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Abstract

Saponins are secondary metabolites with antiviral properties. Low saponin (sweet) varieties

of quinoa (Chenopodium quinoa) have been developed because seeds high in saponins

taste bitter. The aim of this study was to elucidate the role of saponin in resistance of quinoa

to Cucumber mosaic virus (CMV). Differential gene expression was studied in time-series

study of CMV infection. High-throughput transcriptome sequence data were obtained from

36 samples (3 varieties × +/- CMV × 1 or 4 days after inoculation × 3 replicates). Translation,

lipid, nitrogen, amino acid metabolism, and mono- and sesquiterpenoid biosynthesis genes

were upregulated in CMV infections. In ‘Red Head’ (bitter), CMV-induced systemic symp-

toms were concurrent with downregulation of a key saponin biosynthesis gene, TSARL1,

four days after inoculation. In local lesion responses (sweet and semi-sweet), TSARL1 lev-

els remained up-regulated. Known microRNAs (miRNA) (81) from 11 miR families and 876

predicted novel miRNAs were identified. Differentially expressed miRNA and short interfer-

ing RNA clusters (24nt) induced by CMV infection are predicted to target genomic and inter-

genic regions enriched in repetitive elements. This is the first report of integrated RNASeq

and sRNASeq data in quinoa-virus interactions and provides comprehensive understanding

of involved genes, non-coding regions, and biological pathways in virus resistance.

Introduction

Quinoa (Chenopodium quinoa Willd.) is a pseudocereal crop with high nutritional value [1, 2].

Quinoa varieties are classified as bitter or sweet depending upon saponin content of the seed.

Although saponins in quinoa are highly accumulated in the seed pericarp, they are also present

in lower concentrations in leaves. Saponin biosynthesis in quinoa is regulated by the triterpene

saponin biosynthesis activating regulator-like1 (TSARL1) gene [3–5]. Mechanical abrasion or

water rinsing is typically used to remove saponin from the seed of bitter varieties [6, 7].

Because these methods are costly and reduce nutritional value of the seeds [6, 8], quinoa culti-

vars with low seed saponin content (sweet cultivars) are desired [9]. Saponins from quinoa are

active against several plant pathogens including viruses and are pre-existing defense factors in

other pathosystems [10–14].
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Plant viruses are obligate parasites that are dependent on their host to establish a successful

infection cycle including gene expression, genome replication, protein synthesis, and intercel-

lular movement. During the infection, protein-protein or protein-nucleic acid interactions

may induce plant defense mechanisms such as innate immunity, translational repression,

autophagy-mediated or ubiquitinated-mediated protein degradation, and RNA interference

(RNAi) [15, 16]. Activation of the host immune responses result in either a compatible or

incompatible response in the plant and is followed by a susceptible or resistance reaction to

virus, respectively. Among these interactions, RNAi is one of the major evolutionarily-con-

served defense mechanisms against viruses, and viral evasion from this resistance response is a

crucial event in viral pathogenesis [17].

The RNAi mechanism induces gene silencing by targeting genes in a sequence-specific

manner through chromatin modification, messenger RNA (mRNA) degradation or transla-

tion inhibition [18]. The RNAi mechanism is necessary to the host since it controls endoge-

nous expression and translation and counteracts exogenous particles such as transposons and

viruses [19, 20]. The mechanism of action in RNAi involves processing of double-stranded

RNA (dsRNA) into 21–24 nucleotides by Dicer-like (DCL) enzymes [21]. Argonaute (AGO)

family proteins cleave dsRNA into two single-stranded RNAs (guide and passenger RNAs),

stabilize association of guide RNA onto the RNA-induced silencing complex (RISC), and

direct the RISC toward the target sequence, which ultimately leads to transcriptional or post-

transcriptional gene silencing [22]. Furthermore, gene silencing can be reinforced by incorpo-

ration of RNA-dependent RNA polymerase (RDR) enzyme activity through generation of

secondary dsRNA that can result in systemic gene silencing [21, 23]. During viral infection in

plants, recruitment of AGO1-5 and RDR1,6 plays an important role in viral gene silencing

[24–26].

Small RNAs (sRNA) are non-coding RNAs that classified into micro (mi)RNA and short

interfering (si)RNA with the size of 21–24 nucleotides and a preferential 5’ terminal base [24].

The miRNAs have incomplete complementarity with their targets and are cleaved through

incorporation of DCL1 and AGO1 [24, 27, 28]. The siRNAs are excised from dsRNA that have

perfect base-pairing with their target and are processed by association of different DCL, AGO,

and RDR components [21]. Natural antisense siRNAs (nat-siRNAs) are generated through

cleavage of endogenous dsRNA into 21 or 22nt by DCL4 or DCL2, respectively [29]. Hetero-

chromatic siRNAs (hc-siRNAs) are comprised of 24nt dsRNA via cleavage of DCL3 and medi-

ating of AGO 4/6/9. Hc-siRNAs are involved in silencing of heterochromatic, repetitive

regions, coding sequences, gene promoter regions, and transposable elements via RNA-

directed (PolIV) DNA methylation and histone modification. RDR2 is also recruited in the

process to generate dsRNA to enhance siRNA biogenesis [24, 29–35]. Determination of differ-

entially expressed miRNA and/or siRNA upon virus infection identifies major candidate small

RNAs silencing viral genes. These candidates in combination with transcriptome profiles pro-

vide a comprehensive source of genes, miRNAs, and siRNAs as potential targets for enhancing

plants resistance against viruses.

Transcriptome profile of C. amaranticolor (a weed host) and C. quinoa infected with differ-

ent viruses determined modulation of photosynthesis, hormone signaling, plant-pathogen

interaction, secondary metabolites, lipid, amino acid, protein, and carbohydrate metabolism

[36–39]. However, there is no knowledge on the impact of virus infection on transcriptome

and small RNA profiles of sweet or bitter quinoa varieties. Therefore, in this study, quinoa

leaves from different varieties were inoculated with cucumber mosaic virus (CMV), and differ-

entially expressed genes (DEGs), miRNAs, and siRNAs were detected among and within qui-

noa varieties during a time-course virus infection study designed to elucidate general response

of quinoa and variety-specific interactions to CMV. In addition, small RNASeq (sRNASeq)

PLOS ONE Genome-enabled analysis of response of Chenopodium quinoa to cucumber mosaic virus

PLOS ONE | https://doi.org/10.1371/journal.pone.0244364 February 23, 2021 2 / 26

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0244364


analysis was incorporated to complement the transcriptome analysis by characterization of

host components involved in viral gene silencing, virus-derived siRNAs (vsiRNAs), and vali-

dated known/novel miRNAs. These findings are of particular interest for molecular breeding

of quinoa varieties to enhance resistance against virus.

Materials and methods

Plant materials and virus inoculation

Seed from three Chenopodium quinoa varieties (Table 1 and S1 Fig), ‘Jessie’ (sweet), ‘QQ74’

(semi-sweet), and ‘Red Head’ (bitter)] [40, 41] were surface-sterilized in 1% hypochlorite solu-

tion (v/v) for 3 minutes followed by three rinses with sterile deionized water. Seed were sown

in greenhouse growing media (Promix) and grown in growth chambers under controlled con-

ditions [60% humidity; 16/8 hours (light/dark); 23˚C]. Freeze-dried CMV (strain Kaper S)

infected tobacco tissues were obtained from ATCC (PV-242). Nicotiana tabacum cv T.R.

Madole was used as the propagation host. Leaves of seven-week-old quinoa plants were

mechanically inoculated with CMV-infected tobacco leaves or mock-inoculated with phos-

phate buffer (pH:7.0). Inoculated leaves were harvested at 1 or4 days post infection (dpi). The

experiment was designed as a 3×2×2×3 factorial [three varieties; two treatments (virus or

mock); two sample times (1 or 4 dpi); three biological replicates]. Samples times were chosen

because in preliminary studies, no symptoms were observed at 24 h and symptom develop-

ment typically began by Day 4 (data not shown). Excised leaf samples were immediately frozen

in liquid nitrogen and kept at -80˚C until RNA extraction. To verify successful inoculation,

virus- and mock-inoculated tissues were tested by CMV AgriStrips (Bioreba, Reinach, Switzer-

land) according to manufacturer’s instruction.

Total RNA extraction, library preparation, RNA and small RNA

sequencing

Total RNA was extracted from individual samples by Direct-zol RNA MiniPrep Plus kit

(Zymoresearch, Irvine, CA, USA) according to manufacturer’s protocol. Concentration of

DNA-digested RNAs was measured by NanoDrop™ One Microvolume UV-Vis Spectropho-

tometer (Thermo Scientific, Waltham, MA, USA). The cDNA library preparation for RNASeq

Table 1. Quinoa (Chenopodium quinoa) used in the study.

