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Abstract
Iron (Fe) and molybdenum (Mo) are essential trace elements for plants, especially for peanut. However, peanut planted in
consecutive monoculture soil usually suffers from malnutrition. Thus, the objective of this study was to investigate the effects
of the fungal endophyte Phomopsis liquidambari on Fe andMo nutrition uptake of peanut in consecutive monoculture soil. Plant
growth parameters, physiological parameters, the accumulation of Fe andMo elements, gene expression related to absorption and
transformation of Fe and Mo in planta, and the low-molecular-weight organic acids (LMWOAs) concentration in rhizosphere
soil were analyzed by greenhouse pot experiments. The results showed that the application of P. liquidambari improved growth
parameters, chlorophyll content, nitrate reductase (NR) activity, and Fe and Mo nutrition of peanut. Furthermore, LMWOAs in
peanut rhizosphere soil and the expression levels of AhFRO1, AhIRT1, and AhMOT1 were significantly changed by the appli-
cation of fungal endophyte. These findings indicated that the improvement of Fe and Mo nutrition in peanut was mostly derived
from the promoting growth function of P. liquidambari and the regulation of peanut-P. liquidambari symbiosis with rhizosphere
LMWOAs and Fe- and Mo-related gene expression in continuous monoculture soil.
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1 Introduction

Peanut (Arachis hypogaea L.), the main economic and oil
crop in China, accounts for approximately 60–85% of the
dry farming area in recent years (Tahir et al. 2016). Peanut is
commonly monocropped continuously for over 10 years to
gain the maximum profit (Dai et al. 2013). Unfortunately,
long-term consecutive monoculture has led to a series of soil
problems, such as barren soil, imbalance of nutrient elements,
declines in crop yield, and increased numbers of soil-borne
pathogens. These problems can be generally described as Bsoil
sickness^ or Breplanting disease^ (Li et al. 2016). Li et al.

(2012) found that a decline in the activity of urease and su-
crose resulted in a reduction of the peanut yield in consecutive
monoculture soil. In addition, soil mineral nutrient shortages
or barrenness can also be a main constraint on plant morpho-
genesis. In a continuous monoculture system, the degradation
of the soil structure and the imbalance of soil nutrient compo-
nents may be the main causes of plants dwarfing and chlorosis
(Li et al. 2016).

The peanut growth process requires the absorption of a
variety of elements, especially Fe and Mo. As legumes,
peanuts have the capacity to fix dinitrogen (N2) by estab-
lishing mutualistic symbiosis with compatible rhizobia
(mainly from the genus Bradyrhizobium) (Zhang et al.
2017). Molybdenum-iron protein is the active site of ni-
trogenase (Keable et al. 2017). Previous studies have
demonstrated that Fe deficiency causes serious chlorosis,
inhibiting the growth of peanut seedlings and decreasing
the concentration of soluble Fe and chlorophyll in peanuts
at the same time (Kong et al. 2015). Peanut has developed
a reduction-based strategy in response to Fe deficiency,
but physical and chemical pretreatment methods can mod-
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ulate and enhance the catalytic capabilities of iron oxides
in soils (Pizarro et al. 2018). The acidification of rhizo-
sphere soil was shown to be the first step in dissolving
soil trace elements (Wang et al. 2016); then, Fe(III)-che-
late is reduced to Fe(II) by ferric reductase oxidase
(FRO), and the Fe(II) is absorbed by the iron-regulated
transporter (IRT) (Robinson et al. 1999). In addition,
NRAMP genes code for a number of proteins and some
of the NRAMP transport proteins are capable of
transporting metal ions, including iron. In Arabidopsis
thaliana, the iron transport process involves the IRT1
and FRO2 genes (Curie et al. 2000). Mo is taken up by
plants through membrane transporters in the dissolved
form as molybdate (MoO4

2−), and transport proteins cod-
ed by MOT genes play multiple functions in Mo uptake
(Ide et al. 2011). Tang et al. (2017) designed experiments
with citric acid, nitric acid, and ethylene diamine
tetraacetic acid to recover rare earth elements containing
mainly Fe, Mn, Al, Si, and Pb. Pires et al. (2007) reported
that there was a positive relationship between rhizosphere
organic acids and utilizable trace element. Similarly, a
deficiency of Mo has threatened plant growth and devel-
opment. Thus, Fe and Mo concentrations in soil play key
roles in plant growth and metabolism.

