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Drought stress poses increasingly serious threats to agricultural production in the

era of global climate change. Arbuscular mycorrhizal (AM) fungi are well-

recognized biostimulants promoting plant tolerance to drought stress. Lipids

are indispensable for AM fungal colonization, however, the involvement of lipid

metabolism in the drought tolerance conferred by AM fungi is largely unknown.

In this study, we inoculated Poncirus trifoliata (L.) with Rhizophagus irregularis

DAOM197198 under no drought stress, medium drought stress and severe

drought stress, with non-inoculation under respective treatments as control.

Results indicated that AM fungal inoculation significantly promoted the drought

tolerance of P. trifoliata (L.), with the effect size decreasing along with drought

severity. Moreover, the effect size was significantly related to arbuscule

abundance. Fatty acid profiling showed that the arbuscule abundance was

determined by the AM-specific phospholipids (PLs), whose biosynthesis and

delivery were inhibited by drought stress as revealed by qRT-PCR of FatM,

RAM1 and STR/STR2. More interestingly, AM fungal inoculation increased the

lipid allocation to total PLs and the unsaturation rate of total neutral lipids (NLs),

probably indicating the involvement of non-AM-specific lipids in the increased

drought tolerance. Taken together, our results demonstrate that lipidmetabolism

in AM mediates the increased drought tolerance conferred by AM fungal

inoculation, with AM-specific and non-AM-specific lipids functioning therein in

different ways.
KEYWORDS

arbuscular mycorrhiza, citrus, drought stress, lipid metabolism, Poncirus trifoliata,
phospholipids, neutral lipids
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1 Introduction

Drought stress is one of the most important environmental

constraints for agricultural production and has increasingly become

severe during the past decade due to the global climate change

(Arunrat et al., 2022). The use of biofertilizers as an alternative to

chemical fertilizers has long been recognized as a healthier strategy

for mitigating certain environmental impacts and promoting the

sustainability of agricultural practices (Madawala, 2021).

Substantial evidence supports the idea that beneficial

microorganisms can enhance crop resilience against abiotic

stressors (Kour and Yadav, 2022). Among the various candidate

microorganisms, arbuscular mycorrhizal (AM) fungi have shown

significant potential as biofertilizers due to their numerous

advantages. AM fungi are ubiquitous soil fungi, establishing

symbiotic relation with most terrestrial plants and promoting

plant tolerance to drought stress (Willis et al., 2013; Wang et al.,

2023a). Consequently, the study on the effects of AM fungi on plant

tolerance to drought stress have greatly increased, and their positive

effects have been demonstrated repeatedly (Nelsen and Safir, 1982;

Ruiz-Lozano et al., 1995; Wu et al., 2008; Grümberg et al., 2015;

Wang et al., 2023b).

The mechanisms underlying the enhanced drought tolerance of

plants mediated by AM fungi have been extensively investigated,

revealing a range of morphological, physiological, biochemical, and

molecular mechanisms (Cheng et al., 2021; Wang et al., 2023a).

Pioneering work by Nelsen and Safir (1982) indicated that Glomus

etunicatus improved the drought tolerance of onion plants by

enhancing phosphorus (P) nutrition; specifically, inoculated plants

without P addition exhibited similar plant P status, leaf water

potential, transpiration rate, and biomass as non-inoculated plants

with P addition under drought conditions. Liu et al. (2024b) reported

that Claroideoglomus etunicatum significantly increased the number

and length of lateral roots, the density and length of root hairs, and the

contents of abscisic acid, brassinosteroids, and gibberelins in tea plants,

all of which were closely associated with the improved drought

tolerance. A meta-analysis by Chandrasekaran and Paramasivan

(2022) revealed that AM fungal inoculation enhances antioxidant

enzymatic activity in plant tissues, playing a crucial role in alleviating

drought stress, with the activities of SOD, CAT, POD, and APX

increased by 32%, 23%, 28%, and 27%, respectively, resulting in a

20% reduction in H2O2 levels. Paravar and Wu (2024) found that

mixed inoculation with AM fungi, which displayed the highest levels of

mucilage, sugar compounds, oils, and fatty acid (FA) compositions,

improved the drought resistance of plants. Furthermore, the levels of

H2O2 and lipid peroxidation were significantly reduced. At the

molecular level, 93% of differentially expressed genes in Rhizophagus

irregularis were upregulated by drought, while in contrast, 78% of

differentially expressed genes in plants were downregulated, including

FatM, RAM2, and STR encoding the biosynthesis and the delivery of

AM-specific lipids (Keller-Pearson et al., 2023).

AM fungi exclusively rely on plants to acquire the lipids because

they cannot de nova biosynthesize lipids (Jiang et al., 2017). In AM

fungi, phospholipids (PLs) and neutral lipids (NLs) are the key

components of lipids, which occupy 25.5% and 24.2% of the total

lipids in vesicles (Jabaji-Hare et al., 1984). The formation of
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arbuscules, the interface for nutrition exchange between plants and

fungi, consume the largest proportion of PLs due to their huge surface

area even in a single root cortex cell. Meanwhile, spores/vesicles

contain the largest proportion of NLs probably as lipid storage for

the replenishment of PLs (van Aarle and Olsson, 2003). Therefore,

plant-derived lipids are essential to AM fungi for colonization and

functioning. In mycorrhizal plants, FatM and RAM2 are responsible

for the biosynthesize of AM-specific lipids, while STR/STR2 are

responsible for the lipid delivery across peri-arbuscular membranes.

In this scenario, the expression of these genes are highly dependent on

AM fungal colonization (Keymer and Gutjahr, 2018; Keller-Pearson

et al., 2023). Feng et al. (2020) demonstrated that low pH significantly

limited the biosynthesis and the delivery of AM-specific lipids and

accordingly reduced colonization, especially the arbuscule abundance.

Zhang et al. (2024) compared the lipid consumption of three AM

fungal species and found that the lipid consumption determined the

effect sizes of plant growth promotion (PGP) in association with

arbuscule abundance, while drought stress mediated the lipid

metabolism in AM and thus the effect size. In addition, not only the

AM-specific lipids but also the non-AM-specific lipids are involved in

stress tolerance. For example, Wu et al. (2019) reported that the

altered FA composition and saturation level by AM contributed to the

enhanced drought tolerance in citrus plants. These evidence clearly

indicate that the lipid metabolism in AM can play critical roles in the

tolerance to diverse abiotic stresses, such as drought.

