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ABSTRACT

Maize plants are well colonized with arbuscular mycorrhizal fungi (AMF), which contribute mineral nutrients absorp-
tion from soil. However little is known about their role in nitrogen (N) absorption especially from amino acids, which
reach a considerable quantity in soils. This experiment was conducted to investigate N acquisition from amino acids
through AMF symbiosis. AMF inoculation clearly increased the N content of maize supplied with amino acids (Glu,
Ala and Pro). Further study of xylem sap revealed that the composition of amino acids was changed by AMF inocula-
tion. These results indicate that AMF contribute N from amino acids, and may affect the nitrogen assimilation of host

plants.
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1. Introduction

A large amount of nitrogen (N) is stored in soil as orga-
nic matter, but plants generally prefer to absorb the inor-
ganic forms of N (NH*'-N and NO*"-N), relying on fer-
tilizer application and mineralization by microorganisms.
Glu, Gln, Asp and Ala are the most prevalent free amino
acids in soil [1]. Chapin et al. [2,3] reported that some
plants have developed the ability to directly utilize or-
ganic N compounds from soil, but most plants, especially
agricultural plant species, are thought to utilize very
small amounts of amino acids and grow better on inor-
ganic N sources.

Arbuscular mycorrhizal fungi (AMF) are considered to
be important to carbon and nutrient fluxes in most agri-
cultural ecosystems [4]. The role of AMF in plant growth
and nutrition has been related to the uptake of immobile
ions of plant nutrients, such as phosphate. Because of N’s
high mobility to plant roots through mass flow, it had
been suggested that AMF played little role in plant N nu-
trition. However, research on the role of AMF in plant N
nutrition has gradually been accumulating and it has been
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suggested that AMF can also enhance plant N acquisition
[5,6]. Several studies have reported the transport of inor-
ganic N by AMF to plants [7,8]. Recently Govindarajulu
et al. [9] revealed that Arg was synthesized from inor-
ganic N absorbed by extraradical mycelium and translo-
cated to the intraradical mycelium, which exist in host
plant roots.

Because of the high N requirement for maize growth,
it is important to investigate whether AMF can acquire
organic N and contribute N to maize. The objective of
this study was to determine the AMF contribution to mai-
ze growth and N acquisition under several amino acid
supplemented soil conditions. In our experiment, three
amino acids were selected. First is Ala, which is one of
the major amino acids present in soil, and can be directly
absorbed by plant roots and AMF hyphae because of its
reduced molecular weight [10]. Second is Glu, which is
also present in considerable quantities in the soil, and is a
central junction for interchange of amino acids [11].
Third is Pro, which is one of the most frequently reported
as its accumulation is induced by water and salt stress in
plants, and its decrease has been reported when plants are
colonized by AMF [12].
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2. Materials and Methods
2.1. Plants and Cultivation

Three maize seeds (Zea mays L. cv. Gold dent KD850,
Kaneko Seeds, Japan) were planted in 1/5000 a Wagner
Pot. The growth medium consisted of commercial Aka-
dama soil (Heiwa, Japan) and fertilized granulated soil
(Kureha, Japan) at a ratio of 20:1 (v/v). The soil proper-
ties were as follows: a pH (H,0) of 5.9, an EC of 0.15 dS
m', atotal C of 17.2 g kg ', a total P of 1.42 g kg, an
available phosphorus content (Bray2) of 7.4 mg kg', a
total N of 1.37 g kg'', and 66.2 mg kg ' of inorganic N
(NH**-N + NO*"-N). For AMF inoculation, 20 g of ino-
culum (mainly Gigaspora margarita CGC1411 (Central
Glass CO. Ltd, Tokyo, Japan), about 300 spores) was
placed 2 cm beneath the sowing layer. Non-inoculated
plants received the same volume of sterilized inoculum
(autoclaved 20 min at 121°C). After emergence, the seed-
lings were thinned to one plant per pot. One of three dif-
ferent amino acid solutions (Ala, Glu or Pro) or water
(control) was applied to the maize plants; 100 ml of one
amino acid solution (400 mg L") or water was supplied
to the pot every 6 days. The total supplied N as amino
acids throughout the experiment was 280 mg per pot.
Plants were grown for 41 days from 26 May 2009 to 6
July 2009 in a greenhouse without temperature control.
Because visual nutrient deficiency symptoms were ob-
served, 200 ml of Hoagland solution (KNO; 5 mM,
Ca(NO;), 5 mM, MgSO, 7TH,0 2 mM, KH,PO, 1 mM)
was applied to each pot after 22 days of culture (17 June
2009). Seven replications were performed of each treat-
ment, and pots were arranged in a randomized complete
block design. Five plants in each treatment were sampled
to investigate plant biomass, N and P content and AMF
root colonization. A root tissue subsample was used for
the determination of AM root colonization. For root colo-
nization, roots were stained by the technique of Phillips
and Hayman [13] and percentage of AMF root coloni-
zation was determined using the grid-line intersection
method [14].

