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a b s t r a c t

Aminomethylphosphonic acid (AMPA) is formed in glyphosate-treated glyphosate-resistant (GR) and gly-
phosate-sensitive (GS) soybean [Glycine max (L.) Merr.] plants and is known to cause yellowing in soy-
bean. Although, AMPA is less phytotoxic than glyphosate, its mode of action is different from that of
glyphosate and is still unknown. Greenhouse studies were conducted at Stoneville, MS to determine
the effects of AMPA on plant growth, chlorophyll content, photosynthesis, nodulation, nitrogenase activ-
ity, nitrate reductase activity, and shoot nitrogen content in GR and GS soybeans. AMPA was applied to
one- to two-trifoliolate leaf stage soybeans at 0.1 and 1.0 kg ha�1, representing a scenario of 10% and
100% degradation of glyphosate (1.0 kg ae ha�1 use rate) to AMPA, respectively. Overall, AMPA effects
were more pronounced at 1.0 kg ha�1 than at 0.1 kg ha�1 rate. Visual plant injury (18–27%) was observed
on young leaves within 3 d after treatment (DAT) with AMPA at the higher rate regardless of soybean
type. AMPA injury peaked to 46–49% at 14 DAT and decreased to 17–18% by 28 DAT, in both soybean
types. AMPA reduced the chlorophyll content by 37%, 48%, 66%, and 23% in GR soybean, and 17%, 48%,
57%, and 22% in GS soybean at 3, 7, 14, and 28 DAT, respectively. AMPA reduced the photosynthesis rate
by 65%, 85%, and 77% in GR soybean and 59%, 88%, and 69% in GS soybean at 3, 7, and 14 DAT, respec-
tively, compared to non-treated plants. Similarly, AMPA reduced stomatal conductance to water vapor
and transpiration rates at 3, 7, and 14 DAT compared to non-treated plants in both soybean types. Pho-
tosynthesis rate, stomatal conductance, and transpiration rate recovered to the levels of non-treated
plants by 28 DAT. Plant height and shoot dry weight at 28 DAT; nodulation, nitrogenase activity at 10
DAT, and nitrate reductase activity at 3 and 14 DAT were unaffected by AMPA. AMPA reduced root res-
piration and shoot nitrogen content at 10 DAT. These results suggest that a foliar application of AMPA
could indirectly reduce photosynthesis through decreased chlorophyll content in GR and GS soybean
up to 14 DAT, but affected plants can recover to normal growth by 28 DAT.

Published by Elsevier Ltd.

1. Introduction

Glyphosate-resistant (GR) soybean was created by stable inte-
gration of a transgene that encodes for a glyphosate-insensitive
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) enzyme
(Padgette et al., 1996). Expression of glyphosate-resistant EPSPS
enzyme helps GR soybean to survive glyphosate treatment.
Nevertheless, decreased chlorophyll content, plant growth, nodule
biomass, leghemoglobin content, and nitrogen fixation and accu-
mulation have been observed following glyphosate treatment in
GR soybean under certain conditions (Reddy et al., 2000; King

et al., 2001; Reddy and Zablotowicz, 2003; Zablotowicz and Reddy,
2007; Bellaloui et al., 2008). AMPA is the most frequently detected
metabolite of glyphosate in plants (Reddy et al., 2004, 2008).
Glyphosate may be metabolized by plants via two pathways simi-
lar to those in certain microorganisms (Franz et al., 1997). One in-
volves oxidative cleavage of the C–N bond to yield AMPA and the
other, involves breaking of the C–P bond by C–P lyase to generate
sarcosine. AMPA, the main metabolite of glyphosate has been
found in both GR and GS soybean treated with glyphosate (Duke
et al., 2003; Reddy et al., 2004, 2008; Sammons and Tran, 2008).
AMPA formation from glyphosate degradation in soybean has been
correlated with the appearance of yellowing in GR soybean (Reddy
et al., 2004).