Citrus plants are the typical woody species, which are highly

dependent on AM symbiosis mostly due to their scarce and short

root hairs (Graham and Syvertsen, 1985). A series of studies

demonstrate that AM fungal inoculation greatly enhances the

drought tolerance of citrus plants (Liu et al., 2022; Wang et al.,

2023b; Liu et al., 2024a). However, these studies did not link the

drought tolerance to the arbuscule abundance, which is the core of

AM symbiosis in term of functioning (Luginbuehl and Oldroyd,

2017). For woody plants, the roots are highly lignified and thus hard

to squash the root fragments, and therefore it is difficult to clearly

observe the arbuscules with the conventional method. Recently, Yin

et al. (2024) developed an improved method by sectioning the

lignified roots into slices of 80 mm, which enabled the assessment of

arbuscule development. With this improved method, we quantified

the arbuscule abundance in response to drought stress in this study,

where the routinely used citrus rootstock Poncirus trifoliata (L.)

seedlings were inoculated with AM fungus under three regimes of

soil water status. We aimed to investigate (1) whether the effects of

drought stress on mycorrhizal colonization, particularly on the

arbuscule abundance, are related to the accumulation of AM-

specific lipids in AM; and (2) whether the effects of drought stress

on PGP effect size are related to the alteration in lipid profiles (AM-

specific and non-AM-specific lipids) in AM.
2 Materials and methods

2.1 Experimental materials

Trifoliate orange (Poncirus trifoliata L. Raf.) and Rhizophagus

irregularis DAOM197198 were used to establish AM symbiosis in
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pot experiment. We chose R. irregularis DAOM197198 since this

strain showed the best effect in enhancing plant drought tolerance

in our previous study (Zhang et al., 2024). R. irregularis inocula

were propagated with clover (Trifolium repense L.) as hosts for 4

months in the greenhouse. AM inocula consisted of fungal spores

(49 spores per gram), hyphae and fragments of colonized roots. The

soils from a subtropical citrus orchard (N23°9’30.3’’, E113°21’37.2’’)

of South China Agricultural University were used as the

experimental matrix. After air-drying at room temperature, soils

were ground to pass through a 2-mm sieve. The soil chemical

properties were as follows: pH 5.42, soil organic matter 37.20 g/kg,

total nitrogen (N) 1.71 g/kg, total P 0.51 g/kg, total potassium (K)

10.40 g/kg, available N 111.00 g/kg, available P 15.70 g/kg, available

K 108.00 g/kg.
2.2 Experimental design, setup and
plant growth

A two-factor experimental design was applied, incorporating

AM fungal inoculation (two levels: non-inoculation vs. AM fungal

inoculation) and drought stress (three levels: no drought stress,

medium stress, severe drought stress). Finally, there were six

treatments including non-inoculation and no drought stress (N-

N), non-inoculation and medium drought stress (N-M), non-

inoculation and severe drought stress (N-S), AM fungal

inoculation and no drought stress (A-N), AM fungal inoculation

and medium drought stress (A-M), AM fungal inoculation and

severe drought stress (A-S), with 5 biological replicates for each

treatment. For AM fungal inoculation treatments, 100 g inocula

(containing 4900 spores) were applied to each pot containing 900

soils, while sterilized inocula were used for the non-inoculation

treatments with the addition of 10 mL soil filtration to maintain a

homogeneous bacterial community. No drought-stressed pots

were irrigated to the soil water content of 18.0%, which is

equivalent to 70% of the field water holding capacity, while

medium and severe drought-stressed pots were irrigated to the

soil water content of 13.5% and 9.0%, respectively. We did not set

a mild drought-stressed treatment (water content of 13.5%-18%)

because it did not affect the plant growth of trifoliate orange

seedlings in our previous experiment.

Trifoliate orange seeds were sterilized with 70% ethanol for 10

min., rinsed with clean water three times, and let germinate at 28°C

in an incubator. Once the seeds germinated and the seedlings

reached a height of approximately 2 cm, they were transplanted

to sterilized peat moss in seedling trays. After four weeks, seedlings

of approximately 5 cm in height and uniform growth were carefully

selected and transplanted to pots.

All 30 pots were cultivated in the greenhouse (natural irradiance

and 15-32°C temperature range). During the first 11 weeks, all

plants were irrigated to 18% soil water content (namely no drought

stress). From the 12th week, plants were subjected to different water

regimes according to the experimental design, which was achieved

by weighing method. Drought stress of different levels were

performed for 5 weeks, then plants were harvested.
Frontiers in Plant Science 03
All plants were carefully cleaned with tap water and cut into

shoots and roots. Plant dry weight was recorded after oven-drying.

Fine roots were used for the quantification of AM colonization,

observation of arbuscules and NLs with a fluorescence microscope,

lipidomic analysis, and qRT-PCR of selected genes (FatM, RAM1,

STR/STR2). To compare the influence of drought stress on

mycorrhizal effect, we calculated the PGP effect size as the ratio

of mycorrhizal plant dry weight with inoculation to that without

inoculation at each water regime.
2.3 Quantification of AM colonization and
observation of arbuscules and NLs

Fine root fragments were sectioned with a vibrating microtome

(VT1000S, Leica, Germany) according to Yin et al. (2024) and stained

with trypan blue (Phillips and Hayman, 1970). AM colonization was

observed under a biological microscope (Olympus BX53, Japan), and

the quantification was performed with the computer program

“Mycocalc” (https://www2.dijon.inra.fr/mychintec/Mycocalc-prg/

download.html) according to Trouvelot et al. (1986), where the

colonization frequency, total colonization intensity, relative

colonization intensity, total arbuscule abundance, and relative

arbuscule abundance refer to the frequency of mycorrhiza in total

root fragments, intensity of mycorrhizal colonization in total root

fragments, intensity of mycorrhizal colonization in colonized root

fragments, arbuscule abundance in total root fragments, and

arbuscule abundance in colonized root fragments, respectively.

