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Abstract: Both arbuscular mycorrhizal fungi (AMF) and phosphorus (P) collectively influence the
root system architecture (RSA), but whether the combination of the two affects RSA, particularly
lateral root formation, is unknown. In the present study, a pot experiment was conducted to evaluate
the effects of an arbuscular mycorrhizal fungus (Rhizophagus intraradices) on the RSA of lemon (Citrus
limon L.) seedlings under 0 (Pg) and 50 mg/kg (Psg) P levels. Moreover, P and carbohydrate content;
acid phosphatase activity; and the expression of P transporter genes (PT5), phosphatase genes (PAPs),
and lateral-root-related genes; were determined. Our results show that root mycorrhizal colonization
and mycorrhizal dependency of lemon plants are significantly higher under Py than under P
conditions. AMF significantly promoted the plant growth performance of lemon, irrespective of
substrate P levels. The RSA parameters of AMF plants, including total root length, projected area,
surface area, average diameter, volume, and second- and third-order lateral root numbers, were
distinctly increased under the two P levels compared to those of non-AMF plants. Mycorrhizal
treatment also induced higher carbohydrate (sucrose, glucose, and fructose) and P contents, along
with a higher activity of root acid phosphatase. The expression of P-related genes, including CIPAPI,
CIPT1, CIPT3, CIPT5, and CIPT7, as well as the expression of lateral-root-related genes (CIKRP6,
CIPSK6, and CIRSI-1), was dramatically upregulated by AMF inoculation, irrespective of substrate
P levels. Principal component analysis showed that root P and carbohydrate contents, as well as
the expression of CIKRP6 and CIPSK6, were positively correlated with RSA traits and lateral root
development. Our study demonstrates that mycorrhizas accelerate the P acquisition and carbohydrate
accumulation of lemon plants by upregulating the expression of lateral-root-related genes, thereby
positively improving the RSA. Furthermore, AMF had a greater impact on the RSA of lemon than
substrate P levels.

Keywords: citrus; mycorrhiza; lateral roots; phosphorus; root system

1. Introduction

Root systems are the primary part of a plant; they perceive changes in the soil envi-
ronment and are also the major absorptive organ responsible for supporting shoot growth
and development, as they acquire mineral nutrients and water from the soil [1]. Roots
are important for plants, providing access to available resources, as evidenced by their
accelerated growth and increased length in nutrient-rich areas, as well as by the spatial
distribution of the length, root angle, and branching of the well-constructed root system
architecture (RSA) [2]. In response to environmental stress, RSA can be modified to enhance
the capacity of plant nutrient acquisition [3].

Phosphorus (P) participates in various metabolic pathways of plants and is a key
component of nucleic acids, adenosine triphosphate, and phospholipids [4]. Due to its
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immobility in soil, its low availability frequently limits the growth of crops throughout
the world [5,6], especially in Oxisols and saline-alkali soils [7]. Root morphological adap-
tations, physiological changes that include organic compound exudation, and microbial
cooperation are major strategies used by plants to overcome P limitation [8]. However, the
concentration, availability, and distribution of P directly affect root morphogenesis. A pre-
vious study reported that treatments with different P levels (0, 0.1, and 10 mM) significantly
inhibited root development by decreasing the values of root morphological traits (total
length, surface area, projected area, volume, taproot length, and number of lateral roots)
in trifoliate orange seedlings [9]. Another study showed that 5 and 10 mg/kg P fertiliza-
tion supplement dramatically decreased the root length but increased the root volume of
cucumber seedlings [10]. Studies have shown that root morphology is strongly reduced
under low- and high-P treatments, which may be related to the lower transportation of
carbohydrates into root systems [9]. However, the addition of P at low concentrations has
been observed to stimulate the root growth and development of tobacco, dependent on
plant genotypes and substrate P levels [11].

