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Abstract

Key message ‘Newhall’ grafted onto xiangcheng root-

stock with Glomus versiforme or without displayed dif-

ferent responses, and genes related to photosystem II

and alpha-linolenic acid metabolism pathways were

involved in the responses.

Abstract Previous studies have shown that there are sig-

nificant differences in the physiological responses of ‘Ne-

whall’ (Citrus sinensis) scions grafted onto trifoliate orange

(Poncirus trifoliata) to arbuscular mycorrhizal (AM) fungi

inoculation under normal and stress conditions. However,

little is known about the transcriptomic responses of C.

sinensis to AM fungi inoculation. In this study, we inves-

tigated the effects of inoculating the AM fungus Glomus

versiforme on the biomass, pigment content, magnesium

(Mg) content and distribution, net photosynthesis rate, and

global transcriptome profile of ‘Newhall’ scions grafted

onto xiangcheng (Citrus junos) rootstock. The results

showed that AM inoculation significantly increased plant

growth, Mg concentration, and photosynthesis, but not

pigment contents. More than 68,299,008 transcripts were

examined in spring-flush leaves, and 29 genes were iden-

tified as being differentially expressed in response to

mycorrhizal colonization. The differentially expressed

genes encoded proteinase inhibitors, transporters, and

products related to chlorophyll and disease resistance.

Genes encoding proteins related to chlorophyll and trans-

port were up-regulated by AM inoculation while genes

encoding proteinase inhibitors were down-regulated. Gene

Ontology and KEGG database analyses revealed that genes

related to photosystem II and alpha-linolenic acid meta-

bolism pathways were involved in the response to AM

inoculation. Comparative expression profiling revealed that

the enhancement of photosynthesis after AM inoculation

was due to activation of the light-harvesting complex

family of proteins in photosystem II. Our results provide

new insights into plant–mycorrhizal fungi interactions and

their effects on plant growth.

Keywords Citrus sinensis � Arbuscular mycorrhizal

fungi � Photosynthesis � Transport

Introduction

‘Newhall’ (Citrus sinensis) navel orange is an important citrus

cultivar that is usually grafted onto trifoliate orange (Poncirus

trifoliata) or xiangcheng (Citrus junos) rootstocks, the most

common rootstocks in the citrus-producing areas of China.

However, P. trifoliata and C. junos have short root hairs, or

few root hairs, in field conditions. Thus, they rely on arbus-

cularmycorrhizal (AM) fungi for optimal growth (Wang et al.

2012; Wu and Xia 2006). The mutualistic symbiosis between

plant roots and AM fungi is a complex trait resulting in

cooperative interactions between the two symbionts. The

effectiveness of AM colonization in terms of nutrient
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acquisition and photosynthesis differs markedly among dif-

ferent AM fungi and host plant genotypes (Ortas and Ustuner

2014; Talaat and Shawky 2014). Our previous study showed

that an AM fungus enhanced growth, photosynthesis and the

absorption of Mg and Zn in ‘Newhall’ scions grafted onto

trifoliate orange rootstock under normal and stress conditions

(Chen et al. 2014; Xiao et al. 2014). It is well established that

theAMsymbiosis improves plant nutrition as a direct effect of

nutrients being taken up via the mycorrhizal pathway, and as

an indirect effect ofmorphological and physiological changes

to the roots (Cavagnaro 2008). AM fungi may also influence

nutrient availability via their effects on the physicochemical

properties of the soil, nutrient cycling and microbial com-

munities (Cavagnaro et al. 2015). Thus, we hypothesized that

the growth, photosynthesis and Mg absorption were also

higher in mycorrhizal ‘Newhall’ scions grafted onto xiang-

cheng rootstock than in non-mycorrhizal plants, and the

responses of grafted C. sinensis to AM colonization can be

explained using relevant transcriptomic and physiological

studies.

The interactions between plant roots and AM fungi

include the bi-directional exchange of signalling molecules

and metabolic resources. The formation of the mycorrhizal

association in the roots leads to plant-wide modulation of

gene expression. To understand the systemic effect of the

fungal symbiosis on the host, the global transcriptome

profilings on tomato fruits (Zouari et al. 2014) have been

investigated using RNA-Seq technologies. However, the

knowledge about transcriptional diversity and the mecha-

nisms of citrus–mycorrhizal fungi interactions remains

largely unstudied. Here, we evaluated the effects of myc-

orrhization by Glomus versiforme on ‘Newhall’ scions

grafted onto xiangcheng rootstocks by comparing plant

growth, photosynthesis, Mg concentration and distribution

and RNA-seq data between AM-inoculated plants and non-

inoculated (non-AM) plants.