To alleviate the contradiction between soil element defi-
ciency in continuously cropped soil and peanut normal
growth, various methods have been used. Recently, using bi-
ological methods to enhance plant growth and soil element
uptake in barren soil has aroused the attention of researchers.
Phomopsis liquidambari, which is a plant growth–promoting
rhizobacterium (PGPR), mainly colonizes the roots of plants,
such as rice and peanut (Zhang et al. 2016). Further research
found that the endophyte P. liquidambari has the ability to
establish a mutualistic relationship with rice and improve ni-
trogen uptake and nitrogen metabolism in rice plants (Yang
et al. 2014). Subsequently, Zhang et al. (2017) demonstrated
that the fungal endophyte P. liquidambari improves the effi-
ciency of symbiosis between peanuts and Bradyrhizobium
and promotes peanut nodulation and growth under continuous
monoculture conditions.

Therefore, wewanted to explore whether P. liquidambari is
related to the absorption of Fe and Mo by peanut in consecu-
tive monoculture soil. In the present study, soil from peanut
consecutive monoculture for 10 years was used, and we car-
ried out pot experiments to obtain peanut with or without
endophyte P. liquidambari colonization, an artificial climate
incubator. This study evaluated the growth parameters of pea-
nut and the factors associated with the absorption of Fe and
Mo in consecutive monoculture soil. The objective was to
investigate the effects of fungal endophyte P. liquidambari
application on peanut growth and the potential mechanism
of Fe and Mo uptake under consecutive monoculture condi-
tions for agricultural purposes.

2 Materials and Methods

2.1 Fungal Strain

The fungal endophyte was isolated from the inner bark of
Bischofia polycarpa , and identified as Phomopsis
liquidambari (Shi et al. 2004). It was stored at 4 °C on potato
dextrose agar (PDA, containing 200 g potato extract, 20 g
glucose, and 20 g agar, in 1 L water, pH 7.0). Phomopsis
liquidambari was first activated in 100 mL potato dextrose
broth (PDB, containing 200 g potato extract and 20 g glucose,
in 1 L water, pH 7.0) in an Erlenmeyer flask (250 mL) for 48 h
at 180 rpm in an orbital shaker at 28 °C. To evaluate the dry
mycelia weight, 10 mL of culture broth was removed; the
mycelia were washed twice with sterile distilled water, and
then dried in an oven at 60 °C to a constant dry weight. To
prepare the fungal suspension for inoculating germinating
seeds, a total of 0.21 g dry weight fungal mycelia was collect-
ed and washed twice with sterilized distilled water, and then
diluted with sterilized water to a final volume of 50 mL.

2.2 Soil in the Experiments

Peanut continuous cropping soils were collected from the
Ecological Experimental Station of Red Soil, Chinese
Academy of Sciences, Yujiang, Jiangxi province (28°13′ N,
116°55′ E). The region’s 50-year mean annual precipitation is
1750 mm, with rainfall generally concentrated from April to
late June. The basic chemical properties of the soils were as
follows: pH (1:5 H2O) 5.6, organic matter 13.35 g kg−1, total
N 0.75 g kg−1, total P 0.75 g kg−1, total K 8.85 g kg−1, alkali-
hydrolyzale N 17.50 mg kg−1, rapidly available P
62.67 mg kg−1, and rapidly available K 260.64 mg kg−1.
The soils for the experiment were air-dried and mixed to ho-
mogeneity, sieved (2-mm mesh) to remove plant tissues. All
peanut seedlings were cultivated in sterilized soil to avoid the
interference of soil indigenous microbes. And the sterilized
soil was weighed 1.5 kg split charging to per plastic pot
(15 cm diameter, 13.5 cm high).

2.3 Plant Growth Conditions and Inoculation

The peanut used in pot the experiments is a common cultivar
grown in Jiangxi province, southern China, named Guanhua-
5. The peanut seeds were placed in 75% ethanol for 5 min,
rinsed twice with sterile water, sterilized for 5 min in 10%
NaClO, and then rinsed six times in sterile distilled water.
The sterilized seeds and the last washing water were placed
on PDA plates and cultivated for 5 days at 28 °C as a sterility
check (Feng et al. 2006). The thoroughly sterilized seeds were
randomly divided into two groups. For the endophyte-
inoculated group (E+ treatment), 100 seeds were soaked in a
200-mL fungal suspension. The endophyte-non-inoculated
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group (E− treatment, control) was treated with 200 mL steril-
ized deionized water. For the pot experiments, seeds were
germinated and grown in a growth chamber at 28 °C for 16-
h days/25 °C 8-h nights, with light at 250 μmol m−2 s−1 and
70% relative humidity. After germination, the peanuts were
transplanted into the plastic pot with the sterilized continuous
cropping soil. To achieve maximum benefits, after 5 days,
30 mL P. liquidambari inoculums (equivalent to 0.12 g dry
weight fungal mycelia) was added to the E+ plant rhizosphere
soil, and for the control, we added 30 mL sterilized water
instead of the inocula (the E− treatment). Each treatment
was replicated 30 times.