Glyphosate is rapidly degraded in soils (Accinelli et al., 2005;
Gimsing et al., 2004; Zablotowicz et al., 2009) with over 20–70%
of the glyphosate mineralized to CO2 in about 5 weeks, depending
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on the soil type. The metabolite, AMPA may accumulate in the soil
corresponding to 10–20% of the initial glyphosate applied (Gimsing
et al., 2004). In Danish soils, the half-life of glyphosate was 9 d,
while AMPA was 32 d, indicating the potential for accumulation
of the metabolite (Simonsen et al., 2008). In other studies (Mamy
et al., 2005), AMPA exhibited a half-life of 25–75 d. Glyphosate res-
idues in-crop plants exposed to the herbicide are also more resil-
ient in the soil as these residues are generally present as AMPA
and bound residues (Doublet et al., 2009).

AMPA has also been detected in cowpea [Vigna unguiculata (L.)
Walpers], sicklepod [Senna obtusifolia (L.) H.S. Irwin & Barneby],
coffee senna (Cassia occidentalis L.), Illinois bundleflower [Desmanthus
illinoensis (Michx.) MacM. ex B.L. Robins. & Fern.], kudzu [Pueraria
montana (Lour.) Merr. var. lobata (Willd.) Maesen & S.M. Almeida],
and horseweed [Conyza canadensis (L.) Cronq.] following glyphosate
application (Reddy et al., 2008). Detection of AMPA following gly-
phosate treatment indicates that glyphosate oxidoreductase may be
responsible for the herbicide’s degradation in plants upon applica-
tion. It has been observed that chlorosis (‘yellow flashes’) occur in
GR soybean expressing glyphosate oxidase following the treatment
with glyphosate (Sammons and Tran, 2008). Glyphosate inhibits
EPSPS in the shikimate pathway (Amrhein et al., 1980). By blocking
EPSPS, glyphosate causes many-fold increases in the shikimate levels
in treated plants (Lydon and Duke, 1988). An elevated shikimate level
is unique to glyphosate exposure and is used as an early and highly
sensitive indicator of glyphosate effects on plants (Harring et al.,
1998; Pline et al., 2002). However, shikimate levels were not affected
by AMPA treatment in both GR and GS soybeans indicating that the
mode of action of AMPA is apparently different from that of glyphos-
ate (Reddy et al., 2004). Since AMPA is phytotoxic to soybean by an
unknown mechanism, we have investigated physiological effects of
AMPA on GR and GS soybean in this study. The objective of this study
was to determine the effects of AMPA on visual plant injury, plant
growth, chlorophyll content, photosynthesis, nodulation, nitrogenase
activity, nitrate reductase activity, and shoot nitrogen content in GR
and GS soybeans under greenhouse conditions.

2. Materials and methods

Three greenhouse experiments were conducted during May
2009–March 2010 at the USDA-ARS, Jamie Whitten Delta States
Research Center, Stoneville, MS. A GR soybean cultivar
(AG4605RR/S) and a GS cultivar (Williams 82) were grown in 15-
cm diameter plastic pots containing 1.7 kg of 1:1 (v/v) mixture of
Bosket sandy loam soil (fine-loamy, mixed, thermic Mollic
Hapludalfs) and Dundee silty clay loam soil (fine-silty, mixed, ther-
mic Aeric Ochraqualf). The Dundee silty clay loam was from a field
under continuous soybean production for 4 years and contained an
abundant native population of Bradyrhizobium japonicum. The
greenhouse was maintained at 28/22 ± 3 �C, day/night tempera-
ture, with natural light supplemented by sodium vapor lamps to
provide a 13-h photoperiod. Soybeans were seeded and later
thinned to two uniform plants per pot after emergence and sub
irrigated with distilled water as needed. Soybean plants at the
one- to two-trifoliolate leaf (about 20 d from sowing) growth stage
were used for AMPA treatment. AMPA was applied at rates of 0.1
and 1.0 kg ha�1, representing a scenario of 10% and 100% glyphos-
ate (single application at 1.0 kg ha�1 use rate) degradation to
AMPA, respectively. AMPA spray solutions were prepared using
technical grade AMPA (>99% purity, Sigma–Aldrich, Allentown,
PA) and Tween 20 (Sigma–Aldrich, St. Louis, MO) at 0.5%, v/v.
The control plants were sprayed with water and Tween 20 (0.5%,
v/v). Spray solutions were applied using an indoor spray chamber
equipped with an air-pressurized system delivering 190 L ha�1 at
140 kPa using 8002E flat-fan nozzles.

