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Background: Water shortage can limit plant growth, which can be ameliorated by arbuscular mycorrhizal (AM) sym-
biosis through physiological and metabolic regulations. Deciphering which physiological and metabolic processes are
central for AM-mediated regulations is essential for applications of mycorrhizal biotechnology in dryland agriculture.

Methodology: In this study, the influence of AM symbiosis on growth performance, photosynthesis, and organ
accumulation of key C and N metabolites were assessed by growing maize (Mo17, Lancaster Sure Crop) seedlings
inoculated with or without AM fungus (Rhizophagus irregularis Schenck & Smith BGC AHO1) under different water

Results: Drought stress reduced shoot growth, while AM symbiosis significantly improved growth performances,
with significant changes of photochemical processes and organ concentration of the key metabolites. AM symbiosis
increased root levels of the metabolites in ornithine cycle and unsaturation of fatty acids regardless of water condi-
tions. Root putrescine (Put) concentration was higher in AM than non-inoculated (NM) plants under well-watered
conditions; the conversion of Put via diamine oxidase to y-aminobutyric acid (GABA) occurred in roots of AM plants
under drought stress. Leaf concentration of Put, the tricarboxylic acids, and soluble sugars significantly increased in
AM plants under drought stress, showing higher values compared to that of NM plants. Moreover, photosystem |l
efficiency and chlorophyll concentration were higher in AM than NM plants regardless of water status.

Conclusion: Fatty acid- and ornithine cycle-related metabolites along with soluble sugars, Put, and GABA were the
key metabolites of AM-mediated regulations in response to drought stress.

Keywords: Arbuscular mycorrhiza, Drought tolerance, Fatty acids, Putrescine, [-Aminobutyric acid, Urea cycle, Zea

Background

In drylands, water deficit can cause plant physiological
and metabolic disorders and limit plant growth. Sto-
matal responses are sensitive to even minor changes of
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water availability. A decline in stomatal conductance is
in common when plants are subjected to drought stress.
This stomatal response is beneficial to maintain plant
water budget; whereas it inevitably restricts CO, avail-
ability, which may inhibit photosynthesis. Non-stoma-
tal factors are also important determinants for plant
photosynthetic capacity. Severe drought can result
in chlorophyll degradation, chloroplast dysfunction,
and membrane lipid peroxidation, showing an energy
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distribution imbalance in photosystems and accumula-
tion of reactive oxygen species (ROS). Drought stress
can induce C re-partitioning between metabolites; the
starch—sugar interconversion in source and sink tis-
sues is a typical plant adaptation to drought [1]. Soluble
sugars (e.g., sucrose, glucose and fructose) have been
demonstrated to increase in response to drought stress
[2, 3]. Increased soluble sugars play important roles
in stabilizing cell turgor pressure. In addition, these
carbohydrates play roles in cellular respiration, cell
homeostasis, and secondary metabolic processes [2].
Moreover, drought stress can induce changes of pho-
toassimilate allocation between plant organs. In most
plants, sucrose (Suc) is a main C form translocated
from shoot sources to root sinks [4].

Drought-caused alterations in C metabolism can
influence N metabolism, for instance, inducing changes
in compositions of free amino acids [5, 6]. Some inter-
mediate metabolites such as oxaloacetic acid (OAA)
and aspartic acid (Asp), pyruvic acid (Pyr) and alanine
(Ala), and a-ketoglutaric acid («a-KA) and glutamate
(Glu) are the targets in drought-induced regulations on
plant C and N metabolisms. The concentration of other
amino acids linked to photorespiration, such as serine
or glycine, has also been found to vary in response to
water shortage [7]. Numerous metabolites are mutu-
ally transformational to meet growth requirement and
drought adaptation. Nonetheless continuing drought
leads to substantial energetic/metabolic imbalance in
plants. How to offset the imbalances is a key issue in
improving plant drought tolerance.

Considerable evidence supports beneficial effects of
Arbuscular mycorrhizal (AM) symbiosis on plant drought
tolerance. Firstly, AM symbiosis improves root water
absorption and plant water relations [8]. Extraradical
hyphae of AM fungi can access water resource unavail-
able for roots [9] and directly participate in water uptake
and transport. AM inoculation can regulate root-hair
growth possibly through the influence on auxin synthesis
and transport [9]. Moreover, AM symbiosis can influence
cell wall components of host plants through stimulating
phenylpropane or lignin synthesis [10]. Structural modifi-
cations of roots by AM fungi increase root hydraulic con-
ductance and cell-to-cell water transport [11, 12]. AM
symbiosis can modulate plant water relations through
influencing stomata functioning, photosynthesis, and
metabolic responses to drought stress [13]. In early pub-
lications [14], AM-mediated improvement in plant water
relations were related to improved P nutrition, as physi-
ological and biochemical processes regulating plant water
relations depend on P nutrition status [15].

AM symbiosis increases the sink strength to unload
more carbohydrates from phloem [16]. It is estimated
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that approximately 20% of shoot photoassimilates flow to
root systems for mycorrhizal growth [17]. In early stud-
ies, sugars were considered major C sources transferred
from host plants to AM fungi. Root concentration of
soluble sugars has been demonstrated to increase sig-
nificantly in AM plants [18]. A possible pathway is that
AM symbiosis enhances source—sink translocation of the
photoassimilates through inducing expression of several
sucrose transporters (SUTs) [19]. In recent studies, fatty
acids (FAs) were confirmed to be another C sources sup-
plied by host plants to AM fungi [17, 20]. Some recent
studies [21, 22] confirmed significant AM effects on fatty
acid compositions, but showing inconsistent results (such
as C15.0, C15.1 and C18.0). However, the mechanisms
underlying the different AM effects are largely unknown.
Nutrient (such as N and P) supply may be an important
determinant in AM-induced changes of FA compositions
[21]. An alternation of fatty acid saturation is physiologi-
cally important in AM-mediated improvements of plant
drought tolerance [22].

Arginine (Arg) is proved to be mycelium-specific
AA [23]; translocation and breakdown of fungi Arg are
active in rapid plant growth or early drought. Changes
of fungi Arg can influence N storage, mobilization, and
nutrient balance of plant tissues [24]. Arg catabolism
serves as defense mechanisms of plants against drought
stress [25] because Arg-derived metabolites, including
nitric oxide (NO), proline (Pro), and polyamines (PAs),
are drought-sensitive and physiologically important.
Putrescine (Put) is an important intermediate metabo-
lite in the Arg-derived PA pathway, and is reported to
enhance plant dehydration [26]. Putrescine catabolism
is physiologically significant in plant drought tolerance
[27], as Put degradation contributes to accumulations
of Pro and y-aminobutyric acid (GABA) in plant tissues
[28]. Pro and GABA are multifunctional amino acids
(AAs), which play important roles in cellular homeosta-
sis, signaling transduction, C/N balance, and osmotic
adjustment. Pro and GABA commonly accumulate in
response to drought stress [29]; however, it is not fully
clear whether this is a metabolic regulation or an adap-
tive response to mitigate environmental stress [30].

In this study, we hypothesized that unsaturation of
fatty acids and ornithine cycle along with the metabo-
lism of carbohydrates and polyamines were the pri-
mary targets in AM-mediated metabolic regulations
in response to drought stress. Through greenhouse
pot experiments, we examined accumulation patterns
of the key C and N metabolites in leaves and roots of
maize plants under drought stress and AM symbiosis.
We also examined photosynthetic responses to AM
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symbiosis and drought stress by analyzing stomatal and
non-stomatal factors.

