busquets, S.; Berry, J. A.; Zabalza,
A.; Royuela M. Changes in mitochondrial electron partitioning
in response to herbicides inhibiting branched-chain amino acid
biosynthesis in soy beaRlant Physiol.2003,133, 1351-1359.

Received for review August 2, 2004. Revised manuscript received
September 24, 2004. Accepted September 24, 2004. S.G. and A.Z. were

(14) Bestman, H. D.; Devine, M. D.; Vanden Born, W. H. Herbicide 6 1151ders of grants from Universidad Piblica de Navarra and the
chlorsulfuron decreases assimilate transport out of treated IeavesSIOanish Ministry of Education and Culture (FPU), respectively. This
of field pennycress (Thlaspi arvense). Plant Physiol.1990, study was supported by Ministerio de Ciencia y Tecnolog AGL-2001-

93, 1441_1448' . . ) 1994 and Gobierno de Navarra.
(15) Devine, M. D. Phloem translocation of herbicid¥#geed Sci.
JF0486996

1989,4, 191—-213.