In addition to P, rhizosphere microorganisms also affect RSA, especially arbuscular
mycorrhizal fungi (AMF). AMF are beneficial microorganisms that can establish symbiotic
relationships with the roots of most terrestrial plants [12]. The establishment of root
architecture is extremely important for plant development and is reflected in many plant
traits, including root biomass, length, volume, angle, lateral root occurrence, adventitious
root formation, and root hair growth [13,14]. The effect of AMF on these RSA parameters
has been confirmed in various plant species [12,15]. Root architecture can be promoted by
AME which is associated with improved nutrients, especially P [16]. Extensive extraradical
hyphae not only improve plant P absorption but also improve P transfer efficiency [17].
Furthermore, several genes proposed to be related to RSA have recently attracted great
attention. In Arabidopsis, ARFs regulate lateral root formation via the direct activation of
LBD/ASLs [18], and the expression of KRP1 leads to a decrease in the number of lateral
roots [19]. Furthermore, rum1 inhibited root development in maize by reducing the polar
transport of auxin in its roots [20]. In trifoliate orange seedlings, lateral root development
was affected by the expression of KPR6, RSI-1, NAC2, and PSK6, and the development of
lateral roots had a significant positive correlation with the expression of PSK6 [1]. However,
whether these candidate genes involved in root construction are regulated by mycorrhizal
colonization remains unanswered.

Although the effect of AMF on RSA development has been studied [1,12], little in-
formation is known about the underlying mechanism. Our previous studies showed that
AMF and P improve the architecture of citrus roots to varying degrees [9,21], although it is
not clear which of the two plays a dominant role in RSA. As a result, a pot experiment was
conducted to screen out the main factor affecting RSA establishment and underlying the
interaction between AMF and P (at two concentrations) and its effect on the RSA of lemon
(Citrus limon L.) seedlings inoculated with Rhizophagus intraradices. Root morphology; root
P content; phosphatase activity; carbohydrate content; and the relative expression of genes
related to P, phosphatase, and lateral root formation were determined.

2. Materials and Methods
2.1. Plant Culture

Lemon and Rhizophagus intraradices (N.C. Schenck & G.S.Sm.) Schiifiler & Walker
(BGC JX04B) were used as the host plant and AM fungus, respectively. Strain selection was
based on the results of Wu et al. [22] on citrus seedlings. Disinfection and germination of
lemon seeds were performed according to the method of Liu et al. [23] under autoclaved
(121 °C, 0.11 MPa, 2 h) sands at 25 °C in darkness. After two weeks, two-leaf-old seedlings
with 2 cm height were transplanted into a 2 L plastic pot filled with 1.5 kg of an autoclaved
(121 °C, 0.11 MPa) mixture of soil and river sand (2:1 v/v), along with one seedling per
pot. The soils were collected from the citrus orchard of Yangtze University, and river sands
were collected from the Yangtze River. The chemical properties of the mixture were as
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follows: pH 5.8, available nitrogen 101.8 mg/kg, available P 22.38 mg/kg, and available K
94.48 mg/kg. Based on the above conditions, the present study determined whether to add
additional KH,POy as P treatment, including 0 (deficit P:Py) or 50 mg/kg P (appropriate
P:P5p) according to the work of Chen et al. [1].

The fungal strain was supplied by the Bank of Glomeromycota in China (BGC) and
multiplied using white clover (Trifolium repense L.) for three months under greenhouse
conditions. After harvesting, the AM fungal spores were identified and quantified, and
approximately 30 spores per gram of inoculum were obtained. For the AMF treatment,
80 g (approximately 2400 spores) of the fungal strain was inoculated into each pot during
lemon seedling transplantation. The inoculum amount was followed based on the number
and vitality of spores. Meanwhile, the same amount of sterilized inoculum was added to
the non-AMF treatment, along with 3 mL filtrate (25 um filter) of mycorrhizal inoculum
to ensure the consistency of microbial diversity. All the AMF and non-AMF seedlings
were grown in a greenhouse under the following conditions: photosynthetic photon flux
density 982 umol/m? /s, temperature 22-30 °C, and relative humidity 60-80%. The pots
were replaced weekly until harvest after 12 weeks of transplantation.

2.2. Experimental Design

A completely randomized design with two factors was used. The two factors included
inoculation with or without R. intraradices and two substrate P levels (Py, P deficiency; Ps,
appropriate P). Thus, the experiment consisted of four treatments: P deficit and non-R.
intraradices inoculation (Pyp—Ri), P deficit and R. intraradices inoculation (P + Ri), appro-
priate P and non-R. intraradices inoculation (Psp—Ri), and appropriate P and R. intraradices
inoculation (P5p + Ri). Each treatment comprised six replicates.