Materials and methods

Plant culture and experimental procedures

‘Newhall’ (C. sinensis) navel orange grafted onto 2-year-

old xiangcheng (C. junos) seedlings with a uniform root-

stock stem diameter (1.3–1.4 cm) were selected for these

experiments. The initial shoots (about 4–5 cm above the

grafting zone) of the rootstock were removed. All the

materials were virus-free (rootstocks and scions) and were

harvested from the Fine Varieties Breeding Center of

Citrus in Zigui County, Hubei Province, China.

According to Papadakis et al. (2004), the major part of

the root system of the plants were severely pruned to

maintain highly similar root systems before the treatments

and to stimulate new root development. A small number of

the roots may have been infected with native AM fungal

species, which should not have differed significantly

among these plants because they had so few roots. Sub-

sequently, all the plants were washed with deionized water

to remove surface contamination, and then transplanted

into pots (one plant per pot) containing 3.0 kg quartz sand

and perlite (1:1 v/v) medium that had been sterilized by

autoclaving (0.11 MPa, 121 �C, 2 h). Before transplanta-

tion, the medium had been washed with 3 % (v/v)

hydrochloric acid (HCl) overnight and then rinsed thor-

oughly with deionized water.

The mycorrhizal inoculum, provided by the Institute of

Plant Nutrition and Resources at the Beijing Academy of

Agriculture and Forestry Sciences, consisted of spores, soil,

hyphae and infected root fragments from a stock culture of

Glomus versiforme (No. BGC HUN02B). The inoculation

dose was 120 g inoculum (containing*600 spores) per pot.

The inocula were placed 5 cm below roots at the time of

transplantation. In the non-AM treatment, the sameweight of

autoclaved mixture was added to the medium.

The plants were initially irrigated with distilled water

every 2 days, until the shoots sprouting from the scions

were about 10 cm long. Then, the plants were supplied

with �-strength Hoagland’s No. 2 nutrient solution (half-

strength macronutrients and full-strength micronutrients)

every 2 days. The modified full-strength nutrient solution

contained 4 mmol L-1 Ca(NO3)2�4H2O, 6 mmol L-1

KNO3, 1 mmol L-1 NH4H2PO4, 2 mmol L-1 MgSO4-

7H2O, 46 lmol L-1 H3BO3, 9 lmol L-1 MnCl2�4H2O,

0.3 lmol L-1 CuSO4�5H2O, 0.1 lmol L-1 H2MoO4 and

50 lmol L-1 Fe-EDTA.

Each scion was grown in a greenhouse for 6 months

under natural daylight from April to September. The

average day/night temperature was 25/20 �C and the

average air relative humidity was 80 %. The site was

located at 31�200N latitude, 119�210E longitude, at 10 m

above sea level.

Analyses of mycorrhizal colonization, plant biomass

and magnesium

At harvest time, plant height was measured with a mea-

suring tape. A portion of fresh roots was carefully washed

and cut into 1-cm pieces to fix in formalin–acetic acid–

alcohol solution. These root pieces were cleaned with 10 %

(w/v) KOH and stained with 0.05 % (w/v) trypan blue in

lactophenol (Phillips and Hayman 1970), and microscopi-

cally detected for root colonization. The mycorrhizal col-

onization was counted by the following formula:

mycorrhizal colonization (%) = 100 9 root length infec-

ted/root length detected. Mycorrhizal dependency was

defined as the ratio of the dry weight of the AM-inoculated
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plants to that of the non-AM-inoculated plants (Graham

and Syvertsen 1985).

For each sample, the leaves, scion stems, rootstock

stems, and roots were separated. For the leaves, basal

leaves (spring-flush) and upper leaves (summer and

autumn-flush) were collected based on different phases of

shoot growth. The plant materials were dried at 75 �C for

48 h and the dry weights were measured. Then, samples

were ground to a fine powder and wet-digested in HNO3–

HClO4 (4:1 v/v) before Mg analysis by inductively coupled

plasma optical emission spectrometry (ICP-OES, Perkin

Elmer Optimal 2100 DV, Perkin Elmer, USA).