Materials and methods

Host plants and AM fungus

Maize seeds (Mol17, Lancaster Sure Crop) were surface-
sterilized by using 0.5% K,MnO, for 20 min. After soak-
ing (for 6 h) and incubating (at 30 °C), well-germinated
seeds were selected for pot experiments. A mixture of
peat, sand and vermiculite (4:1:1 v/v/v) was used as grow-
ing substrate. Before sowing, the substrate was sterilized
by autoclaving at 120 °C for 1 h, during 2 consecutive
days. Seeds were planted in 3.25-L pots with one seed per
pot. A total of 40 pots were divided into two groups: one
consisted of 20 pots inoculated with AMF Rhizophagus
irregularis Schenck & Smith BGC AHO1 (AM), and the
other corresponded to 20 pots as non-mycorrhizal (NM)
plants. The fungal inoculum was provided as a mixture of
sand, spores, mycelia, and colonized root fragments. For
the inoculated treatment, 40 g inoculum (i.e., approxi-
mately 2000 spores) was applied per pot. For the NM
treatment, an equivalent amount of sterilized inoculum
was mixed with the soil together with a 5-mL inoculum
filtrate to ensure similar microbial populations for all
experimental treatments excluding AM fungus. Maize
seedlings were grown in a greenhouse with a ventilation
system and natural light, and daily watered (200 mL H,O
plant™! day™%; corresponding to approximately 14% of
soil water-holding capacity).

Drought stress

14 days after emergence, the non-inoculated and inocu-
lated seedlings were subjected to the following treat-
ments: (1) W: (10 pots) watered with 200 mL H,O
plant™! day ™! for 14 days; (2) D: (10 pots) plants were not
watered for 14 days. At the end of the experiment, plant
samples were collected for morphological, metabolic and
physiological measurements.

Sampling and treatments

After carrying out non-destructive measurements (e.g.,
plant height, gas exchange rates, and photochemical
efficiency), shoots and roots were harvested separately.
For clearing substrate particles attached to fine roots,
the root system was thoroughly washed, first with tap
water followed by distilled water; root surface moisture
was removed with filter paper. The samples were sepa-
rated into three parts for further analyses, namely: (1)
fresh weight (FW) and dry weight (DW) determinations
for calculation of water content. Dry tissues were subse-
quently ground to powder and used for mineral element

Page 3 of 14

determinations; (2) for root morphology and AMF colo-
nization observations; and (3) for determining metabolite
concentrations and enzyme activities after liquid-nitro-
gen grinding to powder.

Biomass and water content

After record of fresh weight, dry weight was measured
after oven-drying at 65 °C to a constant weight. Water
content (WC) of shoots and roots was obtained.

Assessment of mycorrhizal status

On the 14th day of drought treatment, mycorrhizal colo-
nization percentage was determined by using the KOH
bleaching—acid fuchsin staining method [31]. Root sam-
ples were cut into 1-cm-long segments, then cleaned
(10% KOH), acidified (2% HCI), and stained (0.01% acid
fuchsin in 5% lactic acid), respectively. Thirty stained root
segments per plant were used for microscope observation
and calculation of AM colonization. AMF colonization
was observed by using an Olympus Bx43 fluorescence
microscope (Tokyo, Japan).

C, N, and P concentrations

One-hundred milligrams of dried samples were treated
by H,SO,—H,0, Kjeldahl digestion method. Regarding
sample digestion, 0.1 g of dried samples was placed into
1 mL of H,SO,—H,0, acid for 12 h at room temperature.
Then, the samples were digested at 320 °C in the diges-
tion instrument until clarification; subsequently, the liq-
uid was diluted to 10 mL. Total C and N concentrations
were determined using a Vario EL III analyzer (Elementar
Analysensysteme, Hanau, Germany). Total P was meas-
ured by vanadate-molybdate-yellow method [32].

Gas exchange rates

On the 14th day of the treatments, gas exchange rates of
the third fully expanded leaf (from the top) were meas-
ured using a photosynthesis system Li-6400 (LI-COR,
Lincoln, Nebraska, USA). Net CO, assimilation rate
(Pn) and stomatal conductance (g,) were determined at
380 pL-L~! CO,, 65% RH, and 1000 pmol-m~2-s~! PPED
(photosynthetic photon flux density). Measurements
were performed in the morning between 09:00 a.m. and
11:00 a.m.

Chlorophyll fluorescence variables

On the 14th day of the treatments, photochemical and
nonphotochemical quenching variables of photosys-
tem II were measured using a portable fluorometer
(Handy PEA, Hansatech Instruments Ltd., Norfolk, UK).
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Leaves were first dark-adapted for 30 min, then exposed
to a saturating red light pulse (650 nm, 3000 pmol
photons-m~%s™!) provided by an array of six light-emit-
ting diodes. Chlorophyll fluorescence variables were cal-
culated automatically in Handy PEA v 1.3 software [33].

Total free fatty acids, total sugars and soluble sugars
Fresh samples (leaves and roots) were ground in liquid
N, then 100 mg samples were weighed and hydrolyzed
in 1 mL deionized water and vortexed. After 3 h, the
homogenates were centrifuged at 8000xg at 4 °C, then
0.4 mL of the supernatant was used for the chromogenic
reaction of free fatty acid (free FA) with copper acetate,
and 200 pL was used to estimate the concentration of
total free FAs by measuring absorbance at 715 nm. Addi-
tionally 100 mg samples were hydrolyzed, boiled, diluted,
centrifuged, and used in the chromogenic reaction of
reducing sugar with 3,5-dinitrosulfosalicylic acid, then
absorbance was measured at 540 nm. For determination
of soluble sugars, 100 mg fresh samples (leaves and roots)
were ground in liquid N and then hydrolyzed in 1 mL
deionized water. The homogenates were transferred to
a 1.5-mL centrifuge tube and boiled at 95 °C for 15 min,
then cooled with tap water. The tubes were then centri-
fuged at 8000xg 25 °C for 10 min. The metabolite con-
centration was estimated using soluble sugar assay Kit
(Comin Biotechnology Co. Ltd, Suzhou, China) and the
manufacturer’s instructions.

The concentration of free FAs, total sugars, and soluble
sugars was determined separately using linear regression
equations of the standard curves.

Quantitative analysis of fatty acids composition
One-hundred milligrams of fresh samples were ground
in liquid N and transferred to a 15-mL centrifuge tube.
2 mL of 5% methanol-hydrochloric acid, 3 mL chloro-
form methanol (1:1, v:v), and 100 pL of methyl nona-
decylate as the internal standards were added in sequence
into the tube. After boiling at 85 °C for 60 min, and then
cooling to 25 °C, 1 mL hexyl hydride was added into the
tube, oscillation extraction for 2 min and stood for 1 h.
The supernatant (100 pL) was consequently collected,
filtrated by 0.45-pm filter membrane, and analyzed by
GS-MS/MS (ThermoFisher Trace 1310 ISQ). Chro-
matographic separation was conducted on a TG-5MS
(30 m x 0.25 mm x 0.25 pum) (a flow rate of 1.2 mL-min~%;
injection port temperature of 290 °C).