2.3. Determination of Physiological Parameters

All seedlings were harvested after 12 weeks of P treatment. The fresh weight of shoots
and roots was measured immediately. Then, the complete root systems were carefully
washed and scanned using the Epson Perfection V700 Photo Dual Lens System (Seiko Epson
Corp., Nagano, Japan). Root characteristics, including total root length, projected area,
surface area, average diameter, and volume, were analyzed using WinRHIZO software
(Regent Instruments Inc., Quebec, Canada). Then, taproot length and the number of
lateral roots (LRs) were determined artificially on a test bed. The roots were then cut into
approximately 1 cm-long segments for subsequent analysis.

One hundred root segments were randomly selected to determine root mycorrhizal
infection after being stained with 0.05% trypan blue [24]. Mycorrhizal dependency was
calculated according to the method of Liu et al. [11].

Root P concentration was determined using inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES, IRIS Advantage, Thermo Electron Corp., Waltham, MA,
USA). Acid phosphatase activity in leaves and roots was determined by the p-nitrophenyl
phosphate substrate method [25].

The concentrations of carbohydrate forms, including fructose, glucose, and sucrose, in
roots were assayed according to the method of Wu et al. [21].

2.4. gRT-PCR for LR and Phosphatase Genes

gRT-PCR was performed to detect the expression of LR-related genes, P transporter
genes, and phosphatase genes. According to the manufacturer’s instructions, TaKaRa
MiniBEST Plant RNA Extraction Kit (9769, Takara Bio. Inc., Kusatsu, Japan) was used to
extract total RNA from 0.2 g root fresh samples, and total RNA was reversely transcribed
into cDNA and was carried out using the PrimeScriptTM RT reagent kit with gDNA eraser
(PK02006, Takara Bio. Inc., Kusatsu, Japan). The expression of LR-related genes (CIPSK®6,
CIKRP6, and CIRSI-1), P transporter genes (CIPT1, CIPT2, CIPT3, CIPT5, and CIPT7), and
phosphatase genes (CIPAP1, CIPAP2, and CIPAP3) in roots was quantified using the 185
rRNA gene as an internal reference [26]. Primer Premier 5.0 software (Palo Alto, CA,
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USA) was used to design the specific primers for above related genes, and specificity was
determined using the BLAST tool of NCBI. All primers were synthesized by Shanghai
Sangon (China) BioTech Co., as shown in Table 1. The volume of each reaction mixture used
for qRT-PCR was 20 pL, which included 7.2 uL. ddH,0, 2 pL ¢cDNA, 10 pL AceQ qPCR
SYBR Green Master Mix, 0.4 uL forward primer, and 0.4 uL reverse primer. qRT-PCR was
run on a CFX96 real-time PCR Detection System (BIO-RAD, California, USA) under the
following conditions: 95 °C for 5 min, 40 cycles of 95 °C for 10 s, 60 °C for 30 s, and 72 °C
for 30 s. Each gene amplification was repeated three times with independent biological
samples and each sample set with three technical replications, and the mean values were
used for data analysis. The relative expression of each target gene was calculated using the
2~ A8Ct method [27].

Table 1. Specific primer sequences of qRT-PCR.