Pigment and photosynthesis analyses

Chlorophylls and carotenoids were extracted from spring-

flush leaves and quantified as described byWang (2006). The

net photosynthetic rate (Pn) of spring-flush leaves was

determined using a CI-340 portable photosynthesis system

(CID Bio-Science, Inc., Camas, WA, USA) at an ambient

CO2 concentration under a controlled light intensity of

1000 lmol m-2 s-1 between 10:00 and 11:00 on a clear day.

Experimental design and statistical analysis

The experiment was made up of G. versiforme-inoculated

treatments (AMF) and non-AM-inoculated treatments

(non-AMF). Three replications (two plants in each repli-

cate) were designated for each treatment, making a total of

12 pots.

The data were subjected to analysis of variance

(ANOVA) using Statistical Product and Service Solutions

software (SPSS Institute Inc. Chicago, IL, USA) and dif-

ferences were compared by Duncan’s test with a signifi-

cance level of p\ 0.05.

RNA-seq library preparation and sequencing

To examine the transcriptome of mycorrhizal ‘Newhall’

plants, we collected spring-flush leaves from AM plants

and non-AM plants at harvest time. The leaves from groups

of three plants per treatment were pooled and frozen in

liquid nitrogen and stored at -80 �C for RNA extraction.

Total RNA was extracted from the above-cited leaf sam-

ples using Trizol reagent. Then, RNA degradation and

contamination was monitored by electrophoresis on 1 %

agarose gels. For each sample, 3 lg RNA was used as input

material to prepare RNA samples. The enrichment of

mRNAs, fragment interruption, addition of adapters, size

selection, PCR amplifications and RNA-seq were per-

formed by staff at WuXi AppTec (Shanghai, China).

Poly(A) mRNA was isolated using oligo dT beads and then

cleaved into short fragments. The RNA-seq libraries were

prepared from two samples of AM and non-AM plants, and

sequenced on the Illumina HiSeq 2000 platform.

Quality control

Clean data were obtained by removing reads containing

adapters and low-quality reads from the raw data. All sub-

sequent analyses were based on clean, high-quality data.

Read mapping to reference genome

The reference genome and gene model annotation files were

downloaded directly from the citrus genome website (http://

citrus.hzau.edu.cn/orange/). An index of the reference gen-

ome was built using Bowtie software. Raw reads were fil-

tered to obtain high-quality reads by removing low-quality

reads. The high-quality reads were mapped onto the C.

sinensis reference genome using TopHat. Differential

expression was estimated and tested with R software. Gene

expression was quantified in terms of RPKM values. Tran-

scripts with p\ 0.05 were considered to be significantly

differentially expressed between AM and non-AM plants.

Quantification of gene expression levels

The R package cummeRbund was used to count the

number of reads mapped to each gene. Then, the reads per

kilobase of exon model per million mapped reads (RPKM)

value for each gene was calculated based on the length of

the gene and the number of reads mapped to it.

Differential expression analysis

Before the differential gene expression analysis, for each

sequenced library, the read counts were adjusted using the

R program package through one scaling normalized factor.

A corrected p value of 0.05 was set as the threshold for

significant differential expression.

GO and KEGG enrichment analysis of differentially

expressed genes

We performed a gene ontology (GO) functional analysis to

identify the biological processes that were most strongly rep-

resentedby thedifferentially expressedgenes (DEGs).Wealso

conducted a GO enrichment analysis for DEGs. GO enrich-

ment analyses of mycorrhizal-responsive genes were imple-

mented with InterPro software. GO terms with a corrected

p value\0.05 were considered to be significantly enriched.

A KEGG pathway (http://www.genome.jp/kegg/pathway.

html) enrichment analysis was conducted to identify signifi-

cantly enriched metabolic or signal transduction pathways in

DEGs compared with the whole genome background.
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Results

Plant growth and photosynthesis

The absence of mycorrhizae from roots was confirmed for

the non-AM ‘Newhall’ plants. Compared with non-AM

plants, the AM plants showed a 15.95 % increase in plant

height, a 20.87 % increase in leaf number, and a 22.91 %

increase in dry weight per plant (Table 1).

There were no significant differences between non-AM

and AM plants in leaf chlorophyll a, chlorophyll b,

chlorophyll a ? b, carotenoid concentrations. However,

the Pn was 48.56 % higher in AM plants than in non-AM

plants (Table 2).