Variety Source Origin1 Saponin Level/Taste2

Red Head Wild Garden Seed USA High/Bitter

Philomath, OR, USA

QQ74 (PI 614886) U.S. National Plant Germplasm System Chile Moderate low/Semi-sweet

North Central Plant Introduction Station

Ames, IA, USA

Jessie SARL AbbottAgra France Low/Sweet

Longué-Jumelles, France

1All varieties are known or presumed coastal ecotypes. ‘Red Head’ was selected from the lines that originated in Chile

[42]. ‘QQ74’ is a recognized coastal ecotype [43]. ‘Jessie’ is a coastal ecotype, but with some Ecuadorian highland

ecotype genes [44]. Genomic analysis of variants among quinoa samples also showed further information on variety

differentiation (S1 Fig).
2Saponin level and taste designation are from previous reports: ‘Red Head’ and ‘QQ74’ [40]; ‘Jessie’ [43].

https://doi.org/10.1371/journal.pone.0244364.t001
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and small RNASeq, and sequencing on illumina HiSeq 4000 was performed by GENEWIZ

(South Plainfield, NJ, USA).

Bioinformatic pipelines

The pipeline used to analyze RNASeq data was followed as described previously [45]. In sum-

mary, the quality of obtained raw data was checked by FastQC v0.11.5 [46]. Adapters, low

quality reads, and sequences shorter than 30 nucleotides were trimmed by Trimmomatic v0.38

[47]. High quality clean reads were mapped to C. quinoa reference transcripts by Salmon

v0.12.0 [48] to obtain normalized transcripts per kilobase mapped million reads (TPM) values.

Normalized transcript-level read counts were transformed to gene-level abundance in order to

use in differential gene expression R package, DESeq2 [49]. The DEGs were determined in two

modes: 1) with a full design model (time×variety×treatment) where DEGs were determined

across quinoa varieties (‘Jessie’ as reference level) in time-series inoculation (1 dpi as reference

level) between CMV-inoculated and mock-inoculated samples, and 2) individual variety with

a time-specific treatment design (time+treatment+time:treatment), where DEGs were identi-

fied in each variety in time-series inoculation (4 dpi vs 1 dpi) between CMV-inoculated and

mock-inoculated samples. The DEGs with adjusted p-value� 0.05 were considered significant.

To identify Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathways of DEGs, KOBAS v3.0 [50] was used. Significant enriched GO terms and

KEGG pathways were chosen based on the corrected p-value� 0.05 obtained through Benja-

mini and Hochberg’s method for controlling false discovery rate (FDR).

The pipeline used to analyze sRNASeq data was followed as described previously [51].

Briefly, after inspecting raw reads quality by FastQC, adapters and low-quality bases were

trimmed by Trimmomatic. Afterwards, tRNA, rRNA, snRNA, snoRNA retrieved from NCBI,

Rfam, and RepBase databases were removed to obtain clean reads. In miRNA analysis, clean

reads were mapped to C. quinoa reference genome by Bowtie2 [52] to recover quinoa

sequences. Then, miRDeep2 [53] was employed to detect known miRNAs based on miRBase

v22 database, and predict novel miRNAs based on the randfold with a p-value < 0.05. Read

counts of known and novel miRNAs obtained by “quantifier” module of miRDeep2 were used

in DESeq2 for detection of differential expressed miRNAs (DEmiRNA) based on the same

design formula as DEG analysis. The DEmiRNA with adjusted p-value� 0.05 were considered

significant and further analyzed by TargetFinder [54] to predict their target genes. Significant

GO terms and KEGG pathways of target genes were obtained by KOBAS as described above.

Characterization of endogenous siRNAs and vsiRNAs was carried out by alignment of

miRNA-free clean reads to C. quinoa reference genome and three RNAs of CMV, respectively,

using Bowtie2 with alignment options of very sensitive, zero mismatch, and 18 nucleotides as

the minimum sequence size. The 5’ base enrichment and nucleotide size distribution analyses

were carried out by “reformat” module of BBMap [55] software. To prepare the read counts

for differential expression of siRNA, miRNA-free clean reads were used as input in ShortStack

3.7 [56]; this was used to determine siRNA clusters accumulating in genomic loci. The param-

eters used in ShortStack were nohp mode, mismatch 0, dicermin 18, dicermax 30, DicerCall

cut-off of 80%, and mincov 0.5. Differential expression of siRNAs was determined in two

modes as the same as DEG analysis of RNASeq. DE-siRNA clusters from full design and vari-

ety-specific models were considered significant based on Benjamini Hochberg adjusted p-

value� 0.05. To predict putative genes, transposable elements (TEs), and transcription factor

binding sites (TFBSs) as potential targets of DE-siRNA clusters, a window frame of 2 kb

upstream of the gene was inspected. Targeted sequences were retrieved and searched using

CENSOR [57] algorithm to find candidate TE from RepBase database. Also, the retrieved
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sequences were subjected to PlantRegMap [58] database against Arabidopsis thaliana, Beta vul-
garis and Spinacia oleracea to perform an exhaustive search on transcription factor binding

sites with a p-value cut-off of 1e-7. Finally, to annotate the biological function of the targeted

gene, KOBAS was used to perform GO and KEGG pathway enrichment analyses. All coding

used in the study is available upon request.

Validation of DEGs by RT-qPCR

To validate RNASeq results, nine significant DEGs were randomly selected to conduct quanti-

tative RT-PCR on total RNA samples used for RNASeq experiment. To target each gene, two

random samples were selected as template: one from mock-inoculated and one from virus-

inoculated sample. For each sample, two technical replicates were used. Primers were designed

by Primer3 software (S1 Table). Total RNA was primed by random hexamer and reverse tran-

scribed using SuperScript™ III Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) accord-

ing to manufacturer’s instruction. The cDNA synthesis was carried out on Eppendorf

Mastercycler Nexus Thermal Cycler (Hamburg, Germany). The PCR reaction was conducted

in a final volume of 10μl [1 μl cDNA, 0.4 μl of each primer (10 μM), 3.2 μl RNase/DNase-free

water, and 5 μl PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, USA)]. The amplifi-

cation conditions were 2min at 50˚C for UDG activation, initial denaturation of 2min at 95˚C

followed by 40 cycles of 95˚C for 15 s and 60˚C for 1min. The qPCR was performed by Quant-

Studio™ 6 Flex Real-Time PCR machine (Applied Biosystems, Foster City, CA, USA). Elonga-

tion Factor 1α (CqEF1α)(XM_021888526.1) was considered as the reference gene for

normalization of gene expression. Relative gene expression was calculated using the 2−ΔΔCT

method [59].

Relative expression of TSARL1 gene during virus infection

The expression of TSARL1 was relatively quantified upon time-course CMV infection among

quinoa varieties. Three biological and two technical replicates was used in RT-qPCR. The

primer design (S1 Table), cDNA synthesis and qPCR methods were performed as described

above. The relative expression pattern of the gene was measured using 2−ΔΔCT method based

on the comparison of mock- and CMV-inoculated samples.

Validation of known and novel miRNA by stem-loop RT-PCR

To validate results of detected miRNAs, six known and nine novel miRNAs were randomly

selected. Stem-loop primers for cDNA synthesis were designed by miRNA Primer Design

Tool [60]. Stem-loop pulsed reverse transcription of each miRNA was according to Varkonyi-

Gasic et al. [61] with few modifications. Briefly, 1–2 μg total RNA was added to 0.5 μl dNTP

(10mM), 1 μl stem-loop primer (10μM) (S1 Table) and desired volume of RNase/DNase-free

water to a total of 13.8 μl. The mixture was incubated for 5min at 65˚C followed by 3 min ice

incubation. Subsequently, 4 μl of 5X first-strand reverse transcriptase (RT) buffer mixed with

2 μl DTT and 0.2 μl SuperScript™ III Reverse Transcriptase kit (Invitrogen, USA) (200U/μL)

were gently added to yield the final volume of 20 μl. Tubes were loaded to thermal cycler for

pulsed reverse transcription with initial incubation at 16˚C for 30 min, followed by 60 cycles of

30˚C for 30 s, 42˚C for 30 s and 50˚C for 1 s. Then, the samples were incubated at 85˚C for 5

min to inactivate RT enzyme. To prepare PCR reactions, 1 μl of cDNA was added to 0.4 μl of

each primer (10 μM), 8.2 μl water, and 10 μl of Platinum™ II Hot-Start Green PCR Master Mix

(2X). Loaded samples in thermocycler were initially denatured at 94˚C followed by 35–40

cycles of 94˚C for 15s, and 60˚C for 30sec. PCR products were resolved electrophoretically on
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ethidium bromide stained-2% agarose gel immersed in 1× TAE and visualized with Biorad Gel

Doc XR instrument (Biorad, USA).

