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Abstract

Arbuscular mycorrhizal fungi (AMF) enhance plant discase resistance, while the underlying
mechanisms in the molecular levels are not yet known. In this study, five-leaf-old trifoliate orange seedlings
were inoculated with Funneliformis mosseae for 14 weeks and subsequently were infected by a citrus root rot
pathogen Phytophthora parasitica by 7 days. The transcriptome results by Illumina HiSeq 4000 revealed that
the percentage of Q30 bases reached 92.99% or above, and 29696 unigenes were annotated in a total of 63531
unigenes. 654 and 103 differentially expressed genes (DEGs) were respectively annotated in AMF-inoculated
versus non-AMF-inoculated plants under non-infection and infection with P. parasitica, respectively, whilst
these DEGs were related to defense mechanisms, signal transduction mechanisms and secondary metabolites
biosynthesis. Forty-two genes were functionally annotated as the putative 'defense mechanism', whilst AMF
inoculation induced 1 gene down-regulated and 3 genes up-regulated under P. parasitica infection. AMF
inoculation stimulated more genes linked to signal transduction mechanism down-regulated than non-AMF
plants. Eight genes were involved in secondary metabolites biosynthesis in AMF versus non-AMF seedlings
under P. parasitica-infection conditions. Such transcriptome database provided total information in the

molecular levels regarding mycorrhizal roles in tolerating Phytophthora parasitica infection.
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Introduction

Citrus trees are susceptible to a large number of diseases, including root rot. The main pathogen of citrus
root rot in China is Phytophthora parasitica (Tian et al., 2018). Soil arbuscular mycorrhizal fungi (AMF) can
build mutual symbionts with most plants (includingcitrus), viz. arbuscular mycorrhizas (AMs) (He ez al., 2019,
2020; Wu ez al., 2019; Zhang et al., 2020). Many studies showed a crucial function of AMF on increased plant
disease resistance (Xie ¢f al., 2019; Zhang et al., 2019; Gao et al., 2020). Ozgonen et al. (2010) inoculated AMF
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on Arachis hypogaea plants to study its effects on stem rot caused by Sclerotium rolfsii, and found that all the
selected AMF species, including Funneliformis etunicatum, F. clarum, F. caledonium, and F. fasciculatum
collectively reduced the incidence of stem rot. Inoculation with F. mosseae and Rhizophagus irregularis also
mitigated symptoms of root rot in Aphanomyces euteiches-infected pea (Bodker ez al., 1998; Slezack ez al., 1999).
As a result, it seems that AMF has the capacity to mitigate root rot, whereas the underlying mechanisms are not
yet known.

Transcriptome analysis with high-throughput sequencing (RNA-Seq), a new molecular biology
technique, is designed to elucidate the molecular responses to bacteria-disease occurrence and fungi-disease
occurrence (Gao et al., 2016). RNA-Seq technology also identifies responsive genes of pathogen infection from
large-scale transcripts of plants, and further analyzes disease resistance mechanisms or pathogenic mechanisms
through gene function analysis. Yap er al. (2005) found wound-induced proteins to activate the
phosphorylation cascade in mycorrhiza-inoculated-Medicago truncatula by RNA-Seq. Dao ez al. (2011) found
a chalcone synthase from the transcriptome data of M. truncatula inoculated with Glomus versiforme, which
could enhance plant disease resistance. Lambais and Mehdy (2010) found that in transcriptome of Phaseolus
vulgaris plants, inoculation with Rbizophagus irregularis up-regulated chitinase and $-1,3-glucanase expression
in differentially expressed genes (DEGs) to collectively hydrolyze cell walls of pathogenic fungi (Esquerré-
Tugayé et al., 2000; Hu ez al., 2017). These results conclude that RNA-Seq could reveal the potential
mechanisms at the molecular level in discase resistance. However, information regarding AMF-enhanced
resistance of root rot in molecular levels is scarce.

The objective of the present study was to establish the transcriptome of trifoliate orange (Porncirus
trifoliata L. Raf.) roots after inoculated with an arbuscular mycorrhizal fungus Funneliformis mosseae and a
citrus root rot pathogen Phytophthora parasitica, and to identify DEGs and their metabolic pathways after
AMEF inoculations.

Materials and Methods

Experimental design

The experiment consisted of a completely randomized block design with the inoculation with or
without Funneliformis mosseae and the infection with or without Phytophthora parasitica. The four treatments
were (i) the inoculation without F. mosseae and P. parasitica (-F. m-P. p), (ii) the inoculation with F. mosseae
and without P. parasitica (+F. m-P. p), (iii) the inoculation with P. parasitica and without F. mosseae (-F. m+P.
p), and (iv) the inoculation with F. mosseac and P. parasitica (+F. m+P. p). Each of four treatments was

replicated five times.

Plant culture and pathogen inoculation

The arbuscular mycorrhizal fungal strain, Funneliformis mosseae (Nicol. & Gerd.) Schiifler & Walker
[BGC XZ02A], was used in this study and also propagated with white clover in pots for 3 months, and
mycorrhizal inoculums contained substrates, spores (20 spores/g), mycorrhizal hyphae, and infected root
pieces.