Magnesium concentrations in different plant parts

The AM plants showed significantly increased Mg con-

centrations in various parts of the plant. The Mg concen-

trations in the upper leaves, basal leaves, scion stems,

rootstock stems and roots were 15.93, 10.34, 23.56, 26.09

and 18.25 % higher, respectively, in AM plants than in

non-AM plants. Regardless of the presence of the AM

fungus, the highest Mg concentrations were in the roots and

the lowest were in the rootstock stems (Fig. 1).

Read number, transcriptome coverage and total

expressed genes

To identify DEGs between AM and non-AM plants, we

filtered the sequences, estimated the transcriptome cover-

age and then identified the expressed genes. The raw reads

obtained from the Illumina HIseq were filtered and checked

for sequence contaminants with the fastQC application.

Contaminant-free, filtered reads (120–130 million for each

sample; Table 3) were mapped with Bowtie/TopHat to the

navel orange genome sequence that was obtained from the

website. The raw read counts were obtained using HTSeq

software. A RPKM cut-off value of 0.1 was set to detect

the expression of a particular locus.

To obtain an overview of the transcriptional information

for navel orange leaves and prepare the reference database

for the RNA-Seq analysis, a normalized cDNA pool was

constructed from AM and non-AM plants using the Illumina

HiSeq 2000 platform. First, we obtained a total of about

124.7 million raw reads with an average length of 125 nt

(Table 3). After data filtering and quality checks, more than

124.5 million clean reads (99.78 % of the raw reads) were

generated with a Q30 (base quality more than 30) of 89.0 %.

The total length of the reads was more than 31.2 Gb. Paired-

end sequencing was performed on the two samples using the

Table 1 Mycorrhizal colonization, plant height, leaf number per plant, dry weight per plant, and mycorrhizal dependency of ‘Newhall’ (C.

sinensis) scions grafted onto xiangcheng (C. junos) rootstock with an arbuscular mycorrhizal fungi (AMF) or without (Non-AMF)

AMF

status

Mycorrhizal

colonization (%)

Plant height

(cm)

Leaf number

per plant

Dry weight per

plant (g plant-1)

Mycorrhizal

dependency (%)

AMF 55.33 ± 7.37* 48.20 ± 1.25* 65.67 ± 5.51* 38.73 ± 2.83* 124.34 ± 25.40

Non-AMF 0 41.57 ± 1.75 54.33 ± 3.06 31.51 ± 1.51

* Indicates a significant difference at p\ 0.05 in each column

Table 2 Leaf chlorophyll and carotenoid concentrations, and net photosynthetic rate (Pn) of ‘Newhall’ (C. sinensis) scions grafted onto

xiangcheng (C. junos) rootstock with an arbuscular mycorrhizal fungi (AMF) or without (Non-AMF)

AMF

status

Chlorophyll

a (mg g-1FW)

Chlorophyll b

(mg g-1 FW)

Chlorophyll a ? b

(mg g-1 FW)

Carotenoid

(mg g-1 FW)

Pn

(l mol m-2 s-1)

AMF 1.17 ± 0.04 0.71 ± 0.06 1.87 ± 0.10 0.18 ± 0.01 9.27 ± 0.71*

Non-AMF 1.08 ± 0.07 0.78 ± 0.05 1.86 ± 0.09 0.12 ± 0.03 6.24 ± 0.41

* Indicates a significant difference at p\ 0.05
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Fig. 1 Mg concentrations of upper leaves, basal leaves, scion stems,

rootstock stems and roots of ‘Newhall’ (C. sinensis) scions grafted

onto xiangcheng (C. junos) rootstock with an arbuscular mycorrhizal

fungi (AMF) or without (Non-AMF). Values represent the

mean ± SE of three replicates (n = 3), samples from two plants

were collected for each replicate. Bars with asterisk indicate

significant differences at p\ 0.05
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IlluminaHiseq 2000 platform, generating 139,684,647 (non-

AM plants) and 124,790,090 (AM plants) 125-bp reads. We

pooled the short reads and aligned them against the citrus

reference genome using TopHat.

With a false discovery rate (FDR)\0.001, a total of 29

genes were identified as DEGs; 15 DEGs had reduced

expression levels in AM plants, and 14 DEGs had

increased expression levels in AM plants (Fig. 2). The

expression levels of most genes were unaffected by AM

inoculation, suggesting that AM colonization targets only a

limited number of genes.