2.1. Experiment 1. Plant injury, plant height, shoot dry weight,
chlorophyll and photosynthesis

AMPA was applied to the soybean at 0.1 and 1.0 kg ha�1. Tween
20-treated plants were included as the control. Soybean injury was
visually estimated at 3, 7, 14, 28 d after the treatment (DAT) on a
relative scale of 0 (no soybean injury) to 100% (soybean death).
Chlorophyll content was determined at 3, 7, 14, and 28 DAT using
the youngest fully expanded leaf from two plants in each pot. Chlo-
rophyll was extracted with 10 mL dimethyl sulfoxide and chloro-
phyll concentrations were quantified spectrophotometrically as
described by Hiscox and Israelstam (1979). Total chlorophyll con-
tent was expressed as mg g�1 leaf fresh weight.

Photosynthesis rate was measured using Li-6400XT portable
photosynthesis system (Li-COR Biosciences, Lincoln, NE) equipped
with a 6400–02 LED light source. Measurements were made on
both plants in each pot. Net photosynthesis rate (a), stomatal con-
ductance (gsw), intercellular CO2 (Ci), and transpiration (E) were
measured at 3, 7, 14, and 28 DAT. When measuring photosynthesis,
the cuvette chamber conditions were set to provide photosynthetic
photon flux density of 1000 lmol m�2 s�1 and cuvette block tem-
perature was maintained at 24 �C, and concentration of the CO2

was set at 350 lmol mol�1 with a flow rate of 500 mL s�1. Humid-
ity levels of the reference and sample chambers were set at
30 g kg�1. Stomatal ratio was set at 0.5 and measurements made
on a 6 cm2 segment of the top most center leaflet of each plant
in a pot. The chamber was attached to a leaflet, the photosynthesis
allowed to stabilize and the data recorded.

After photosynthesis and chlorophyll measurements at 28 DAT,
soybean plant height was measured on both plants in each pot.
Soybean plants were then excised at the soil surface, dried at
60 �C for 72 h, and dry weights were recorded.

2.2. Experiment 2. Nodulation, acetylene reduction assay, respiration,
shoot and root biomass, and shoot nitrogen

Both soybean plants were sampled from each pot at 10 DAT.
Shoots were excised at the soil surface, oven dried, and dry weights
recorded. Total N was determined from duplicate samples (10–
15 mg) using a Flash EA 112 elemental analyzer (CE Elantech,
Lakewood, NJ). Shoot N was expressed as per cent of shoot dry
weight. Total shoot N (mg N shoot�1) was calculated as the product
of percent N and shoot dry weight.

Nitrogenase activity was assayed using the acetylene reduction
assay described by Hardy et al. (1968) and Zablotowicz et al.
(1981). Roots were excavated with nodules intact and incubated
in 60 mL plastic syringes. Two roots were placed in a syringe,
sealed, 10% volume of air was removed and replaced with an equal
volume of acetylene. After one hour incubation at room tempera-
ture, duplicate 1 mL gas samples were removed and analyzed by
gas chromatography for ethylene formation and CO2 evolution as
described previously (Bellaloui et al., 2008; Zablotowicz and Reddy,
2007). An Agilent HP6960 (Agilent Technologies, Wilmington, DE)
gas chromatograph equipped with a manual injector, injector loop,
sample splitter and flame ionization detector (FID), and thermal
conductivity detector (TCD) was used for the quantification of eth-
ylene formation and CO2 accumulation, respectively. Following the
incubation, roots were washed, the nodules removed from the
roots, and numbers were recorded. The nodules and roots were
oven dried and their dry weights recorded.

