
ORIGINAL RESEARCH

Exogenous Glutamate Inhibits the Root Growth
and Increases the Glutamine Content in Arabidopsis thaliana
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Abstract Previously, our workwith ginseng hairy root shows
that the tissue of low-branching and slow-growing phenotype
contains high level of glutamine. In order to check if the high
glutamine concentration inhibits the root growth, we applied
exogenous glutamine or glutamate into growth medium and
check the root growth of Arabidopsis. While glutamine did
not affect root growth, over 0.1 mM glutamate inhibited
severe root growth. However, when the amino acid solution
was adjusted to pH 5.7 and added into medium, Arabidopsis
seedlings show normal growth pattern on medium containing
glutamate or aspartate. These results demonstrated that
inhibition of the root growth by high concentration of
exogenous glutamate was a result of the low pH toxicity
caused by acidic amino acid, although low concentration
(0.05 mM) of glutamate has an inhibitory effect on the
primary root growth. The application of exogenous gluta-
mine or glutamate increases glutamine concentration within
root tissue about 3- to 4-fold. However, concentration of
glutamate is not significantly increased. The KO mutant on
each of the Gln1_1, Gln1_2, or Glu2 gene was little effective

on the root growth. These results indicate that high
concentration of endogenous glutamine observed in root
tissue does not affect root growth.

Keywords Glutamate . Glutamine .Arabidopsis .

Root growth . pH

Introduction

Plant root is responsive to the availability and distribution
of nutrients in the soil and proliferate their root to colonize
the nutrient-rich region. To capture more mineral nutrients
effectively, plants have mechanism for sensing the nutrients
in soil and responding the signals to develop the root
system (Zhang et al. 1999; Casson and Lindsey 2003;
Desnos 2008).

Soil nitrate ions (NO3
−) are major nitrogen source for

plant, and its supplement usually limits plant growth and
crop yields (Ericsson 1995; Zhang and Forde 2000).
Therefore, plant responds to the presence of the nitrate in
soil by developing and growing of the root system. The
nitrate absorbed by roots was assimilated into organic
nitrogen compounds. The first step of this process is the
reduction of nitrate to ammonium by nitrate reductase and
nitrite reductase in cytosol and chloroplasts (Taiz and Zeiger
2002). The second step is the assimilation of ammonium into
amino acids, glutamine. This reaction is carried out by
glutamine synthetase (GS) located in both cytoplasm and
chloroplast in most of higher plants. Glutamate synthase
catalyzes the conversion of glutamine and 2-oxaloglutarate
to two molecules of glutamate in chloroplast. Glutamate and
glutamine are amino acids occupying a central position in
nitrogen assimilation in plants (Coschigano et al. 1998; Taiz
and Zeiger 2002; Forde and Lea 2007). Although nitrate is
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the major source of nitrogen for growing plants, the organic
form of the nitrogen can contribute to plant nutrition. Amino
acid can be a significant organic source of nitrogen since it
represents the largest fraction of organic nitrogen in soil.
Therefore, it is not difficult to guess that amino acid may
affect the growth and development of roots. Amino acids are
known to be key factors in higher plant metabolism and
development. They can act as signal molecules, control their
own metabolism, and express a variety of other genes
(Watanabe et al. 1997; Oliveira and Coruzzi 1999; Zhu and
Coleman 2001).

Walch-Liu et al. (2006b) report that L-glutamate, an acid
amino acid, act as an exogenous signal to modulate root
growth and lateral root formation. L-Glutamate inhibits
growth of the primary root but does not interfere with
lateral root initiation. They also show that nitrate acts as an
antagonist of the response of the root to glutamate (Walch-
Liu and Forde 2008). A nitrate transporter, NRT1.1, has a
direct role in nitrate sensing and is involved in antagonizing
L-glutamate affect on root growth inhibition (Walch-Liu
and Forde 2008).

Rhizotoxicity in acid soil is considered to be a major
environmental stress that limits root growth and plant yield.
Low pH causes severe damage to the growing root in plant.
When Arabidopsis thaliana roots were exposed to a low pH
solution, the elongation zone of growing roots lost viability
within 1–2 h, but non-growing roots showed no damage
under the same treatment (Koyama et al. 2001). The low
pH damage was ameliorated by the simultaneous applica-
tion of calcium, indicating the involvement of a calcium-
requiring process in overcoming proton toxicity (Koyama
et al. 2001).