Three 5-leaf-old trifoliate orange seedlings grown in autoclaved (0.11 MPa, 121 °C, 2h) sands were
planted into 1.6-L plastic pots supplied with 1.5 kg of autoclaved substrates of soil and sand (5:1, v/v). At the
same time, mycorrhizal inoculums (90 g per pot) of F. mosseae were applied into the rhizosphere of seedlings as
the AMF treatment. In addition, an equal number of autoclaved mycorrhizal inoculums plus 2 mL filtrate (25
um filter) of the inoculum were mixed with growth substrates as the non-AMF treatment. All the seedlings
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were grown in a greenhouse for 14 weeks with 721 to 967 umol/m?*/s photon flux, 25/19 °C average day/night
temperature, and 75-85% relative humidity.

The pathogenic fungus P. parasitica was freely provided by the Citrus Research
Institute, Chinese Academy of Agricultural Sciences. Such pathogenic infection was conducted out according
to Li er al. (2014) with slight modification. Before the infection, the P. parasitica was cultured on potato
dextrose agar (PDA) at 28 °C for one week. The 70% alcohol solution was utilized to sterilize the root neck of
trifoliate orange seedlings for 10 s. After rinsed with sterilized water, a sterilized needle was used to make a
wound, and 5-mm-diameter mycelial plug of P. parasitica was placed onto the wound. The non-P. parasitica
infection treatment received sterilized PDA with same diameter. Subsequently, moistly sterilized absorbent
cotton covered on the wound. After 7 days of the pathogen infection, the treated seedlings were harvested.

Hlumina sequencing and data processing

The extraction of total RNA in the roots was done using an EASY spin Plus plant RNA kit (Aidlab
Biotecnolohies CO. Ltd, China). DNAase (Takara Bio. Inc, Japan) was utilized to remove genomic DNA.
After checked RNA yield, purity, and integrity, a total of the 12 RNA samples (three replicates
(seedlings)/treatment) with 10 pg total RNA per replicate were sent for RNA-Seq by means of Illimina
Genome Analyzer at Biomaker (Beijing, China) in 2017. After purified and concentrated polyadenylated
mRNAs with dT-conjugated magnetic beads, directional RNA-Seq library was prepared. After reversed
transcription from RNA to ¢DNA, PCR products with 200-500 bp were purified and quantified for
sequencing. Whereafter, Illumina HiSeq 4000 platform was used to sequence the cDNA libraries of each
treated root. The raw data were gathered by the sequencer. The raw sequence reads were uploaded into NCBI,
in which the SRA number is SRR9665367.

The reads containing two N were climinated, the adaptor was changed according to adapter
information, and then the low-quality reads were trimmed to obtain clean data. Trinity software was used to
assemble the clean data and acquire unigenes libraries of each sample.

Identification and annotation of DEGs

To identify DEGs, the edgeR software was utilized. Statistical significance indexes were established
based on the fold change (|log.FC| > 2) and p-value (p < 0.01). BLAST software (version 2.2.26) was used to
compare DEGs with databases of COG, eggNOG4.5, GO, KOG, KEGG, NR, and Swiss-Prot to obtain
annotation information. BLAST parameters e-value not greater than 1xe”® and HMMER parameters e-value
not greater than 1xe”’ were selected.

Results

Evaluation and splicing of sequencing data

A total of 85.80 Gb of clean data was obtained. The clean data of each samples reached 6.32 Gb, and the
Q30 bases percentage was 93% or above (Table 1). As a result, the sequencing data in this study had good
quality, which could meet the need for subsequent analysis. A total of 63531 unigenes were obtained by splicing,
with a total length of 53714816 nt and N50 length of 1715 nt (Table 2). Among them, 15449 unigenes were
longer than 1000 bp, and the average length of unigenes was 845.49 bp. In short, a high-quality transcriptome

assembly database was obtained.
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Table 1. Evaluation statistics of sample sequencing data

Samples Read number Base number GC content % > Q30
-Em-Ppl 23134686 6914175344 44.13% 93.27%
-Em-Pp2 27933199 8338166762 43.77% 93.52%
-Em-Pp3 24333709 7266230434 43.98% 93.29%
-Em+Pp1 23036807 6885404058 43.83% 93.24%
-Em+Pp?2 23153407 6927738352 43.66% 93.46%
-Em+Pp3 24267311 7262604330 43.42% 93.39%
+Em-Ppl 23614036 7063838768 43.99% 92.99%
+Em-Pp2 23095707 6901774502 43.84% 93.22%
+Em-Pp3 22801487 6813786472 44.37% 93.33%
+Em+Pp 1 21160512 6321620442 43.93% 93.07%
+Em+Pp2 22483147 6719494016 43.81% 93.18%
+Em+Pp3 28074161 8387992504 43.78% 93.40%

Abbreviations: +F. m: inoculation with Funneliformis mosseae; -F. m: inoculation without Funneliformis mosseae; +P.

p: infection with Phytophthora parasitica; -P. p: infection without Phytophthora parasitica.

Table 2. Statistics of assembly results

Total number Total length Mean length N50 length
Transcript 171478 287218347 1674.96 2617
Unigene 63531 53714816 845.49 1715

Screening of DEGs

Depending on the relative expression levels of the regulated samples, the DEGs were defined as up-
regulated and down-regulated genes. Compared with -F. m-P. p treatment, -F. m+P. p treatment induced 99
genes up-regulated and 111 genes down-regulated in roots, while +F. #-P. p treatment induced 630 genes up-
regulated and 662 genes down-regulated in roots (Table 3). Compared with -F. 7+P. p treatment, +F. m+P.
p treatment induced 36 genes up-regulated and 151 genes down-regulated in roots, and+F. -P. p treatment
modulated 665 genes up-regulated and 578 genes down-regulated.