2.3. Experiment 3. Leaf in vivo nitrate reductase activity

Two soybean plants were excised from each pot at 3 and 14 DAT
and immediately transported to the laboratory for nitrate reduc-
tase activity. Nitrate reductase activity (NRA) was measured based
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on an indigenous NO�3 using methods described by Klepper and
Hageman (1969) and later by Bellaloui et al. (2008). Approximately
0.4 g of fresh leaf tissue was placed in 5 mL of potassium phos-
phate buffer (19.171 g L�1 of K2HPO4 3H2O + 2.177 g L�1 of
KH2PO4 + 10 mL of 1% (v/v) 1-propanol) at a concentration of
100 mM, pH 7.5 in the test tube. The incubation solution was vac-
uum filtered for 1 min, and the test tube and contents were flashed
with nitrogen gas for 30 s and incubated at 30 �C. Aliquots of
1.0 mL were taken at intervals of 0, 60, 120, 180, and 300 min after
flashing for NO�2 determination. Then, 4 mL of deionized water and
reagents of 1.0 mL of 1% (w/v) sulfanilamide in 10% v/v HCl and
1.0 mL of N-naphthyl-(1)-ethylenediamine dihydrochloride (0.1%)
were added to the samples. After 30 min, the samples were read
at 540 nm using a Beckman Coulter DU 800 spectrophotometer.
The concentration of NO�2 was calculated from a standard calibra-
tion curve using KNO2. To determine NRA under conditions of ade-
quate nutrition, soybean plants were supplied once with 20 mL
18% (w/v) solution of the fertilizer containing 20% nitrogen, 20%
phosphate, and 20% potash to each pot at 8 d after sowing.

2.4. Statistics

AMPA treatments were arranged in a randomized complete
block design and the experiments were repeated once. There were
six replications in all the experiments with the exception of photo-
synthesis that had nine replications. Separate experiments were
conducted for GR and GS soybean. Data were subjected to the anal-
ysis of variance using SAS PROC GLM (SAS Institute, Cary, North
Carolina) and treatment means were separated at the 5% level of
significance using Fisher’s Protected LSD test.

3. Results and discussion

3.1. Experiment 1. Plant injury, plant height, shoot dry weight,
chlorophyll and photosynthesis

The yellowing of leaves (injury) in the upper canopy was appar-
ent within 3 DAT regardless of AMPA rate and soybean type
(Table 1). Effects of AMPA were more pronounced in 1.0 kg ha�1

than in 0.1 kg ha�1 rate. Visual plant injury increased from 18%
to 27% at 3 DAT to 46–49% at 14 DAT, and injury decreased to about
18% by 28 DAT in both soybean types. AMPA at 0.1 kg ha�1 did not
affect chlorophyll content at 3, 7, 14, and 28 DAT in both soybean
types (Table 1). However, AMPA at 1.0 kg ha�1 reduced the chloro-
phyll content by 37%, 48%, 66%, and 23% in GR soybean and 17%,
48%, 57%, and 22% in GS soybean at 3, 7, 14, and 28 DAT, respec-
tively. AMPA had no significant effects on plant height and shoot
dry weight of GR and GS soybean regardless of the use rates at
28 DAT (Table 1). Although, GR soybean exhibited higher sensitiv-
ity to AMPA than GS soybean for plant injury, chlorophyll content,

and photosynthesis rate at 3 DAT, the results of all the four inter-
vals taken together suggest that both soybean types regardless of
the glyphosate-resistant trait are sensitive to AMPA. Based on vi-
sual observations, we observed that greening of leaves was delayed
in AMPA-treated plants, but leaf growth appeared to be compara-
ble to that of non-treated plants. Chlorosis in glyphosate-treated
GR soybean has been attributed to AMPA formed by glyphosate
degradation (Reddy et al., 2004).