Gene Accession Number Sequence of Forward Primer (5'—3') Sequence of Reverse Primer (5’ —3)
Cl185rRNA FJ356261.1 TCGGGTGTTTTCACGTCTCA CGAAGGGTCGCCGTAGGT
CIRSI-1 Cs6g17190 GCTCCGGTCATCAGGTAATT CCGAACACCGATAAGAACA
CIPSK6 Cs1g21390.1 GTGCTTTTCTCCTCCTCATC CAGGCTCATAGCTGAAACATG
CIKRP6 Cs1g14980.2 AGGATCAGACCTCAATGGACAA CAAACGGAGGACTTACTTCTCA
CIPAP1 JQ666163 GATTTAGTCGTGGCTGGTCAT GATAGACTGGAGCAGAAGGGT
CIPAP2 JQ666164 GTGGTGGCTGAGGGAAGA TCGGCAAAGATGAAGTCG
CIPAP3 JQ666165 TACAACCTCAACAGTCAGTCACA CCTTCCCCAATAATCCCAAC
CIPT1 JQ666156 GCTGCTCTTACTTACTACTGGC TGCTACCTTGTCCTCCTGA
CIPT2 JQ666157 TAATGGTGTAGCGTTCTGTGG ATAGTGGCGGAAAGTGGGTAG
CIPT3 JQ666158 ACTCTGTTTCTTITCGCTTCTG TCTTCTTGTTGGCATACTCG
CIPT5 JQ666160 GGGGTTCCTCTGCTCTTT ATGCTTTCCGTTGGTTGC
CIPT7 JQ666162 AACCACAACTCGGGACAA GAAAGCAGCAGGAATAGA
2.5. Statistical Analysis
Data (means =+ SD, n = 6) were analyzed by two-way analysis of variance (ANOVA)
using SAS software v 8.1, and the significant difference between treatments was compared
using Duncan’s multiple range tests at p < 0.05. Principal component analysis (PCA) was
performed using Origin software (Origin Pro, 2018, SR1, 64 Bit).
3. Results
3.1. Changes in Mycorrhizal Development and Plant Growth Performance
Mycorrhizal colonization was not observed in the roots of non-AMF-inoculated
seedlings. In AMF-inoculated seedlings, root AM fungal colonization ranged from 24%
to 39% (Figure 1). Furthermore, P deficiency (P) significantly stimulated mycorrhizal
colonization by 60.93% (Table 2).
Table 2. Effects of Rhizophagus intraradices on root AMF colonization and growth performance of
lemon (Citrus limon L.) seedlings grown in 0 mg/kg (Pg) and 50 mg/kg (P5q) P levels.
Treatment Root AMF Mycorrhizal Plant Height Leaf Biomass (g FW/Plant)
reatmen Colonization (%) Dependence (%) (cm) Number Leaf Stem Root
Py — Ri 0.00 £0.00 c 0.00 £0.00 c 8.18 £ 0.84b 8+1b 0.27 £0.02 ¢ 0.26 +0.02b 0.53 £0.04c
Py + Ri 3896 +£0.35a 68.63 + 5.38 a 141+139a l6+2a 1.73 £ 0.16 a 0.82+0.07a 1.16 = 0.16 a
Pso — Ri 0.00 £ 0.00 ¢ 0.00 £ 0.00 c 848 +0.58 b 7+1b 0.27 £0.02 ¢ 0.26 +0.03 b 0.75+0.06 b
Psp + Ri 2421 £0.24b 4910 £5.01b 14.22 £ 059 a 15+1a 0.79 £0.04b 0.79 £ 0.08 a 1.09 £0.11a
Significance
Ri 0.0082 0.0079 <0.0001 <0.0001 <0.0001 0.4637 0.0411
p <0.0001 <0.0001 0.5136 0.0407 <0.0001 <0.0001 0.0001
Ri x P 0.0082 0.0079 0.0358 0.0307 <0.0001 0.5669 0.0438

Different small letters indicate significant difference within the same column at 0.05 level by LSD. Abbreviation:
Ri: Rhizophagus intraradices; Py: 0 mg/kg; Pso: 50 mg/kg.
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Figure 1. Mycorrhizal development of lemon (Citrus limon L.) seedlings colonized by Rhizophagus
intraradices under Py (a) and Psj (b) treatment. Abbreviation: Py: 0 mg/kg; Psg: 50 mg/kg.

Compared with Psg treatment, Py treatment significantly decreased root biomass by
29.33% in non-AMF seedlings while significantly increasing leaf biomass by 118.99% in
AMF-colonized seedlings (Table 2). However, plant growth performance, including height,
leaf number, and biomass, was markedly increased by R. intraradices inoculation under
both Py and P5p. Moreover, lemon seedlings under Py treatment had a higher mycorrhizal
dependency than the seedlings under P5, treatment (Table 2).

3.2. Changes in Root Morphology

Py treatment showed significantly higher total root length, projector area, volume, and
third-order lateral root numbers irrespective of AMF inoculation (Table 3). Furthermore,
AMF-treated seedlings presented significantly higher root traits, including total root length,
project area, surface area, volume, taproot length, and number of second- and third-order
lateral roots in both Py and P5y conditions. The results also show a regulatory difference
between AMF and P addition on RSA, and AMF exerted a greater impact on LR formation
than P levels (Table 3).