Differentially expressed genes and overrepresented

categories

To identify DEGs, we used CummeRbund in the R package

to evaluate the significance of differences in expression and

to control for the FDR. Pearson’s correlation coefficients

among biological replicates were subjected to the same

treatment and were all greater than 0.95. The FDR

threshold was set to 0.1 and gene dispersion values were

calculated by fitting a curve using the DESeq ‘‘fit-only’’

mode. Using these criteria, we identified 29 DEGs

(Table 4), including 14 up-regulated genes and 15 down-

regulated genes in AM plants, compared with non-AM

plants. We also determined the degree of differential

expression by comparing the log-transformed fold-change

in expression levels between control and AM plants.

Among the DEGs, the three most highly expressed genes in

AM plants were those encoding a chlorophyll a/b-binding

protein, a pentatricopeptide repeat-containing protein, and

the chloroplastic pumilio homolog 6. These gene products

are related to important processes in the chloroplast.

With the CummeRbund package in the statistics environ-

ment R, we set the adjusted p value to 0.05 as the threshold to

select DEGs between non-AM and AM plants (Supplemen-

tary Fig. S1). To estimate the gene expression levels from the

sequencing data, the fragments per kilobase of exonmodel per

million mapped fragments (FPKM) values were applied to

normalize and evaluate each unigene. Statistics of the distri-

bution of the FPKMvalues showed that the expression level of

most unigenes was between 0 and 100.

Gene ontology annotation of differentially expressed

genes

We conducted a gene ontology (GO) enrichment analysis

to identify the major gene groups affected by mycorrhizal

inoculation. As in all RNA-Seq experiments, the variable

length of transcripts may produce biases in the data. The

functional classifications were defined using GO terms,

which provide broad functional classifications for genes

and gene products based on their corresponding biological

processes, cellular components and molecular functions

(Fig. 3). The largest category was molecular function, and

‘endopeptidase inhibitor activity’ was the largest group in

this category, followed by ‘protein binding’ and ‘RNA

binding’. Among the ten functional groups in the biological

process category, GO terms were predominantly associated

with ‘protein phosphorylation’, ‘signal transduction’, and

‘defence response’. The groups of GO terms suggested that

a large part of the navel orange transcriptome is devoted to

the control of the main metabolic processes (i.e. photo-

synthesis) and to ion transport. For example, genes

involved in photosynthesis, transport process, and catalytic

activity accounted for 21.4, 28.57 and 50 %, respectively,

of the core set of regulated genes.

Pathway definitions were obtained from the KEGG

database (Supplementary Fig. S2). Genes involved in

photosystem II and the alpha-linolenic acid metabolism

pathway showed marked changes in expression between

AM and non-AM orange plants. The very high proportions

Table 3 Read number and alignment summary

Sample Total raw

reads

Total number

of filtered reads

The number

of junctions

Total unique aligned

reads (left) (%)

Total unique aligned

reads (right) (%)

Q30 (%)

AMF 124,790,090 124,522,676 313,035 60,621,907 (48.58 %) 59,492,108 (47.78 %) 89.0

Non-AMF 139,684,647 139,384,122 329,704 68,299,008 (48.9 %) 66,638,477 (47.81 %) 89.4

up-regulared down-regulated

Fig. 2 Differentially expressed genes (DEGs) between non-AM

plants and AM plants: the up- and down-regulated represent the

genes that had an increased and decreased expression levels in navel

orange plants
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Table 4 List of the different expressed genes

Gene ID Locus Value of

AMF

Value of

Non-AMF

Log2 ratio AMF

vs Non-AMF

Descriptions

Cs1g14270 chr1 1.60035 0 – Chlorophyll a - b binding protein

– chr1 1.24859 0 – Unknown

Cs1g18940 chr1 1.91121 0.634821 -1.59006 Putative TIR-NBS-LRR class disease resistance protein