AMPA at 0.1 kg ha�1 did not affect the photosynthesis rate at 3
and 7 DAT in GR soybean (Table 2). However, AMPA at a higher rate
reduced the photosynthesis rate by 65% and 85% at 3 and 7 DAT,
respectively in GR soybean compared to non-treated plants. At
14 DAT, AMPA at both low and high rates reduced the photosyn-
thesis rate by 27–77% in GR soybean, and the affected plants recov-
ered from the loss of photosynthesis by 28 DAT. AMPA at a higher
rate reduced stomatal conductance (50%) to water vapor and tran-
spiration rate (31%) only at 14 DAT. Internal concentration of CO2

in the leaf was generally higher in GR soybean treated with AMPA
at 3, 7, and 14 DAT, but unaffected at 28 DAT.

In GS soybean, observations were similar to GR soybean for
photosynthesis rates and were unaffected by AMPA at 0.1 kg ha�1

at 3 and 7 DAT (Table 3). AMPA at 1.0 kg ha�1 reduced photosyn-
thesis rate by 59% and 88% at 3 and 7 DAT, respectively in GS soy-
bean. At 14 DAT, AMPA at both 0.1 and 1.0 kg ha�1 rates reduced
photosynthesis by 15–69% in GS soybean and by 28 DAT photosyn-
thesis in treated plants recovered to levels similar to non-treated
plants. AMPA at 1.0 kg ha�1 reduced stomatal conductance (40%)
to water vapor and transpiration rate (23%) only at 3 DAT. Similar
to GR soybean, in GS soybean, internal CO2 concentration of the
leaf was generally higher in GS soybean treated with AMPA at 3,
7, and 14 DAT and unaffected at 28 DAT.

AMPA effect on photosynthesis rate and internal CO2 concentra-
tion in the leaf were similar in both GR and GS soybean types.
Apparently, photosynthesis rate and leaf internal CO2 concentra-
tion exhibit a negative relationship: a decrease in CO2 fixation
may have contributed to higher internal CO2 concentration in leaf
tissue. Overall, the affected plants recovered by 28 DAT.

Overall, AMPA effects were more pronounced at 1.0 kg ha�1 rate
than at a lower rate. The high rate was selected to represent the
‘worst case scenario’ to promote soybean injury. Glyphosate sug-
gested label use rate for single or multiple in-crop applications
range from 0.87 to 2.52 kg ha�1. AMPA was detected in seeds of
GR soybean treated with glyphosate at 3–8 weeks after planting
(Arregui et al., 2003; Duke et al., 2003) suggesting that AMPA levels
can buildup within the plant. Plant injury and chlorophyll reduc-
tion peaked at 14 DAT. Photosynthesis, stomatal conductance,
internal concentration of CO2 and transpiration were affected at
14 DAT. These parameters were unaffected at 28 DAT in both soy-
bean types suggesting that AMPA effects peaked at 14 DAT and the
affected plants recovered from injury by 28 DAT. This supports our

Table 1
Aminomethylphosphonic acid effect on plant injury, chlorophyll content, plant height, and shoot dry weight in glyphosate-resistant and glyphosate-sensitive soybean plants.a,b

AMPA rate (kg ha�1) Injury (%) Chlorophyll (mg g�1 leaf tissue) Plant height (cm) Shoot dry weight (g plant�1)

3 DAT 7 DAT 14 DAT 28 DAT 3 DAT 7 DAT 14 DAT 28 DAT 28 DAT 28 DAT

Glyphosate-resistant soybean
0 0 c 0 c 0 b 0 b 1.78 a 1.37 a 1.32 a 1.47 a 44 a 9.8 a
0.1 8 b 6 b 3 b 0 b 1.69 a 1.27 a 1.23 a 1.46 a 46 a 9.9 a
1.0 27 a 42 a 46 a 17 a 1.13 b 0.71 b 0.45 b 1.13 b 42 a 8.1 a

Glyphosate-sensitive soybean
0 0 c 0 b 0 b 0 b 1.29 a 1.34 a 1.40 a 1.45 a 54 a 10.0 a
0.1 5 b 3 b 0 b 0 b 1.20 a 1.20 a 1.41 a 1.31 a 54 a 10.0 a
1.0 18 a 35 a 49 a 18 a 1.06 b 0.70 b 0.60 b 1.14 b 51 a 8.0 a

a Abbreviations: DAT, days after treatment.
b Means within a column and soybean type followed by same letter are not significantly different at the 5% level as determined by Fisher’s LSD test.