Results

Symptomatology and verification of CMV infection of quinoa

A total of 36 quinoa samples comprised of three varieties (Table 1), two harvest time-points,

and three biological replicates were either inoculated with CMV or inoculation buffer. By 4

days after inoculation with CMV, chlorotic local lesions developed across all replicates of

‘QQ74’ and ‘Jessie’, whereas all replicates of the bitter variety ‘Red Head’ had local systemic

chlorosis that was not spread throughout the plant (Fig 1A, S2 Fig). Infection was confirmed

in vivo by immunoassay and in silico, with all CMV genomic RNAs detected in RNASeq and

small RNASeq datasets (Fig 1B). Control samples that underwent mock-inoculation did not

have symptoms or signs of infection.

Transcriptome and Small RNASeq profile of quinoa

To determine molecular interactions and stress responsive mechanisms in quinoa during

CMV infection, transcriptome and small RNA sequencing were performed. In transcriptome

sequencing, a total of 1.182 billion raw reads was generated. After removing low quality reads

and adapters, trimmed sequences (1.131 B) were mapped to C. quinoa reference transcripts [4]

with an average successful alignment percentage rate of 90.17 (S2 Table). To eliminate the

effect of sequence length and coverage depth of samples, mapped reads were normalized to

TPM values for use in downstream analyses.

The small RNA sequencing of 36 samples resulted in 364.31 million raw reads. After the

trimming step, the surviving reads (327.84 M) were mapped to C. quinoa reference genome

with an average successful alignment percentage rate of 97.93 (S2 Table). Exclusion of transfer

(tRNA), ribosomal (rRNA), small nuclear (snRNA), and small nucleolar (snoRNA) RNAs

from mapped reads resulted in the remaining reads (198.11 M) that were further used for

miRNA or siRNA analyses. All raw data are available from NCBI SRA database under Biopro-

ject accessions PRJNA541979 and PRJNA541982.

DEG Identification and GO and KEGG pathway enrichment analyses

TPM-normalized gene counts were imported in DESeq2 package, and DEGs were determined

between CMV- and mock-inoculated samples with an adjusted p-value cut-off� 0.05. In the

first mode of analysis (full design) that encompassed the effect of variety, time and treatment

and their interactions, a total of 250 genes were differentially expressed (Table 2 and S3 Table).

Principal component analysis (PCA) was used to compare gene expression profiles of the sam-

ples; samples with similar pattern were plotted close to each other while samples with different

profiles scattered far from each other in the scores plot of the PCA (S3 Fig). PC1 explained

53% of variation and PC2 explained 12%. In the variety-specific analysis (individual variety

design), DEGs were determined between CMV-inoculated and mock-inoculated samples by

including time, treatment and time × treatment. In ‘Jessie’ a total of 332 genes, in ‘QQ74’ 85

genes, and in ‘Red Head’ 140 genes were differentially expressed (Table 2).

To identify biological function of DEGs, GO term analysis was performed on DEGs using

KOBAS with corrected p-value cut-off� 0.05 (Table 2). In the full design, significant up-regu-

lated (UR) GO term candidates were endopeptidase regulator and oxidoreductase activities,

and down-regulated (DR) GO terms were cell aging and hydrolase activity. In individual vari-

ety design, for ‘Jessie’ significant UR GO terms were response to oxygen-containing
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Fig 1. Virus-induced Symptoms on Varieties of Chenopodium quinoa inoculated leaves and accumulation of viral RNA sequences from

deep sequencing data. (A) Cucumber mosaic virus (CMV)-induced symptoms on C. quinoa varieties at 11 days post inoculation (dpi):

‘Jessie’ (low saponin level = sweet variety); ‘QQ74’ (moderate saponin level = sweet variety); ‘Red Head’ (high saponin level = bitter variety).

(B) Number of viral reads across quinoa varieties over time. J, Q, and R are initials of the varieties, and the 1,4 are days post infection.

https://doi.org/10.1371/journal.pone.0244364.g001

Table 2. Total numbers of DEGs, enriched GO terms and KEGG pathways (p� 0.05) assigned to DEGs of Chenopodium quinoa varieties upon cucumber mosaic

virus infection.

Design Full model Variety-specific model

All varieties Jessie QQ74 Red Head

Expression pattern UR DR UR DR UR DR UR DR

DEGs 142 108 150 182 31 54 73 67

GO terms 134 223 217 325 119 248 234 451

KEGG pathways 9 1 4 7 8 15 4 7

https://doi.org/10.1371/journal.pone.0244364.t002
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compound and flavonoid biosynthetic process, whereas photoperiodism and response to stim-

ulus were among candidate DR GO terms. In ‘QQ74’, cellulose catabolic process and telomere

maintenance were significant UR GO terms, and telomere organization and beta-glucan cata-

bolic process were DR GO terms. In ‘Red Head’, UR GO terms were chloroplast accumulation

movement and response to stress, and DR GO terms were response to chemical and chloro-

phyll metabolic process (S4 Table). To identify the role of DEGs in primary and secondary bio-

logical pathways, KEGG enrichment analysis was performed with KOBAS (Table 2). With all

the experimental factors in the statistical design, glycerophospholipid metabolism was among

significant UR KEGG pathways; and pyrimidine metabolism was the only enriched DR KEGG

pathway. Within each variety design, in ‘Jessie’, flavonoid biosynthesis was the most enriched

UR KEGG pathways, and circadian rhythm was a significant DR KEGG pathway candidate. In

‘QQ74’, top enriched UR KEGG pathway was sulfur metabolism, whereas the most significant

DR pathway was biosynthesis of secondary metabolites. In ‘Red Head’, top enriched UR

KEGG pathway was circadian rhythm, and the most significant DR pathway was glycerolipid

metabolism (S4 Table). Overall, among the enriched GO terms and KEGG pathways, modula-

tion of hormonal signaling, plant-pathogen interaction (PPI), photosynthesis, carbon metabo-

lism, and amino acid biosyntheses were shared at least once between varieties.

Differential rxpression of TSARL1 gene in quinoa upon CMV infection

To inspect the effect of local and systemic infection of CMV on expression of TSARL1 gene in

sweet/semi-sweet and bitter quinoa varieties, mock- and virus-inoculated samples were com-

pared by RT-qPCR. In sweet varieties, TSARL1 expression was consistently upregulated at 1

(early stage of infection) and 4 dpi (at symptom development). However, in the bitter variety

gene expression was upregulated at 1 dpi but suppressed drastically at 4 dpi (Fig 2).

Detection, differential expression, and target gene analysis of known and

novel miRNAs

To further characterize miRNAs from trimmed small RNASeq reads, sequences mapped to C.

quinoa were separated from tRNA, rRNA, snRNA, and snoRNA. The resulting clean reads

Fig 2. Relative expression (log2 fold change) of triterpene saponin biosynthesis activating regulator-like1

(TSARL1) gene at 1 and 4 days after inoculation with cucumber mosaic virus. The red and blue colors indicates up

and down regulation patterns, respectively. Abbreviations are combinations of cultivars (J,Q, or R) and days-post-

inoculation (1 or 4). Varieiteis tested were: Jessie (J), QQ74 (Q), and Red Head (R).

https://doi.org/10.1371/journal.pone.0244364.g002

PLOS ONE Genome-enabled analysis of response of Chenopodium quinoa to cucumber mosaic virus

PLOS ONE | https://doi.org/10.1371/journal.pone.0244364 February 23, 2021 8 / 26

https://doi.org/10.1371/journal.pone.0244364.g002
https://doi.org/10.1371/journal.pone.0244364


were used as input for miRDeep2 software. Known miRNAs were detected based on the

mature and precursor sequences of miRBase v22. The total of 81 known miRNAs belonging to

11 miR families (miR 156, 160, 162, 166, 171, 172, 319, 393, 395, 398, and 399) were detected.

The miR166 was the most abundant detected known mature miRNA among the quinoa sam-

ples. In addition, novel miRNAs were identified based on the randfold (p< 0.05) and miR-

Deep2 score� 0. Prediction of novel miRNAs resulted in 876 significant novel mature

miRNAs, among which novel miRNA “NW_018742204.1_181” was the most prevalent novel

miRNA among quinoa samples (S5 Table).

Determination of RISC factors involved in miRNA biogenesis is possible through nucleo-

tide size distribution and 5’ base enrichment analyses of miRNAs. The dominant size and the

enriched 5’ terminal base of known miRNAs were cleaved sequences with the size of 21 nucle-

otides and 5’ Uracil (U) (S5 Table). To characterize differential expressed miRNA

(DEmiRNA), read counts of known and novel miRNAs were used in DESeq2, and DEmiRNAs

were determined between CMV-inoculated and mock-inoculated samples based on the

threshold p� 0.05. In the full model that included the variety interaction as well, one

DEmiRNA was UR and one was DR. Within the varieties, in ‘Jessie’ two UR- and four DR-

miRNAs (including miR166, miR399) were detected, in ‘QQ74’ five DEmiRNAs (5 DR) were

identified, and in ‘Red Head’ no DEmiRNA was detected. TargetFinder analysis of miRNAs

detected a total of 126 candidate target genes that four (3 UR, 1 DR) belonged to the full-

model design and 122 (19 UR, 103 DR) belonged to individual-variety design (Table 3, S6

Table). To provide comprehensive function of DEmiRNAs, enrichment analysis of targeted

genes was performed by KOBAS (adjusted p� 0.05). Overall enriched biological pathways

were involved in cell recognition and water homeostasis. In ‘Jessie’, targeted genes were

enriched in ether lipid/glycerophospholipid metabolism, ubiquitin-mediated proteolysis and

endocytosis functions. In ‘QQ74’ and ‘Red Head’, no biological pathways were enriched (S6

Table).