2.4 Sample Collection and Preparation

Plant samples and rhizosphere soil were collected from
each treatment and used for analysis of the physiological
and biochemical indexes at 5, 10, 20, 30, and 45 days
after P. liquidambari inoculation. Each period samples
included six peanut plants and plant rhizosphere soil (0–
3 mm from the root surface into the soil), and three fresh
plants were immediately frozen separately in liquid nitro-
gen and stored at − 80 °C, mainly used to test chlorophyll
contents, nitrate reductase activity, root vitality, and rela-
tive expression levels of genes involved in Fe and Mo
uptake. After measuring plant growth parameters, the oth-
er three fresh plants were placed in an oven at 105 °C for
30 min to inactivate enzymes and then dried at 70 °C to a
constant weight. The dry weights were recorded; the dried
samples were milled to pass through a sieve (1-mm
mesh), mainly used to test the concentration of Fe and
Mo in roots, stems, and leaves of peanuts. Rhizosphere
soil stored at 4 °C used to test low-molecular-weight or-
ganic acids.

2.5 Analysis of Peanut Root Vitality

Root activity was analyzed by the α-naphthylamine oxida-
tion method (Tatsumi and Kono 1983). In brief, 500 mg
fresh root was immersed in a 20-mL solution of
50 μg mL−1 α-naphthylamine and 0.1 mol L−1 pH 7.0
phosphate buffer, and the same solution without roots
was arranged as the control. In the dark at 25 °C after
60 min, 2 mL solution was added to the reaction mixed
solutions containing 10 mL water, and 1 mL 1% sulfanilic
acid and 1 mL 0.01% sodium nitrite were added to the
reactions. The absorbance of the mixed solution at
510 nm was determined using a spectrophotometer. Root
activity was expressed as α-naphthylamine oxidation in-
tensity. Root vitality = amount of α-naphthylamine oxida-
tion (μg) fresh root weight (g)−1·time (h)−1.

2.6 Determination of Total Iron and Molybdenum
in Peanut Plants

After homogenization of the peanut samples mentioned
above, 400 mg dried peanut leaves, stems, and roots from E
− and E+ plants were transferred to a PTFE vessel for diges-
tion. The digestion process followed the method described by
Alam et al. (2003). After digestion, the digested samples were
transferred into a volumetric flask and diluted to 10 mL with
deionized water. Thereafter, all samples were determined
using inductively coupled plasma atomic emission spectros-
copy (Prodigy, Leeman, USA).

2.7 Determination of Chlorophyll Content in Peanut
Leaves

Fresh leaves (200 mg) were ground to a fine powder in liquid
nitrogen before adding 10 mL 95% alcohol (v/v). The homog-
enates were incubated at − 20 °C for 24 h and then centrifuged
at 10,000g and 4 °C for 10 min. The supernatant was used to
determine the chlorophyll content. The absorbance of the so-
lution at 665 and 649 nm was determined using a spectropho-
tometer, and chlorophyll a and b levels were calculated using
the extinction coefficients and the equations given by Porra
et al. (1989).

2.8 Nitrate Reductase (NR) Activity in Peanut Leaves

To assay nitrate reductase activity, 500 mg fresh peanut leaves
were washed with running water. Following the instructions
of the Nitrate Reductase Assay Kit (Jiancheng, Nanjing,
China), fresh leaves were induced in an inducer for 2 h and
then ground in a prechilled mortar and pestle on ice in 4.5 mL
of extraction buffer. The mixture was centrifuged at 3,500 rpm
at 4 °C for 10 min, and then 0.2 mL supernatant was added to
the reaction mixture. The mixture was incubated at 37 °C for
30 min in the dark. The 1-mL color-developing agent was
added to the mixture, gently mixed, and then centrifuged at
3500 rpm for 10 min. One unit of NR activity was calculated
as min−1 g−1 protein catalyze μg−1 substrate in A540 nm.

2.9 Quantitative Real-Time PCR Analysis

Total RNA from peanut roots was extracted using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). The RNAwas treat-
ed with DNaseI (Invitrogen) to remove genomic DNA,
reverse-transcribed using the PrimeScript™ II 1st strand
cDNA Synthesis Kit (TaKaRa, Tokyo, Japan), and then sub-
jected to real-time PCR analysis using gene-specific primers.
PCR amplification was conducted with an initial step at 95 °C
for 30 s followed by 35 cycles of denaturation at 95 °C for 5 s,
annealing at 60 °C for 40 s, and extension at 72 °C for 30 s.
Real-time PCRwas carried out in a StepOnePlus™Real-Time
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PCR System (ABI, Foster City, CA, USA). The relative ex-
pression of the target genes was calculated by theΔΔCt meth-
od (Livak and Schmittgen 2012). The ubiquitin gene was used
as an internal reference for calculating relative transcript abun-
dance (Luo et al. 2005). The RT-PCR reaction system was
optimized so that the amplification efficiencies of each target
gene and reference gene were approximately equal. Each re-
action was repeated at least three times to assess the
reproducibility.