2.2. N, P and Amino Acid Analysis

At the sampling time, shoots and roots were harvested
and their biomass was determined after drying at 70°C
for 48 h. Then ground shoot and root tissue digestion
were completed and tissue N and P concentration were
measured by vario MAX CN (Elementar, Germany) and
ICP (Vista-MPX), respectively. For xylem sap collection,
the two remaining shoots from each treatment were cut
30 mm above the ground, and root sap was collected in a
capillary tube. Xylem sap samples were stored at —20°C
until analysis. Individual amino acids in the xylem sap
were quantified by CE/MS (G1310A/G1600A/G6130A;
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Agilent Technologies) with a FunCap-CE/Type S capil-
lary (GL Sciences).

2.3. Data Analysis

Data were analyzed using IBM SPSS Statistics 19. One-
way ANOVA followed by Tukey’s test was performed to
determine the mycorrhizal colonization differences be-
tween amino acid treatments. Two-way ANOVA with
Bonferroni post-test was used to determine the difference
between the AMF treatment, the amino acid treatments,
and the possible interactions of each. Differences were
considered significant at p < 0.05. Principal component
analysis (PCA) was used to characterize amino acid com-
position of xylem sap. Data obtained by CE/MS were
interpreted by PCA using the first two PCs (PC1 and
PC2), which were subsequently plotted to visualize the
results.

3. Results and Discussion

All plants inoculated with AMF were colonized at levels
ranging from 37% to 63%. Inoculation with AMF sig-
nificantly increased maize dry matter production (Table
1). Without AMF, the Glu supplement increased shoot
dry weight, while Pro had a detrimental effect on both
shoot dry weight and root dry weight although significant
differences were not observed. When plants were inocu-
lated with AMF, shoot dry matter production was sig-
nificantly increased by amino acid supplement.

The N content of shoots and roots was not signifi-
cantly increased by amino acid supplements in the non-
inoculated treatment. When plants were inoculated with
AMF, the N content clearly increased under all amino
acid treatments when compared to the control. The P
content of Ala and Pro treated plants decreased when
compared to control plants without AMF. However, P
was significantly increased by AMF inoculation, espe-
cially when inoculated with AMF and supplemented with
Pro.

Our results indicated that different amino acid sources
had different effects on growth and N and P content of
maize plants. It has been suggested that amino acids af-
fect plant growth differently [15]. For example, Trp and
Met applied to soil had a positive impact on plant growth
[16-18]. The application of Glu increased maize growth
and N content both with and without AMF in our ex-
periment. Since Glu acts as a precuesor for further me-
tabolites, Glu, which was absorbed directly, could be
converted to other amino acids or proteins efficiently. On
the other hand, Ala had no effect on plant growth and Pro
inhibited growth. This might be related to the different
chemical properties and functions of individual amino
acids in the nitrogen cycle.

The composition of amino acids in xylem sap was in-

AJPS



2292 Nitrogen Uptake from Amino Acids in Maize through Arbuscular Mycorrhizal Symbiosis

Table 1. Dry weight, N content and P content of maize supplemented with different amino acids and with or without AMF

inoculation.
Dry weight (g plant™) N content (mg plant ') P content (mg plant™) AME colonization
Treatment AMF Shoot Root Shoot Root Shoot Root (%)
Control - 24c¢ 24cd 50.8 cd 382cd 124c¢ 11.6¢ -
+ 4.6b 3.4ab 85.5b 492¢ 24.0b 20.7b 62.7a
Glu - 3.1c 26¢c 72.1¢ 453 ¢ 143 ¢ 99c¢ -
+ 62a 3.5ab 166.0 a 713 b 49.0a 23.0b 36.5a
Ala - 24c¢ 2.1cd 56.1 cd 353 cd 8.8 cd 7.5cd -
+ 5.4 ab 32b 162.7 a 71.1b 455a 22.8b 472 a
Pro - 19¢ 1.7d 45.7d 27.1d 53d 3.2d -
+ 62a 40a 166.1 a 87.2a 440a 322a 39.8a
Significance
Amino acid (A) : ns ’ : ns ns
AMF (B) . P . . . )
AxB . P . . . )