Table 3. Effects of Rhizophagus intraradices on root system architecture (RSA) of lemon (Citrus limon L.)
seedlings grown in 0 mg/kg (Pg) and 50 mg/kg (Psg) P levels.

Number of Lateral Roots

. Average (Number/plant)
Total Length Project Area Surface Area . Taproot
Treatment (e ]( ) (em?) Dl(ame;er Volume (cm?) Length (cm) 1st- 2nd- 3rd-

mm Order Order Order

Py —Ri 141.05+9.90b 10.67 + 0.56 b 13.29 +1.01 be 0.662 £ 0.017 ¢ 0.548 £+ 0.045 ¢ 13.50 4+ 0.62 ¢ 39+3b 17+1c 3+1b
Py +Ri 202.18 £ 6.29 a 1331+ 146a 1520+ 0.82a 0.853 £ 0.054 b 0.862 £ 0.068 a 2133+ 159a 60+ 4a 59+2a 14+t1a
Psp — Ri 118.68 + 6.14 ¢ 9.49 £0.96 ¢ 1236 £ 0.71 ¢ 0.655 £ 0.026 ¢ 0.381 £ 0.024 d 1227 £1.25¢ 40+3b 22+2c¢ 0+0c
Pso + Ri 147.73 £10.58 b 11.09 +1.03b 13.35 £ 0.59 b 0978 £0.075a  0.799 +0.014 b 17.17 £0.76 b 41+3b 45+3Db 4+1b

Significance

Ri <0.0001 0.0009 0.0177 <0.0001 <0.0001 <0.0001 0.0004 <0.0001 <0.0001

P <0.0001 0.0034 0.0308 0.0679 0.0017 0.0032 0.0013 0.0043 <0.0001

Ri x P 0.0112 0.2499 0.1977 0.0476 0.0713 0.0058 0.0007 <0.0001 0.0016

Different small letters indicate significant difference within the same column at 0.05 level by LSD. Abbreviation:
Ri: Rhizophagus intraradices; Py: 0 mg/kg; Pso: 50 mg/kg.

3.3. Changes in Root P Content and Phosphatase Activity

Compared to Ps5, Py treatment substantially decreased root P content by 29.01% in
non-AMF seedlings but dramatically increased it by 15.42% in AMF seedlings (Figure 2a).
Py markedly stimulated root phosphatase activity by 94.74% and 24.77% in non-AMF- and
AMF-colonized seedlings, respectively, compared to P5 treatment. Furthermore, AMF
colonization substantially increased root P content and phosphatase activity under the two
P levels compared to non-AMF-colonized seedlings (Figure 2b). There was a significant
(p < 0.05) interaction in root P content between P treatments and AMF treatments (Table 4).
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Figure 2. Effects of Rhizophagus intraradices on root P content (a) and acid phosphatase activity
(b) of lemon (Citrus limon L.) seedlings grown in 0 mg/kg (Pp) and 50 mg/kg (P5q) P levels. Data
(means =+ SD, n = 6) are followed by different letters above the bars, which indicate significant
differences between treatments at 0.05 level by LSD.

Table 4. Significance of variables between AMF- and non-AMF-colonized seedlings grown in Py and

P5p P levels.

Variation Source Ri P Ri x P
P content <0.0001 0.0333 <0.0001
Phosphatase activity 0.3334 0.2716 0.7298
CIPAP1 0.006 0.0367 0.0507
CIPAP2 0.4564 0.0103 0.3730
CIPAP3 0.0150 0.1147 0.2643
CIPT1 0.0001 0.0219 0.9495
CIPT2 0.7931 0.0003 0.0003
CIPT3 0.0011 0.1411 0. 0373
CIPT5 <0.0001 0.2870 0.6459
CIPT7 0.0004 0.2712 0.2846
CIPSK6 0.7902 0.0317 0.1747
CIKRP6 0.7981 0.0329 0.2313
CIRSI-1 0.0704 0.1922 0.0037
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3.4. Changes in Root Carbohydrate Concentrations

Compared with Psg, Py markedly increased root fructose and glucose content, while it
dramatically decreased root sucrose content, regardless of AMF inoculation (Figure 3). In
contrast, mycorrhizal colonization increased root fructose, sucrose, and glucose by 27.31%,
60.93%, and 53.06%, respectively, under Py, and by 24.13%, 12.39%, and 45.16%, respectively,
under Ps.