2.10 Determination of LMWOAs in Peanut
Rhizosphere Soil

The extraction of LMWOAs in rhizosphere soil and HPLC
analysis were performed using the method described by Ding
et al. (2006). Potassium fluoride (1.0 M, pH 4.0) was applied
as an extractant and mixed with 0.1 M sodium hydroxide to
sufficiently extract the LMWOAs. The sample was separated
through a C18 (4.6 mm × 250 mm × 5 μm, Agilent
Technologies, USA) chromatographic column at 25 °C and
detected at a 220-nm wave length with a mobile phase of 95%
10 mM KH2PO4 (pH 2.8)/5% methanol (v/v). The flow rate
was 0.8 mL min−1, and the injection volume was 20 μL. The
HPLC system used in this study was the1100 series RP-HPLC
system of Agilent Technologies, USA. All of the samples and
solutions of the mobile phase were filtered through a 0.45-μm
filtration membrane and vacuum degassed before entering the
chromatographic column. The detection limit was defined as a
ratio of 3 for signal-to-noise (S/N), and all values reported for
LOD are based on peak area.

2.11 Statistical Analyses

Data were subjected to analysis of variance (ANOVA). All
analyses were conducted using the program SPSS 13.0
(SPSS, Chicago, IL, USA). All data shown are average values
of three biological replicates and standard error (SE). Data
were considered to be significantly different at P < 0.05 by
using one-way ANOVA and Tukey’s test.

3 Results

3.1 Seedlings Growth Parameters

In this study, peanuts were planted in pots with sterilized con-
tinuous cropping soil to evaluate the effects of endophyte
P. liquidambari on peanut growth parameters. The results
showed that aboveground height, root length, root vitality,
and seedling dry weight were increased to varying degrees
by P. liquidambari application. Compared with the E− treat-
ment, the aboveground height of the E+ treatment was signif-
icantly increased by 25.66%, 15.71%, 13.05%, and 28.47% at

5, 20, 30, and 45 DAI, respectively, when compared with the
E− treatment (Table 1). However, no significant difference
was noticed between the two treatments at 10 DAI. The length
of the roots is related to absorbing mineral nutrients and water
from the soil. Root length in the two treatments was not sig-
nificantly different until 20 DAI, and it was markedly in-
creased by 43.96%, 32.67%, and 34.62% at 20, 30, and 45
DAI, respectively (Table 1). Similar to the variation in root
lengths, root vitality was not pronounced between the two
treatments until 20 DAI. Then, the root vitality of the E+
treatment was 17.65–29.22% higher than that of the E− treat-
ment. With respect to seedling dry weight, that of the E+
treatment was significantly heavier than that of the E− treat-
ment throughout the experiment, especially at 45 DAI, and the
dry weight in the E+ treatment increased to 50.72% (Table 1).

3.2 Chlorophyll Content and NR Activity in Peanut
Leaves

To investigate whether P. liquidambari application changed
the levels of photosynthesis and nitrogen assimilation, we
measured the chlorophyll contents and NR activities in peanut
leaves at different growth points (Figs. 1 and 2). In the E− and
E+ treatments, the content of chlorophyll increased but did not
significantly differ until 30 DAI. The chlorophyll content in
the E+ treatment remarkably increased by 8.98% and 25.37%
at 30 and 45 DAI, respectively (Fig. 1). Nitrate reductase
activity in the plant leaves increased gradually as the number
of days after inoculation increased and then decreased in both
treatments. Moreover, NR activity peaked at 30 DAI. NR
activity significantly increased by 38.46%, 24.58%, 20.58%,
and 32.73% at 10, 20, 30, and 45 DAI, respectively, compared
with the E− treatment (Fig. 2).