Table 3. Differentially expressed gene numbers between different treated groups

Differential treatment groups DEGs numbers Up-regulated DEGs Down-regulated DEGs
-F m-P. pvs -F. m+P p 210 99 111
-FEm-P pvs+F m-P p 1292 630 662

-Em+P pvs +F m+P p 187 36 151
+F m-Rpvs +FE m+P p 1243 665 578

The abbreviations are the same as in Table 1.

GO functional enrichment of DEGs

GO terms were assigned to gain an overall understanding of the 110, 654, 103, and 623 DEGs identified
in the -F. m-P. pvs -F. m+P. p, -F. m-P. pvs +F. m-P. p, -F. m+P. pvs +F. m+P. p,and +F. m-P. p vs +F. m+P.
p analysis, respectively. The broad categories for the three major GO functional domains (biological process,
cellular component, and molecular function) were shown (Figure 1). Compared with -F. -P. p treatment, -F.
m+P. p treatment induced a total of 110 DEGs annotated to the secondary node of GO database (Figure 1a).
In the biological process, “biological regulation”, “cellular process”, “localization”, “metabolic process”,
“response to stimulus”, and “single-organism process” captured 22 (25%), 58 (53%), 22 (25%), 68 (62%), 33
(30%) and 57 (52%) unigenes, respectively. In the cellular components, “cell”, “cell part”, “membrane”, and
“organelle” annotated captured 41 (37%), 23 (21%), and 25 (23%) unigenes, respectively. In the molecular
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function, “catalytic activity”, “binding”, and “transporter activity” captured 75 (68%), 51 (46%), and 13 (12%)
unigenes, respectively.

Compared with -F. m-P. p treatment, +F. m-P. p treatment induced a total of 654 DEGs annotated to
the secondary node of GO database (Figure 1b). In the biological process, “metabolic process”, “single-organism
process”, “cellular process”, “response to stimulus”, and “biological regulation” captured 369 (56%), 292 (45%),
277 (42%), 156 (24%) and 126 (19%) unigenes, respectively. In the cellular component, “cell” (205, 31%), “cell
part” (205, 31%), “membrane” (163, 25%), and “organelle” (127, 19%) captured most of the annotated
unigenes. In the molecular function, “catalytic activity” (395, 60%), “binding” (295, 45%), and “transporter
activity” (67, 10%) captured most of the annotated unigenes.

Compared with -F. m+P. p treatment, +F. m+P. p treatment induced a total of 103 DEGs annotated
to the secondary node of GO database (Figure 1c). In the biological process, “biological regulation” (21, 20%),
“cellular process” (53, 48%), “localization” (19, 18%), “metabolic process” (57, 55%), “response to stimulus”
(30, 29%), and “single-organism process” (41, 40%) captured most of the annotated unigenes; In the cellular
component, “cell” (42,41%), “cell part” (42,41%), “membrane” (30,29%), and “organelle” (25, 24%) captured
most of the annotated unigenes. In the molecular function, only “catalytic activity” (57, 55%) and “binding”
(54, 52%) captured most of the annotated unigenes.

Compared with +F. m-P. p treatment, +F. m+P. p treatment induced a total of 623 DEGs annotated
to the secondary node of GO database (Figure 1d). In the biological process, “metabolic process” (337, 54%),
“single-organism process” (274, 44%), “cellular process” (255, 41%), “response to stimulus” (157, 25%),
“biological regulation” (112, 18%), and “localization” (99, 16%) captured most of the annotated unigenes. In
the cellular component, “cell” (186, 30%), “cell part” (186, 30%), “membrane” (139, 22%), and “organelle”
(117, 19%) captured most of the annotated unigenes. In the molecular function, only “catalytic activity” (371,
60%) and “binding” (267, 43%) captured most of the annotated unigenes.

COG classification of DEGs

Compared with -F. m-P. p treatment, -F. m+P. p treatment induced a total of 80 DEGs annotated to
19 COG classifications (Figure 2a). Among the 19 COG classifications, “general function prediction” catched
most of the DEGs (18, 23%), followed by “transcription” (11, 14%). Besides, “replication, recombination and
repair”, “posttranslational modification, protein turnover, chaperones”, and “carbohydrate transport and
metabolism” all catched 10 DEGs. In addition, 9 DEGs were captured by “secondary metabolites biosynthesis,
transport and catabolism”, indicating that these genes may be involved in the secondary metabolites
biosynthesis of citrus. Additionally, 5 DEGs and 7 DEGs were annotated respectively to “signal transduction
mechanisms” and “defense mechanisms”, suggesting that these genes may play a role in resisting pathogen
infection.

The +F. m-P. p treatment induced a total 0of 403 DEGs annotated to 22 COG classifications, relative to
-F. m-P. p treatment (Figure 2b). Among the 22 COG classifications, “general function prediction” caught
most of the DEGs (125, 31%), followed by “signal transduction mechanisms” (66, 16%), “transcription” (63,
16%), and “replication, recombination and repair” (60, 15%). Whereas, “secondary metabolites biosynthesis,
transport and catabolism” and “defense mechanisms” captured 48 and 19 DEGs respectively, implying that
these genes may participate in plant resistance enhancement induced by AMF.