50
E mmm P, Ri

% 40 P +Ri

E 2 B P, Ri

g == P tRi

'g 30 -

= %
S 20 - %
2 £ %
g 7 /

Fructose Sucrose Glucose

Figure 3. Effects of Rhizophagus intraradices on carbohydrate concentration in roots of lemon
(Citrus limon L.) seedlings grown in 0 mg/kg (Py) and 50 mg/kg (P5q) P levels. Data (means + SD,
n = 6) are followed by different letters above the bars, which indicate significant differences between
treatments at 0.05 level by LSD.

3.5. Changes in Relative Expression of Root P-Related Genes

Compared with Psg, Py treatment significantly suppressed the expression levels of
CIPT1, CIPT3, and CIPT7, but it dramatically stimulated the expression of CIPT5 in non-
AMF seedlings, and P levels did not affect the expression of these genes in AMF-colonized
seedlings (Figure 4a). However, Py memorably upregulated the expression levels of root
acid phosphatase genes CIPAP1 in non-AMF seedlings, CIPAP2 in AMF seedlings, and
CIPAP3 in both AMEF- and non-AMEF seedlings (Figure 4b and Table 4).

Compared with non-AMEF treatment, AMF inoculation substantially upregulated the
expression levels of root P transporter genes CIPT1, CIPT3, CIPT5, and CIPT7 by 3.45, 1.76,
11.38, and 3.65 times under Py and by 1.41, 1.37, 13.63, and 1.78 times under P5j treatment,
respectively. However, mycorrhizal treatment dramatically downregulated the expression
of CIPT2 by 3.37 and 3.89 times under Py and Ps, respectively, as compared with non-AMF
treatment (Figure 4a). In addition, AMF inoculation only dramatically upregulated the
expression levels of CIPAP1, while it notably downregulated the expression levels of CIPAP2
and CIPAP3 (Figure 4b and Table 4).
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Figure 4. Effects of Rhizophagus intraradices on relative expression of P transporter genes (a) and acid
phosphatase gene (b) in roots of lemon (Citrus limon L.) seedlings grown in 0 (Pg) and 50 mg/kg (Psq)
P levels. Data (means =+ SD, n = 3) are followed by different letters above the bars, which indicate
significant differences between treatments at 0.05 level by LSD.

3.6. Expression of LR-Related Genes

Mycorrhizal colonization significantly increased the expression of CIPSK6 by 3.90-fold
and 2.22-fold and that of CIRSI-1 by 3.43-fold and 2.21-fold under Py and Psg, respec-
tively (Figure 5). In contrast, the expression of CIKRP6 was markedly decreased by AMF
inoculation under Ps5y conditions but not affected under P conditions. Moreover, in non-
AMF seedlings, Py only suppressed the expression of CIPSK6 and CIKRP6 but not CIRSI-1,
whereas in AMF-colonized seedlings, Py dramatically stimulated the expression of CIRSI-1
and CIKRP6 but did not affect CIPSK6 expression. A significant (p < 0.05) interaction
between P fertilization treatments and AMF treatments was observed for the expression of
CIPSK6, CIKRP6, and CIRSI-1 (Table 4).

3.7. Principal Component Analysis

We performed PCA to investigate the correlation between RSA and the main factors
(P concentration and transportation, phosphatase activity, sugar content, and LR-related
genes). The results show 77.3% (53.7% and 23.6% of the first and second axes, respectively)
of the total variance (Figure 6). Interestingly, most P transporter genes (except CIPT2) and
CIPAP1 and CIRSI-1 negatively correlated with root system traits, which were not affected
by AMF inoculation but markedly affected by P deficiency. The RSA traits and LR numbers
were positively closely correlated with AMF colonization; the contents of root P and
carbohydrate; phosphatase activity; and the expression levels of CIKRP6, CIPSK6, CIPT?2,
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and CIPAP2, which were significantly promoted by AMF inoculation and P deficiency
stimulation (Figure 6).