Previously, our work shows that ginseng hairy root with
low growth rates and few branching phenotype contains
high level of glutamine (Jung et al. 2006). In order to
understand the relationship of the glutamine content and
root growth, we applied exogenous glutamate or glutamine
into growth medium and checked root growth as well as
glutamine level in Arabidopsis.

Materials and Methods

Plant Materials and Chemicals

A. thaliana L. ecotype Columbia_0 was used in this study.
Schenk and Hildebrandt (SH) salt and vitamin were from
Duchefa (The Netherlands), Murashig and Skoog (MS) salt,
phyto-agar, L-glutamine (Gln), L-glutamate (Glu), and other
chemicals were purchased from Sigma (USA).

Plant seeds were surface sterilized and germinated and
cultured on 50-fold diluted (1/50×) SH medium contain-
ing 3% sucrose and 1× SH vitamin in 90-cm Petri dish.

SH medium was adjusted to pH 5.7 with 0.1 M NaOH
solution, and 1% phyto agar was added for solidification.
Amino acids in solution were filter-sterilized and added
to the autoclaved growth medium containing phyto agar.
To assay amino acid effect such as glutamate and
glutamine on root growth, 5-day-old homogeneous seed-
lings were transferred onto each of 1/50× SH medium
containing with amino acids or without. After 7 days,
seedlings were harvested and used to assay the amino
acids in the roots. Plant seedlings were cultured under
white light of approximately 2,500 lx at 23°C, with a
day/night cycle of 16/8 h.

Culture Condition

Fifty-fold diluted (1/50×) SH medium containing 3%
sucrose and 1× SH vitamin was used as growth medium
in 90-cm Petri dish. SH salts were dissolved in Mili-Q
water and adjusted to pH 5.7 with 0.1 M NaOH solution,
and 1% phyto agar was added for solidification before
autocleave. SH vitamin was filter sterilized and added into
autoclaved SH medium.

Arabidopsis seeds were surface sterilized with 1%
sodium hypochloride solution for 5 min and rinse with
autoclaved water three times and keep at 4°C before use.
About 50–60 seeds were germinated on the SH agar
medium in the growth root with white light of approxi-
mately 2,500 lx at 23°C, with a day/night cycle of 16/8 h.
To check root growth, 5-day-old homogeneous seedlings
were transferred onto solidified SH medium containing
amino acid or not in 90-cm Petri dish. Five to ten seedlings
were transferred on the new medium, and the Petri dish was
stand to vertical root growth. After 8 days, seedlings were
pictured, and root weight and length were determined. All
the experiments for amino acid assay were performed at
least thrice under the same condition.

In order to assay amino acid effect, amino acids were
dissolved in water from 0.1 to 2 mM and filter sterilized. A
2× concentration of amino acid was added to the same
volume of autoclaved growth medium containing phyto
agar. Change in the medium pH by adding acidic amino
acid was checked with pH meter before adding phyto agar.
To adjust the pH change by the addition of the acidic amino
acids, amino acid solution was adjusted to pH 5.7 with
0.1 M NaOH solution at first and then filter sterilized. To
test the pH effect on root growth, plant seedlings were
cultured on three layers of the filter paper absorbing growth
liquid mediums without amino acids adjusted pH 4.0-5.7.
To test the ameliorative affect of Ca2+ on low pH stress on
the root growth, the 2 mM CaCl2 was dissolved with SH
salt in water and autoclaved. The SH medium with CaCl2
was mixed with the same volume of double concentration
of amino acid solution.
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Genetic Analysis of Knockout Mutants

Knockout Arabidopsis mutant plants, Salk000459 for Gln1-
1, Salk145235 for Gln1-2, and Salk128455 for Glu2, were
obtained from Arabidopsis Biological Resource Center and
Nottingham Arabidopsis Stock Centre. Plant seeds were
surface sterilized and germinated on solidified MS medium
plates containing 50 μg/ml kanamycin. A homozygous
transgenic line was isolated by Mendelian test on kanamy-
cin agar plate, and knockout of the target gene by T-DNA
insertion was checked by gene-specific PCR analysis.
Homozygous transgenic plants were selected and used for
further study.