Determination of free amino acids

Five hundred milligrams of fresh leaves and roots were
ground to fine powder in liquid N and then hydrolyzed
in 5 mL deionized water. Samples were diluted and
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derivatized as done by [34]. The derivatized superna-
tant was quantified by HPLC-MS/MS (UltiMate 3000
[Thermo Fisher Scientific Inc., Waltham, MA, USA]-
API 3200 QTRAP [AB Sciex, Boston MA, USA]) using
MSLAB HP-C18 column (150 mm long, 4.6 mm diam-
eter, 5 um particle size; Beijing Amino Acid Medical
Research Co.), with a flow rate of 1 mL-min~!, column
temperature of 50 °C; solvent A (water with 0.1% metha-
noic acid) and solvent B (acetonitrile with 0.1% metha-
noic acid). Mass spectrometry (MS) conditions were set
as IS: +5500 V; TEM: 500 °C; EP: +10; and CXP: 42.0.

Free polyamine analysis

Two-hundred milligrams of fresh tissue samples were
ground in liquid N and extracted in 1.5 mL 5% (v/v) per-
chloric acid. Samples were centrifuged at 15,000 g and
4 °C for 30 min, and the supernatant was kept for fur-
ther analysis. Following dansylation [35], free polyamines
(Put, Spd, and Spm) in the supernatant were determined
by HPLC-MS/MS (Ultimate3000-API 3200 Q TRAP)
using a HP-C18 column (150 x 4.6 mm, 5 pm). Two sol-
vents, solvent A (water) and solvent B (acetonitrile), were
delivered to the column at a flow rate of 1 mL-min~". Elu-
tion was operated as described by [34].

Determination of the tricarboxylic acid cycle
Two-hundred milligrams of fresh tissue samples were
ground in liquid N and hydrolysed in 1.5 mL deion-
ized water. Then 50 pL of the solution was added to
200 pL of methanol (containing the internal standards).
After left standing for 1 min, samples were centrifuged
at 13,000xg and 4 °C for 4 min. The supernatant was
consequently collected and analyzed by HPLC-MS/MS
(Ultimate3000-API 3200 Q TRAP) with ESI in nega-
tive ion mode. Chromatographic separation was con-
ducted on a MSLab HP-C18 column (150 x 4.6 mm, 5
pum; a flow rate of 1 mL-min~% column temperature of
50 °C). Two solvents, solvent A (water with 2 mmol-L~!
ammonium formate) and solvent B (acetonitrile with
2 mmol-L™! ammonium formate), were used as mobile
phases. Elution was operated as described by [34].

Determination of the key enzyme activities

The activities of key N metabolic enzymes were assayed
separately using glutamine synthetase (GS), and glu-
tamate synthetase (GOGAT) assay kits (Comin Bio-
technology Co. Ltd, Suzhou, China). The activities
of polyamine (i.e., ADC-arginine decarboxylase, and
DAO-diamine oxidase,) metabolic enzymes were
assayed separately using enzyme-linked immunosorb-
ent assay (ELISA) Kits (MLBIO Biotechnology Co. Ltd,
Shanghai, China). Assays were performed in 96-well
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culture plates. Two-hundred milligrams of fresh tissue
samples were ground in liquid N and homogenized in
500 pL extraction buffer (PBS, pH 7.4). Thereafter, they
were centrifuged at 2500¢ and 4 °C for 20 min. The
supernatants were collected, diluted and heat incubated
at 37 °C for 60 min according to [36]; the processes fol-
lowed the manufacturer’s instructions. Enzyme activity
of the samples was calculated based on the absorbance
values and the standard curve.

Statistical analysis

Before analysis of variance and testing for statistical sig-
nificance, the normality of data distribution and homo-
geneity of variance were checked using the Shapiro—Wilk
test and Levene’s test, respectively. For the data that did
not meet the assumptions of normality and homogene-
ity of variance, logarithmic or the other transformations
were applied. Then the data were assessed by two-way
analysis of variance (ANOVA), followed by Duncan’s
test to examine the differences between experimen-
tal treatments. Differences were considered significant
at P<0.05. If the data after transformations still did not
meet normality distribution or homogeneity of variance,
non-parametric estimations (Mann—Whitney U test or
Kruskal-Wallis test) were applied. Correlation of metab-
olite concentration and plant water parameters was ana-
lyzed by using Pearson correlation coefficient () and
linear regression analysis (P<0.05). The analyses were
performed using Excel software (Microsoft Office Stand-
ard 2013, Microsoft, Redmond, WA, USA), and IBM
SPSS Statistics 20.0 (IBM Corp., Armonk, NY, USA).
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Results

AM colonization and plant growth

Root colonization by R. irregularis was extensive in
inoculated plants, with mycorrhizal colonization rate of
about 60% under well-watered conditions, whereas root
colonization was not detected in non-inoculated plants
(Table 1). Drought stress had no significant impact on
mycorrhizal colonization.

Drought stress decreased shoot biomass (DW) and
height (SH), water content (WC), and N concentra-
tion of NM plants, without significant impact on C and
P concentrations. AM symbiosis significantly increased
shoot biomass, SH, WC, and P concentrations regard-
less of water conditions. Shoot N concentration was sig-
nificantly higher in AM than NM plants under drought
stress. Root-to-shoot biomass ratio (R:S) both of NM and
AM plants significantly increased under drought stress.

Leaf photosynthesis and the levels of some metabolites
Drought stress decreased leaf photosynthesis (Pn, g, and
PI,, values) of NM plants, with significant increase of
DIo/RC and without a change of Chl concentration. Chl
and P,  values were higher, but DIo/RC values were
lower in AM than NM plants regardless of water condi-
tions (Table 2). Pn and g, values of AM plants were higher
under well-watered conditions, but lower under drought
stress as compared to NM plants (Table 2).

Leaf concentration of SS increased, but that of OAs
decreased in NM plants under drought stress, without
concentration changes of TS and free FAs. Leaf con-
centrations of SS and free FAs were significantly higher
in AM than NM plants regardless of water conditions.

Table 1 Growth performance of maize shoots under drought stress and arbuscular mycorrhizal fungal inoculation

(mean=+xSD,n=5)

Treatment  MC (%) DW (g) R:S SH (cm) WC (g) C(mg-g™") N(mg.g™") P (mg-g™")
W

NM 1244030b 03940080  54194304b  11214291°  399+481b 345341082  2.12+035b

AM 6520414942  217+0.18a  020+£002d  6280+261a 21154069  413+334a  3525+351a  346+044a
D

NM 0944013c  05540.11a  5057+173c  647+0.64d 40141540 303243290  2.384090b

AM 5720410252 21040182  0284006c  6082+325a  1632+£397b  4104596a  3576+1.15a  3394051a
Two-way ANOVA

D ns' ns *x * * ns *x ns

Dxl - ns ns ns - ns * ns

Different lowercase letters in the same column indicate statistically significant differences between treatments at P<0.05 by Duncan’s test

D drought stress, / inoculation treatment, W well-watered, AM arbuscular mycorrhizal fungal inoculation, NM non-mycorrhizal fungal inoculation, C carbon, DW dry
weight, MC mycorrhizal colonization percentage, N nitrogen, P phosphorus, R:S root to shoot biomass ratio, SH shoot height, WC water content, ns not significant

*P<0.05, **P<0.01
T ANOVA outputs by nonparametric statistical test
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Table 2 Levels of leaf photosynthesis, sugars, tricarboxylic acids, and fatty acids of maize seedlings under drought
and arbuscular mycorrhizal fungal inoculation (mean £ SD, n=5)