3.5
0 = mmm P, Ri
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2 % 3 PsotRi
;i 2.0 %
: %
£ 151 %
& 1.0 - é
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CIPSK6 CIRSI-1 CIKRP6

Figure 5. Effects of Rhizophagus intraradices on relative expression of lateral-root-related genes of lemon
(Citrus limon L.) seedlings grown in 0 (Pg) and 50 mg/kg (P5g) P levels. Data (means =+ SD, n = 3) are
followed by different letters above the bars, which indicate significant differences between treatments

at 0.05 level by LSD.
4
] @ pgri
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P. +Ri RootP CIpPT2
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Figure 6. The unsupervised principal component analysis (PCA) of selective physiological parame-
ters in lemon (Citrus limon L.) seedlings inoculated with Rhizophagus intraradices under Py and Psg
conditions. Abbreviation: Py: 0 mg/kg; Psp: 50 mg/kg.
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4. Discussion

The Citrus genus comprises woody plants with thick roots, including lemons, which
are heavily dependent on AMF. The present study shows that lemon seedlings have
68.63% and 49.10% mycorrhizal colonization under Py and P5p conditions, respectively,
which is consistent with the results of a previous study on Poncirus trifoliata colonized by
Funneliformis mosseae under different P levels [11,21]. These results further confirm the
high dependency of citrus species on AME. Although previous studies have demonstrated
the importance of AMF and P in the development of plant RSA, most have focused on
its morphology and physiology [1,11,28]. Therefore, it is important to clarify the effects
of AMF and P levels on RSA and screen out the main factor underlying this dependency
when there is an interaction between AMF and P.

The regulation of AMF on the RSA of host plants is mainly manifested in the increase
in root length, surface area and projection area, number of LRs, and changes in root hair
density. However, the regulation effects depend on the plant and/or fungal species [29]. In
the present study, AMF-colonized seedlings showed better RSA characteristics than non-
colonized seedlings regardless of substrate P levels, which is in accordance with the results
of previous studies on trifoliate orange [28] and strawberry [30] colonized by various
AM fungi. Moreover, the effective utilization of P can promote RSA by increasing the
density and length of root hairs and the formation and elongation of LRs [31]. Under low P
treatment, LR numbers and root hair density in Arabidopsis thaliana can be increased through
a reduction in taproot length, thus improving the RSA [32]. The present study shows that P
deficiency strongly stimulates root development and increases RSA parameters, which is
inconsistent with the research results on tea plants under a low P treatment (0.5 mM) [12]. It
is likely that the effect of P addition and different P levels on RSA may be related to species
specificity, as well as closely related to the environmental conditions of plant growth [33].

It is well known that an improvement in root morphology by AMF is mainly due
to its promotion of P absorption and metabolism by host plants [34,35]. In the present
study, AMF inoculation resulted in markedly higher P content and phosphatase activities
in roots when compared to non-AMF seedlings, because extracellular mycorrhizal hyphae
secreted and accumulated a large amount of phosphatase, which enhances the activity
of phosphatase and promotes the absorption of P by host plants [36]. PT genes play
a critical role in P absorption and transportation. The present study shows that AMF
induces an intense upregulation in the relative expression of CIPT1, CIPT3, CIPT5, and
CIPT7, which is consistent with the findings of Shao et al. [12] on tea plants colonized by
Clariodeoglomus etunicatum and the findings of Liu et al. [37] on trifoliate orange colonized
by Funneliformis mosseae. Such results indicate that the enhancement in P absorption and
transportation by AMF is mainly concentrated in the roots, as mycorrhizal PTs are located
around the arbuscule membrane [38].

In addition, acid phosphatase genes (PAPs) mainly act on the strength of phosphatase
activity, and these PAPs could be induced under low P stress, thereby enhancing the activity
of phosphatase [39]. It has been shown that P deficiency induces PtPAP expression and acid
phosphatase activity in trifoliate orange plants [40]. In the present study, AMF inoculation
significantly upregulated the expression of CIPAP1 but notably decreased the expression
of CIPAP2 and CIPAP3 in lemon seedling roots, which is in accordance with the results of
Liu et al. [37], who observed a downregulation trend in trifoliate orange under 0.1 and
1 mM P levels, indicating that the activities of phosphatase enzymes are mainly regulated
by CIPAP1 in lemon seedlings colonized by Rhizophagus intraradices. Both PAP2 and PAP3
play significant roles in catalyzing organic P storage in plants, releasing inorganic P, and
ensuring P supply [41]. Subsequently, AMF colonization induced PAPI expression and,
thus, secreted phosphatase outside the cells to hydrolyze the P source outside the plant
for further utilization [42]. Interestingly, PCA showed that the PT genes, including CIPT1,
CIPT3, CIPT5, and CIPT7, and the phosphatase gene CIPAP1, were negatively correlated
with RSA parameters, but root P content was significantly positively correlated with
RSA characteristics, suggesting that CIPTs and CIPAP1 did not directly participate in the
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establishment of root configuration but played a role in P absorption and transport, which
was related to root configuration through the increase in root P.