To observe the dynamics of arbuscules and NL accumulation,

double fluorescent staining of AM fungal structures and NLs was

performed using WGA488 (Thermo Fisher Scientific, Shanghai,

China) and Nile red (Sigma-Aldrich) (Yin et al., 2024). Root slices

initially underwent an incubation in 50% ethanol for 1 hour. This was

followed by a 2-hour incubation in 20% KOH at 95°C, after which the

samples were washed with PBS buffer. The samples were then incubated

with WGA 488 (2 mg/mL in PBS) in the dark for 30 min., with

intermittent hand-shaking to ensure proper mixing. A vacuum was

applied to facilitate stain penetration into the cells. Subsequently, Nile

red (1 mg/mL in methanol) was added and the samples were incubated

further at 50°C for an additional 30 min. Finally, after five washes with

PBS buffer, the samples were mounted on slides and sealed using anti-

fade mounting medium (Sangon Biotech, Shanghai, China).
2.4 Lipid extraction and quantification

Fatty acids were extracted from 100 mg of lyophilized roots or

soils according to the method described by Feng et al. (2020).

Briefly, the samples were lyophilized, ground into a fine powder,

and then extracted using a mixture containing chloroform,

methanol, and phosphate buffer. Following two extraction

processes, the supernatants were pooled, and separation was

achieved using chloroform and phosphate buffer. The solvents

were subsequently evaporated in a water bath at 32°C with the

aid of a nitrogen gas blower. Lipids located in the chloroform phase
frontiersin.org
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were then passed through a solid-phase extraction column (CNW,

SBEQ-CA 1354, Shanghai, China) using chloroform, acetone, and

methanol. This step facilitated the fractionation of lipids into NLs,

PLs, and glycolipids. After undergoing methylation, the samples

were analyzed via gas chromatography (Agilent 7890B) with

hydrogen gas as the carrier. The identification of FA methyl

esters was accomplished using the Sherlock Microbial

Identification System (MIS 4.5, MIDI, USA), and their

quantification was performed utilizing an internal standard

comprising FA methyl ester 19:0 (Sigma-Aldrich, 74208). The

16:1 w5 NLs and 16:1 w5 PLs were separately calculated as the

biomarkers of AM fungal biomass (Olsson et al., 1997).
2.5 RNA extraction and qRT-PCR

Total RNA was extracted from 100 mg of roots using the Omega

Plant RNA Kit R6827. The concentration and quality of the

extracted RNA were assessed using an ultramicroscopic

spectrophotometer (ThermoFisher Scientific, NanoDrop 2000)

and 1% agarose gel electrophoresis. To ensure complete removal

of gDNA from RNA, purification was carried out using the Omega

RNa se-Free DNa se Set E1091 kit during plant RNA extraction.

Subsequently, reverse transcription PCR was utilized to

synthesize cDNA by employing the Yeasen Hifair® III 1st Strand

cDNA Synthesis SuperMix for qPCR (gDNA digester plus) kit, with

1 mg of RNA serving as the template. Subsequently, real-time

quantitative PCR (qRT-PCR) was performed using the Yeasen

Hieff® qPCR SYBR Green Master Mix (No Rox) kit, with 3

replicates per sample. Actin gene was used as an internal standard

with the primer sequence by Peng et al. (2012). The primers of

FatM, STR, STR2 were designed with the online pipeline Primer-

BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast) in this

study (Supplementary Table S1). For each qRT-PCR reaction, a

mixture of 5 mL Hieff® qPCR SYBR Green Master Mix (No Rox),

0.2 mL of both forward and reverse primers, 0.5 mL of 20-fold

diluted cDNA, and 4.1 mL of water was prepared. The amplification

process comprised 40 cycles with pre-denaturation at 95°C for 5

min, denaturation at 95°C for 10 s, and annealing at 55°C for 30 s.

Quantitative analysis was carried out using a fluorescence

quantitative PCR instrument (ROCHE, LightCycler 480 II), and

the relative expression of the target genes was calculated utilizing

the equation 2-DDCt (Livak and Schmittgen, 2001).
2.6 Data analysis and statistics

All the data presented in this study were the average of 3-5

replicates. T-test, multiple range test (MRT), two-way analysis of

variance (ANOVA) and regression analysis were performed with

SPSS statistics software V.21 (SPSS Inc., Chicago, IL). To visualize

the effects of AM fungal inoculation and drought stress on the lipid

profiles, principal coordinate analysis (PCoA) was performed was
Frontiers in Plant Science 04
performed with the ‘pcoa’ function of the ‘ape’ and ‘ggplot2’

packages in R software (Paradis et al., 2004; Wickham, 2011).
3 Results

3.1 Variation in PGP effect size of AM
fungus under different levels of
drought stress

Our data indicated that both AM fungal inoculation and drought

stress significantly affected the plant growth parameters

(Supplementary Figure S1), including morphological traits and dry

weight. AM fungal inoculation significantly decreased plant height,

with greater effect under severe drought than undermoderate drought.

This effect was also evident for other morphological parameters, e.g.,

stem diameter, leaf number (Table 1). Although drought suppressed

plant growth, its effect was much greater with AM fungal inoculation

than with no AM fungal inoculation, especially for plant height.

Drought did not affect plant dry weight when plants were not

inoculated with AM fungus, however, it significantly suppressed

both shoot dry weight and root dry weight with AM fungal

inoculation. On the other hand, both shoot dry weight and root

dry weight were significantly improved by AM fungal inoculation

(Table 1). Accordingly, drought significantly increased the R/S ratio

while AM fungal inoculation significantly decreased it, probably

indicating the fact that drought exerted a strong stress on plants, but

AM fungus alleviated this stress. It is worth noting that the PGP

effect size of AM fungal inoculation varied much with drought

intensity. Specifically, the PGP effect size of AM fungal inoculation

was 3.80 under well-watered conditions, and decreased to 2.82 and

2.06 under moderate and severe drought conditions, respectively

(Table 1), which suggests that drought intensity determined the

PGP effect size of AM fungus (P = 0.018).
3.2 Effects of different levels of drought
stress on AM fungal colonization

Arbuscules are the site of nutrition exchange between root cells

and AM fungus, and its abundance is highly indicative of the AM

symbiotic effect, namely the PGP effect. We applied the sectioning

method in the preparation of citrus root fragments before root

staining, which has been specifically designed for the observation of

arbuscules in the strongly lignified roots of woody plants (Yin et al.,

2024). In the inoculated roots, arbuscules, internal hyphae and

vesicles were clearly observed with trypan blue staining (Figure 1A).

Data showed that drought stress slightly decreased the colonization

frequency by <10%, and significantly decreased the colonization

intensity by approximately 20%-30%. In contrast, the decrease in

arbuscule abundance by drought stress was the largest, reaching

26.5%-45.5% (Figure 1B). This indicates that arbuscules were the

most sensitive to drought stress among AM fungal structures.
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TABLE 1 The effect of AM fungal inoculation and drought stress on plant growth of Poncirus trifoliata.