3.3 Assessment of the Concentration of Fe and Mo
in Peanut Organs

In most cases, the concentrations of Fe and Mo increased in
peanut roots, stems, and leaves byP. liquidambari application.
In the E+ treatment, the Fe concentration in the roots was
significantly enhanced by 18.45%, 37.39%, 9.62%, and
22.55% at 10, 20, 30, and 45 DAI, respectively, compared
with the E− treatment (Table 2). In addition, the Fe concen-
tration in the E+ treatment peanut stems and leaves peaked at
36.00% and 28.30% at 45 DAI, respectively, in contrast to the
E− treatment (Table 2). The Mo concentration displayed ap-
proximately consistent changes in Fe content. The Mo con-
centration in plant root tissue increased gradually as the days
after inoculation increased in the E+ treatment; however, in
the E− treatment, the Mo concentration in plant root tissue
increased from 5DAI to 20DAI and then decreased to a stable
level (Table 2). The Mo concentration in the E+ treatment
peanut roots markedly increased by 34.53%, 193.53%, and
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235.12% at 20, 30, and 45 DAI, respectively, compared with
the E− treatment (Table 2). The difference in the concentration
ofMo in the roots, stems, and leaves in the two treatments was
not statistically significant at 5 and 10 DAI. In plant stems and
leaves, the Mo concentration was much lower than that in the
roots by almost one order of magnitude. The concentration of
Mo in the stems and leaves increased the most in the E+
group, by 335.71% and 150.00%, respectively, at 30 DAI
and 45 DAI, compared with the E− treatment (Table 2).

3.4 Expression Levels of Genes Involved in Fe and Mo
Uptake in Peanut Roots

To investigate whether the application of P. liquidambari
reorganized genes concerning Fe and Mo uptake in peanuts,
we quantified transcript levels of genes AhFRO1, AhIRT1,

AhNRAMP1, AhMOT1, and AhMOT2 by real-time PCR.
The expression of AhFRO1 and AhIRT1 in the E+ treatment
peanut roots was significantly higher than that in the E− treat-
ment roots at a later growth stage (Fig. 3a and b). Compared
with the E− treatment, AhFRO1 and AhIRT1 expression was
upregulated in the E+ treatment by 25.45% and 12.44% at 20
DAI, 55.52% and 42.38% at 30DAI, and 71.89% and 38.64%
at 45 DAI, respectively. Unlike AhFRO1 and AhIRT1, the
expression of AhNRAMP1 in the E+ treatment was always
higher than in the E− treatment peanut roots throughout the
experimental period, but there was no significant difference
between the two treatments (Fig. 3c). The expression of the
AhMOT1 gene gradually increased after the inoculation time.
The expression of AhMOT1 in the E+ treatment was upregu-
lated 119.74%, 159.70%, and 201.59% at 20, 30, and 45 DAI,

Table 1 Peanut plant aboveground height, root length, root vitality, and dry weight of peanut at different periods

Time
DAI

Endophyte status Aboveground height (cm) Root length
(cm)

Root vitality
(μg NA·g−1·h−1)

Dry weight
(g·plant−1)

5 days E− 22.00 ± 2.00 b 9.33 ± 0.58 a 45.53 ± 2.83 a 0.46 ± 0.01 b

E+ 27.67 ± 1.53 a 10.67 ± 1.15 a 43.73 ± 2.49 a 0.68 ± 0.02 a

10 days E− 28.50 ± 1.00 a 12.82 ± 0.58 a 73.46 ± 3.85 a 0.70 ± 0.10 b

E+ 28.67 ± 1.76 a 15.00 ± 1.32 a 82.23 ± 7.18 a 1.01 ± 0.02 a

20 days E− 29.67 ± 0.58 b 15.17 ± 1.26 b 124.33 ± 6.62 b 0.93 ± 0.03 b

E+ 34.33 ± 2.08 a 21.83 ± 0.76 a 146.27 ± 9.06 a 1.34 ± 0.12 a

30 days E− 33.17 ± 0.76 b 16.83 ± 1.04 b 116.75 ± 6.00 b 1.22 ± 0.05 b

E+ 37.50 ± 0.87 a 22.33 ± 1.04 a 140.49 ± 4.49 a 1.61 ± 0.07 a

45 days E− 39.83 ± 1.89 b 17.33 ± 0.58 b 108.57 ± 7.48 b 2.07 ± 0.26 b

E+ 51.17 ± 1.26 a 23.33 ± 1.53 a 140.29 ± 8.86 a 3.12 ± 0.19 a

Values are an average of three biological replicates ± standard error (SE). Letters correspond between E− and E+ status to one-way ANOVA, Tukey’s test
(P < 0.05)

DAI days after inoculation, E− endophyte uninoculated, E+ endophyte inoculated

Fig. 2 Nitrate reductase (NR) activity in peanut leaves at different pe-
riods. Values are an average of three biological replicates ± standard error
(SE). Letters correspond between E− and E+ status to one-way ANOVA,
Tukey’s test (P < 0.05). DAI, days after inoculation; E−, endophyte un-
inoculated; E+, endophyte inoculated; FW, fresh weight

Fig. 1 Chlorophyll contents in peanut leaves at different periods. Values
are an average of three biological replicates ± standard error (SE). Letters
correspond between E− and E+ status to one-way ANOVA, Tukey’s test
(P < 0.05). DAI, days after inoculation; E−, endophyte uninoculated; E+,
endophyte inoculated; FW, fresh weight

J Soil Sci Plant Nutr (2019) 19:71–80 75



respectively, compared with the E− treatment plant roots
(Fig. 4a). Unexpectedly, the transcript level of AhMOT2 in
the E+ treatment was lower than that in the E− treatment,
especially at 20, 30, and 45 DAI (Fig. 4b). The expression
level of AhMOT2 in the E+ treatment was downregulated by
26.67%, 53.49%, and 53.33% at 20, 30, and 45 DAI, respec-
tively, compared to the E− treatment. In particular, the expres-
sion of AhMOT2 in the E+ treatment remained relatively sta-
ble during the growth stage.