Treatment  Chl(mg-g™") Pl , Dlo/RC Pn 3 TS(mg-g™")  SS(mg.g™")  OAs(pg-g”") FA(nmol-g™")
(umol-m=2.s7")  (mol-m~2.5s7")
W-
NM 0.8540.06¢ 0.74£0.15b 0.83+0.07b 22.19+£1.68b 0.15+£0.02b 26.26+1.80b 10.23+£0.75¢ 1489+ 160b 13.9041.59¢
AM 111£0.11b 1434039 0.6140.09¢c 28.10+0.96a 0.224+0.03a 27.324+2.20b 12.63£1.56b 822+ 111c 29.08+5.15a
D
NM 0.8940.02c 0.63+0.06b 0.95+0.07a 16.19+1.01c 0.0940.00c 27.92+3.24b 13.50+1.10b 908 4= 94c¢ 1494+£1.53c
AM 1.254+0.12a 1.504+0.28a 0.5640.05¢c 10.95+1.30d 0.06£0.01d 32.174258a 23944+207a 21344+281a 20.66+1.93b
Two-way ANOVA
) . ns ns . x * x = ns
| . . - . * * . . .
Dxl ns ns x xx . ns . x xx

Different lowercase letters in the same column indicate statistically significant differences between treatments at P<0.05 by Duncan’s test

D drought stress, / inoculation treatment, W well-watered, AM arbuscular mycorrhizal fungal inoculation, NM non-mycorrhizal fungal inoculation, Ch/ chlorophyll,
Dlo/RC the amount of energy dissipated per active reaction center, FA free fatty acids, g, stomatal conductance, OAs organic acids in TCA cycle, Pl ,; photosystem ||
performance index on absorption basis, Pn net photosynthetic rate, SS soluble sugars, TS total sugars, ns not significant

*P<0.05,**P<0.01

Table 3 Metabolic levels of free amino acids and polyamines in leaves of maize plants under drought and arbuscular

mycorrhizal fungal inoculation (mean+SD, n=5)

Treatment AAs Arg Orn Put GABA ADC (U-g~") ODC(U.g”") DAO(U.g~") GAD (U-g7")
(umol.g~") (ng:'mg~")  (ng:'mg~") (ng-mg~")  (ng-mg7)
W
NM 71894+850b  134+008a 077+0.14c 1.06+£0.16c 4.13+£049c 149+£032a 0.69+£009% 015+£002b 4.16+0.76a
AM 56.20+6.06C 12540083 1.01£0.10b 3.00£057b 2994+050d 1454+009 1.014+004a 0.18+£001a 323+0.07a
D
NM 85.50+813a  1.174+03%9 082+003c 4.73+063a 1349+£036a 163+022a 097£008a 0.12+£002c 3.85+145a
AM 79.65+385b 151+035% 1464018 5214+063a 7.79+£038b 142+0317a 079+£0.12b 0.15+002b 3.96+1.02a
Two-way ANOVA
D *% ns %% *% %% ns ns *1 ﬂSW
| *% ns *% X% X% ns ns *1 nSW
DxI ns ns ** ** ** ns ** - -

Different lowercase letters in the same column indicate statistically significant differences between treatments at P <0.05 by Duncan’s test

D drought stress, / inoculation treatment, W well-watered, AM arbuscular mycorrhizal fungal inoculation, NM non-mycorrhizal fungal inoculation, AAs free amino acids,
ADC arginine decarboxylase, Arg arginine, DAO diamine oxidase, GABA y-aminobutyric acid, GAD glutamic acid decarboxylase, ODC ornithine decarboxylase, Orn

ornithine, Put putrescine, ns not significant
*P<0.05, **P<0.01
T ANOVA outputs by nonparametric statistical test

Arbuscular mycorrhiza induced the accumulation of leaf
OAs and TS under drought stress.

Drought stress increased leaf concentration of free
AAs (excluding Arg and Orn) of NM plants. AM sym-
biosis induced the accumulation of free AAs (including
Orn) under drought stress compared to that under well-
watered condition. Moreover, drought stress increased
Put and GABA concentration of NM plants, being
accompanied with changes of ODC (increased) and
DAO (decreased) activity and without changes of ADC
and GAD activity. Leaf concentration of Put was higher

and of GABA lower in AM than NM plants regardless
of water conditions (Table 3). Leaf ODC activity was
lower and DAO was higher in AM than NM plants under
drought stress.

Correlations of GABA concentration with stomatal
conductance and malic acid concentration

Leaf GABA concentration had a significantly nega-
tive correlation with leaf g, for both NM and AM plants
subjected to drought stress (Fig. 1). Moreover, sig-
nificant correlations between GABA and malic acid
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Fig. 1 Correlations of leaf y-aminobutyric acid (GABA) concentration with stomatal conductance (g, A) and malic acid (MA, B) concentration of
maize plants inoculated with (AM) and without (NM) Arbuscular mycorrhizal fungus under drought stress. The Pearson correlation coefficient (r) and
linear regression analysis (P < 0.05) were used

Table 4 Root levels of P and C, sugars, and tricarboxylic acids of maize seedlings under drought and arbuscular

mycorrhizal fungal inoculation (mean+SD, n=5)

Treatment P (mg-g™") C (%) R:S C ratio SS:TS Gly (mg-g~") OAs (ug-g~")
W

NM 2424053b 4122+0.78a 0.4040.07b 0.3340.02b 4.9540.70b 311+63a

AM 3804028 4134+081a 0.174001d 04040.02b 3624021c 281+44a
D

NM 24940.13b 40.724093a 0.5640.10a 0.4140.06b 8.1140.8% 254+ 50a

AM 3.264045a 40.18+143a 0.3040.03c 05340.11a 57240480 289+31a
Two-way ANOVA

D ns ns ** ** ** ns

| . ns xx * X ns

DxI ns ns ns ns ns ns

Different letters above the columns indicate statistically significant differences between means at P<0.05 by Duncan’s test

D drought stress, / inoculation treatment, W well-watered, AM arbuscular mycorrhizal fungal inoculation, NM non-mycorrhizal fungal inoculation, Gly glycogen, OAs

organic acids in the tricarboxylic acid cycle, SS soluble sugars, TS total sugars

concentrations were found in leaves of NM (negatively)
and AM (positively) plants during drought stress.

Root levels of ornithine cycle, polyamines, and fatty acids

Root C and P concentrations were not affected by
drought stress, showing higher root P levels in AM than
NM plants regardless of water conditions (Table 4).
Drought stress induced increases of R:S C ratio, SS:TS
ratio, and Gly concentration in roots both of NM and
AM plants. SS:TS ratio was higher and both R:S C ratio
and Gly concentration were lower in AM than NM
plants regardless of water conditions. Drought and AM

symbiosis did not impact root OAs level both of NM and
AM plants.

Drought stress had no impact on root concentration of
the unsaturated FAs, but decreased its proportion in total
FAs. Root levels of the unsaturated FAs were significantly
higher in AM than NM plants regardless of water condi-
tions (Table 5). C16.1 concentration was about 50- and
36-folds higher in AM than NM plants under watered
and stressed condition, respectively. Concentrations of
C18.1N9 and C18.2N6 were about twofold higher in AM
than NM plants both under watered and stressed condi-
tions. Concentrations of the major SFAs (except C16.0)
increased under drought stress, without significant dif-
ference (except C24.0) in root concentration between
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NM and AM plants. Root C16.0 concentration was sig-
nificantly higher in AM than NM plants regardless of
water conditions.

Drought stress decreased free AAs concentration and
led to urea accumulation in roots of NM plants. Com-
pared to NM plants, free AAs concentration significantly
increased in AM plants regardless of water conditions;
urea-N concentration remained a lower level. Drought
stress did not impact root ornithine cycle (except for
Asp); in contrast, AM symbiosis stimulated ornithine
cycle, showing significant increases in root concentra-
tions of Arg, Orn, Cit, and Asp (Table 6). Correspond-
ingly, root Put concentration was significantly higher
in AM than NM plants under well-watered conditions.
Root Put concentration decreased and GABA concentra-
tion significantly increased both in NM and AM plants
with drought stress. AM symbiosis alone and in combi-
nation with drought can increase DAO activity, but did
not impact GAD activity.