To assay amino acid effect on root growth, 5-day-old
homogeneous seedlings were transferred onto solidified SH
medium containing 50 μM of glutamine or glutamate in
90-cm Petri dish. After 7 days, seedlings were pictured, and
root weights were determined. All the experiments for
amino acid assay were performed at least triple under the
same condition.

Quantification of Glutamine Contents from 1H-NMR
Spectroscopy Data

Contents of glutamine and glutamate were calculated as
previous report (Jung et al. 2006). Briefly, to quantify
glutamine and glutamate contents from 1H-NMR spectral
data, the amino acid solution were prepared with a starting
concentration of 5 mg/ml in deuterated solvent mixtures
(D2O/CD3OD, 80:20). The solution was then diluted to
provide a series of standard solutions with concentrations
ranging from 5 to 0.1 mg/ml. To quantify glutamine
contents, the sum of glutamine peak areas at 2.136 and
2.448 ppm of 1H-NMR spectra data was calculated. Linear
regression analysis was performed through linear fit tool
using Origin software (version 6.0). Like glutamine, the
contents of glutamate (2.11 and 2.343 ppm) in Arabidopsis
seedling roots were also examined by taking the sum of 1H-
NMR spectral peaks from the standard glutamate solution.

Results and Discussion

Exogenous Glutamate Inhibit the Root Growth

Previously, our work with ginseng hairy root show that
high concentration of glutamine is in the tissue of low-
branching and slow-growth type hairy root (Jung et al.
2006). It was well-known that NO3− is the major nitrogen
source for plant and affects significantly the development
of root system. Glutamine and glutamate are central
position occupying in nitrogen assimilation in plant. In
an attempt to understand the relation between the root

growth and glutamine concentration in plants, we applied
exogenous glutamate or glutamine into growth medium
and check the root growth of the seedlings grown on the
medium. Figure 1 shows that glutamine does not affect the
root growth, but the same concentration of glutamate
inhibits root growth of Arabidopsis (Fig. 1a). For instance,
the root growth was inhibited approximately 60% by
adding 0.4 mM glutamate, and seedlings were not grown
on the medium containing more than 1 mM glutamate
(Fig. 1b). These results indicate that exogenous glutamate
inhibits the root growth, but glutamine does not affect root
growth in Arabidopsis seedlings. The inhibition of the root
growth was observed in other plants such as tobacco,
cucumber, and rice seedlings, but glutamate sensitivity
was different in each plant (data not shown).

It was reported that exogenous L-glutamate inhibits
primary root growth in A. thaliana (Walch-Liu et al.
2006b). They applied 10–1,000 μM of exogenous L-
glutamate into 50-fold diluted Gamborg’s B5 medium and
checked the lengths of the primary and lateral roots.
Exogenous L-glutamate elicits complex changes in the root
growth, although glutamate sensitivity is different in
Arabidopsis ecotypes. Other amino acids such as aspartate,
glycine, and glutamine were ineffective (Walch-Liu et al.
2006b). Exogenous glutamate is perceived specifically at
the primary root tip and inhibits mitotic activity in the root
apical meristem but does not interfere with lateral root
initiation or outgrowth. These results indicate that cells in
the root tip are able to sense extracellular glutamate and to
trigger a reduction in the rate of cell production in primary
roots or cell expansion in lateral roots. Glutamate is one of
the most abundant amino acids in living organism;
therefore, glutamate is likely to be most concentrated in
the immediate vicinity of decaying organic matter, where it
could provide a useful marker for the presence of a locally
rich source of nutrients. The glutamate effect on the root
architecture could be an effective way of promoting the
rapid colonization of a nutrient-rich soil (Filleur et al.
2005).

Exogenous Glutamate Reduce Medium pH

In this study, glutamate solution was filter sterilized and
added to the autoclaved growth medium. We guess that
the addition of the glutamic acid solution may affect the
pH of the growth medium. Figure 2 shows that medium
pH was significantly reduced by addition of the glutamic
acid solution. When Arabidopsis seedlings were trans-
ferred onto the medium where pH was adjusted to pH 4.0-
4.8 without glutamate, seedling root growth was inhibited
significantly at lower than pH 4.5 (data not shown). These
results demonstrate that the addition of >0.1 mM concen-
tration of glutamic acid reduces the medium pH, and low
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pH inhibits root growth of Arabidopsis. The pH is one of
the important properties of soil because it affects the
growth of plant root and microorganisms. The root growth
is generally favored in slightly acidic pH between 5.5 and
6.5 (Taiz and Zeiger 2002) because acidity promotes the
weathering of rocks that releases K+, Mg+, and Ca+ and
increases the solubility of carbonates, sulfates, and
phosphates. However, when soil pH was lower than
pH 4.8, plant roots are injured (Fig. 2). The organic
matters such as glutamate are major factors lowering the
soil pH. The root growth of Arabidopsis is severely
inhibited by low pH (Koyama et al. 1995).