3.5 The Concentration of LMWOAs in Peanut
Rhizosphere Soil

The concentration of citric acid in E+ treatment peanut rhizo-
sphere soil was significantly increased throughout the entire
sampling time (Fig. 5a). Unlike the dynamic changes in citric
acid concentration, the concentration of oxalic acid significantly
increased after 30 DAI (Fig. 5b), and that of formic acid signif-
icantly increased after 20 DAI (Fig. 5c). Interestingly, the con-
centrations of oxalic acid and formic acid in the E+ treatment

were lower than those in the E− treatment during the early
growth stage at 5, 10, and 20 DAI (Fig. 5b and c).
Specifically, the concentration of citric acid in the E+ treatment
increased 27.51%, 38.69%, and 32.74% relative to the E− treat-
ment at 5, 20, and 45 DAI, respectively (Fig. 5a). Compared
with the E− treatment control, the concentration of oxalic acid
in the E+ treatment was significantly increased by 57.86% and
110.73%, respectively, at 30 and 45 DAI (Fig. 5b). In compar-
ison with the E− treatment, the concentration of formic acid in
the E+ treatment significantly increased by 156.05% and
101.16%, respectively, at 30 and 45 DAI (Fig. 5c).

4 Discussion

In consecutively monocultured soil, plants usually suffer from
replanting diseases, such as malnutrition affecting plant growth
or declines in biomass and yield (Li et al. 2014). In this study,
we demonstrated that P. liquidambari inoculation of peanut
can promote peanut growth parameters under consecutive

Table 2 The concentration of Fe and Mo in peanut roots, stems, and leaves at different periods

Time DAI Endophyte status Fe content (mg·kg−1 DW) Mo content (g·kg−1 DW)

Roots Stems Leaves Roots Stems Leaves

5 days E− 1.39 ± 0.01 a 0.53 ± 0.01 a 0.56 ± 0.02 a 1.61 ± 0.02 a 0.27 ± 0.03 a 0.061 ± 0.002 a

E+ 1.40 ± 0.02 a 0.52 ± 0.01 a 0.55 ± 0.01 a 1.60 ± 0.02 a 0.25 ± 0.02 a 0.068 ± 0.002 a

10 days E− 4.01 ± 0.16 b 0.64 ± 0.02 b 0.72 ± 0.01 a 1.88 ± 0.03 a 0.29 ± 0.01 a 0.039 ± 0.002 a

E+ 4.75 ± 0.07 a 0.83 ± 0.01 a 0.77 ± 0.01 a 1.88 ± 0.01 a 0.27 ± 0.01 a 0.039 ± 0.004 a

20 days E− 3.37 ± 0.05 b 0.31 ± 0.01 b 0.43 ± 0.01 b 2.23 ± 0.03 b 0.27 ± 0.01 b 0.114 ± 0.012 b

E+ 4.63 ± 0.07 a 0.42 ± 0.01 a 0.51 ± 0.01 a 3.00 ± 0.05 a 0.43 ± 0.01 a 0.156 ± 0.009 a

30 days E− 3.12 ± 0.09 b 0.31 ± 0.01 b 0.44 ± 0.01 b 2.01 ± 0.11 b 0.28 ± 0.02 b 0.122 ± 0.012 b

E+ 3.42 ± 0.05 a 0.36 ± 0.01 a 0.53 ± 0.01 a 5.90 ± 0.21 a 1.22 ± 0.13 a 0.305 ± 0.014 a

45 d E - 3.77 ± 0.05 b 0.50 ± 0.01 b 0.53 ± 0.01 b 2.05 ± 0.11 b 0.45 ± 0.03 b 0.116 ± 0.005 b

E+ 4.65 ± 0.04 a 0.68 ± 0.01 a 0.68 ± 0.02 a 6.87 ± 0.35 a 1.10 ± 0.04 a 0.290 ± 0.007 a

Values are an average of three biological replicates ± standard error (SE). Letters correspond between E− and E+ status to one-way ANOVA, Tukey’s test
(P < 0.05)