Compared with -F. m+P. p treatment, +F. m+P. p treatment induced a total of 53 DEGs annotated to
18 COG classifications (Figure 2c). Among the 18 COG classifications, “general function prediction” caught
most of the DEGs (15, 28%), followed by “transcription” (7, 13%) and “signal transduction mechanisms” (7,
13%). In addition, “secondary metabolites biosynthesis, transport and catabolism” and “defense mechanisms”
captured 4 DEGs, showing that these genes took part in plant resistance enhancement induced by AMF.
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Figure 1. Gene ontology classifications of differentially expressed genes between -F. 7-P. p and -F. m+P.
p (), -F. m-P. p and +F. m-P. p (b), -F. m+P. p and +F. m+P. p (c), and +F. m-P. p and +F. m+P. p (d),
respectively. The abbreviations are the same as in Table 1

Compared with +F. m-P. p treatment, +F. m+P. p treatment induced a total of 346 DEGs annotated
to 22 COG classifications (Figure 2d). Among the 22 COG classifications, “general function prediction”
caught most of the DEGs (104, 30%), followed by “transcription” (51, 15%), “signal transduction mechanisms”
(50, 14%), and “replication, recombination and repair” (46, 13%). Moreover, 40 DEGs and 14 DEGs were
annotated respectively to “secondary metabolites biosynthesis, transport and catabolism” and “defense
mechanisms”, and these genes may uncover the defense mechanisms induced by AMF when plants were
suffered from the pathogen infection.

Root DEGs related to defense mechanism

After blasted with a serial of databases, there were 42 unigenes functionally annotated as the putative
“defense mechanism” of all differential treated groups in at least one database (Table 4). Compared with non-
mycorrhizal plants, mycorrhizal plants induced 24 unigenes down-regulated and 3 unigenes up-regulated under
the condition of no pathogen infection. The biggest drop was c42319.graph_c0 (-6.85) and the biggest rise was
c44347.graph_c0 (1.59). Compared with non-mycorrhizal plants, mycorrhizal plants induced 1 unigene
(c41443.graph_c0, -3.51) down-regulated and 3 unigenes up-regulated in the presence of the pathogen
infection, whilst the biggest rise was c46155.graph_c0 (1.92). Additionally, P. parasitica infection induced 4
unigenes down-regulated and 19 unigenes up-regulated than non-P. parasitica infection treatment in
mycorrhizal seedlings. In non-mycorrhizal seedlings, P. parasitica infection induced 8 unigenes down-regulated
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and 1 unigene up-regulated, indicating that mycorrhizal seedlings performed more actively than non-

mycorrhizal seedlings to response to P. parasitica infection.
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respectively. The abbreviations are the same as in Table 1

(c), and +F. m-P. p and +F. m+P. p (d),

Root DEGS related to signal transduction mechanism

After blasted with a serial of databases, lots of unigenes functionally annotated as the putative “signal
transduction mechanism” of all differential treatment groups in at least one database, and the top 10 unigenes
with the highest expression in each difference treatment group was selected for analysis. The blast results of the
40 unigenes in the Orange Genome Annotation Project database were shown in Table 5. The 40 unigenes were
mostly annotated as calcium-binding protein, protein serine/threonine kinase, phosphoinositol kinase, and
leucine-rich repeat receptor protein kinase, which were acted as the mediators of signal transmission and play
a role in the middle and downstream of signal transduction in the Orange Genome Annotation Project
database. In the -F. m-P. p vs -F. m+P. p group, there were 6 unigenes up-regulated and 4 unigenes down-
regulated in the first 10 expression levels. The most significantly up-regulated gene was c48447.graph_c0 by
1.7 times, and the most significantly down-regulated gene was ¢43034.graph_c0 by 4.3 times. The annotation
information of c47577.graph_c1 and c41969.graph_c1 in the sweet orange database was WRKY19 and
MAPK3, respectively, and the expressions of the two genes were collectively down-regulated. In the -F. m-P. p
vs +F. m-P. p group, the unigenes in the top 10 expressions were up-regulated for 3 unigenes and down-
regulated for 7 unigenes. The most significant up-regulation was c48165.graph_c0, up by 3.44 times, and its
annotation information in the sweet orange database was WRKY46.
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Table 4. Forty-two DEGs related to defense mechanisms