Base on the results of that glutamate reduces medium
pH, we tried to check if the inhibition of the root growth
by the addition of exogenous glutamic acid are a result
of glutamate or low pH caused by acidic amino acid. In
order to answer the question, we designed two experi-
ments. In the first experiment, different concentrations of
aspartate, another acidic amino acid, were added into
growth medium and check the root growth (Fig. 3).
Figure 3a shows that aspartate also inhibits root growth
like as glutamate. In the second experiment, the amino
acid solution was adjusted to pH 5.7 and filter sterilized
and then added into medium. Figure 3b shows that
phenotype of Arabidopsis seedlings grown on medium
contains 0.4 μM of glutamic or aspartic acid solution of

pH 5.7. When pH was adjusted, Arabidopsis seedlings
show normal growth pattern on medium containing
glutamate or aspartate (Fig. 3b). These results demonstrat-
ed that low pH by acid amino acid such as glutamate and
aspartate inhibits the root growth of the Arabidopsis
seedling.

It is well-known that brief exposure to low pH causes
significant damage to the growing root in plant (Fawzy et
al. 1954; Koyama et al. 1995; Koyama et al. 2001).
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Fig. 2 Application of exogenous glutamic acid reduces medium pH.
Medium pH was checked after glutamine or glutamic acid solution
was added onto the growth medium. Dot line indicates glutamine, and
black line indicates glutamate. Error bar indicates standard deviation
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Fig. 1 Effects of glutamine and glutamate on the root growth in A.
thaliana. a Five-day-old seedlings grown on 1/50× SH medium were
transferred onto new media containing the different concentration of
glutamine (Gln) or glutamate (Glu), and then cultured for 8 days. b

Fresh weight of the plant roots grown on the media containing
glutamine (Gln) or glutamate (Glu) for 8 days. Error bar indicates
standard deviation
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Koyama et al. (2001) tested the viability of Arabidopsis
roots exposed to a low pH (4.5) solution and reported that
the elongation zone of growing roots lost viability within
1–2 h following exposure to low pH, but non-growing
roots showed no damage under the same treatment. The
low pH damage was ameliorated by the simultaneous
application of calcium or divalent cations. When applied
1 M CaCl2 into growth medium, inhibitory effect of the
glutamate and aspartate in the root growth was reduced
(data not shown). These results show that inhibition of
root growth by high concentration of glutamate is the
result of low pH toxicity. Walch-Liu et al. (2006b) have
reported that glutamate has an inhibitory effect on the root
growth from the data in which root length of the seedlings
grown on the medium were applied 10–1,000 μM of
exogenous L-glutamate. However, our data demonstrated
that inhibition of the root growth by high concentration of
glutamate was the result of the low pH toxicity caused by
acidic amino acid.