DAI days after inoculation, E− endophytic uninoculated, E+ endophyte inoculated, DW dry weight

Fig. 3 Relative expression levels of genes involved in Fe uptake at
different periods. a AhFRO1, b AhIRT1, c AhNRAMP1. Values are an
average of three biological replicates ± standard error (SE). Letters

correspond between E− and E+ status to one-way ANOVA, Tukey’s test
(P < 0.05). DAI, days after inoculation; E−, endophyte uninoculated; E+,
endophyte inoculated
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monoculture (Table 1). During the peanut growth periods, the
aboveground height and root length of the E+ treatment plants
were higher than those of the E− treatment plants. The in-
creased plant height led to a higher biomass (Table 1).
Similar results were reported by Santamaria et al. (2017),
who described that fungal endophyte Byssochlamys spectabilis
inoculation increasedOrnithopus compressus yield by approx-
imately 42%. In addition, the root vitality under continuous
cropping conditions was determined. The results of root vital-
ity were in agreement with the plant growth parameters. The
root system is themain organ bywhich plants absorb water and
nutrients from soil, contributing to plant growth (Hong 2012).
Fe accumulation in plants is significantly positively correlated
with root length and root activity (Long et al. 2017). These
results indicated that P. liquidambari might promote element
uptake by enhancing root length and root activity.

Chlorophyll is the primary pigment in photosynthesis, and
a deficiency of Mo and/or Fe causes a decrease in chlorophyll
content (Gao and Shi 2007). Our results indicated that the
chlorophyll content was enhanced by P. liquidambari inocu-
lation (Fig. 1). Zhou et al. (2017) reported that most genes
concerning carbohydrate metabolism, secondary metabolism,
and amino acid metabolism were upregulated in rice infected
with P. liquidambari. This is consistent with the results of Shi
et al. (2009), who found that seeds soaked in endophytes can
improve the content of chlorophyll in Beta vulgaris while

increasing the accumulation of sugar and improving the qual-
ity of Beta vulgaris. In addition, chlorophyll and plant dry
weight responded to Fe application to tobacco roots under
Fe-deficient conditions (Bastani et al. 2018). It is possible that
P. liquidambari activated plant carbohydrate metabolism un-
der nutritional restriction conditions, considering the promot-
ed plant biomass.

Previous studies have shown that Mo deficiency decreased
the activity of nitrate reductase (Nie et al. 2016). Our results
showed that the activity of nitrate reductase was significantly
increased except at 5 DAI in the E+ treatment (Fig. 2), which
hinted that the peanut-P. liquidambari symbiosis had accumu-
lated sufficient Mo. In addition, P. liquidambari can enhance
the nitrogen metabolism of plants. Chen et al. (2013) found that
ammonia-oxidizing bacteria increased in litter soil after the ap-
plication of P. liquidambari, inferring that the endophyte
P. liquidambari promoted nitrification and NH4

+–N release.
Furthermore, the expression of the gene encoding nitrate reduc-
tase was stimulated by fungal endophytePiriformospora indica
colonization in tobacco and Arabidopsis roots. Therefore, we
surmised that endophyte-infection changed or affected peanut
nitrate reductase activity by inducing related gene expression in
the host, and these changes made the plant grow faster and be
more adapted to consecutively monocultured soil.

In addition, the accumulation of Fe and Mo was increased
in the E+ treatment peanut under consecutive monoculture

Fig. 5 Low-molecular-weight organic acid content in peanut rhizosphere
soil at different periods. a citric acid, b oxalic acid, c formic acid. Values
are an average of three biological replicates ± standard error (SE). Letters

correspond between E− and E+ status to one-way ANOVA, Tukey’s test
(P < 0.05). DAI, days after inoculation; E−, endophyte uninoculated, E+:
endophyte inoculated

Fig. 4 Relative expression levels of genes involved in Mo uptake at
different periods. a AhMOT1, b AhMOT2. Values are an average of
three biological replicates ± standard error (SE). Letters correspond

between E− and E+ status to one-way ANOVA, Tukey’s test (P < 0.05).
DAI, days after inoculation; E−, endophyte uninoculated; E+, endophyte
inoculated
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(Table 2). Interestingly, the energy cost to accumulate Mo and
Fe accumulation did not compromise peanut dry weight
(Table 1). Preliminary experiments showed that the applica-
tion ofP. liquidambari and Atractylodes Lancea powder could
activate trace elements (Mo, B, Fe, Zn, and Mn) in rhizo-
sphere soil continuously cropped with peanut (Su et al.
2016). Santamaria et al. (2017) found that the fungal endo-
phyte Stemphylium sp. improved the nutritive value of
Ornithopus compressus by increasing the accumulation of
essential minerals (B, Mo, P, and S). The accumulation of Fe
and Mo was in accordance with the increase in chlorophyll
content and nitrate reductase activity of peanut, respectively,
indicating that the functional role of Fe and Mo in chlorophyll
biosynthesis and nitrogen metabolism could be indispensable.