To identify the complexes involved in formation of endogenous siRNA, nucleotide size dis-

tribution and 5’ end base abundance of detected siRNAs are needed. Since siRNAs completely

match their target sequences, mapping clean small RNA reads to C. quinoa reference genome

allowing zero mismatch resulted in siRNA targets. These target sequences were used to identify

dominant cleaved nucleotide size and 5’ terminal base of endogenous siRNAs. The average

alignment rate was 99.75%. The sequences with 24 nt were more abundant than other nucleo-

tide sizes (Fig 3). Also, Adenine (A) was the predominant base at 5’ end (S4 Fig). To enable dif-

ferential expression of siRNAs, the ShortStack package was used to determine the counts of

siRNA clusters varying in size (18–30 nt) over quinoa genome. A total of 160,533 siRNA clus-

ters was retrieved per individual sample (S7 Table). The abundance of 24 nt siRNA sizes was

higher (Fig 3); however, within this size number,clusters detected in ‘Red Head’, bitter variety,

were significantly (p = 0.01) higher than in two sweet/semi-sweet varieties, ‘Jessie’ and ‘QQ74’

(S7 Table). Using DESeq2 on cluster counts of the samples by comparing CMV-inoculated

and mock-inoculated tissues under two models, overall analysis and variety-specific analysis,

revealed that the size of 24 nt was the most abundant differentially expressed Dicer cleaved

siRNA. Among the total 377 differentially expressed siRNA clusters, 235 belonged to overall

analysis, and 142 belonged to variety analysis (‘Jessie’: 100; ‘QQ74’: 39; ‘Red Head’: 3) (S8

Table). These 24nt hc-siRNA clusters were used for further analyses. Since hc-siRNAs target

genes and intergenic regions such as TEs, gene promoter and TFBSs, multiple methods were

exploited to predict candidate targets spanning 2kb of the targeted genes. Based on the overall

or variety-specific analyses, targeted repetitive regions and biological functions of the targeted

genes were annotated separately (S9 Table).
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Characterization of virus-derived siRNAs

Complexes involved in RNAi leading to antiviral defense could be identified through map-

ping clean reads to CMV genome with the perfect match option. Therefore, the same align-

ment option as described above was followed to retrieve vsiRNA sequences. These

sequences provide information about nucleotide size distribution and 5’ end base enrich-

ment of vsiRNA that have been cleaved by quinoa RNA silencing factors. Forty five percent

of vsiRNA had a length of 21 nt, and 30% were 22 nt (Fig 4A). There was no consistent 5’

terminal base among varieties and time points (Fig 4B, S5 Fig). Obtained vsiRNA

sequences also provided information about three RNA segments of CMV from which they

were derived. Sequences derived from viral RNA3 were more prevalent than signatures of

RNA1 and RNA2 (Fig 5).

RT-qPCR validation of DEGs

RT-qPCR with specific primers was used to validate DEG patterns detected in silico from

RNASeq for nine genes involved in RNA transport, membrane structure, lipid or protein

Table 3. Differentially expressed known and novel microRNAs (DEmiRNA) between cucumber mosaic virus-inoculated and mock-inoculated samples among and

within quinoa varieties with their representative target genes.

Stat. Design/ DEmiRNA ID Quinoa mature miRNA seq (3’-5’) Target gene function miRNA Log2FC1

Full Design (overall model)
NW_018744790.1_35060 CAACGCUCAAUAAACCUGGCCU Probable aquaporin NIP-type 5.15

Putative receptor protein kinase ZmPK1

W_018743920.1_25060 GUAAGUCGCAAAAACAGAGUCCGA Serine/threonine-protein phosphatase 7 -0.90

Variety-Specific Design
‘Jessie’

W_018744092.1_28071 AGACCUCAAAAAUACCAGCUU Pentatricopeptide repeat-containing protein 0.57

F-box/WD-40 repeat-containing protein At5g21040

W_018743920.1_25060 GUAAGUCGCAAAAACAGAGUCCGA Serine/threonine-protein phosphatase 7 1.15

W_018742966.1_12459 AAAGCCUGGUCCGAAGUAAGG Eukaryotic translation initiation factor 2 subunit alpha -1.08

ATP-dependent zinc metalloprotease FTSH 4

W_018743850.1_23708 CUAGAUCUCAAAAGUACCAGCUU F-box/LRR-repeat protein At3g26922 -0.87

Abscisic acid receptor PYR1

tae-miR399 GUCCCGUUAAGAGGAAACCGU Probable ubiquitin-conjugating enzyme E2 -0.74

Amino acid transporter AVT1C

vvi-miR166a CCUUACUUCGGACCAGGCUUU Homeobox-leucine zipper protein ATHB-8

Homeobox-leucine zipper protein REVOLUTA

-1.06

‘QQ74’
NW_018743373.1_18406 CAAGGAUUGUCCAAGGCCAAGGUU Sialyltransferase-like protein 2 -1.48

Protein TRANSPARENT TESTA 1

NW_018743373.1_18786 AAGGAUUGUCCAAGGCCAAGGUUA Sialyltransferase-like protein 2 -1.03

Protein TRANSPARENT TESTA 1

NW_018745054.1_40349 UGUUUUUGACCUGGCCUGGACUUU Putative B3 domain-containing protein Os03g0621600 -0.83

Zinc finger BED domain-containing protein RICESLEEPER 3

NW_018743510.1_19988 CAGGGCCUAUUAAGCCCAUGGGCU tRNA(adenine(34)) deaminase -1.43

Serine/threonine-protein phosphatase 6 regulatory ankyrin repeat suA

W_018742244.1_2101 UUUCUCCAACGCGUUUCUAUCUCG ND� -3.34

1FC, fold change.

https://doi.org/10.1371/journal.pone.0244364.t003
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Fig 3. Nucleotide size distribution of endogenous siRNA. This graph depicts data from quinoa varieties (J, Q, R) with two treatments (C,

T) at two time periods (days after inoculation [1,4]). J, Q, and R are initials of the varieties, and C and T are mock- and virus-inoculated,

respectively.

https://doi.org/10.1371/journal.pone.0244364.g003

Fig 4. Cucumber mosaic virus (CMV)-derived small interfering RNA (vsiRNA). (A) Nucleotide size distribution of vsiRNA. (B) Enrichment of 5’ terminal

base across the varieties and days post inoculation. The graph depicts data from quinoa varieties (J,Q,R), and time (days after inoculation).

https://doi.org/10.1371/journal.pone.0244364.g004
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biosynthesis. The resultant fold changes between CMV- and mock-inoculated samples were

compared to those of detected DEGs from DESeq2 output. All in vitro tested genes had the

same expression patterns as in silico detected DEGs (Fig 6), which validates reliability of DEG

analysis utilized in this study.

Validation of known and novel miRNA by stem-loop RT-PCR

To confirm identified known and novel miRNA in vitro, 6 randomly selected known miRNAs

including miRs 156, 166b, 166m, 393, 395, 399, plus the 9 novel miRNAs were reverse tran-

scribed using stem-loop primers, followed by PCR and gel visualization. All the tested known

and predicted miRNAs were amplified as expected (Fig 7), indicating reliability of the obtained

sRNASeq results.

Discussion

Transcriptional responses of different quinoa ecotypes during abiotic stresses [62, 63] and

transcriptome changes of herbaceous host, C. amaranticolor, in response to different viruses

[36–38] have been documented. However, the global gene expression pattern and small RNA

profile of sweet and bitter quinoa varieties during virus infection was lacking prior to this

study. To inspect the molecular interaction of CMV infection on the host transcriptome over

time (1 and 4 dpi), three varieties were inoculated with either buffer or CMV-infected leaf sap.

Based on bioinformatic analysis of transcriptome sequences, DEGs were detected between

Fig 5. Distribution of virus-derived siRNA (vsiRNA) across cucumber mosaic virus (CMV) RNAs. The consensus

vsiRNA distribution across three CMV RNA1, RNA2, and RNA3. The inner rectangles show reads mapped to

respective viral RNA. Outer rectangles relate genome coordinates of consensus reads mapped to CMV RNAs.

https://doi.org/10.1371/journal.pone.0244364.g005
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mock- and virus-inoculated samples. Furthermore, integration of sRNA analyses including

miRNA, endogenous siRNA, and vsiRNA provided the knowledge on complexes recruited in

host sRNA biogenesis and filled the knowledge gaps on antiviral gene silencing factors in qui-

noa during CMV infection.