Mycorrhizal
inoculation

Drought
stress

Plant
height
(cm)

Stem
diameter
(mm)

Leaf
number

Shoot
dry

weight
(g)

Root
dry

weight
(g)

R/S ratio Plant dry
weight (g)

PGP effect
size
(fold

change)

N
N

9.83 ±
0.47 c

1.90 ±
0.11 abc

6.00 ±
1.10 bc

0.14 ±
0.02 c

0.15 ±
0.01 c

1.13 ± 0.09 abc 0.29 ± 0.02 c —

M
10.28 ±
0.92 c

1.57 ±
0.07 cd

5.80 ±
0.90 bc

0.14 ±
0.02 c

0.18 ±
0.02 c

1.27 ± 0.13 ab 0.32 ± 0.03 c —

S
9.40 ±
0.87 c

1.40 ± 0.08 d
4.80 ±
0.80 c

0.12 ±
0.03 c

0.17 ±
0.03 c

1.51 ± 0.19 a 0.29 ± 0.06 c —

A
N

27.28 ±
2.56 a

2.31 ± 0.13 a
18.80 ±
1.10 a

0.75 ±
0.13 a

0.34 ±
0.04 ab

0.47 ± 0.03 d 1.09 ± 0.18 a 3.80 ± 0.26 a

M
17.93 ±
0.38 b

2.14 ±
0.02 ab

17.00 ±
1.50 a

0.52 ±
0.02 ab

0.37 ±
0.02 a

0.71 ± 0.04 cd 0.88 ± 0.03 ab 2.82 ± 0.23 ab

S
14.17 ±
2.22 bc

1.78 ±
0.08 bcd

12.00 ±
3.60 ab

0.31 ±
0.10 bc

0.22 ±
0.03 bc

0.77 ± 0.12 bcd 0.53 ± 0.13 bc 2.06 ± 0.48 b

Two-way ANOVA (P values)

AMF (A) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 —

Drought (D) 0.001 0.000 0.049 0.018 0.044 0.037 0.030 0.018

A × D 0.001 0.559 0.212 0.027 0.034 0.783 0.030 —
F
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N and A in mycorrhizal inoculation column indicate non-inoculation and inoculation, respectively; N, M and S in drought stress column indicate no, medium and severe drought stress,
respectively. Different letters in each column indicate the significance by multiple range test (Tukey’s).
The bold values mean significant differences.
FIGURE 1

The effects of different levels of drought stress on AM fungal colonization. (A) Sectioned root fragments stained with trypan blue clearly showed the
intraradical fungal structures in the roots of A-N treatment (200× magnification). (B) Quantification of the effect of drought stress, with the
percentages indicating the decrease in the respective parameters. IH, internal hyphae; A, arbuscules; V, vesicles; VB, vascular bundle. A-N, A-M, and
A-S indicate the treatments of no drought stress, medium drought stress, and severe drought stress with AM inoculation, respectively. Different
letters in each subplot indicate the significance by multiple range test (Tukey’s). NS, and *, ** indicate no significant difference, and significant
differences at P = 0.05, 0.01, respectively. The percentages indicate the decrease in the respective parameters of A-M or A-S compared to A-N.
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3.3 Effects of different levels of drought
stress on the lipid consumption by
AM fungus

It is well-documented that plant-derived lipids are essential to

arbuscule development, and abiotic stresses promote the

degradation of arbuscules and thus the conversion of PLs to NLs

(Feng et al., 2020). With the dual fluorescence staining technique,

we observed the accumulation of NLs in vesicles and the

development of arbuscules consuming a great deal of

PLs (Figure 2A).

FA analysis revealed that drought stress decreased the contents of

AM-specific lipids (both NL-FAs and PL-FAs) in colonized roots.

Specifically, moderate drought decreased NL-FAs and PL-FAs by

43.3% and 27.7%, respectively, while severe drought decreased NL-

FAs and PL-FAs by 61.4% and 59.9%, respectively, with a significant

effect (Figure 2B). There was no difference in NLs/PLs ratio among the

three treatments of drought stress, indicating that drought stress did

not affect the allocation of plant-derived lipids to NLs (stored lipids)

or PLs (membrane lipids). In contrast, drought stress slightly affected

the contents of AM-specific lipids and NLs/PLs ration in soils, which

probably suggests that drought stress does not exert influence on the

lipid metabolism in the external structures of AM fungus.

Considering the influence of AM-specific lipids on arbuscule

development and thus on PGP effects, we further explored the

tripartite relationship among AM-specific PL contents, arbuscule

abundance, and PGP effect size. Regression analysis indicates that
Frontiers in Plant Science 06
their tripartite relationship were significant (P < 0.05) (Figure 3).

The relationship between PGP effect size and arbuscule abundance

was the strongest (R2 = 0.8794, P = 0.002), while the relationship

between arbusule abundance and AM-specific PL content was the

weakest (R2 = 0.4601, P = 0.045), which probably suggests that there

were some factors besides PLs affecting the arbuscule formation.

The expression of genes encoding for the biosynthesis and

delivery of AM-specific lipids were further investigated. Results

showed that drought stress significantly inhibited the expression of

RAM1 (transcript factor of AM-specific lipid biosynthesis) and STR

(transporter of AM-specific lipids) (Figure 4). The expression of

FatM (AM-specific lipid biosynthesis) and STR2 (transporter of

AM-specific lipids) were also inhibited by 76.9%-78.9% and 40.7%-

92.9%, respectively, due to drought stress (Figure 4).
3.4 Effects of AM fungal inoculation and
different levels of drought stress on the
lipid profiles in the roots

To explore the involvement of non-AM-specific lipids in drought

tolerance, we further investigated the effects of AM fungal inoculation

and drought stress on lipid profiles in roots (Supplementary Table

S2). PCoA indicates that both AM fungal inoculation and drought

stress shifted the lipid profiles. Axis 1 and axis 2 totally explained

79.57% and 80.78% of the variations in lipid profiles among six

treatments for NLs and PLs, respectively (Figure 5). Both NL profiles
FIGURE 2

The effects of different levels of drought stress on lipid accumulation. (A) Sectioned root fragments stained with fluorescent probes WGA-488 and
Nile red clearly showed the intraradical fungal structures and the accumulation of NLs in the roots of A-N treatment (200× magnification).
(B) Quantification of the effect of drought stress on lipid contents in roots and soils, with the percentages indicating the decrease in the respective
parameters. A, arbuscules; V, vesicles; NLs, neutral lipids. A-N, A-M, and A-S indicate the treatments of no drought stress, medium drought stress,
and severe drought stress with AM inoculation, respectively. Different letters in each subplot indicate the significance by multiple range test (Tukey’s).
NS and * indicate no significant difference and significant differences at P = 0.05, respectively. The percentages indicate the decrease in the
respective parameters of A-M or A-S compared to A-N.
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FIGURE 4