Cs1g24440 chr1 0.990772 5.19945 2.39173 S-adenosyl-L-methionine

– chr1 0 17.328 – Unknown

– chr2 0.594135 0 – Unknown

Cs2g18960 chr2 1.41978 0.047987 -4.88690 Putative uncharacterized protein

Cs3g21075 chr3 23.0818 3.86213 -2.57929 Unknown

Cs3g05800 chr3 17.7558 37.1973 1.06691 Cysteine proteinase inhibitor 5

– chr3 4.03719 0 – Unknown

Cs4g11020 chr4 0.363507 0 – Pentatricopeptide repeat-containing protein

Cs4g11730 chr4 2.02225 4.41178 1.12540 G-type lectin S-receptor-like serine/threonine-protein kinase

– chr4 0.436082 1.23404 1.50072 Unknown

Cs4g12730 chr4 0.335078 0 – Pumilio homolog 6, chloroplastic

Cs4g17230 chr4 9.57697 26.6517 1.47659 Unknown

Cs4g17240 chr4 127.642 510.04 1.99851 Unknown

Cs5g05000 chr5 0.306793 4.81631 3.97259 Calmodulin binding protein, putative

Cs5g05590 chr5 2.10308 0.567041 -1.89098 Putative Mg2? and Co2? transporter CorD (ISS)

Cs5g13890 chr5 18.8875 47.7117 1.33691 Kunitz-type protease inhibitor

Cs5g13960 chr5 9.16853 22.5905 1.30095 Kunitz-type protease inhibitor

Cs5g16850 chr5 30.9153 128.767 2.05837 Kunitz-type protease inhibitor

Cs5g16920 chr5 7.86697 18.6236 1.24325 Kunitz-type protease inhibitor

Cs5g32560 chr5 2.36896 0.355976 -2.73440 Electron carrier/protein disulfide oxidoreductase

Cs5g16580 chr5 0.445753 5.13581 3.52628 Putative uncharacterized protein

Cs5g16770 chr5 11.8252 45.4011 1.94086 Serine protease inhibitor

Cs5g16780 chr5 30.304 66.7176 1.13856 Latex serine proteinase inhibitor

– chr5 0.513394 0 – Unknown

Cs6g08360 chr6 76.9923 38.9933 -0.98149 Unknown

Cs6g11460 chr6 18.4147 6.77854 -1.44181 Zinc transporter

integral component of membrane
membrane

intracellular
metal ion transport

photosynthesis, light harvesting
transmembrane transport

zinc II ion transmembrane transport
cell redox homeostasis

proteolysis
recognition of pollen

defense response
signal transduction

protein phosphorylation
ADP binding

binding
metal ion transmembrane transporter activity

zinc ion transmembrane transporter activity
cysteine-type peptidase activity

electron carrier activity
methyltransferase activity

nucleic acid binding
protein disulfide oxidoreductase activity

thymidine kinase activity
transferase activity…

zinc ion binding
protein serine/threonine kinase activity

cysteine-type endopeptidase inhibitor activity
ATP binding

protein kinase activity
RNA binding

protein binding
endopeptidase inhibitor activity

Numbers of DEGs

Molecular Function
Cellular Component
Biological Process

Fig. 3 Gene ontology (GO)

enrichment in differentially

expressed genes (DEGs). The

32 enriched subcategories are

shown. The y-axis indicates the

different subcategories, and the

x-axis indicates the number of

DEGs in a subcategory
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of trienoic fatty acids in the chloroplast membranes of all

higher plants suggest that these lipids might be essential for

photosynthesis. The chlorophyll-binding subunits of pho-

tosystems I and II are internal antenna light-harvesting

proteins involved in oxygenic photosynthesis. These

antenna proteins in the light-harvesting chlorophyll protein

complexes in green plants act as peripheral antenna sys-

tems, enabling more efficient absorption of light energy.

These annotations provide a valuable resource for investi-

gating specific processes, functions and pathways that are

activated or repressed in navel orange inoculated with an

AM fungus.

Exploration of gene expression

We conducted a hierarchical clustering analysis of the

DEGs to observe the overall gene expression patterns. We

generated a heatmap of RPKM-normalized transcript

counts to illustrate the DEGs between AM plants and non-

AM plants. As shown in Fig. 4, 23 DEGs were divided into

five groups: chlorophyll, disease resistance protein, pro-

teinase inhibitor, transporter and unknown. The genes in

the chlorophyll, disease resistance protein and transporter

groups were up-regulated in AM plants. For example,

genes encoding the chlorophyll a/b-binding protein, a TIR-

NBS-LRR protein, and a zinc transporter were up-regu-

lated in AM plants. On the other hand, some genes in the

proteinase inhibitor group were down-regulated in AM

plants, for example, genes encoding a Kunitz-type protease

inhibitor and a latex serine protease inhibitor.