Several metabolic pathways including purine and pyrimidine metabolism, nitrogen pro-

cesses, and terpenoid backbone were downregulated in virus-infected plants (1 dpi and 4 dpi

combined).Purine catabolism is a vital housekeeping function of the plants for growth, devel-

opment, nitrogen remobilization, and induction of defense-related hormone signaling [64,

65]. Allantoin is a nitrogen-rich compound and an essential intermediate in purine catabolism

that typically accumulates in stressed plants [65]. Allantoin induces jasmonic acid (JA) [64,

Fig 6. Validation of expression pattern of genes selected from RNASeq (blue) using RT-qPCR (green). CqEF1α was used for gene normalization purpose. Gene

function is shown on top of the plot.

https://doi.org/10.1371/journal.pone.0244364.g006

Fig 7. Validation of detected known and predicted novel miRNAs by PCR. From left to right the samples are as follows: (A) Known miRNAs 1) DNA

marker, 2) miR166b, 3) miR166m, 4) miR393, 5) miR395, 6) miR156, 7) miR399. (B) Novel miRNAs (nmiR) 1) DNA marker, 2) nmiR2, 3) nmiR5, 4)

nmiR6, 5) nmiR9, 6) DNA marker, 7) nmiR3, 8) nmiR4, 9) DNA marker, 10) nmiR1, 11) nmiR7, 12) DNA marker, 13) nmiR8. The DNA marker is O’range

Ruler 50bp ThermoFisher with the range of 50 to 200 with 50bp increments.

https://doi.org/10.1371/journal.pone.0244364.g007
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65], the defense signaling phytohormone that results in systemic resistance against viruses

[66–69]. In this study, downregulation of allantoin and nitrogen compounds could have

resulted from suppression of purine catabolic processes. These successive suppressions may

have decreased JA signaling resulting in plant susceptibility to virus infection [66, 69]. Based

on retrieved vsiRNAs from sRNA analysis in our study, there were few sequences of 3’ end of

RNA2 encoding 2b protein of CMV. Because viral 2b protein inhibits cleavage activity of

Argonaute [70], increased levels of this protein allow the virus to counter both plant defense

through JA signaling repression and facilitates long distance movement of the virus. Purine

and pyrimidine together as part of nucleotide metabolism of host are essential for virus replica-

tion. Downregulation of these two compounds could be an antiviral mechanism that deprives

virus of nucleotides required for virus replication machinery [71]. Terpenoids are secondary

metabolites with the anti-herbivory and defensive roles in plants [13]. Downregulation of

DEG involved in terpenoid backbone biosynthesis was related to a chloroplastic terpenoid

pathway (MEP) (Table 4); this restricts biosynthesis of downstream terpenoid compounds and

impairs the terpenoid-related defensive roles [72, 73].

Upregulated DEGs were involved in lipid and nitrogen metabolism, translation, hormone

signaling, protein and terpenoid biosynthesis. Nitrogen is one of the primary limiting factors

for plant growth, and its assimilation is required for biosynthesis of amino acids glutamate,

glutamine, asparagine, and aspartate [74, 75]. CMV infection in tobacco leaves led to overex-

pression of two enzymes implicated in primary assimilation of nitrogen, glutamate dehydroge-

nase (GDH) and cytosolic glutamine synthetase (GS1) [76]. In our study, accumulation of

nitrogen compounds likely led to induction of amino acid biosynthesis, thus resulting in

Table 4. Annotation of detected DEGs between cucumber mosaic virus- and mock-inoculated samples involved in terpenoid biosynthesis and plant-pathogen inter-

action pathways.

Stat. Design/Bio-Pathway/Locus ID Gene Annotation Log2FC1

Full Design

Terpenoid backbone biosynthesis
LOC110722601 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase -1.05

Monoterpenoid biosynthesis
LOC110695525 Cytochrome P450 81E8 10.85

LOC110733559 Isoflavone 2’-hydroxylase 20.01

LOC110724414 Isoflavone 2’-hydroxylase 13.24

Sesquiterpenoid biosynthesis
LOC110722126 Valencene synthase 23.31

Variety-Specific Design

Plant-pathogen interaction (‘Jessie’)
LOC110736865 Respiratory burst oxidase homolog protein B -0.75

LOC110740007 Pathogenesis-related protein PRB1-3 -11.43

LOC110721413 Calcium-binding protein CML24 -1.62

Plant-pathogen interaction (‘QQ74’)
LOC110690414 LRR receptor-like serine/threonine-protein kinase FLS2 1.01

Plant-pathogen interaction (‘Red Head’)
LOC110685889 LRR receptor-like serine/threonine-protein kinase At1g34110 1.87

Sesquiterpenoid biosynthesis (‘Jessie’)
LOC110720101 Sesquiterpene synthase -6.27

LOC110722126 Valencene synthase -8.95

1FC, fold change.

https://doi.org/10.1371/journal.pone.0244364.t004
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elevated levels of translation process and protein formation; the finding is also consistent with

the study on Arabidopsis thaliana that reported impact of elevated level of nitrogen on increas-

ing protein content [74]. Endoplasmic reticulum (ER), the replication site for viruses in the

Bromoviridae family, is the site for formation of viral factories, vesicles that are required for

virus replication [77, 78]. In quinoa, following induction of DEGs in nitrogen and protein bio-

synthesis, amino acid transport to ER was also increased. Because amino acid transport is cor-

related to abundance of nitrogen in plant cells [75], elevated processes of protein retention in

ER and translation might be due to viral demand for the protein biosynthesis required for its

replication and assembly. Also, increased level of lipid metabolism might be the result of

recruiting host cellular factors to synthesize glycerophospholipids, which is the main compo-

nent of membraneous viral factories [79]. Phytohormones have several regulatory roles in

plant development, growth, host-pathogen interaction, and plant defense mechanism [80]. Sal-

icylic acid (SA) is one of the major defense-related hormones and plays a positive regulatory

role against plant viruses. The SA interaction with brassinosteroid (BR) or ethylene (ET), as

two other phytohormones, results in either synergistic or antagonistic immune responses.

Because BR induces ET biosynthesis [81] and ET precedes the SA signaling pathway [82], the

upregulation of both BR and ET DEGs in this study, that was concurrent with overexpression

of SA-related DEGs, could have been a synergistic defense response against virus. Enzymatic

reactions of synthases, reductases, kinases, etc. in the terpenoid backbone biosynthesis concat-

enates isoprene units to produce various classes of terpenoids. Monoterpenoids are biosynthe-

sized through MEP pathway, whereas sesquiterpenes are produced in a cytosolic pathway

(mevalonate [MVA]) [83]. Overexpression of DEGs pertaining to sesquiterpenes (Table 4) in

quinoa might have resulted from increased activity of MVA pathway, which probably compen-

sates the suppressed sources of chloroplastic-derived isoprene units. Although, MEP pathway

was downregulated, induction of monoterpenoid DEGs might be from elevated isoprene

blocks originated from MVA pathway. The cross-talk of MEP and MVA pathways have been

reported in northern red oak as a response to ozone [84].

In quinoa, expression of TSARL1 gene is correlated with saponin content [4]. In this study

there was a concomitant decrease in expression of TSARL1 and the systemic spread of CMV

in the bitter variety, but not in the two sweet/semi-sweet varieties. This negative correlation

between virus spread and relative saponin content of quinoa seed is consistent with a previous

study [72]. In that study, tomato yellow leaf curl China virus (TYLCCNV)-infected plants had

decreased terpenoid expression, and this led to higher fitness of Bemisia tabaci, a whitefly vec-

tor of TYLCCNV. On the other hand, virus-free plants showed higher expression of terpe-

noids, which resulted in low level of insect infestation.

Analysis on the effect of CMV infection over time on separate quinoa varieties resulted in

identification of DEGs that modulated variety-specific biological pathways, such as plant-path-

ogen interaction (PPI), DNA replication, mismatch and nucleotide excision repair, homolo-

gous recombination, and hormone signaling. The DEGs for PPI include defense-related

mechanisms that involve reactive oxygen species (ROS) and result in hypersensitive response,

cell programmed death, and induction of genes that are related to defense against viruses. All

these responses modulate levels of defense hormones such as SA, JA, and ET [85]. In ‘Jessie’, a

variety with CMV-induced local lesions, downregulation of PPI was concomitant with sup-

pression of DEGs of ROS and defense hormones (SA, JA, ET), which implies that these defense

responses were suppressed over time (upregulated at 1 dpi during the active defense response

and then downregulated at 4 dpi). Although the fact that a local lesion variety has downregu-

lated defense system seems counter-intuitive, plant reaction to viral inoculation occurs rapidly

and processes that require upregulation can be completed in early stages of infection [86]. In

‘Red Head’, the variety with CMV-induced systemic symptoms, both PPI and ROS were
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upregulated, which implies elevation of these two stress responsive mechanisms over time.