-FE.m-Pp -Em-Pp -E.m+P.p +F. m-P.p Gene ID in
No. GeneID vs vs vs Vs Citrus Citrus sinensis annotation results
-Em+Pp +FE m-P.p +E m+Pp +F m+P p sinensis
Pleiotropic drug resistance protein
1 c175046graph -1.02 - - - Cs1gl3660 1; ABC transporter G family
=€ member 40
Pleiotropic drug resistance protein
2 C45869bgfaph 473 592 . 203 Cs5g13760 3; ABC transporter G family
=€ member 37
3 €35922.graph 217 291 ) 3 Cs5g10270 Multidrug and tf)x1n extrusion
_c0 protein 1
ABC transporter G family member
4 c435666graph -1.21 - - -- Cs4g17100 32; Pleiotropic drug resistance
=€ protein 6
c42319.graph NADPH-dependent methylglyoxal
5 _c0 Ak 685 . B Cs2g07290 reductase GRE2
6 c4477i}6grap h 1.88 - - 2.04 Cs3g14510 Probable carboxylesterase 15
N ABC transporter G family member
7 c4812§5graph -1.23 - 1.30 - Csl1gl5710 36; Pleiotropic drug resistance
- proteinl2
c46744.graph Probable multidrug resistance-
8 2 LIS ) 121 B Cs7g32530 associated protein lethal(2)03659
c40817.graph . .
9 0 -1.92 -1.79 - -- Cs7g01770 MATE efflux family protein FRD3
_c
c41832.graph E3 ubiquitin-protein ligase
10 0 -1.62 - 1.71 CS7g19610 ORTHRUS 2
c30352.graph NADPH-dependent aldehyde
11 0 -1.74 - 2.04 Cs3g13090 reductase ARTI
1 €23405.graph 103 ) 3 Cs6g19470 ABC transporter G family member
—c0 14
13 c46884.graph 101 i 3 Cs5g19190 Probable carbox;ile'ster'ase
_c0 18;Hormone-sensitive hpase
c46035.graph Histone-lysine N-methyltransferase,
14 _c0 120 ) B Cs9g13790 H3 lysine-9 specific SUVHS
c40353.graph Bifunctional dihydroflavonol 4-
15 _c0 279 ) 327 Cs8g09790 reductase/flavanone 4-reductase
16 c236936grap h -1.00 - - Cs9g06490 Probable carboxylesterase 12
_c
17 c48015.graph 105 i 3 Cs1g26350 MATE efflux famlly'protcm 3,
_c0 chloroplastic
18 €32593.graph 157 i 175 3
_c0
31739.araph Pleiotropic drug resistance protein
19 8rap -1.64 - 1.71 Cs1g18930 1; ABC transporter G family
_c0
member 40
20 c45483.graph 102 ) 3 Cs5g19630 Multidrug and tf)xm extrusion
_c0 protein 1
21 c443476grap h 159 - - Cs7g12620 MATE efflux family protein 7
_c
Pleiotropic drug resistance protein
22 c1707(c)6graph -2.04 - 2.08 Cs1gl13730 1; ABC transporter G family
- member 4
Multidrug resistance protein
23 c4l4436graph -6.42 -3.51 3.06 Cs9g11040 1;ABC transporter B family
=€ member 19
¢39782.graph Probable tyrosine-protein
24 _cl 239 ) B Cs2g20580 phosphatase At1g05000
25 c398256graph -1.61 - - Cs9g06450 Probable carboxylesterase 2
_c
¢31917.graph Multidrug resistance protein
26 0 -1.45 - 147 Cs9g01170 homolog 49
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Multidrug resistance-associated
27 °476626gmp h 2,49 - 1.60 Cs7g10200 protein 2, 6 (Mrp2, 6), abe-
- transoprter
Pleiotropic drug resistance protein
28 c1707(c).1graph -2.09 - 2.62 Cs1gl13730 1; ABC transporter G family
- member 4
Pleiotropic drug resistance protein
29 c48327.1graph -143 - - Cs6g02250 3; ABC transporter G family
=€ member 37
Putative multidrug resistance
30 c4265 lbgraph -3.25 - 147 Cs4g11230 protein; ABC transporter B family
=€ member 15
31 ¢35526.graph 2.9 3 3 Cs4g20440 Putative plelotroplAc drug resistance
_c0 protein 7
3 c41867.graph 120 3 3 Cs4509600 Llpld-bmdmg serum glycoprotcm
_c0 family protein
c46155.graph orangel.1t0 . . . .
33 0 - -- 1.92 1.79 0127 Pleiotropic drug resistance protein 1
B-cell receptor-associated protein
34 c3350i6graph - - - -1.11 Cs2g21180 31-like containing protein,
- expressed
35 c40502.graph 174 orangel.1t0 Putative NADPH-dependent
_cl ’ 2755 methylglyoxal reductase GRP2
Dual specificity phosphatase,
36 c389956graph -- - - -1.20 Cs2g28050 catalytic domain containing
=€ protein, expressed
ABC transporter G family member
37 c3l7236graph - - - -1.84 Cs6g13330 22;Pleiotropic drug resistance
=€ protein 3
38 €300 196graph - - - 1.01 Cs6g15300 | Pleiotropic drug resistance protein 2
¢
39 241 lzbgraph B 3 3 172 B 3
- ABC transporter B family member
40 c484466grap h - - - 1.92 Cs6g20280 15; Putative multidrug resistance
=€ protein
41 c421316graph - - - 2.70 Cs8g05610 Probable carboxylesterase 13
_c
o c42785.graph B 3 3 264 Cs1g16850 Multidrug resistance protein
_c0 homolog 65

The most significant down-regulation was ¢49730.graph_c0, down by 7.98 times. In the -F. m+P. p vs
+F. m+P. p group, the unigenes in the top 10 expressions were up-regulated for 2 unigenes and down-regulated
for 8 unigenes. The up-regulated genes were c48593.graph_c1 (1.34) and c44707.graph_c0 (1.29). Among the
down-regulated genes, the most significant one was ¢49730.graph_c0, which was down-regulated by 8.19 times.
In the +F. m-P. p vs +F. m+P. p group, the unigenes in the top 10 expressions were up-regulated for 8 genes
and down-regulated for 2 genes. The most significant up-regulation was ¢35123.graph_c0 increased by 5.02
times. The most significant down-regulation was ¢28686.graph_c0 decreased by 3.16 times. Interestingly,
whether trifoliate orange seedlings were infected by the pathogen or not, mycorrhizal plants induced more
down-regulated genes than non-mycorrhizal plants.