Discussion

In recent studies [37], the importance of mycorrhizal
symbiosis in improving plant drought tolerance was
emphasized. Considerable evidence supports the ben-
eficial AM effects on plant water relations and nutrition
status. AM-induced plant adaptations to drought involve
complex changes of numerous metabolites and metabolic
pathways [13], which are accompanied with concurrent
changes of plant growth and nutrient availability [38].
Deciphering which metabolic processes are central for
AM-mediated regulations is essential for the application
of AM-based biostimulators in improving agricultural
production in drylands. Our results support the hypoth-
esis that AM symbiosis significantly improved plant
drought tolerance through altering ornithine cycle and
fatty acid compositions in roots, and accumulation pat-
terns of polyamines and carbohydrates in plant organs.

AM-mediated improvements in growth performance

and photosystem Il efficiency

Maize as a C4 plant has high water and nutrient require-
ments for rapid plant growth. Maize plants are sensitive
to even minor changes of water availability [39]. So obvi-
ously decreased water and nutrient status occurred in
maize cultivars (e.g., Doge and Luce [40]; Mo17 in this
study) when subjected to drought stress. In this study,
R:S biomass ratio of NM plants increased by 41% under
drought stress compared to that under well-watered con-
ditions. The increased R:S ratio is mainly due to a reduc-
tion of shoot biomass, because root biomass was not
changed significantly (data not shown). Drought stress
led to limitations of water and nutrient (such as N and
P) availability, an adaptive strategy of plants is that root
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growth-related metabolisms were enhanced for main-
taining water and nutrient requirements, whereas shoot
growth-related metabolisms were downregulated to
reduce consumptions of water and nutrients [41]. Previ-
ous studies showed that AM fungi have a high capacity to
colonize maize roots, with a colonization rate of approxi-
mately 40-80% after 30 days of inoculation [27, 42]. Our
results were within such range of colonization (Table 1).
Mycorrhizal colonization can substantially improve crop
growth both under well-watered and drought-stressed
conditions [43], which has also been verified by the pre-
sent study (Table 1). Increasing P availability is a major
contributor for AM plants to improve growth perfor-
mance and drought tolerance [15]. Our previous stud-
ies [44] have demonstrated the beneficial effects of
AM-mediated improvement in P availability on photo-
synthesis (stomatal conductance and net photosynthetic
rate), water use efficiency, and growth performances.

In this study, AM symbiosis produced beneficial effects
on allocations of the absorbed light in photosystems,
which increased the energy proportion used for photo-
chemical processes (e.g., PI,;.) but decreased the propor-
tion for non-photochemical dissipation (e.g., DIo/RC).
Several previous studies [45] reported consistent results,
but they did not explain the underlying mechanisms. The
increased accumulation of PAs in leaves of AM plants
may be a cue for the beneficial effects (Table 3). PAs are
mainly present in chloroplasts and photosynthetic sub-
complexes (such as thylakoids, LHCII complex, and PSII
membranes) [46]; so they can impact photochemical
processes through regulations of photosystem II activity,
photophosphorylation, and light energy dissipation [47].
The accumulation of intracellular PAs can also stimu-
late light-independent chlorophyll biosynthesis from
protochlorophyllide [48]. The above cues may provide a
reasonable explain why Put level, Chl concentration, and
PI,,, values were conformably higher in leaves of AM
plants (compared to NM plants) both under well-watered
and drought-stressed conditions.

AM effects on the accumulation of soluble sugars

and saturation of fatty acids

Previous studies have demonstrated the flow of C into
mycorrhizal roots for the mutualistic interaction [17].
The amount of C allocated to mycelium or storage lipids
in AM fungi is a potential determinant of root C alloca-
tion [49]. In this study, there is no significant difference
in root C concentration and root biomass between NM
and AM plants. It seemly indicates that AM symbiosis did
not impact root C allocation. The C concentration-based
assessment may underestimate the real amount of C
transferred from shoot to mycorrhiza, because a propor-
tion of C flows to different components of soil C pools for
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nutrient (such as N and P) exchanges between the inter-
faces of soil and plant root system [50]. Another evidence
is that fatty acid concentration in roots was significantly
higher in AM than NM plants. Root C16:1 concentra-
tion showed an AM-specific response, whereby C16:1
concentration was 50-fold higher in AM than NM plants
(Table 2). In some studies [51], 16-carbon fatty acids
were considered AM fungi-specific fatty acids. Moreo-
ver, the unsaturated compositions (C18.1N9, C18.2N6,
and C18.3N6) also significantly increased in roots of AM
plants (compared to NM plants) regardless of water sta-
tus. In contrast, the saturated compositions of FAs (such
as C18.0, C20.0, C22.0, and C24.0) were not affected by
mycorrhizal colonization, but the root concentration
increased with drought stress. Therefore, our results con-
firm that AM symbiosis substantially increased unsatu-
ration of root fatty acids. AM-induced changes in FA
unsaturation have the physiological significance to plant
drought adaptation. Because an increase in FA unsatura-
tion can alleviate the oxidative damage to plants under
drought stress conditions [22].

Soluble sugars (such as sucrose) are very sensitive to
drought stress. Organ concentration of SS and SS:TS
ratio increased under drought stress compared to well-
watered conditions. Soluble sugars are involved in
osmotic and metabolic regulations. Molecular evidence
showed the roles of SS in regulations on expressions of
both growth- and stress-related genes [2]. AM symbiosis
had significantly positive impacts on the accumulation
of soluble sugars in leaves regardless of water status. An
increased photosynthetic rate may be a contributor for
AM plants to the accumulation of carbohydrates in leaves
under well-watered conditions. However, under drought
stress, showing a lower Pn value in leaves of AM than
NM plants, leaf SS concentration was still significantly
higher in AM than NM plants. This result indicates that
AM may regulate soluble sugar metabolism through
the other mechanisms. A possible pathway may be that
AM regulates expression of sugar metabolism-related
proteins (such as sucrose phosphate synthase, neutral
invertase, and sucrose:fructan 6-fructosyltransferase)
and/or the enzyme activities (such as acid invertase and
sucrose synthase activity) [3]. An alternative pathway
is that AM symbiosis can stimulate glycolysis process
through upregulating expression of the glycolysis-related
genes [10]. The alternative pathway mentioned above
may be linked to our result that leaf OAs concentration
was significantly higher in AM plants (compared to NM
plants) under drought stress. Citrate is a potential target
of AM actions on TCA cycle; a recent study by Zhang
et al. [52] demonstrated the roles of AM symbiosis in
regulating the gene expression of key metabolic enzymes
(such as citrate synthase and citrate lyase). Moreover,
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citrate is an alternative C source for fatty acid synthesis
[53]. Therefore, citrate may be very important in organic
C partitioning between tricarboxylic acids and fatty acids
in AM plants. In this study, opposite changing patterns
of OAs and free FA concentrations occurred in leaves
of AM plants under well-watered and drought stress
conditions (Table 2). However, our result cannot ensure
whether citrate is really involved in AM-induced changes
of OA and FA concentrations or not.