Moreover, our results indicated that the enhanced Mo-
uptake effect could last longer in peanut with P. liquidambari
inoculation (Table 2). The altered concentration of Mo and the
time distribution in organs showed that the Mo absorbed from
the soil was transported from the roots to the stems and leaves.
To summarize, the increase in chlorophyll content and NR
activity was followed by the uptake and accumulation of Fe
and Mo elements, subsequently enhancing peanut growth in
consecutively monocultured soil. The observed accumulation
of Fe and Mo in the roots, stems, and leaves of peanut colo-
nized by fungal endophytes suggested that P. liquidambari
might be an important participant in plant element uptake in
consecutively monocultured soil.

In this study, fungal endophytes significantly upregulated
the transcription level ofAhFRO1 and AhIRT1 (Fig. 3a and b).
However, we did not observe a significant difference between
E− and E+ treatment peanut at the transcription level of
AhNRAMP1 (Fig. 3c). Phosphate transporter (PiPT)-related
genes from the endophyte Piriformospora indica could im-
prove the nutritional status of P. indica-colonized host Zea
mays (Yadav et al. 2010). We hypothesized that symbiont
P. liquidambari-peanut failed to stimulate the expression of
AhNRAMP1 but could upregulate the gene expression of
AhFRO1 and AhIRT1.

Concerning the genes encoding transporters of Mo, our
results showed that P. liquidambari inoculation significantly
upregulated the transcription level of AhMOT1 in later exper-
iments (Fig. 4a). In contrast, the transcription level of
AhMOT2 in E+ treatment peanut was always lower than in
E− treatment peanut (Fig. 4b). Recently, a report revealed that
the Medicago truncatula genome has five MOT1 members,
but onlyMtMOT1.3 is uniquely expressed in nodules (Tejada-
Jiménez et al. 2017). AhMOT1 could be the major transporters
in peanut roots, while AhMOT2 plays roles in other tissues.
This could explain why the function of AhMOT2was affected
by the interaction of the two transporters and/or the fungal
endophyte. The mechanism by which the endophyte
P. liquidambari affects the expression of the transporter genes
AhMOT1 and AhMOT2 requires further study.

Considering the insoluble or microscale traceability of Fe
and Mo in consecutively monocultured soil, we explored the
potential mechanism involved in peanut and soil mediated by
P. liquidambari. Here, our results revealed that the concentra-
tions of citric acid and formic acid significantly increased in
P. liquidambari-infected peanut rhizosphere soil (Fig. 5a and
c). Yang et al. (2015) discovered that the total concentration of
organic acids in rice root exudates was 64.3% higher after
fungal endophyte inoculation than the control. Fe in the soil
always exists in the form of ferric chelates, and root epidermal
cells secrete proton ATPase AHA2 to acidify the rhizosphere
soil (Jeong et al. 2017). The increase in the concentration of
LMWOAs and the transcription level of Fe- and Mo-related
transport genes are conducive to element translocation from
soil to roots and from roots to shoots. The oxalic acid content
in the E+ treatment peanuts was lower than that in the E−
treatments at the preliminary stage and then increased and
became higher than that in the E− treatment peanuts (Fig.
5b). Previous work has shown that phenolic acids accumulate
more in continuous cropping soil, while P. liquidambari inoc-
ulation can effectively reduce the phenolic acid concentration
in continuous cropping soil (Xie et al. 2016). We conjectured
that LMWOAs, a type of metal chelation, could release Fe and
Mo in consecutively monocultured soil, while plants colo-
nized by P. liquidambari might be involved in the production
of LMWOAs.

5 Conclusion

In conclusion, this study revealed that the application of
P. liquidambari improved the plant growth and nutrient uptake,
and the concentration of Fe andMo in all tested tissues includ-
ing roots, stems, and leaves showed a significant increase at 20,
30, and 45 DAI. Moreover, peanut-P. liquidambari symbiosis
effected the rhizosphere environment by LMWOAs, and reg-
ulated gene expression related to Fe and Mo. Thus, the appli-
cation of P. liquidambari to consecutive monoculture soil
could be beneficial for nutrient uptake and could reduce the
burden of applying chemical fertilizers, implying that
P. liquidambari has some functions for alleviating continuous
cropping obstacles. Even though these results have an impor-
tance for the prospect of application of P. liquidambari under
continuous cropping conditions, further studies on plant-
endophyte interactions and the mechanisms of Fe and Mo
uptake in peanut are needed.
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