Discussion

Differences in growth between AM and non-AM

citrus plants

Previous studies have shown that AM fungal colonization

could exert significant influence on the root system archi-

tecture, which were linked to the improved uptake of

nutrients from soil, and then affected plant growth (Padilla

and Encina 2005; Yao et al. 2009). In this study, AM

inoculation increased the Pn in the leaves and the dry

weight per plant of ‘Newhall’ navel orange plants. This

may be related to changes in endogenous hormone levels,

and increased uptake and translocation of water and

nutrients by AM plants (Goicoechea et al. 1997).

It is widely accepted that the AM association increases

the biomass production of the plant. Similarly, the growth

of prairie grasses was strongly correlated with AM colo-

nization (Wilson et al. 2012). In acacia, root and shoot

weights were significantly higher in AM plants than in non-

AM plants (Giri et al. 2003). However, there were no

significant differences in the dry weights of organs of

Trifolium repens between AM and non-AM plants (Wright

et al. 1998). In our study, we found that the biomass of C.

sinensis plants was markedly increased in AM plants, both

for above-ground and below-ground organs. These results

indicated that this specific AM fungus positively affected

the growth of grafted navel orange plants. However, the

effects of AM fungi on growth differ among plant species.

The production and distribution of biomass can involve

significant energy inputs, consuming photosynthetic prod-

ucts and nutrients. In another study, the specific leaf area

was greater in AM orange plants than in non-AM orange

plants, leading to an increased photosynthetic rate in the

AM plants (Ruotsalainen and Kytöviita 2004; Wright et al.

1998). Also, the acquisition of nutrients (e.g. phosphorus

and nitrogen) was greater in AM plants than in non-AM

plants, and this may have contributed to the greater bio-

mass of AM plants (Jha et al. 2012; Liu et al. 2014).

Genes related to photosynthesis

Many studies have shown that AM fungi positively affect

photosynthesis, consistent with our findings. Previous

studies have reported that chlorophyll a, chlorophyll b and

total chlorophyll concentrations were significantly higher

in AM plants than in non-AM plants (Wu et al. 2015). An

AM fungus may stimulate plant growth through increasing

the total chlorophyll concentration. However, we observed

Fig. 4 Clustering and heatmap of expression values for differentially

expressed genes (DEGs). Light and dark colors indicate higher and

lower expression values, respectively. The heatmap was generated

from CummeRbund normalized counts and further processed with

custom scripts based on heatmap function
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that the total photosynthetic pigment (chlorophyll and

carotenoid) concentrations were not significantly different

between AM and non-AM navel orange plants. Therefore,

the observed increase in Pn did not result from increased

chlorophyll concentrations in this case. It was shown that

AM plants exhibited increased efficiency for photosyn-

thetic energy conservation and increased photosynthetic

performance (Zubek et al. 2009, 2010). Additionally, AM

infection led to more intense electron flow and a higher

productive photosynthetic activity at several sites of the

photosynthetic electron-transport chain. Also, AM fungi

were shown to have a stabilizing effect on the donor site of

photosystem II and on the electron-transport chain between

photosystems I and II (Pinior et al. 2005). In all plants,

photosynthesis uses solar energy collected by the light-

harvesting complex (LHC) associated with photosystem II.

The results of the RNA-Seq analysis revealed that several

genes encoding products related to the LHC were up-reg-

ulated in AM navel orange plants, in agreement with

Cicatelli et al. (2012), who showed that genes encoding the

chlorophyll A-B-binding protein/LHC1 type III are up-

regulated in AM white poplar plants.

Transport-related genes

The AM fungus establishes a symbiosis with roots and

improves the mineral nutrition of the plant. One of the most

dramatic effects of colonization by AM fungi on the host

plant is the increase in phosphorus uptake. Phosphorus has

been shown to play important role in the tolerance of

mycorrhizal plants to pathogens and alleviates the delete-

rious effects of saline soils on plant growth (Giri et al.

2007).

Recent research has identified the networks of genes

involved in phosphate and nitrogen acquisition in plants

with mycorrhizal symbioses. Analyses of the phylogenetic

relationships of transport proteins in different plants

revealed that they were non-orthologous (Paszkowski et al.