The inhibition of gene expression encoding for AM-specific lipid biosynthesis and delivery by drought stress. A-N, A-M, and A-S indicate the treatments
of no drought stress, medium drought stress, and severe drought stress with AM inoculation, respectively. Different letters in each subplot indicate the
significance by multiple range test (Tukey’s). The percentages indicate the decrease in the respective parameters of A-M or A-S compared to A-N.
FIGURE 3

Regression analysis showing the relationships among PGP effect, arbuscule abundance and PL contents. PGP, plant growth promotion; PL, phospholipid.
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and PL profiles of non-AM treatments and AM treatments clearly

separated from each other along axis 1. For NL profiles, treatments

with no stress (N-N and A-N) separated well from those treatments

with drought stress (N-M, N-S, A-M and A-S), but it was not the case

for PL profiles (Figure 5). This result probably suggests that both AM

fungal inoculation and drought stress regulated lipid metabolism,

however, NLs and PLs showed different responsive patterns.

The total lipid contents (NLs and PLs) in roots were not affected

by either AM fungal inoculation or drought stress (Figure 6).

However, when lipid components (e.g., NLs vs PLs, saturated vs

unsaturated) were considered, they were significantly affected by

AM fungal inoculation and drought stress. Firstly, AM fungal

inoculation significantly decreased NLs/PLs ratio in roots

(Figure 6), indicating the decreased NL content or increased PL

contents by AM fungal inoculation. More specifically, AM fungal

inoculation significantly decreased the saturated NL contents, but

significantly increased the saturated PL contents. Accordingly, AM

fungal inoculation significantly increased the unsaturation rate of

NLs. In contrast, drought stress significantly increased the

unsaturated NL contents, and thus significantly increased the

unsaturation rate of NLs (Table 2).

Intriguingly, Figure 6 indicates that AM fungal inoculation

significantly reduced the NLs/PLs ratio, while drought stress exerted

no influence. This result suggests that AM fungal inoculation promoted

the allocation of lipids to PLs, namely, more lipids were used as

biomembrane instead of as storage substance.
4 Discussion

Drought is the most common abiotic stress resulting in

considerable loss in agricultural production, especially in the era of

global climate change. Although AM fungi are reliable biotechnology to
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alleviate this stress, our study indicates that drought stress reduced the

AM fungal functionality. The PGP effect size was 3.80 with no stress,

significantly higher than those (2.82 and 2.06) with medium and severe

drought stress. The significant relationship between PGP effect size and

arbuscule abundance (Figure 3) indicates that the inhibited PGP effect

size might be attributed to the reduced arbuscule abundance, which is

the core structure of AM symbiosis enabling the nutrition exchange

between plants and AM fungi (Luginbuehl and Oldroyd, 2017). The

reduced arbuscule abundance by abiotic stresses has been reported

under the stressed conditions of drought, low pH, salinity, heavy metals

(Feng et al., 2020; Yang et al., 2020; Hu et al., 2021; Zhang et al., 2024).

Specifically, Yin et al. (2024) revealed that drought stress not only

retarded the arbuscule development but also accelerated the arbuscule

senescence and degradation, thus leading to the decrease in arbuscule

abundance in the roots of P. trifoliata. Since arbuscules are the key

structure for P delivery from AM fungi to root cells in exchange for

lipids and sugars (Rich et al., 2017), it is not surprising that the reduced

arbuscule abundance by the medium or severe drought in this study

eventually led to the decreased functionality of R. irregularis DAOM

197198. Therefore, it is concluded that drought stress can limit the AM

fungal functionality because it may disrupt the nutrition exchange

between symbionts by reducing the arbuscule abundance.

Since arbuscules are the key structure for PGP by AM fungi,

we further explored the involvement of AM-specific lipids in the

reduced arbuscule abundance by drought stress, because the

arbuscule formation consumes a large amount of lipids to

construct the huge surface areas (namely the bilayer

membranes of PLs) (Dickson and Kolesik, 1999; van Aarle and

Olsson, 2003). In this study, we found that the reduction in

arbuscule abundance was in parallel with the decreased contents

of AM-specific PLs in roots (Figure 3), clearly indicating the

involvement of AM-specific lipids in the reduction. Both plant

biomass and AM fungal biomass contain lipid components,

however, the 16:1 w5 component is exclusively contained in
FIGURE 5

The effect of AM fungal inoculation and drought stress on the lipid profiles of Poncirus trifoliata roots as revealed by PCoA. N-N, N-M, and N-S
indicate the treatments of no drought stress, medium drought stress, and severe drought stress with no AM inoculation, respectively, while A-N, A-
M, and A-S indicate the treatments of no drought stress, medium drought stress, and severe drought stress with AM inoculation, respectively. NLs,
neutral lipids; PLs, phospholipids.
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FIGURE 6

The effect of AM fungal inoculation and drought stress on the lipid contents and allocation in Poncirus trifoliata roots. N-N, N-M, and N-S indicate
the treatments of no drought stress, medium drought stress, and severe drought stress with no AM inoculation, respectively, while A-N, A-M, and A-
S indicate the treatments of no drought stress, medium drought stress, and severe drought stress with AM inoculation, respectively. Different letters
in each subplot indicate the significance by multiple range test (Tukey’s). Values indicate the results of two-way ANOVA.
TABLE 2 The effect of AM fungal inoculation and drought stress on lipid contents in the roots of Poncirus trifoliata.