Root DEGs related to secondary metabolites biosynthesis

After blasted, lots of unigenes were functionally annotated to the putative “secondary metabolites
biosynthesis” of all different treatment groups in at least one database, whilst the top 10 unigenes with the
highest expression in each different treatment group was selected for analysis. The blast results regarding the
38 unigenes in the Orange Genome Annotation Project database were shown in Table 6.
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Table 5. Forty DEGs linked to signal transduction mechanisms

No. GeneID E)_(P rcs.swn Gene I,D mlCzlm: Citrus sinensis annotation results
situation sinensis
1 c43034.graph_c0 -4.30 Cs9g10150 Putative protein phosphatase 2C-like protein 44
2 c47577.graph_cl -2.54 Cs5g22460 Probable WRKY transcription factor 19
3 c41969.graph_cl -2.07 orangel.1t03917 Mitogen-activated protein kinase kinase kinase 3
4 48447 graph_c0 170 56806700 Probable LRR rcccptor-lj\ktcl sgesrgiz/ghrcomnc-protcm kinase
5 c48566.graph_c1 161 orangel. 101898 Putative disease rcs;::cne(; l}l):l(l)lt:yu; rROS;ﬁSI,‘gi;altwc inactive disease
Probable receptor-like protein kinase AtSg18500;Proline-rich
6 c43651.graph_c0 148 Cs6g11630 r[cjccptor-lliokc protein kinase I%ERKS
- (33248 graph_c1 L27 Ce227050 Copine (Calcium-dependent phosp.holipid-binding protein) family
protein
8 c45715.graph_cl 1.13 Cs5g02190 Pleckstrin homology (PH) domain-containing protein
9 c44894.graph_c0 1.04 - -
10 c48333.graph_c3 1.04 Cs7g25380 Putative uncharacterized protein $b02g028510
11 c49730.graph_c0 -7.98 - -
12 c28017.graph_cl -4.15 Cs9g12300 Wall-associated receptor kinase-like 22
13 c35123.graph_c0 -3.58 orangel.1t01650 Probable inositol polyphosphate 5-phosphatase C9G1.10¢
14 c29587.graph_c0 -3.57 Cs8g12690 Calcium-dependent protein kinase 33
Is c4150Lgraph_c0 356 Cs1gl6130 Probable LRR rcccptor-lj\licl sg:)r;r;;/ghrcomnc-protcm kinase
16 c43034.graph_c0 -3.50 Cs9g10150 Putative protein phosphatase 2C-like protein 44
17 c48165.graph_c0 3.44 orangel.1t00472 Probable WRKY transcription factor 46
18 28017 graph_c0 a2 orangel. 1£03406 Probable LRR rcccptor-lj\ktcssgzrér;z/othrconmc-protcm kinase
19 c47598.graph_cl 258 Cs7g16030 Disease resistance protein RGA2
20 c28686.graph_c0 2.42 Cs5g07160 Calcium-binding protein CML38
21 c49730.graph_c0 -8.19 - -
22 c45469.graph_c0 -1.85 Cs3g02640 Leucine-rich repeat receptor-like protein kinase (Fragment)
23 ¢29997.graph_c0 -1.64 Cs6g21420 Calcium-binding protein CML42
24 c46150.graph_c0 -1.61 Cs6gl7410 Diphosphoinositol polyphosphate phosphohydrolase 1
25 c46512.graph_c0 -1.56 Cs8g20420 Probable protein phosphatase 2C 25
26 c39683.graph_c0 -1.38 Cs2g17370 Diphosphoinositol polyphosphate phosphohydrolase, putative
27 c48593.graph_cl 1.34 Cs5g21040 Disease resistance protein RGA2
28 c44707.graph_c0 129 Cs8g20580 Probable LRR receptor-like serine/threonine-protein kinase MRH1
29 c44894.graph_c0 -1.27 - -
30 c16791.graph_c0 -1.22 orangel.1:¢04033 Protein belonging to uncharacterized protein family UPF0047
31 c35123.graph_c0 5.02 orangel.1t01650 Probable inositol polyphosphate 5-phosphatase C9G1.10c
32 c34446.graph_cl 474 Cs3g26960 Neutral/alkaline nonlysosomal ceramidase family protein
33 c34446.graph_c0 4.45 Cs3g26960 Neutral/alkaline nonlysosomal ceramidase family protein
34 c25753.graph_c0 3.33 Cs1g13850 Putative uncharacterized protein Sb01g021605 (Fragment)
35 28017.graph_c1 3.19 orangel.1t03406 Probable LRR rcccptor-lj\licssgirér;z/othrconmc-protcm kinase
36 c28686.graph_c0 -3.16 Cs5g07160 Calcium-binding protein CML38
37 c39912.graph_c0 2.98 Cs3g16870 Oligopeptide transporter 4
38 c41501.graph_c0 286 Cs1gl6130 Probable LRR receptor-ljl\liel sg;r;r;;/othreomne-protem kinase
39 c47598.graph_cl -2.71 Cs7g16030 Disease resistance protein RGA2
40 c46653.graph_c0 261 126020 Probable LRR rcccptor-lj\licl sgesri;;/ghrcomnc-protcm kinase

1-10:-F. m-P. p vs -F. m+P. p; 11-20:-F. m-P. p vs +F. m-P. p; 21-30:-F. m+P. p vs +F. m+P. p; 31-40:+F. m-P. p vs
+F. m+P. p. The abbreviations are the same as in Table 1.