Therefore, in contrast to ‘Red Head’ (susceptible host) that had a consistent induced defense

response, ‘Jessie’ (resistant host) had induction of defensive pathways at early stage of infection

and then suppression of those defensive pathways at late stage of infection. Replication and

repair processes of host genome is a critical and substantial antiviral mechanism [85]. In

tobacco infected with TMV, upregulation of plant DNA homologous recombination resulted

in persistent induction of DNA rearrangement and leucine-rich repeat (LRR) gene expression,

which led to persistent and broad-spectrum resistance to TMV infection in tobacco [87, 88].

In ‘QQ74’, a variety with few CMV-induced local lesions, PPI over time was overexpressed.

This finding could be due to upregulation of DNA replication, mismatch and nucleotide exci-

sion repair, and homologous recombination that provided prolonged and persistent defense

responses such as PPI even at 4 dpi. The DEGs involved in hormone signaling were altered in

‘Jessie’ and ‘Red Head’ but not ‘QQ74’. Reprogramming of auxin biosynthesis and/or signaling

through altering its function and subcellular localization by several plant viruses including

CMV has been shown to be beneficial for virus movement and replication, as well as enhanced

infection and disease symptoms [80, 89]. Elevated levels of auxin repressed the hypersensitive

response (HR) resulting from SA signaling pathway [80]. In this study, ‘Jessie’ and ‘Red Head’

displayed induction of genes of auxin signaling over time in CMV infection, suggesting sup-

pression of systemic resistance in both varieties via disruption of SA-mediated defense

responses. It has been reported that in cucumber infected with CMV, ET is a determinant for

viral-induced symptoms [90]. In ‘Red Head’, overexpression of ET-related genes at 4 dpi could

be responsible for appearance of CMV-induced systemic symptoms. Abscisic acid (ABA), a

phytohormone involved in developmental processes, such as seed germination, fruit ripening,

and responses to abiotic stresses [80], is antagonist to SA/JA-dependent defense pathway, ROS

production and HR, and therefore represses systemic resistance against viruses [80, 91]. Fur-

thermore, ABA induces callus deposition in plasmodesmata, which limits virus intercellular

movement, and also elevates AGO1 activity implicated in gene silencing [80, 91]. In this study,

in ‘Red Head’, induction of ABA responding genes at 4 dpi may have played a dual role against

CMV infection: 1) utilization of ABA by virus to negate host systemic resistance, and 2) induc-

tion of ABA by host to repress virus through limiting viral movement or silencing viral genes

via RNAi machinery. In tobacco, cytokinin (CK) accumulation led to enhanced viral resistance

through SA-mediated defense responses [92]. In ‘Jessie’ and ‘Red Head’, downregulation of

CK-related genes over time was likely related to suppression of systemic resistance through SA

signaling pathway. In ‘Jessie’ this might be a host strategy to bring hormonal levels to pre-

infection levels, because the virus has already been deactivated in the adjacent cells due to

appeared local lesions [93]. Conversely, in ‘Red Head’, suppression of CK-related genes was

probably governed by CMV, because of the systemic infection of the virus that led to continu-

ous modulation of defense hormone signaling over time.

The primary plant-derived small RNAs (miRNA and siRNA) are necessary regulatory fac-

tors for modification of endogenous or exogenous gene expression through either mRNA

cleavage or translation inhibition. RISC factors such as DCL and AGO have crucial roles in

miRNA and siRNA biogenesis. Since, in other plants DCL and AGO factors have been identi-

fied based on cleaved nucleotide size and 5’ terminal base of sRNAs [24, 27, 28], in this study

we conclude that miRNA sizes of 21 nucleotides were cleaved by DCL1, and the single

stranded RNAs with 5’U are loaded on AGO1 to guide the RISC to regulate the target genes.

In Arabidopsis, 24nt siRNAs were cleaved by DCL3 and loaded on AGO4/6/9 to inactivate

genomic and intergenic regions through sequence methylation and histone modification.

RDR2 is also recruited in the process to generate dsRNA to enhance siRNA biogenesis [24, 30,

31]. Therefore, in quinoa, the dominant nucleotide size of 24nt, which are known as hc-
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siRNAs and had the 5’A bias, were likely generated by association of DCL3, AGO4/6/9, and

RDR2. Also, in our analysis presence of endogenous siRNAs with different sizes (21–27 nt)

could be attributed to the function of RDR2.

Ten out of eleven known miRNA families identified in this study were also reported at least

once elsewhere from C. quinoa [4, 94]; miR395 was reported only from this study. This indi-

cated conserved structure of the detected miRNAs between this study and the others, and reli-

ability of our in silico miRNA analyses. Identification of known and novel miRNAs in quinoa

[4, 94] and prediction of their target genes has already been reported [94]; however, screening

of DEmiRNAs in quinoa between CMV- and mock-inoculated samples had not yet been

investigated until this study. DE analysis detected a total of 13 DEmiRNAs from quinoa varie-

ties, which overall targeted 126 candidate genes (Table 3, S6 Table). As miRNA targets 3’ UTR

of the target genes for degradation by RISC [95], there are several lines of evidence confirming

that there is a strong negative correlation between miRNA expression and regulation of their

targeted mRNA [96–99]. In ‘Jessie’, downregulation of novel miRNA

“NW_018743850.1_23708” derepressed expression of ABA receptor genes, which are known

to modulate ABA levels in plants [100]. Increased ABA may result in diverse defense

responses: 1) elevated callose deposition in plasmodesmata to confine and eliminate the virus,

and/or 2) a viral strategy to inhibit host systemic resistance via disruption of SA/JA signaling

pathway. The role of miR399 in relationship with lipid metabolism have been reported in

maize [101]. In ‘Jessie’, suppression of miR399 and miR166, and induction of novel miRNA

“NW_018744092.1_28071”, might lead to upregulation of target genes involved in lipid bio-

synthesis, and one may infer that the virus regulated three miRNAs to modulate host lipid bio-

synthesis for its own multiplication. Another role of miR399 is to regulate ubiquitin-

conjugating E2 enzyme that target proteins for degradation [102]. In ‘Jessie’, downregulation

of miR399 may induce: 1) expression of ubiquitin enzyme that increases degradation of viral

proteins, and 2) endocytosis, which is a host mechanism to remove ligands, nutrients, lipids

and proteins from the cell.

The complexity in siRNA classification during host-virus interaction at genome-wide levels

needs development of particular analysis. Using ShortStack facilitated identification of siRNAs

based upon 1) software development according to plant genomes, and 2) prediction of de novo
regions over the genome with accumulated siRNAs named “clusters”. In the Arabidopsis-root

knot nematode interaction, abundance of 23 and 24 siRNAs is higher in galled samples than in

controls and was attributed as a gall characteristic [29, 34]. In this study, however, significant

higher accumulation of 24nt siRNA clusters among varieties (‘Red Head’, bitter variety had

more siRNA than other two varieties), may suggest that varied abundance of siRNA clusters in

quinoa was a variety-specific incidence. Since hc-siRNA were the most abundant cleaved size

among quinoa siRNA clusters and are associated with silencing of gene and intergenic repeats

through DNA methylation and histone modification, differential expression analysis focused

only on hc-siRNAs. Similar to miRNAs that have negative correlation with expression of their

targets, siRNA expression also influences their targets inversely [29, 103]. Thus, differentially

expressed clusters of hc-siRNAs in quinoa either in overall or variety-specific modes impact

their putative genomic regions including genes, TFBSs, and TEs in a negative manner. Based

on target analyses of differentially expressed hc-siRNA in quinoa, intergenic areas and repeti-

tive elements were more regulated than coding sequences; this is consistent with the fact that

hc-siRNA mostly target promoter regions [29]. The differentially expressed hc-siRNAs identi-

fied in this study may be good resistance candidates during virus infection, however, further

functional studies should be conducted to verify their expression via RNA-directed DNA

methylation, and their potential role in quinoa-virus interaction.
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During CMV infection in Arabidopsis, DCL4 produced 21nt vsiRNA that has been impli-

cated in viral gene silencing. DCL4 mutants had a higher abundance of 22nt vsiRNA, indicat-

ing recruitment of DCL2 to compensate DCL4 impairment [25, 28]. Both DCL4 and DCL2

may also be involved in vsiRNA biogenesis in quinoa since 21 and 22 nt are the predominant

sizes (Fig 4; S5 Fig). More vsiRNAs mapped to RNA3 than RNA1 or RNA2 (Fig 5), perhaps

due to the fact that RNA3 is the most abundant RNA in infected cells. RNA3 also has shorter

sequence length and higher replication rate than RNA1 and RNA2 [104, 105]. Since DCL2 and

DCL4 preferentially cleave GC-rich template regions [106] and GC content of CMV RNAs is

similar (RNA1: 46.5%; RNA2: 45.9%; and RNA3: 46.9%), this eliminated GC content as the

reason for uneven distribution of vsiRNAs across CMV genome. In CMV-infected Arabidopsis
and Nicotiana, RDR1 has the primary role in vsiRNA formation with a 5’ selection bias for

three viral genomic RNAs. In RDR1 mutants there was an increased production of vsiRNAs

from the 3’ half of the genomic RNAs, particularly in RNA3, which appeared to be RDR6-de-

pendent [105, 107]. Thus, in our study, variability of 5’ bases (Fig 4B) and higher number of

vsiRNAs mapped to RNA3 (Fig 5) may have been due to suppressed activity of RDR1 and co-

expression of RDR6 during vsiRNA formation.