Mycorrhizal
inoculation

Drought
stress

NL-FAs (nmol/g DW) PL-FAs (nmol/g DW)

Saturated Unsaturated Unsaturation
rate (%)

Saturated Unsaturated Unsaturation
rate (%)

N N 4932.6 ± 594.8 ab 1485.2 ± 222.9 b 23.0 ± 0.7 c 2194.4 ± 246.2 c 811.5 ± 94.4 a 27.0 ± 0.8 a

M 6296.7 ± 21.6 a 2373.5 ± 27.4 a 27.4 ± 0.2 bc 2518.5 ± 163.1 abc 914.0 ± 28.9 a 26.7 ± 0.7 a

S 5083.0 ± 1795.6 ab 2188.6 ± 120.8 a 32.5 ± 6.0 ab 2326.8 ± 46.5 bc 711.4 ± 27.0 a 23.4 ± 0.7 a

A N 3870.6 ± 334.9 b 1965.9 ± 95.8 a 34.0 ± 2.1 ab 3159.0 ± 270.1 ab 853.7 ± 145.5 a 21.3 ± 3.3 a

M 3680.2 ± 215.7 b 2004.3 ± 115.5 a 35.3 ± 0.6 ab 3348.8 ± 331.7 a 955.2 ± 298.1 a 21.1 ± 4.1 a

S 3261.3 ± 187.1 b 2201.6 ± 220.8 a 40.2 ± 3.3 a 3032.1 ± 309.0 abc 1066.3 ± 97.1 a 26.1 ± 0.7 a

Two-way ANOVA (P values)

AMF (A) 0.001 0.750 0.002 0.002 0.251 0.188

Drought (D) 0.367 0.011 0.046 0.590 0.795 0.940

A × D 0.403 0.049 0.806 0.889 0.495 0.203
F
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N and A in mycorrhizal inoculation column indicate non-inoculation and inoculation, respectively; N, M and S in drought stress column indicate no, medium and severe drought stress,
respectively. NL, neutral lipid; PL, phospholipid; FAs, fatty acids. Unsaturation rate was calculated as the proportion of unsaturated FA content in the total FA content. Different letters in each
column indicate the significance by multiple range test (Tukey’s).
The bold values mean significant differences.
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AM fungi, which is routinely used as the specific biomarker of

AM fungi to estimate AM fungal biomass in diverse

environments (Olsson and Lekberg, 2022). AM fungi do not

possess the genes encoding the subunits of type I fatty acyl

synthase required for the de novo synthesis of lipids, and thus

exclusively depend on host plants for the access to these

indispensable nutrition (Luginbuehl and Oldroyd, 2017; Jiang

et al., 2017). In the long term of co-evolution, plants synthesize

lipids specifically for their AM fungal symbionts via FatM, which

is expressed only in colonized roots. Meanwhile, RAM1 regulates

the AM-specific expression of FatM, and STR/STR2 specifically

encode the delivery of lipids to AM fungi across the plant-fungal

interface (Keymer and Gutjahr, 2018). In our study, the

expression of all these four genes were greatly inhibited by

drought stress, and accordingly, the AM-specific lipid contents

in roots were also inhibited, which support the reduced the

arbuscule abundance by drought stress.

Interestingly, drought stress did not inhibit the AM-specific

lipid contents in soils, where AM fungal biomass mainly include

external hyphae and spores. This might suggest that AM fungus

exported more lipids in intraradical structures outside to the

extraradical structure in response to the drought stress. Previous

studies indicate that abiotic stresses, such as drought and low pH,

can accelerate the arbuscule degradation inside the cortex cells

(Feng et al., 2020; Yin et al., 2024), and probably trigger the

transport of lipids from intraradical structures to the extraradical

structures, especially for the sporulation (Feng et al., 2020). This

might be one of the mechanisms by which AM fungi adapt to

adverse conditions.

In this study, we found that not only the AM-specific lipids but

also the non-AM-specific lipids responded to AM fungal

inoculation and drought stress. This result suggests that non-AM-

specific lipids in roots were closely associated with drought

tolerance, with their causality to be explored. Wu et al. (2019)

demonstrated that AM fungal inoculation significantly increased

the unsaturation index of lipids, probably contributing to less

oxidative damage by drought stress. Similarly, we found that AM

fungal inoculation significantly increased the unsaturation ratio of

NLs in this study. It is well-recognized that unsaturated PLs are

essential to the fluidity and stability of plasma membrane

(Harayama and Antonny, 2023). However, the function of

unsaturated NLs, normally as storage lipids, remains elusive yet.

Since NLs and PLs are typically the storage lipids and

membrane lipids, respectively, the allocation of lipids to NLs or

PLs can be of some significance in response to abiotic stresses (Liu

et al., 2019). In this study, more lipids in roots were allocated to PLs

with AM fungal inoculation, probably implying the increased

recovery or repair of damaged membranes due to AM fungal

inoculation under drought stress. A great deal of studies showed

that AM fungal inoculation promotes the antioxidase activity (e.g.,

SOD, POD, CAT) to protect the membranes from oxidative damage

by oxygen radicals (Chandrasekaran and Paramasivan, 2022; Wang

et al., 2024). Here, we propose an additional pathway by which AM

fungal inoculation maintains the stability of membranes, namely
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the increased damage recovery of membranes due to prioritized

allocation of lipids to PLs.
5 Conclusion

Lipid metabolism is pivotal to both AM colonization and drought

tolerance in host plants. In this study, AM fungal inoculation increased

the drought tolerance of Poncirus trifoliata, but the effect size decreased

with drought severity. Regression analysis revealed that the effect size

was closely related to arbuscule abundance. Lipidomic analysis

indicated that drought stress inhibited the biosynthesis and delivery

of AM-specific lipids to AM fungus, resulting in decreased arbuscule

abundance, which was supported by the gene expression of FatM,

RAM1 and STR/STR2. Non-AM-specific lipids were also associated

with drought tolerance, because AM fungal inoculation promoted the

lipid allocation to PLs and increased the unsaturation rate of NLs.