In the -F. m-P. p vs -F. m+P. p group, there were one gene (c43852.graph_c0, 1.12) up-regulated and
nine genes down-regulated in the unigenes according to the top 10 expression levels. The most significant
down-regulation was ¢29552.graph_c0, down by 5.72 times. In the -F. -P. p vs +F. m-P. p group, the unigenes
in the top 10 expression levels all presented down-regulation pattern, and the most significant down-regulation

was ¢29552.graph_c0, down by 7.29 times. In the -F. m+P. p vs +F. m+P. p group, only 8 unigenes showed
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differential expression pattern, among which 5 genes were up-regulated and 3 genes were down-regulated. The
most significant up-regulation was c41941.graph_c0 increased by 2.1 times. The most significant down-
regulation was c41443.graph_c0 decreased by 3.51 times. In the +F. m-P. p vs +F. m+P. p group, the unigenes
in the top 10 expression levels all presented up-regulation pattern, whilst the most significant up-regulation
was c41443.graph_c0 increased by 4.73 times.

Table 6. 38 DEGs related to secondary metabolites biosynthesis

No. DEGs EX,P 'res.smn Citrus sinensis Citrus sinensis annotation results
sitiation
1 29552 graph_co 572 Cedgl2540 Flavonol synthase/flavanone 3—h}fdr0xylase; 1-aminocyclopropane-1-
carboxylate oxidase homolog 11
2 c40823.graph_c0 -5.40 Cs3g24170 Flavonoid 3'-monooxygenase
3 c45869.graph_c0 473 Cs5g13760 Pleiotropic drug resistance protein 3;;7ABC transporter G family member
4 c42319.graph_c0 -4.44 Cs2g07290 NADPH-dependent methylglyoxal reductase GRE2
S c48120.graph_c0 -1.90 orangel.1:¢00399 Ferric reduction oxidase 2;NADPH oxidase 1
6 c45773.graph_c0 -1.74 Cs9g05770 1,4-beta-D-glucanasc;
7 c48128.graph_c3 -1.23 Csl1gl5710 Pleiotropic drug resistance protein 12
3 c43566.graph_c0 121 Cs4g17100 ABC transporter G family member 362; Pleiotropic drug resistance protein
9 c46744.graph_c2 -1.15 Cs7g32530 Multidrug resistance-associated protein 1
10 c43852.graph_c0 1.12 Cs2g30870 Saccharopine dehydrogenase family protein, expressed
11 29552.graph_c0 729 Csdgl2540 Flavonol synthase/flavanone 3—h}fdr0xylase ; 1-aminocyclopropane-1-
carboxylate oxidase homolog 11
12 c42319.graph_c0 -6.85 Cs2g07290 NADPH-dependent methylglyoxal reductase GRE2
13 c40823.graph_c0 -6.57 Cs3g24170 Flavonoid 3'-monooxygenase
14 c41443.graph_c0 -6.42 Cs9g11040 Multidrug resistance protein 1
Is ¢45869.graph_c0 592 Cs5g13760 Pleiotropic drug resistance protein 3;;7ABC transporter G family member
16 40233 graph_c0 5.03 Cs6g15620 Flavonoid 3 —monooxygenase;Probable (S)-N-methylcoclaurine 3'-
hydroxylase isozyme 2
17 c48217.graph_c0 -3.93 Cs4g19530 Carotenoid 9,10(9,10")-cleavage dioxygenase 1
18 c47071.graph_c0 -3.80 Cs7g31750 Flavone synthase; Flavanone 3-dioxygenase
19 ¢22631.graph_c0 -3.47 orangel.1t01744 Bacilysin biosynthesis oxidoreductase BacC
20 c42651.graph_c0 -3.25 Cs4g11230 Multidrug resistance protein 1
21 c41443.graph_c0 -3.51 Cs9g11040 Multidrug resistance protein 1
9 c40233.graph_c0 289 Cs6g15620 Flavonoid 3 -monooxygcnasc;Pro]J-ablc (S)-N-methylcoclaurine 3'-
hydroxylase isozyme 2
23 c47071.graph_c0 -2.72 Cs7g31750 Flavone synthase; Flavanone 3-dioxygenase
24 c41941.graph_c0 2.10 Cs5g28750 Flavonol synthase/flavanone 3-hydroxylase
25 c46155.graph_c0 1.92 orangel.1t00127 Pleiotropic drug resistance protein 1
26 c42229.graph_cl 191 Cs7g23790 Polyamine oxidase
27 c48128.graph_c3 1.30 Csl1gl5710 Pleiotropic drug resistance protein 12
28 c46744.graph_c2 1.21 Cs7g32530 Multidrug resistance-associated protein 1
29 23556.graph_c1 473 Co3g21210 Abscisic acid 8'-hydroxylase 3; 3-epi-6-deoxocathasterone 23-
monooxygenase
30 c46582.graph_c0 3.78 Cs1g23100 L-ascorbate oxidase homolog
31 c41962.graph_c0 3.56 Cs2g03380 Flavonol s.ynthase/ﬂavanone 3-hydroxylase ;Probable 1-
aminocyclopropane-1-carboxylate oxidase
3 c36650.graph_c3 351 C56g07450 Laccase-7; Laccase-9; Laccase-8; Laccase-12; Laccase-24; Laccase-3;
Laccase-14
33 c41443.graph_c0 3.06 Cs9g11040 Multidrug resistance protein 1
34 c29897.graph_c0 3.02 orangel.1t05246 Immunoglobulin/major histocompatibility complex
35 c22631.graph_c0 2.86 orangel.1t01744 Momilactone A synthase;Glucose 1-dehydrogenase B
36 c42785.graph_c0 2.64 Cs1g16850 Multidrug resistance protein 1;Multidrug resistance protein homolog 65
37 c17070.graph_c1 262 Cs1g13730 Pleiotropic drug resistance protein i;OABC transporter G family member
Gibberellin 3-beta-dioxygenase 1;Flavone synthase; Flavonol
38 c49268 graph_c0 255 Cs4g20350 synthase/flavanone 3-hydroxylase