Glutamine Level Was Increased by Application
of Exogenous Glutamate or Glutamine

In an attempt to understand the relation between root
growth and glutamine or glutamate concentration in the
root tissue, we checked the glutamate and glutamine level
in the root grown on the medium containing exotic
glutamine or glutamate. Figure 4 shows glutamine and
glutamate content in seedling roots grown on medium
containing 0.4 mM amino acid. Glutamine content was
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Fig. 3 Effects of glutamate and aspartate on the root growth in A.
thaliana. a Primary root length of the Arabidopsis seedlings grown on
the growth media containing glutamate (Glu) or aspartate (Asp) for
8 days. Five-day-old seedlings grown on 1/50× SH medium were
transferred onto new media containing glutamate or aspartate and then
cultured for 8 days. b Primary root length of Arabidopsis seedlings
grown on the growth medium adjusted to pH 5.7. Glutamic and
aspartic acid solution was adjusted to pH 5.7 at first and then added
into growth medium. Five-day-old seedlings grown on 1/50× SH
medium were transferred onto new medium containing the glutamate
or aspartate adjusted to pH 5.7. Seedlings were cultured for 8 days,
and root length was checked. Error bar indicates standard deviation
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Fig. 4 Glutamine and glutamate content in the root tissue. a 1H-NMR
spectrum from the root extracts of the Arabidopsis seedling grown on
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increased about 3- to 4-fold in the root grown medium
containing glutamate, in which growth of seedling roots
was about 60% inhibited (Fig. 1a, b). Increase in
glutamine content was also observed at seedling root
grown medium containing glutamine, which does not
affect on the root growth. However, glutamate content did
not show significant variation by addition of the both of
amino acids, glutamine and glutamate (Fig. 4a). As a
result, application of the glutamine or glutamate increased
the glutamine to glutamate (Gln/Glu) ratio (Fig. 4b).
Variation of amino acid content by exogenous amino acid
treatment was also observed in tobacco leaf (Fritz et al.
2006; Scheneidereit et al. 2006). Masclaux-Daubresse et
al. (2005) investigated the effect of amino acid addition,
including glutamate and glutamine, on endogenous amino
acid pools in tobacco leaf disk. The addition of high
concentration (100 mM) of glutamine had little effect on
the endogenous glutamate concentration, while glutamine
content was dramatically increased. When 100 mM
glutamate was added, glutamate as well as glutamine
concentration increased. Endogenous glutamate content
was much more constant, but glutamine concentration
increase by amino acid addition. Therefore, Gln/Glu ratio
was increased by amino acid addition. Increase in
glutamine to other amino acid ratio was observed during
the light/dark cycle in tobacco plant (Geiger et al. 1998).
These results indicate that high concentration of endoge-
nous glutamine observed in root tissue does not affect on
the root growth.

Genetic Analysis of the gln1_1, gln1_2, and glu2 Gene

In order to test if the genes involved in biosynthesis of the
glutamine and glutamate affected root growth, we check the
growth pattern of the seedling root of the Arabidopsis KO
mutants on each of the Gln1_1, Gln1_2, or Glu2 gene.
Figure 5a shows the seedling root growth of the mutant
plant on the medium containing glutamine or glutamate.
The mutant plants gln1_1, gln1_2, and glu2 show normal
phenotype on the growth medium. The root growths of the
three mutants were also similar to those of the control plant,
Arabidopsis Col_0, on the growth medium containing
glutamine or glutamate. The higher plant genome contains
several isoenzymes of glutamine synthetase and glutamate
synthase. For example, glutamine synthetase (GS) exits
distinct isoenzyme in the cyotsol (GS1) and chloroplast
(GS2), and five GS1 isoforms including Gln1_1 and
Gln1_2 are encoded in nuclear genome in Arabidopsis
(Peterman and Goodman 1991; Ishiyama et al. 2004).
There are two different forms of glutamate synthase:
ferredoxin-dependent and NADH-dependent glutmate
synthase. Arabidopsis genome has two Fd-dependent
glutamate synthase, Glu1 and Glu2 (Coschigano et al.

1998). These results show that the KO mutant on each of
the Gln1_1, Gln1_2, or Glu2 gene was little effective on
the root growth. The presence of isoforms of the
glutamine synthase and glutamate synthase may block
the observation of visible defects of the gln1_1, gln1_2,
and glu2 mutant.

In summary, previously, we observed high concentration
of the glutamine in the ginseng hairy root that shows low-
branching and slow-growth type. In this study, we applied
high concentration of glutamine or glutamate into the
growth medium to check the relationship between gluta-
mine and the root growth in Arabidopsis. Exogenous
glutamine does not have an effect on the root growth, but
glutamate severely inhibits the root growth. This study
shows that the inhibition of the root growth by glutamate
was a result of low pH toxicity caused by acidic amino
acid, glutamate. Application of the exogenous glutamate or
glutamine dramatically increased glutamine content in root
tissue, but glutamate level in root tissue was little variable.
These results indicate that inhibitory effect of exogenous
glutamate on the root growth is a result of the low pH
toxicity rather than plant response to amino acid. The
exogenous glutamate and glutamine increase glutamine
level in the tissue, but high glutamine concentration has no
inhibitory effect on the root growth.
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