W. Ding et al. / Chemosphere 83 (2011) 593–598 595



visual observation that chlorophyll synthesis was delayed in
AMPA-treated plants, but leaf growth appeared to be similar to
that in non-treated plant.

3.2. Experiment 2. Nodulation, acetylene reduction assay, respiration,
shoot and root biomass, and shoot nitrogen

The GR and GS soybean plants were well nodulated as would be
expected since Dundee silty clay loam having a long history of soy-
bean production was used in the growth medium to ensure native
population of Bradyrhizobium japonicum. AMPA had no significant
effect on nodule number and nodule dry weight at 10 DAT regard-
less of rate and soybean types, though there was a decrease in nod-
ule number and their dry weight with a higher AMPA rate over the
control (Table 4). Similarly, nitrogen fixation potential measured as
acetylene reduction activity at 10 DAT was unaffected in both GR
and GS soybean by AMPA regardless of the rate. To assess effects
of AMPA on root metabolism, CO2 accumulation (root respiration)
was also measured during acetylene reduction assay. Overall, root
respiration was unaffected by AMPA at the lower rate, but the
higher rate reduced root respiration in both GR and GS soybeans.
AMPA at 1.0 kg ha�1 rate reduced shoot and root dry biomass by

20% and 28%, respectively in GR soybean and by 26% and 37%,
respectively in GS soybean. The combined effect of lower root bio-
mass and reduced photosynthesis can be factor in lower root
respiration.

3.3. Experiment 3. Leaf in vivo nitrate reductase activity (NRA)

There was no direct effect of AMPA on nodulation parameters
(nodule number and dry weight) and nitrogenase activity in both
soybean types in this experiment (Table 4). However, AMPA at
1.0 kg ha�1 reduced root dry weight and respiration that may be
through an indirect effect on nitrogen uptake and assimilation (Ta-
ble 4). Leaf NRA indicated that AMPA at 0.1 and 1.0 kg ha�1 had no
effect on leaf NRA at 3 and 14 DAT in both soybean types (Table 5).
Nitrate must be reduced to NO�2 for plants to assimilate N into var-
ious nitrogenous compounds. Nitrate reductase (NR, EC 1.6.6.1) is
the enzyme that catalyses the first step of NO�3 reduction into
NO2

�. Nitrate reductase is continuously synthesized and degraded
so these measurements at 3 and 14 DAT are a snap shot of AMPA
effect on NRA. Shoot N content 10 DAT was significantly higher
in AMPA-treated compared to non-treated plants regardless of
rate and soybean type (Table 5). However, total shoot N was

Table 2
Effect of aminomethylphosphonic acid on photosynthesis (a), stomatal conductance (gsw), intercellular CO2 (Ci), and transpiration (E) at 3, 7, 14, and 28 d after treatment in
glyphosate-resistant soybean.a

AMPA rate (kg ha�1) a (lmol CO2 m�2 s�1) gsw (mol H2O m�2 s�1) Ci (lmol CO2 mol�1 air) E (mmol H2O m�2 s�1)

3 d after treatment
0 6.83 a �9.98 b 200.80 ab 12.07 a
0.1 6.81 a 2.47 ab 189.93 b 8.49 a
1.0 2.39 b �3.14 a 213.60 a 7.68 a

7 d after treatment
0 13.86 a 0.55 a 288.84 c 9.05 a
0.1 11.72 a 0.55 a 315.84 b 8.53 a
1.0 2.07 b 0.36 a 367.09 a 8.00 a

14 d after treatment
0 18.16 a 0.79 a 318.31 c 7.80 a
0.1 13.25 b 0.64 b 331.25 b 7.23 a
1.0 4.25 c 0.39 c 360.90 a 5.34 b

28 d after treatment
0 13.26 a 0.28 a 150.25 a 4.32 a
0.1 14.83 a 0.33 a 190.71 a 4.84 a
1.0 14.76 a 0.30 a 185.69 a 4.70 a

a Means within a column and sampling date followed by same letter are not significantly different at the 5% level as determined by Fisher’s LSD test.