Conclusions

Altogether, we concluded that CMV infection of sweet/semi-sweet quinoa varieties with differ-

ent resulted in variable virus-induced local or systemic symptoms. Suppression of TSARL1

gene in the bitter variety was concurrent with systemic movement of the virus in the leaves.

Integration of high-throughput transcriptome and sRNASeq of quinoa varieties during time-

course CMV infection provided the knowledge on 1) general and individual variety responses

such as perturbation of translation, lipid and nitrogen metabolism as well as plant-pathogen

interaction, hormonal signaling, DNA and mismatch repair processes, and 2) differentially

expressed miRNAs and siRNAs and their putative targets. Our findings will enhance knowl-

edge on 1) genes and biological pathways involved in tolerance of quinoa varieties to viral

infection, and 2) molecular characteristics of regulatory miRNAs, endogenous and exogenous

siRNAs. However, functional studies should be conducted to confirm the impact of regulatory

and endogenous sRNA in quinoa as well as their role in quinoa-virus interaction. Taken

together, information provided in this study will be helpful in development of resistant quinoa

varieties against virus infection through molecular breeding.
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S3 Table. Differential expressed genes of RNASeq data. In each tab, “full-3way” indicates full-

model analysis, and “full-treatment” indicates main effect of treatment only, upregulated and
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43. Präger A, Munz S, Nkebiwe PM, Mast B, Graeff-Hönninger S. Yield and quality characteristics of dif-

ferent quinoa (Chenopodium quinoa Willd.) cultivars grown under field conditions in Southwestern

Germany. Agronomy. 2018; 8(10):197. https://doi.org/10.3390/agronomy8100197

44. Abbott J. Personal communication. 2020.

45. Soltani N, Staton M, Gwinn K. RNA Seq: virus infection alters terpenoid biosynthesis in Chenopodium

quinoa. Phytopathology (Abstr). 2019; 109:S2.184. https://doi.org/10.1094/PHYTO-109-10-S2.1

PMID: 31634045

46. Andrews S. FastQC: a quality control tool for high throughput sequence data 2016. Available from:

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

47. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinfor-

matics. 2014; 30(15):2114–20. Epub 2014/04/04. https://doi.org/10.1093/bioinformatics/btu170 PMID:

24695404; PubMed Central PMCID: PMC4103590.

48. Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon provides fast and bias-aware quantifica-

tion of transcript expression. Nat Methods. 2017; 14(4):417–9. Epub 2017/03/07. https://doi.org/10.

1038/nmeth.4197 PMID: 28263959; PubMed Central PMCID: PMC5600148.

49. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data

with DESeq2. Genome Biol. 2014; 15(12):550. Epub 2014/12/18. https://doi.org/10.1186/s13059-014-

0550-8 PMID: 25516281; PubMed Central PMCID: PMC4302049.

50. Xie C, Mao X, Huang J, Ding Y, Wu J, Dong S, et al. KOBAS 2.0: a web server for annotation and iden-

tification of enriched pathways and diseases. Nucleic Acids Res. 2011; 39(Web Server issue):W316–

22. Epub 2011/07/26. https://doi.org/10.1093/nar/gkr483 PMID: 21715386; PubMed Central PMCID:

PMC3125809.

51. Soltani N, Staton M, Gwinn K. Small RNA profile in the Chenopodium quinoa–Cucumber mosaic virus

interaction. Phytopathology (Abstr). 2019; 109:S2.187. https://doi.org/10.1094/PHYTO-109-10-S2.1

PMID: 31634045

52. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012; 9(4):357–

9. Epub 2012/03/06. https://doi.org/10.1038/nmeth.1923 PMID: 22388286; PubMed Central PMCID:

PMC3322381.

53. Friedländer MR, Mackowiak SD, Li N, Chen W, Rajewsky N. miRDeep2 accurately identifies known

and hundreds of novel microRNA genes in seven animal clades. Nucleic Acids Res. 2011; 40(1):37–

52. https://doi.org/10.1093/nar/gkr688 PMID: 21911355

54. Fahlgren N, Howell MD, Kasschau KD, Chapman EJ, Sullivan CM, Cumbie JS, et al. High-throughput

sequencing of Arabidopsis microRNAs: evidence for frequent birth and death of MIRNA genes. PLoS

One. 2007; 2(2):e219. Epub 2007/02/15. https://doi.org/10.1371/journal.pone.0000219 PMID:

17299599; PubMed Central PMCID: PMC1790633.

55. Bushnell B. BBMap: a Fast, Accurate, Splice-Aware Aligner. Lawrence Berkeley National Lab.

(LBNL), Berkeley, CA (United States), 2014.

56. Axtell MJ. ShortStack: comprehensive annotation and quantification of small RNA genes. RNA. 2013;

19(6):740–51. Epub 2013/04/24. https://doi.org/10.1261/rna.035279.112 PMID: 23610128; PubMed

Central PMCID: PMC3683909.

PLOS ONE Genome-enabled analysis of response of Chenopodium quinoa to cucumber mosaic virus

PLOS ONE | https://doi.org/10.1371/journal.pone.0244364 February 23, 2021 23 / 26

https://doi.org/10.1046/j.1365-313x.2001.01030.x
http://www.ncbi.nlm.nih.gov/pubmed/11439122
https://doi.org/10.1371/journal.pone.0045953
http://www.ncbi.nlm.nih.gov/pubmed/23029338
https://doi.org/10.1371/journal.pone.0182425
https://doi.org/10.1371/journal.pone.0182425
http://www.ncbi.nlm.nih.gov/pubmed/28771638
https://doi.org/10.1021/acs.jafc.6b02156
http://www.ncbi.nlm.nih.gov/pubmed/27525448
https://doi.org/10.1111/1750-3841.13677
https://doi.org/10.1111/1750-3841.13677
http://www.ncbi.nlm.nih.gov/pubmed/28267866
https://doi.org/10.3390/agronomy8100197
https://doi.org/10.1094/PHYTO-109-10-S2.1
http://www.ncbi.nlm.nih.gov/pubmed/31634045
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1038/nmeth.4197
http://www.ncbi.nlm.nih.gov/pubmed/28263959
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1093/nar/gkr483
http://www.ncbi.nlm.nih.gov/pubmed/21715386
https://doi.org/10.1094/PHYTO-109-10-S2.1
http://www.ncbi.nlm.nih.gov/pubmed/31634045
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1093/nar/gkr688
http://www.ncbi.nlm.nih.gov/pubmed/21911355
https://doi.org/10.1371/journal.pone.0000219
http://www.ncbi.nlm.nih.gov/pubmed/17299599
https://doi.org/10.1261/rna.035279.112
http://www.ncbi.nlm.nih.gov/pubmed/23610128
https://doi.org/10.1371/journal.pone.0244364


57. Kohany O, Gentles AJ, Hankus L, Jurka J. Annotation, submission and screening of repetitive ele-

ments in Repbase: RepbaseSubmitter and Censor. BMC Bioinformatics. 2006; 7:474. Epub 2006/10/

27. https://doi.org/10.1186/1471-2105-7-474 PMID: 17064419; PubMed Central PMCID:

PMC1634758.

58. Jin J, Tian F, Yang DC, Meng YQ, Kong L, Luo J, et al. PlantTFDB 4.0: toward a central hub for tran-

scription factors and regulatory interactions in plants. Nucleic Acids Res. 2017; 45(D1):D1040–D5.

Epub 2016/12/08. https://doi.org/10.1093/nar/gkw982 PMID: 27924042; PubMed Central PMCID:

PMC5210657.

59. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR

and the 2− ΔΔCT method. Methods. 2001; 25(4):402–8. https://doi.org/10.1006/meth.2001.1262

PMID: 11846609

60. Czimmerer Z, Hulvely J, Simandi Z, Varallyay E, Havelda Z, Szabo E, et al. A versatile method to

design stem-loop primer-based quantitative PCR assays for detecting small regulatory RNA mole-

cules. PLoS One. 2013; 8(1):e55168. Epub 2013/02/06. https://doi.org/10.1371/journal.pone.0055168

PMID: 23383094; PubMed Central PMCID: PMC3561390.