AM symbiosis altered ornithine cycle and polyamine
metabolism
Arginine is considered a major fungal AA after N
uptake and assimilation by the external hyphae [23].
Mycelium Arg translocation is proven under the N sup-
plies [54]. Fungal Arg translocation may increase Arg
level in AM roots and further cause qualitative or quan-
titative alterations of free AAs. Our results support this
view by the evidence that root levels of free AAs and
the ornithine cycle (showing concentration increases of
Arg, Orn, Cit, and Asp) were significantly higher in AM
than NM plants regardless of water status. Urea is a
metabolic product in the conversion of Arg and Orn. So
root urea level was predicted to increase in a precondi-
tion of increasing ornithine cycle, whereas in this study,
root urea concentration was significantly lower in AM
than NM plants under drought stress. This result can
occur if AM symbiosis increased the conversion effi-
ciency from urea to NH,* in roots, further stimulating
root-to-shoot N translocation. In this study, drought
stress led to a decrease of shoot N concentration of NM
plants, being accompanied with a significant accumu-
lation of root urea, in contrast, the N concentration
of AM plants was not changed significantly in shoots
under well-watered and drought stress conditions.
Putrescine is a coupling metabolite in the ornithine
cycle; so the result that root Put level was higher in AM
than NM plants was expected under well-watered con-
ditions. However, the changes of root Put concentration
that decreased both in NM and AM plants with drought
stress did not depend on concentration changes of Arg or
Orn, and may be a responsive strategy for maize plants.
Decreased Put concentration in plant organs was also
reported in drought-responsive experiments, which was
attributed to metabolic conversions into PAs (spermi-
dine and spermine) or catabolites [55]. A conversion of
Put via diamine oxidase (DAO) to GABA may be a rea-
son for the decline of Put concentration in roots of AM
plants [27]. Under drought stress, root GABA concentra-
tion increased by about 110% in AM plants, in contrast,
only by 70% in NM plants. Moreover, there was a positive
correlation between root GABA and malic acid concen-
tration in AM plants (data not shown). A recent study by
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[30] proposed that an increase in GABA concentration
can restrict efflux of malate’~ from root cytosol through
down-regulations of ALMT gene expression, which may
improve osmoregulation capacity of root cells.

A high sensitivity of GABA to drought has been dem-
onstrated by the genetic mutation. GABA concentration
in plant tissues is estimated to alter even within seconds
in response to stresses [56]. Leaf GABA accumulation
contributes to preservation of plant water under drought
stress [57]. In this study, a negative correlation between
leaf GABA concentration and stomatal conductance
existed during drought stress. Several previous stud-
ies have demonstrated the roles of GABA in regulating
stomatal opening. A possible mechanism is assumed to
be GABA-induced repression of the gene expression of
14-3-3 proteins and subsequent inactivation of the KAT1,
K channel, finally leading to a repression of inward K"
flow (IK,,) [58]. Another possible mechanism is through
GABA-induced repression of the expression of alu-
minum-activated malate transporter (ALMT) genes in
plasma membrane and subsequent stimulation on anions
(malate?~ and CI7) efflux from cytosol, but restrict influx
of the anions from apoplast [30]. Some of these hypothet-
ical mechanisms will ultimately trigger stomatal closure
and restrict water loss through leaf transpiration.

Conclusions

Arbuscular mycorrhizal symbiosis significantly improved
maize growth and drought tolerance. The physiologi-
cal (such as photochemical processes) and metabolic
(such as soluble sugars, fatty acids, and ornithine cycle)
improvements by AM symbiosis are central for maize
seedlings in growth regulation and drought response.
Our results confirm significant positive effects of AM
symbiosis on organ Put level under well-watered condi-
tions, which may be due to AM-induced increases in Orn
concentration and ODC activity, whereas the mecha-
nisms causing the differences in organ Put response to
drought (decreased in roots and increased in leaves)
were unknown. Future studies are proposed to focus on
the signal pathways and molecular mechanisms of AM-
induced regulations on the central processes.

Abbreviations

AAs: Free amino acids; ADC: Arginine decarboxylase; AM: Arbuscular mycor-
rhizal fungal inoculation; Arg: Arginine; Asp: Aspartic acid; Chl: Chlorophyll; Cit:
Citrulline; DAO: Diamine oxidase; Dlo/RC: The amount of energy dissipated
per active reaction center; DW: Dry weight; FA: Free fatty acids; GABA:
y-Aminobutyric acid; GAD: Glutamic acid decarboxylase; Gly: Glycogen;

g.: Stomatal conductance; MC: Mycorrhizal colonization percentage; NM:
Non-mycorrhizal fungal inoculation; OAs: Organic acids in TCA cycle; ODC:
Ornithine decarboxylase; Orn: Ornithine; Pl .: Photosystem Il performance
index on absorption basis; Pn: Net photosynthetic rate; Put: Putrescine; SFAs:
Saturation fatty acids; Spd: Spermidine; Spm: Spermine; SS: Soluble sugars; TS:
Total sugars; UFAs: Unsaturation fatty acids; WC: Water content.

Page 12 of 14

Acknowledgements
We thank Dr. Victoria Ferndndez (Technical University of Madrid, Spain) for
critically reading manuscript.

Authors’ contributions

YBH and BDC designed the experiments and wrote the paper. YBH performed
the experiments. YBH and W X analyzed the data. All authors read and
approved the final manuscript.

Funding

The study was financially supported by National Key Research and Develop-
ment Program of China (2016YFC0500702), The National Natural Science
Foundation of China (41877050; 41571250; 31800546), and the Open Fund
of Key Laboratory of Dryland Agriculture, Ministry of Agriculture, P.R. China
(2018KLDA02).

Availability of data and materials

The data sets generated and/or analyzed during the current study are not
publicly available (because all of the data were gathered by the research
team), but are available from the corresponding author on reasonable request.

Ethics approval and consent to participate
| approved the ethics guideline of the journal.

Consent for publication
All of authors have informed regarding submitting the manuscript to the
journal of Chemical and Biological Technologies in Agriculture.

Competing interests
The authors declare that they have no competing interests.

Author details

! State Key Laboratory of Urban and Regional Ecology, Research Center

for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085,
People’s Republic of China. 2 Key Laboratory of Dryland Agriculture, Min-

istry of Agriculture, Beijing, People’s Republic of China.  Key Laboratory

of Saline-alkali Vegetation Ecology Restoration, Ministry of Education, College
of Life Science, Northeast Forestry University, Harbin 150040, People’s Republic
of China. * University of Chinese Academy of Sciences, Beijing 100049, People’s
Republic of China.

Received: 16 January 2020 Accepted: 25 April 2020
Published online: 08 October 2020

References

1. Dong SY, Beckles DM. Dynamic changes in the starch-sugar interconver-
sion within plant source and sink tissues promote a better abiotic stress
response. J Plant Physiol. 2019;234-235:80-93.

2. Rosa M, Prado C, Podazza G, Interdonato R, Gonzalez JA, Hilal M, Prado
FE. Soluble sugars metabolism, sensing and abiotic stress: a complex
network in the life of plants. Plant Signal Behav. 2009;4(5):388-93.

3. WuHH, Zou YN, Rahman MM, Ni QD, Wu QS. Mycorrhizas alter sucrose
and proline metabolism in trifoliate orange exposed to drought stress. Sci
Rep. 2017;7:42389.

4. Stein O, Granot G. An overview of sucrose synthases in plants. Front Plant
Sci. 2019;10:95.

5. Pinheiro C, Chaves MM. Photosynthesis and drought: can we make meta-
bolic connections from available data? J Exp Bot. 2011;62(3):869-82.