Studies on trifoliate orange showed that colonization by F. mosseae significantly in-
creased plant sucrose, fructose, and glucose concentrations under 0, 3, and 30 mM P
treatment [21], and the same results were obtained by Wu et al. [43] on trifoliate orange
colonized by F. mosseae and Paraglomus occultum under drought stress. The present study
shows a significantly higher concentration in carbohydrate under two P levels, which is
consistent with the above studies. Nevertheless, the combined effect of P and AMF weak-
ened the sugar accumulation in lemon roots, especially sucrose content, which may be due
to the consumption of mycorrhizal fungi, as about 4-20% of the host carbohydrates (mainly
glucose) would provide for AMF growth [44]. Moreover, exogenous fructose, glucose, and
sucrose application improved the root development and increased root system traits in
trifoliate orange seedlings [44]. Zhou et al. [45] also demonstrated that sugar signaling
mediated the cluster root formation induced by P starvation in white lupin. The PCA
showed a positive correlation between RSA traits (including LR development) and the
contents of sucrose, glucose, and fructose. However, Chen et al. [35] proposed that sugar
metabolism had dramatically negative effects on LR development. In fact, carbohydrate
competition occurred between AMF and root development [35]. Root carbohydrates may
contribute to the metabolism necessary for RSA on the premise of meeting the growth
needs of AME. The relationship between sugar metabolism and the establishment of RSA is
complex and requires further detailed research.

Molecular indicators are particularly important for the establishment of RSA. Previous
studies have shown that ARFs and KPR1 are involved in LR development in Arabidopsis [18,19].
Chen et al. [1] reported that the expression of KRP6, PSK6, and RSI-1 was involved in
the LR development of trifoliate orange colonized by R. irregularis, in which PSK6 was
identified as the key gene in LR indication. In addition, auxin synthesis and transport-
related genes and expansions have been widely implicated in the growth and development
of roots and root hairs in several plant species [1,11,46]. In the present study, P deficiency
significantly inhibited the expression of CIPSK6 and CIKRP6 in non-AMF seedlings. AMF
inoculation sustainably upregulated CIPSK6 and CIRSI-1 expression in lemon seedlings
under both Py and P5( conditions, as well as CIKPR6 expression under Py conditions. These
results are consistent with those of Chen et al. [1] on trifoliate orange colonized by R.
irregularis. Additionally, the PCA showed that the expression of CIKRP6 and CIPSK6 was
closely positively correlated with RSA traits and AMF colonization, which is in accordance
with the data showing that an increased expression of CIPSK6 and CIKRP6 promotes
LR formation [1,47]. Nevertheless, our results show that the expression of CIRSI-1 is
negatively correlated with RSA parameters, suggesting that an increased expression of
CIRSI-1 suppresses RSA formation. The responses of gene expression patterns induced by
AMEF species are likely dependent on plant genotypes, which will be addressed.

5. Conclusions

AMEF promoted root P accumulation in lemon seedlings by upregulating the expression
of CIPTs and CIPAP1, along with an improvement in RSA by promoting the accumulation
and distribution of root carbohydrates. Furthermore, AMF upregulated the expression
of LR-related genes, thus contributing to LR formation and RSA improvement. Overall,
compared to P levels, AMF had a greater impact on the studied parameters, at least
within the range of P levels tested in the present study (Figure 7). Therefore, in the future
management of citrus orchards, more attention should be paid to the number of soil and
root AMF populations, such as sod cultivation in the orchard to promote the formation of
AMF populations and their colonization in roots, which will facilitate the establishment of
RSA and, thus, promote the vigorous growth of citrus trees.
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Figure 7. Construction diagram of AMF acting on root system in lemon (Citrus limon L.) seedlings.
The thickness of the arrow line indicates the strength of its functions.
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