1-10: -F. m-P. p vs -F. m+P. p; 11-20:-F. m-P. p vs +F. m-P. p; 21-28:-F. m+DP. p vs +F. m+P. p; 29-38:+F. m-P. p vs

+F. m+P. p. The abbreviations are the same as in Table 1
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Discussion

The construction of gene expression profiles through transcriptome sequencing is an important
approach for non-model plants lacking genomic sequence data. Lambais and Mehdy (2010) screened out
chitinase- and (-1,3-glucanase-related DEGs from the transcripts of Phaseolus vulgaris inoculated with
Rhizophagus irregularis. Chitinase and $-1,3-glucanase, as important secondary metabolites in plants, inhibit
the infection of pathogenic fungi and improve the disease resistance of plants (Ebrahim ez a/.,2011). Ward and
Weber (2012) used RNA-Seq technology to sequence the resistant strains of raspberry ‘Latham’ infected by
root rot pathogen (Phytophthora rubi), and found that pathogenesis-related protein genes, as well as genes
related to tricarboxylic acid cycle and lignin synthesis pathway all presented up-regulation. Cicatelli ez 4.
(2012) and Vangelisti ez 4/. (2018) also demonstrated the positive effects of secondary metabolites induced by
AMEF in tolerating abiotic stress through RNA-Seq technology. In this work, DEGs related to secondary
metabolites biosynthesis presented up-regulation in mycorrhizal plants when suffered the pathogen infection,
while DEGs related to secondary metabolites biosynthesis presented down-regulation in non-mycorrhizal
plants when suffered the pathogen infection. This indicated that mycorrhizal plants can actively induce the up-
regulated expression of the genes related to secondary metabolites biosynthesis to respond to the pathogen
infection.

Signal transduction is a key link in plant response to external stimulus (Kaur and Gupta, 2005). In
this work, compared with -F. m-P. p vs -F. m+P. p, the number and expression level of DEGs annotated as
receptor-like protein kinases (RLKSs) in +F. m-P. p vs +F. m+P. p differential gene set were more and higher.
This kind of protein kinase is a transmembrane protein kinase located on the plasma membrane surface, which
can be activated in large quantities under the action of various stress factors, and participate in the signal
transduction process to induce plant disease resistance (Xu e# 4/., 2002). In our work, the expression of gene
that annotated as mitogen-activated protein kinase kinase kinase 3 in -F. 7-P. p vs -F. m+P. p differential gene
set was down-regulated by 2.07 times, which was in accordance with the result of Liu ¢z 4/. (2017) in mango
after infected by Fusarium mangiferae. However, compared with -F. m-P. p vs -F. m+P. p differential treatment
group, DEGs in +F. m-P. p vs +F. m+P. p were more up-regulated, suggesting that mycorrhizal plants can
regulate the up-regulated expression of more genes related to signal transduction to respond to the pathogen
infection. However, mycorrhizal inoculation induced the top 10 DEGs related to signal transduction assumed
down-regulation of 8 genes and up-regulation of 2 genes when suffered the pathogen infection in comparison
with non-mycorrhizal treatment. This might be because mycorrhizal plants selectively mobilize related signal
transduction pathways, which needs to be further studied.

Many of the DEGs were linked to cell physiological processes, metabolic processes, stimulus response,
catalytic activity, and transcriptional activity in the GO secondary node. Moreover, expression of more genes
was induced by AMF inoculation in non-pathogen-infected plants than in pathogen-infected plants. However,
from the number of DEGs between -F. m-P. p vs -F. m+P. p and +F. m-P. p vs +F. m+P. p, it found that
mycorrhizal plants induced more gene expression than non-mycorrhizal plants when suffered P. parasitica
infection. It suggests that although the pathogen infection significantly inhibited the positive effect of AMF
inoculation in plants, mycorrhizal plants still regulate various defense mechanisms inside plants to respond to
the pathogen infection. In addition, the expression situation of DEGs in secondary metabolites biosynthesis,
signal transduction mechanism and defense mechanism in the COG database in the four differentially
treatment groups were similar to that in GO secondary node. This further illustrates the important role of
AMEF inoculation in the response of P. parasitica infection. The annotation results of DEGs in each functional
classification of each treatment group also provided important information and data for digging the key genes
associated with the defense mechanism of trifoliate orange after AMF inoculation. All these unigenes may
become the important information resource for future genetic research in mycorrhizal roles in enhancing
tolerance of trifoliate orange in response to biotic stress.
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