Table 3
Effect of aminomethylphosphonic acid on photosynthesis (a), stomatal conductance (gsw), intercellular CO2 (Ci), and transpiration (E) at 3, 7, 14, and 28 d after treatment in
glyphosate-sensitive soybean.a

AMPA rate (kg ha�1) a (lmol CO2 m�2 s�1) gsw (mol H2O m�2 s�1) Ci (lmol CO2 mol�1 air) E (mmol H2O m�2 s�1)

3 d after treatment
0 5.48 a 0.46 a 201.27 b 7.18 a
0.1 6.08 a 0.50 a 189.50 b 7.65 a
1.0 2.24 b 0.28 b 225.93 a 5.52 b

7 d after treatment
0 12.99 a 0.57 a 299.31 b 9.03 a
0.1 11.29 a 0.60 a 305.33 b 8.94 a
1.0 1.60 b 0.33 a 359.21 a 6.56 a

14 d after treatment
0 19.17 a 0.70 a 294.60 b 6.47 a
0.1 16.35 b 0.92 a 316.48 b 6.73 a
1.0 5.87 c 0.48 a 357.56 a 5.87 a

28 d after treatment
0 13.89 a 0.23 a �162.40 a 3.94 a
0.1 15.13 a 0.29 a �324.40 a 4.43 a
1.0 15.18 a 0.26 a 23.00 a 4.24 a

a Means within a column and sampling date followed by same letter are not significantly different at the 5% level as determined by Fisher’s LSD test.
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non-significant regardless of AMPA rate and soybean type (Table
5). Nitrate reductase activity was only measured in newly devel-
oped leaves, and there may have been sufficient NO3

� assimilated
in other leaves, and shoot N content represented the entire shoot
biomass. Furthermore, more biomass from normal growth in
non-treated plants may have resulted in dilution of N in tissue
compared to AMPA-treated plants (Table 4).

4. Conclusions

Visual plant injury (5–27%) was observed on young leaves with-
in 3 DAT regardless of AMPA rate and soybean type. Overall, AMPA
effects were more pronounced at 1.0 kg ha�1 than at 0.1 kg ha�1

rate suggesting that a 10% degradation of glyphosate (at
1.0 kg ha�1 use rate) would not have a deleterious effect on soy-
bean. AMPA injury peaked at 14 DAT and recovered to levels of
non-treated plants by 28 DAT in both soybean types. AMPA at
1.0 kg ha�1 decreased significantly the chlorophyll content, photo-
synthesis, and root respiration in both soybean types. AMPA had no
effect on nodulation and NRA at 10 DAT, and plant height and
shoot dry weight at 28 DAT in GR and GS soybeans. AMPA in-
creased shoot N at 10 DAT in both soybean types. The fact that
AMPA decreases chlorophyll content prior to reducing photosyn-
thesis rate suggests that AMPA might interfere in chlorophyll bio-
synthesis in soybean.

Generally, drift exposure or root uptake from soil carryover
from previous applications will be less than 10% of that of a com-
mercial application rate of glyphosate. These data suggest that
exposure to relatively high rates of AMPA may impair chlorophyll
synthesis, photosynthesis, and shoot/root biomass accumulation.
However, the probability of soybean exposure to greater than
one-tenths of the use rate is unlikely. From an environmental tox-
icity perspective, it is unlikely that inadvertent exposure of soy-
bean to AMPA from either soil carryover or through glyphosate

conversion in plant will have a significant effect on plant growth
and development.
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