6. Ramanjulu S, Sudhakar C. Drought tolerance is partly related to amino
acid accumulation and ammonia assimilation: a comparative study in
two mulberry genotypes differing in drought sensitivity. J Plant Physiol.
1997;150(3):345-50.

7. Arandal, Sdnchez-Gémez D, Cadahia E, de Simon BF. Ecophysiological
and metabolic response patterns to drought under controlled condition
in open-pollinated maternal families from a Fagus sylvatica L. population.
Environ Exp Bot. 2018;150:209-21.

8. Huang YM, Zou YN, Wu QS. Alleviation of drought stress by mycorrhi-
zas is related to increased root H,0, efflux in trifoliate orange. Sci Rep.
2017;7:42335.



Hu et al. Chem. Biol. Technol. Agric.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2020) 7:20

Liu CY, Zhang F, Zhang DJ, Srivastava AK, Wu QS, Zou YN. Mycorrhiza
stimulates root-hair growth and IAA synthesis and transport in trifoli-
ate orange under drought stress. Sci Rep. 2018;8:1978. https://doi.
0rg/10.1038/541598-018-20456-4.

Chen BD, Hu YB, LiT, Xu LJ, Zhang X, Hao ZP. The role of am symbiosis in
plant adaptation to drought stress. J Integr Field Sci. 2018;15:22-5.

. Bérzana G, Aroca R, Paz JA, Chaumont F, Martinez-Ballesta MC, Carvajal

M, Ruiz-Lonazo JM. Arbuscular mycorrhizal symbiosis increases relative
apoplastic water flow in roots of the host plant under both well-watered
and drought stress conditions. Ann Bot. 2012;109(5):1009-17.
Marjanovi¢ Z, Uehlein N, Kaldenhoff R, Zwiazek JJ, Weifs M, Hampp R,
Nehls U. Aquaporins in poplar: what a difference a symbiont makes.
Planta. 2005;222(2):258-68.

Rapparini F, Pefiuelas J. Mycorrhizal Fungi to Alleviate Drought Stress on
Plant Growth. In: Miransari M. (eds) Use of Microbes for the Alleviation of
Soil Stresses, 2014; Volume 1. Springer, New York, NY, pp. 23-24.

Safir GR, Nelsen CE. VA mycorrhizas: plant and fungal water relations. In R
Molina, ed, Proceedings of the Sixth North American Conference on Myc-
orrhizae in 1985, Forest Research Laboratory, Corvallis, OR, pp 161-164.

. Tarig A, Pan KW, Olatunji OA, Graciano C, Li ZL, Sun F, Zhang L, Wu XG,

Chen WK, Song DG, Huang D, Xue T, Zhang AP. Phosphorous fertilization
alleviates drought effects on Alnus cremastogyne by regulating its antioxi-
dant and osmotic potential. Sci Rep. 2018,8:5644.

Wu QS, Xia RX. Arbuscular mycorrhizal fungi influence growth, osmotic
adjustment and photosynthesis of citrus under well-watered and water
stress conditions. J Plant Physiol. 2006;163(4):417-25.

Jiang YN, Wang WX, Xie QJ, Liu N, Liu LX, Wang DP, Zhang XW, Yang C,
Chen XY, Tang DZ, Wang ET. Plants transfer lipids to sustain colonization
by mutualistic mycorrhizal and parasitic fungi. Science. 2017,356:1172-5.
Tsoata E, Njock SR, Youmbi E, Nwaga D. Early effects of water stress on
some biochemical and mineral parameters of mycorrhizal Vigna subter-
ranea (L.) Verdc. (Fabaceae) cultivated in Cameroon. Int J Agri Agri Res.
2015;7(2):21-35.

Wang WX, Shi JC, Xie QJ, Jiang YN, Yu N, Wang ET. Nutrient exchange

and regulation in Arbuscular mycorrhizal symbiosis. Mol Plant.
2017;10(9):1147-58.

Luginbuehl LH, Menard GN, Kurup S, Van Erp H, Radhakrishnan GV, Break-
spear A, Oldroyd GED, Eastmond PJ. Fatty acids in Arbuscular mycorrhizal
fungi are synthesized by the host plant. Science. 2017;356(6343):1175-8.
Moche M, Stremlau S, Hecht L, Gobel C, Feussner I, Stohr C. Effect of
nitrate supply and mycorrhizal inoculation on characteristics of tobacco
root plasma membrane vesicles. Planta. 2010;231:425-36.

Wu QS, He JD, Srivastava AK, Zou YN, Polle K. Mycorrhizas enhance
drought tolerance of citrus by altering root fatty acid compositions and
their saturation levels. Tree Physiol. 2019;39(7):1149-58.

Cruz C, Egsgaard H, Trujillo C, Ambus P, Requena N, Martins-Loucdo

MA, Jakobsen I. Enzymatic evidence for the key role of arginine in
nitrogen translocation by Arbuscular mycorrhizal fungi. Plant Physiol.
2007;144(2):782-92.

Witte CP. Urea metabolism in plants. Plant Sci. 2011;180(3):431-8.

Winter G, Todd CD, Trovato M, Forlani G, Funck D. Physiological implica-
tions of arginine metabolism in plants. Front Plant Sci. 2015;6:534. https://
doi.org/10.3389/fpls.2015.00534.

Gong XQ, Zhang JY, Hu JB, Wang W, Wu H, Zhang QH, Liu JH. FCWRKY70, a
WRKY protein of Fortunella crassifolia, functions in drought tolerance and
modulates putrescine synthesis by regulating arginine decarboxylase
gene. Plant Cell Environ. 2015;38(11):2248-62.

Hu YB, Chen BD. Arbuscular mycorrhiza induced putrescine degradation
into y-aminobutyric acid, malic acid accumulation, and improvement of
nitrogen assimilation in roots of water-stressed maize plants. Mycorrhiza.
2020. https://doi.org/10.1007/500572-020-00952-0.

Legocka J, Sobieszczuk-Nowicka E, Ludwicki D, Lehmann T. Putrescine
catabolism via DAO contributes to proline and GABA accumulation in
roots of lupine seedlings growing under salt stress. Acta Soc Bot Pol.
2017;86(3):1-11.

Goicoechea N, Szalai G, Antolin MC, Sanchez-Diazl M, Paldi E. Influence of
arbuscular mycorrhizae and rhizobium on free polyamines and proline
levels in water-stressed alfalfa. J Plant Physiol. 1998;153:706-11.

Bown AW, Shelp BJ. Plant GABA: not just a metabolite. Trends Plant Sci.
2016;21(10):811-3.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 13 of 14

Phillips J, Hayman D. Improved procedures for clearing roots and staining
parasitic and vesicular-Arbuscular mycorrhizal fungi for rapid assessment
of infection. Trans Br Mycol Soc. 1970;55:158-61.

OhyamaT, Ito M, Kobayashi K, Araki S, Yasuyoshi S, Sasaki O, Yamazaki T,
Soyama K, Tanemura R, Mizuno Y, Ikarashi T. Analytical procedures of N,

P, K contents in plant and manure materials using H,50,-H,0, Kjeldahl
digestion method. Bull Fac Agri Niigata Univ. 1991;43:111-20.

Hu YB, Peuke AD, Zhao XY, Yan JX, Li CM. Effects of simulated atmospheric
nitrogen deposition on foliar chemistry and physiology of hybrid poplar
seedlings. Plant Physiol Biochem. 2019;143(10):94-108.

Gao G, Clare AS, Rose C, Caldwell GS. Reproductive sterility increases the
capacity to exploit the green seaweed Ulva rigida for commercial applica-
tions. Algal Res. 2017;24:64-71.