Taken together, these results demonstrate that lipid metabolism

mediates the increased drought tolerance by AM fungal inoculation,

and both AM-specific and non-AM-specific lipids are involved in this

process with different mechanisms. These results point out that

cultivars, whose AM-specific lipid biosynthesis and delivery processes

are insensitive to drought stress, might benefit more from AM

symbiosis under drought-stressed conditions. Therefore, it seems

promising to incorporate FatM, RAM1 and STR/STR2 in the crop

breeding program. On the other hand, the allocation of lipids to NLs or

PLs and their inter-conversion in response to drought stress has yet to

be fully elucidated, which merits further investigation.
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et al. (2023). A dual transcriptomic approach reveals contrasting patterns of differential
gene expression during drought in arbuscular mycorrhizal fungus and carrot. Mol.
Plant-Microbe Interact. 36, 821–832. doi: 10.1094/MPMI-04-23-0038-R

Keymer, A., and Gutjahr, C. (2018). Cross-kingdom lipid transfer in arbuscular
mycorrhiza symbiosis and beyond. Curr. Opin. Plant Biol. 44, 137–144. doi: 10.1016/
j.pbi.2018.04.005

Kour, D., and Yadav, A. N. (2022). Bacterial mitigation of drought stress in plants:
Current perspectives and future challenges. Curr. Microbiol. 79, 248. doi: 10.1007/
s00284-022-02939-w

Liu, X. Q., Cheng, S., Aroca, R., Zou, Y. N., and Wu, Q. S. (2022). Arbuscular
mycorrhizal fungi induce flavonoid synthesis for mitigating oxidative damage of
trifoliate orange under water stress. Environ. Exp. Bot. 204, 105089. doi: 10.1016/
j.envexpbot.2022.105089
Liu, Z., Cheng, X. F., Zou, Y. N., Srivastava, A. K., Alqahtani, M. D., and Wu, Q. S.
(2024a). Negotiating soil water deficit in mycorrhizal trifoliate orange plants: A
gibberel l in pathway. Environ. Exp. Bot . 219, 105658. doi : 10 .1016/
j.envexpbot.2024.105658

Liu, C. Y., Hao, Y., Wu, X. L., Dai, F. J., Abd-Allah, E. F., Wu, Q. S., et al. (2024b).
Arbuscular mycorrhizal fungi improve drought tolerance of tea plants via modulating
root architecture and hormones. Plant Growth Regul. 102, 13–22. doi: 10.1007/s10725-
023-00972-8

Liu, X., Ma, D., Zhang, Z., Wang, S., Du, S., Deng, X., et al. (2019). Plant lipid
remodeling in response to abiotic stresses. Environ. Exp. Bot. 165, 174–184.
doi: 10.1016/j.envexpbot.2019.06.005

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using realtime quantitative PCR and the 2-DDCT method. Methods 25, 402−408.
doi: 10.1006/meth.2001.1262

Luginbuehl, L. H., and Oldroyd, G. E. (2017). Understanding the arbuscule at the
heart of endomycorrhizal symbioses in plants. Curr. Biol. 27, R952−R963. doi: 10.1016/
j.cub.2017.06.042

Madawala, H. M. S. P. (2021). “Arbuscular mycorrhizal fungi as biofertilizers:
Current trends, challenges, and future prospects,” in Biofertilizers. Ed. A. Rakshit,
et al (Elsevier, Cambridge), 83−93.

Nelsen, C. E., and Safir, G. (1982). Increased drought tolerance of mycorrhizal onion
plants caused by improved phosphorus nutrition. Planta 154, 407–413. doi: 10.1007/
BF01267807

Olsson, P. A., Baath, E., and Jakobsen, I. (1997). Phosphorus effects on the mycelium
and storage structures of an arbuscular mycorrhizal fungus as studied in the soil and
roots by analysis of fatty acid signatures. Appl. Environ. Microbiol. 63, 3531–3538.
doi: 10.1128/aem.63.9.3531-3538.1997

Olsson, P. A., and Lekberg, Y. (2022). A critical review of the use of lipid signature
molecules for the quantification of arbuscular mycorrhiza fungi. Soil Biol. Biochem. 166,
108574. doi: 10.1016/j.soilbio.2022.108574

Paradis, E., Claude, J., and Strimmer, K. (2004). APE: analyses of phylogenetics and
evolution in R language. Bioinformatics 20, 289–290. doi: 10.1093/bioinformatics/
btg412

Paravar, A., and Wu, Q. S. (2024). Is a combination of arbuscular mycorrhizal fungi
more beneficial to enhance drought tolerance than single arbuscular mycorrhizal
fungus in Lallemantia species. Environ. Exp. Bot. 226, 105853. doi: 10.1016/
j.envexpbot.2024.105853

Peng, T., Zhu, X. F., Fan, Q. J., Sun, P. P., and Liu, J. H. (2012). Identification and
characterization of low temperature stress responsive genes in Poncirus trifoliata by
suppression subtractive hybridization.Gene 492, 220–228. doi: 10.1016/j.gene.2011.10.025

Phillips, J. M., and Hayman, D. (1970). Improved procedures for clearing roots and
staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid assessment of
infection. Trans. Br. Mycol. Soc 55, 158−IN18. doi: 10.1016/S0007-1536(70)80110-3

Rich, M. K., Nouri, E., Courty, P. E., and Reinhardt, D. (2017). Diet of arbuscular
mycorrhizal fungi: bread and butter? Trend. Plant Sci. 22, 652–660. doi: 10.1016/
j.tplants.2017.05.008

Ruiz-Lozano, J. M., Azcon, R., and Gomez, M. (1995). Effects of arbuscular-
mycorrhizal Glomus species on drought tolerance: physiological and nutritional
plant responses. Appl. Environ. Microbiol. 61, 456–460. doi: 10.1128/aem.61.2.456-
460.1995
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2024.1452202/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1452202/full#supplementary-material
https://doi.org/10.1016/j.scitotenv.2021.150741
https://doi.org/10.1007/s11104-022-05582-3
https://doi.org/10.3389/fmicb.2021.809473
https://doi.org/10.1007/s005720050268
https://doi.org/10.1111/1462-2920.14810
https://doi.org/10.1111/1462-2920.14810
https://doi.org/10.1111/j.1469-8137.1985.tb02872.x
https://doi.org/10.1111/j.1469-8137.1985.tb02872.x
https://doi.org/10.1007/s00374-014-0942-7
https://doi.org/10.1101/cshperspect.a041409
https://doi.org/10.1101/cshperspect.a041409
https://doi.org/10.1016/j.cej.2021.129925
https://doi.org/10.1080/00275514.1984.12023946
https://doi.org/10.1126/science.aam9970
https://doi.org/10.1094/MPMI-04-23-0038-R
https://doi.org/10.1016/j.pbi.2018.04.005
https://doi.org/10.1016/j.pbi.2018.04.005
https://doi.org/10.1007/s00284-022-02939-w
https://doi.org/10.1007/s00284-022-02939-w
https://doi.org/10.1016/j.envexpbot.2022.105089
https://doi.org/10.1016/j.envexpbot.2022.105089
https://doi.org/10.1016/j.envexpbot.2024.105658
https://doi.org/10.1016/j.envexpbot.2024.105658
https://doi.org/10.1007/s10725-023-00972-8
https://doi.org/10.1007/s10725-023-00972-8
https://doi.org/10.1016/j.envexpbot.2019.06.005
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.cub.2017.06.042
https://doi.org/10.1016/j.cub.2017.06.042
https://doi.org/10.1007/BF01267807
https://doi.org/10.1007/BF01267807
https://doi.org/10.1128/aem.63.9.3531-3538.1997
https://doi.org/10.1016/j.soilbio.2022.108574
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1016/j.envexpbot.2024.105853
https://doi.org/10.1016/j.envexpbot.2024.105853
https://doi.org/10.1016/j.gene.2011.10.025
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1016/j.tplants.2017.05.008
https://doi.org/10.1016/j.tplants.2017.05.008
https://doi.org/10.1128/aem.61.2.456-460.1995
https://doi.org/10.1128/aem.61.2.456-460.1995
https://doi.org/10.3389/fpls.2024.1452202
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhang et al. 10.3389/fpls.2024.1452202
Trouvelot, A., Kough, J., and Gianinazzi-Pearson, V. (1986). “Mesure du taux
de mycorhization VA d’un syst`eme radiculaire. Recherche de m´ethode
d’estimation ayant une signification fonctionnelle,” in Physiological and Genetical
Aspects of Mycorrhizae: Proceedings of the 1st European Symposium on Mycorrhizae.
Ed. S. Gianinazzi, et al (Dijon, Paris: INRA Press), 217−221.