Means with the same letter in each column have no significant difference (p < 0.05). ns represents non-significance and * represents significance at p < 0.05.

vestigated in order to clarify the effect of amino acid
treatment and AMF inoculation. The majority of the
amino acids in xylem sap were Gln and Asn, at 48% -
57% and 9% - 23%, respectively (data not shown). Be-
fore conducting the experiment we expected to see small
amounts of the supplied amino acids (Ala, Glu and Pro)
absorbed directly by maize roots resulting in a higher
concentration of them in xylem sap, but the level of indi-
vidual amino acids in xylem sap did not increase. The
composition of amino acids in xylem sap was clearly dif-
ferent between AMF inoculated and non-inoculated
plants. The concentration of most amino acids (Ala, Leu,
Ile, Val, Ser, Thr, Gly, Met, His, Lys, Asp and GlIn) in-
creased, and those of Pro, Phe and Asn decreased in
AMF inoculated compared to non-inoculated plants. Sin-
ce Pro is produced by the plant in relatively huge quanti-
ties during times of stress to assist with osmotic balance,
the decrease of Pro concentration in AMF treatment
could be due to the stress alleviation by AMF through
improvement of nutrient and water status. The PCA plot
explained 72% of total variance with PC1 accounting for
52% (Figure 1(a)). Plants were divided into two groups:
AMF inoculated plants and non-inoculated plants. Amino
acid loadings, which contribute to the plot pattern, are
shown in Figure 1(b). Most amino acids were plotted to
the right of the origin and Glu took a middle position.
However, Asn, Pro, Phe, Met and Arg were plotted to the
left of the origin. According to Figure 1, maize inocu-
lated with AMF had greater concentrations of most ami-
no acids and lower concentrations of Asn, Pro, Phe, Met
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and Arg compared to maize without AMF. The PCA
result showed that the amino acids’ concentration in xy-
lem sap did not differ among amino acid treatments. Ac-
cording to these results, amino acids, which were in soil,
could be absorbed by AMF mycelium and transformed
into Arg in AMF hyphae as suggested by Govindarajulu
etal. [9].

We verified that AMF can stimulate plant growth in
the presence of amino acids. For example the inhibitory
effect of Pro observed without AMF treatment was
greatly improved by AMF inoculation. George et al. [19]
suggested that N uptake by AMEF itself is usually low
compared to the total demand by plants but in our ex-
periment AMF increased the growth and N content of
maize supplied with amino acid dramatically. We have
not determined the mechanism by which AMF could
increase N absorption of maize. The advantage of ac-
quiring N from amino acids and a mycorrhizal symbiont
may be related to increased production of extracellular
degradative enzymes rather than to direct facilitation of
amino acid transport or to the enlargement of the root
system, since there was a slight positive effect from Glu
application but not in Ala and Pro treatments unless they
also had an AMF treatment. The mycelium of AMF has
the ability to excrete hydrolytic enzymes [20]. Various
hydrolytic enzymes such as cellulase, pectinase, and xy-
loglucanase have been reported in external mycelium of
AMF [21,22]. These enzymes are known to be involved
in the degradation of organic matters in soil. Cappellazzo
et al. [23] reported that among AMF, Glomus mosseae
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Figure 1. Principal component analysis (PCA) of amino aci-
ds in xylem sap of maize (a). Loading of amino acids in PCA
(b). Open symbols and solid symbols in A indicate non-
AMPF inoculated maize and AMF inoculated maize, respec-
tively.

possesses molecular tools for direct amino acid uptake.
Although it is unknown whether G. margarita, which
was used in our experiment, possesses amino acid per-
meases, this fungus also has enzymes such as AMosAAP1
in external mycelium.

Little is known about the effect of AMF on the com-
position of amino acids in xylem sap. The chemistry of
xylem fluid is not stable and changes with temperature,
light conditions, water stress, and soil nutrient status.
Different compositions of amino acids in xylem sap in-
duced by AMF colonization might be the consequence of
different P statuses in maize. Further experiments are
needed to reveal the mechanisms of this phenomenon.
Consequently, since amino acids are found in a wide
range of soils, AMF symbiosis would play a considerable
role in the N acquisition of plants in agro-ecosystems.
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