Song JJ, Nada K, Tachibana S. The early increase of S-adenosylmethionine
decarboxylase activity is essential for the normal germination and

tube growth in tomato (Lycopersicon esculentum Mill.) pollen. Plant Sci.
2001;161(3):507-15.

Roéver M, Matzk A, Baker B, Schiemann J, Hehl R. Inhibition of CAT enzyme
activity in Arabidopsis thaliana. Plant Cell Tiss Org. 1996;45:31-6.

Hodge A, Storer K. Arbuscular mycorrhiza and nitrogen: implications for
individual plants through to ecosystems. Plant Soil. 2015;386:1-19.

Smith SE, Read DJ. Mycorrhizal symbiosis. 3rd ed. London: Academic
Press; 2008.

Lobell DB, Roberts MJ, Schlenker W, Braun N, Little BB, Rejesus RM, Ham-
mer GL. Greater sensitivity to drought accompanies maize yield increase
in the U.S. Midwest Sci. 2014;344(6183):516-9.

Efeogdlu B, Ekmekgi Y, Cice N. Physiological responses of three maize
cultivars to drought stress and recovery. S Afr J Bot. 2009;75(1):34-42.
Gargallo-Garriga A, Sardans J, Pérez-Trujillo M, Rivas-Ubach A, Oravec

M, Vecerova K, Urban O, Jentsch A, Kreyling J, Beierkuhnlein C, Parella

T, Pefiuelas J. Opposite metabolic responses of shoots and roots to
drought. Sci Rep. 2014;4:6829. https://doi.org/10.1038/srep06829.

Chen XY, Song FB, Liu FL, Tian CJ, Liu SQ, Xu HW, Zhu XC. Effect of differ-
ent arbuscular mycorrhizal fungi on growth and physiology of maize at
ambient and low temperature regimes. Sci World J. 2014,956141:7.
Ruiz-Lozano JM, Aroca R, Zamarrefio AM, Molina S, Andreo-Jiménez B,
Porcel R, Garcia-Mina JM, Ruyter-Spira C, Lopez-Réez JA. Arbuscular myc-
orrhizal symbiosis induces strigolactone biosynthesis under drought and
improves drought tolerance in lettuce and tomato. Plant Cell Environ.
2016;39:441-52.

Xu LJ, Li T, Wu ZX, Feng HY, Yu M, Zhang X, Chen BD. Arbuscular
mycorrhiza enhances drought tolerance of tomato plants by regulat-
ing the 14-3-3 genes in the ABA signaling pathway. Appl Soil Ecol.
2018;125:213-21.

Boldt K, Pors Y, Haupt B, Bitterlich M, Kihn C, Grimm B, Franken P.
Photochemical processes, carbon assimilation and RNA accumulation

of sucrose transporter genes in tomato Arbuscular mycorrhiza. J Plant
Physiol. 2011;168(11):1256-63.

Bernet E, Claparols I, Dondini L, Santos M, Serafini-Fracassini D, Torné JM.
Changes in polyamine content, arginine and ornithine decarboxylases
and transglutaminase activities during light/dark phases in maize calluses
and their chloroplasts. Plant Physiol Biochem. 1999;37:899-909.

loannidis NE, Kotzabasis K. Effects of polyamines on the functionality of
photosynthetic membrane in vivo and in vitro. Biochim Biophys Acta.
2007;1767(12):1372-82.

Beigbeder A, Vavadakis M, Navakoudis E, Kotzabasis K. Influence of poly-
amine inhibitors on light-independent and light dependent chlorophyll
biosynthesis and on the photosynthetic rate. J Photoch Photobio B.
1995,28:235-42.

Gavito ME, Olsson PA. Allocation of plant carbon to foraging and storage
in arbuscular mycorrhizal fungi. FEMS Microbiol Ecol. 2003;45(2):181-7.
Rillig MC, Wright SF, Nichols KA, Schmidt WF, Torn MS. Large contribution
of Arbuscular mycorrhizal fungi to soil carbon pools in tropical forest
soils. Plant Soil. 2001;233(2):167-77.

Trépanier M, Bécard G, Moutoglis P, Willemot C, Gagné S, Avis TJ, Rioux
JA. Dependence of arbuscular-mycorrhizal fungi on their plant host for
palmitic acid synthesis. Appl Environ Microb. 2005;71(9):5341-7.

Zhang L, Fan JQ, Feng G, Declerck S. The arbuscular mycorrhizal fungus
Rhizophagus irregularis MUCL 43194 induces the gene expression of cit-
rate synthase in the tricarboxylic acid cycle of the phosphate-solubilizing
bacterium Rahnella aquatilis HX2. Mycorrhiza. 2019;29(1):69-75.


https://doi.org/10.1038/s41598-018-20456-4
https://doi.org/10.1038/s41598-018-20456-4
https://doi.org/10.3389/fpls.2015.00534
https://doi.org/10.3389/fpls.2015.00534
https://doi.org/10.1007/s00572-020-00952-0
https://doi.org/10.1038/srep06829

Hu et al. Chem. Biol. Technol. Agric. (2020) 7:20

53.

54.

55.

56.

Nelson DR, Rinne RW. Citrate cleavage enzymes from developing
soybean cotyledons: incorporation of citrate carbon into fatty acids. Plant
Physiol. 1975;55(1):69-72.

Tobar R, Azcén R, Barea JM. Improved nitrogen uptake and transport from
>N-labelled nitrate by external hyphae of arbuscular mycorrhiza under
water-stressed conditions. New Phytol. 1994;126(1):119-22.

Bitridn M, Zarza X, Altabella T, Tiburcio AF, Alcdzar R. Polyamines under
abiotic stress: metabolic crossroads and hormonal crosstalks in plants.
Metabolites. 2012;2(3):516-28.

Gilliham M, Tyerman SD. Linking metabolism to membrane signaling: the
GABA-malate connection. Trends Plant Sci. 2016;21(4):295-301.

Page 14 of 14

57. Shelp BJ, Bown AW, McLean MD. Metabolism and functions of gamma-
aminobutyric acid. Trends Plant Sci. 1999;4(11):446-52.

58. Mekonnen DW, Fliigge Ul, Ludewig F. Gamma-aminobutyric acid
depletion affects stomata closure and drought tolerance of Arabidopsis
thaliana. Plant Sci. 2016,245:25-34.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Arbuscular mycorrhiza improved drought tolerance of maize seedlings by altering photosystem II efficiency and the levels of key metabolites
	Abstract 
	Background: 
	Methodology: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Host plants and AM fungus
	Drought stress
	Sampling and treatments
	Biomass and water content
	Assessment of mycorrhizal status
	C, N, and P concentrations
	Gas exchange rates
	Chlorophyll fluorescence variables
	Total free fatty acids, total sugars and soluble sugars
	Quantitative analysis of fatty acids composition
	Determination of free amino acids
	Free polyamine analysis
	Determination of the tricarboxylic acid cycle
	Determination of the key enzyme activities
	Statistical analysis

	Results
	AM colonization and plant growth
	Leaf photosynthesis and the levels of some metabolites
	Correlations of GABA concentration with stomatal conductance and malic acid concentration
	Root levels of ornithine cycle, polyamines, and fatty acids

	Discussion
	AM-mediated improvements in growth performance and photosystem II efficiency
	AM effects on the accumulation of soluble sugars and saturation of fatty acids
	AM symbiosis altered ornithine cycle and polyamine metabolism

	Conclusions
	Acknowledgements
	References