van Aarle, I. M., and Olsson, P. A. (2003). Fungal lipid accumulation and
development of mycelial structures by two arbuscular mycorrhizal fungi. Appl.
Environ. Microbiol. 69, 6762–6767. doi: 10.1128/AEM.69.11.6762-6767.2003

Wang, Y. J., He, X. H., Meng, L. L., Zou, Y. N., and Wu, Q. S. (2023b). Extraradical
mycorrhizal hyphae promote soil carbon sequestration through difficultly extractable
glomalin-related soil protein in response to soil water stress.Microb. Ecol. 86, 1023–1034.
doi: 10.1007/s00248-022-02153-y

Wang, Z., Lian, J., Liang, J.,Wei, H., Chen, H., Hu,W., et al. (2024). Arbuscularmycorrhizal
symbiosis modulates nitrogen uptake and assimilation to enhance drought tolerance of
Populus cathayana. Plant Physiol. Biochem. 210, 108648. doi: 10.1016/j.plaphy.2024.108648

Wang, Y., Zou, Y. N., Shu, B., and Wu, Q. S. (2023a). Deciphering molecular
mechanisms regarding enhanced drought tolerance in plants by arbuscular mycorrhizal
fungi. Sci. Hortic. 308, 111591. doi: 10.1016/j.scienta.2022.111591

Wickham, H. (2011). ggplot2. WIREs Comput. Stat. 3, 180–185. doi: 10.1002/
wics.147
Frontiers in Plant Science 12
Willis, A., Rodrigues, B. F., and Harris, P. J. (2013). The ecology of arbuscular
mycorrhizal fungi. Crit. Rev. Plant Sci. 32, 1–20. doi: 10.1080/07352689.2012.683375

Wu, Q. S., He, J. D., Srivastava, A. K., Zou, Y. N., and Kuča, K. (2019). Mycorrhizas
enhance drought tolerance of citrus by altering root fatty acid compositions and their
saturation levels. Tree Physiol. 39, 1149–1158. doi: 10.1093/treephys/tpz039

Wu, Q. S., Xia, R. X., and Zou, Y. N. (2008). Improved soil structure and citrus
growth after inoculation with three arbuscular mycorrhizal fungi under drought stress.
Eur. J. Soil Biol. 44, 122–128. doi: 10.1016/j.ejsobi.2007.10.001

Yang, R., Qin, Z., Wang, J., Xu, S., Zhao, W., Zhang, X., et al. (2020). Salinity changes
root occupancy by arbuscular mycorrhizal fungal species. Pedobiologia 81, 150665.
doi: 10.1016/j.pedobi.2020.150665

Yin, X., Zhang, W., Feng, Z., Feng, G., Zhu, H., and Yao, Q. (2024). Improved
observation of colonized roots reveals the regulation of arbuscule development and
senescence by drought stress in the arbuscular mycorrhizae of citrus.Hortic. Plant J. 10,
425–436. doi: 10.1016/j.hpj.2023.04.006

Zhang, W., Xia, K., Feng, Z., Qin, Y., Zhou, Y., Feng, G., et al. (2024). Tomato plant
growth promotion and drought tolerance conferred by three arbuscular mycorrhizal
fungi is mediated by lipid metabolism. Plant Physiol. Biochem. 208, 108478.
doi: 10.1016/j.plaphy.2024.108478
frontiersin.org

https://doi.org/10.1128/AEM.69.11.6762-6767.2003
https://doi.org/10.1007/s00248-022-02153-y
https://doi.org/10.1016/j.plaphy.2024.108648
https://doi.org/10.1016/j.scienta.2022.111591
https://doi.org/10.1002/wics.147
https://doi.org/10.1002/wics.147
https://doi.org/10.1080/07352689.2012.683375
https://doi.org/10.1093/treephys/tpz039
https://doi.org/10.1016/j.ejsobi.2007.10.001
https://doi.org/10.1016/j.pedobi.2020.150665
https://doi.org/10.1016/j.hpj.2023.04.006
https://doi.org/10.1016/j.plaphy.2024.108478
https://doi.org/10.3389/fpls.2024.1452202
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Drought stress reduces arbuscular mycorrhizal colonization of Poncirus trifoliata (L.) roots and plant growth promotion via lipid metabolism
	1 Introduction
	2 Materials and methods
	2.1 Experimental materials
	2.2 Experimental design, setup and plant growth
	2.3 Quantification of AM colonization and observation of arbuscules and NLs
	2.4 Lipid extraction and quantification
	2.5 RNA extraction and qRT-PCR
	2.6 Data analysis and statistics

	3 Results
	3.1 Variation in PGP effect size of AM fungus under different levels of drought stress
	3.2 Effects of different levels of drought stress on AM fungal colonization
	3.3 Effects of different levels of drought stress on the lipid consumption by AM fungus
	3.4 Effects of AM fungal inoculation and different levels of drought stress on the lipid profiles in the roots

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