2002). Some genes encoding Pi- and N-transporters have

been cloned from pea (Grønlund et al. 2013), maize (Tian

et al. 2013) and Sorghum (Koegel et al. 2013), but few

genes involved in Mg transport have been shown to be

involved in mycorrhizal function. Burleigh et al. (2003)

reported that a Zn transporter in Medicago truncatula was

regulated by a mycorrhizal fungus. The association of AM

fungi with the roots of navel orange significantly enhanced

Mg accumulation in all parts of the plant, especially the

roots and leaves. Analyses of the transcriptomic profiles

revealed that a set of genes that potentially encode Mg-,

Zn- and Co- transporters were up-regulated in AM plants.

These molecular data suggest that AM navel orange

translocated more Mg into the leaves to increase the pho-

tosynthetic rate, consistent with the physiological data.

Defence-related regulation

The successful colonization of plant roots by beneficial

microbes depends on the ability of the microbe to manip-

ulate the defence responses of the host. AM inoculation

leads to increased disease resistance and higher activities/

increased abundance of antioxidant enzymes, stress-re-

sponsive proteins, defensive enzymes, chitinase, specific

lectins and increased concentrations of some plant hor-

mones (Foo et al. 2014; Zhao et al. 2014; Xiao et al. 2015).

In our study, AM plants showed repressed expression of

some genes encoding pathogenesis-related proteins. TIR-

NBS-LRR proteins include a nucleotide-binding site

(NBS), a leucine-rich repeat (LRR) region and a motif

homologous to the cytoplasmic domains of the Drosophila

Toll protein and the mammalian interleukin-1 receptor

(TIR). These proteins are a type of disease resistance

(R) protein. Resistant plant genotypes can prevent patho-

gen entry via a defence mechanism, which, in the simplest

model, is initiated through a direct or indirect interaction

between an R gene product and a specific biotrophic

pathogen avirulence gene product (Miller et al. 2008). The

observation in tomato that defense-related PR-1 protein

accumulates around arbuscules has been reported for many

other mycorrhizal plants. Gianinazzi-Pearson (1996) sug-

gested that the resistance of arbuscule-containing cells is

linked to the low priming of defense genes in these cells.

We believe that the expression of defense genes may both

affect arbuscule-containing and the stage of AM develop-

ment. Krajinski et al. (1998) reported that RNA accumu-

lation of the gene psam2, which could belong to a group of

genes related to plant defence or pathogenesis, was

repressed at late stages of AM development. In the present

investigation, we found that the expression levels of the

TIR-NBS-LRR disease resistance protein are decreased,

which may be beneficial to AM development in navel

orange plants.

Concomitantly, many genes encoding protease inhibi-

tors were induced in the AM plants. Protease inhibitors are

widely distributed in plants. They function in biochemical

defence responses, as storage proteins, and in the regula-

tion of endogenous protease activity. We observed that

genes encoding Kunitz-type proteinase inhibitors were

activated in the AM navel orange plants. These proteins are

a prominent feature of local and systemic defence

responses in plants induced by insect feeding or mechani-

cal wounding (Philippe et al. 2009).

In conclusion, our results show that an AM fungus

significantly increased the growth, net photosynthetic rate

and Mg concentrations in grafted C. sinensis plants, and

also affected the distribution of Mg in the plant tissues.

Genes encoding proteinase inhibitors, transporters, disease

resistance proteins and chlorophyll-binding proteins were

1080 Trees (2016) 30:1073–1082
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differentially expressed between AM and non-AM plants.

Our results suggest that AM fungi increase the growth of C.

sinensis plants by enhancing photosynthesis and nutrient

absorption. The AM plants strongly expressed genes

encoding transporters and showed increased Mg concen-

trations. Also, their increase in photosynthesis was

accompanied by increased expression of genes encoding

members of the LHC family, which form a part of photo-

system II. Nevertheless, the regulation and function of

some genes are still poorly understood. Therefore, further

research is required to clarify the mechanisms by which

AM fungi promote plant growth.
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Pinior A, Grunewaldt-Stöcker G, von Alten H, Strasser RJ (2005)

Mycorrhizal impact on drought stress tolerance of rose plants

probed by chlorophyll a fluorescence, proline content and visual

scoring. Mycorrhiza 15:596–605. doi:10.1007/s00572-005-0001-

1
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