61. Varkonyi-Gasic E, Wu R, Wood M, Walton EF, Hellens RP. Protocol: a highly sensitive RT-PCR

method for detection and quantification of microRNAs. Plant Methods. 2007; 3(1):12. Epub 2007/10/

13. https://doi.org/10.1186/1746-4811-3-12 PMID: 17931426; PubMed Central PMCID:

PMC2225395.

62. Raney JA, Reynolds DJ, Elzinga DB, Page J, Udall JA, Jellen EN, et al. Transcriptome analysis of

drought induced stress in Chenopodium quinoa. Am J Plant Sci. 2014; 5:338–57. https://doi.org/10.

4236/ajps.2014.53047

63. Morales A, Zurita-Silva A, Maldonado J, Silva H. Transcriptional responses of Chilean quinoa (Cheno-

podium quinoa Willd.) under water deficit conditions uncovers ABA-independent expression patterns.

Front Plant Sci. 2017; 8:216. Epub 2017/03/25. https://doi.org/10.3389/fpls.2017.00216 PMID:

28337209; PubMed Central PMCID: PMC5340777.

64. Watanabe S, Matsumoto M, Hakomori Y, Takagi H, Shimada H, Sakamoto A. The purine metabolite

allantoin enhances abiotic stress tolerance through synergistic activation of abscisic acid metabolism.

Plant, Cell Environ. 2014; 37(4):1022–36. https://doi.org/10.1111/pce.12218 PMID: 24182190

65. Takagi H, Ishiga Y, Watanabe S, Konishi T, Egusa M, Akiyoshi N, et al. Allantoin, a stress-related

purine metabolite, can activate jasmonate signaling in a MYC2-regulated and abscisic acid-dependent

manner. J Exp Bot. 2016; 67(8):2519–32. https://doi.org/10.1093/jxb/erw071 PMID: 26931169

66. Silvestri S, Murphy AM, Buonaurio R, Carr JP. Allopurinol, an inhibitor of purine catabolism, enhances

susceptibility of tobacco to Tobacco mosaic virus. Virus Res. 2008; 137(2):257–60. Epub 2008/08/05.

https://doi.org/10.1016/j.virusres.2008.05.018 PMID: 18675860.

67. Zhu F, Xi DH, Yuan S, Xu F, Zhang DW, Lin HH. Salicylic acid and jasmonic acid are essential for sys-

temic resistance against Tobacco mosaic virus in Nicotiana benthamiana. Mol Plant Microbe Interact.

2014; 27(6):567–77. Epub 2014/01/24. https://doi.org/10.1094/MPMI-11-13-0349-R PMID:

24450774.

68. Zhang L, Zhang F, Melotto M, Yao J, He SY. Jasmonate signaling and manipulation by pathogens and

insects. J Exp Bot. 2017; 68(6):1371–85. Epub 2017/01/11. https://doi.org/10.1093/jxb/erw478 PMID:

28069779; PubMed Central PMCID: PMC6075518.

69. Zhang C, Ding Z, Wu K, Yang L, Li Y, Yang Z, et al. Suppression of jasmonic acid-mediated defense

by viral-inducible microRNA319 facilitates virus infection in rice. Mol Plant. 2016; 9(9):1302–14. Epub

2016/07/07. https://doi.org/10.1016/j.molp.2016.06.014 PMID: 27381440.

70. Zhang X, Yuan YR, Pei Y, Lin SS, Tuschl T, Patel DJ, et al. Cucumber mosaic virus-encoded 2b sup-

pressor inhibits Arabidopsis Argonaute1 cleavage activity to counter plant defense. Genes Dev. 2006;

20(23):3255–68. Epub 2006/12/13. https://doi.org/10.1101/gad.1495506 PMID: 17158744; PubMed

Central PMCID: PMC1686603.

71. Chen S, Ding S, Yin Y, Xu L, Li P, Peppelenbosch MP, et al. Suppression of pyrimidine biosynthesis

by targeting DHODH enzyme robustly inhibits rotavirus replication. Antiviral Res. 2019; 167:35–44.

Epub 2019/04/12. https://doi.org/10.1016/j.antiviral.2019.04.005 PMID: 30974126.

72. Luan JB, Yao DM, Zhang T, Walling LL, Yang M, Wang YJ, et al. Suppression of terpenoid synthesis

in plants by a virus promotes its mutualism with vectors. Ecol Lett. 2013; 16(3):390–8. Epub 2013/01/

03. https://doi.org/10.1111/ele.12055 PMID: 23279824.

73. Vickers CE, Bongers M, Liu Q, Delatte T, Bouwmeester H. Metabolic engineering of volatile isopren-

oids in plants and microbes. Plant, Cell Environ. 2014; 37(8):1753–75. Epub 2014/03/05. https://doi.

org/10.1111/pce.12316 PMID: 24588680.

PLOS ONE Genome-enabled analysis of response of Chenopodium quinoa to cucumber mosaic virus

PLOS ONE | https://doi.org/10.1371/journal.pone.0244364 February 23, 2021 24 / 26

https://doi.org/10.1186/1471-2105-7-474
http://www.ncbi.nlm.nih.gov/pubmed/17064419
https://doi.org/10.1093/nar/gkw982
http://www.ncbi.nlm.nih.gov/pubmed/27924042
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1371/journal.pone.0055168
http://www.ncbi.nlm.nih.gov/pubmed/23383094
https://doi.org/10.1186/1746-4811-3-12
http://www.ncbi.nlm.nih.gov/pubmed/17931426
https://doi.org/10.4236/ajps.2014.53047
https://doi.org/10.4236/ajps.2014.53047
https://doi.org/10.3389/fpls.2017.00216
http://www.ncbi.nlm.nih.gov/pubmed/28337209
https://doi.org/10.1111/pce.12218
http://www.ncbi.nlm.nih.gov/pubmed/24182190
https://doi.org/10.1093/jxb/erw071
http://www.ncbi.nlm.nih.gov/pubmed/26931169
https://doi.org/10.1016/j.virusres.2008.05.018
http://www.ncbi.nlm.nih.gov/pubmed/18675860
https://doi.org/10.1094/MPMI-11-13-0349-R
http://www.ncbi.nlm.nih.gov/pubmed/24450774
https://doi.org/10.1093/jxb/erw478
http://www.ncbi.nlm.nih.gov/pubmed/28069779
https://doi.org/10.1016/j.molp.2016.06.014
http://www.ncbi.nlm.nih.gov/pubmed/27381440
https://doi.org/10.1101/gad.1495506
http://www.ncbi.nlm.nih.gov/pubmed/17158744
https://doi.org/10.1016/j.antiviral.2019.04.005
http://www.ncbi.nlm.nih.gov/pubmed/30974126
https://doi.org/10.1111/ele.12055
http://www.ncbi.nlm.nih.gov/pubmed/23279824
https://doi.org/10.1111/pce.12316
https://doi.org/10.1111/pce.12316
http://www.ncbi.nlm.nih.gov/pubmed/24588680
https://doi.org/10.1371/journal.pone.0244364


74. Dietrich R, Ploss K, Heil M. Constitutive and induced resistance to pathogens in Arabidopsis thaliana

depends on nitrogen supply. Plant, Cell Environ. 2004; 27(7):896–906. https://doi.org/10.1111/j.1365-

3040.2004.01195.x

75. Hildebrandt TM, Nunes Nesi A, Araujo WL, Braun HP. Amino acid catabolism in plants. Mol Plant.

2015; 8(11):1563–79. Epub 2015/09/20. https://doi.org/10.1016/j.molp.2015.09.005 PMID: 26384576.

76. Pageau K, Reisdorf-Cren M, Morot-Gaudry JF, Masclaux-Daubresse C. The two senescence-related

markers, GS1 (cytosolic glutamine synthetase) and GDH (glutamate dehydrogenase), involved in

nitrogen mobilization, are differentially regulated during pathogen attack and by stress hormones and

reactive oxygen species in Nicotiana tabacum L. leaves. J Exp Bot. 2006; 57(3):547–57. Epub 2005/

12/27. https://doi.org/10.1093/jxb/erj035 PMID: 16377736.

77. Cillo F, Roberts IM, Palukaitis P. In situ localization and tissue distribution of the replication-associated

proteins of Cucumber mosaic virus in tobacco and cucumber. J Virol. 2002; 76(21):10654–64. Epub

2002/10/09. https://doi.org/10.1128/jvi.76.21.10654-10664.2002 PMID: 12368307; PubMed Central

PMCID: PMC136603.

78. Romero-Brey I, Bartenschlager R. Endoplasmic reticulum: the favorite intracellular niche for viral repli-

cation and assembly. Viruses. 2016; 8(6):160. Epub 2016/06/25. https://doi.org/10.3390/v8060160

PMID: 27338443; PubMed Central PMCID: PMC4926180.

79. Wang X, Zhang Z, He G, Filipowicz N, Randall G, Belov G, et al. Host lipids in positive-strand RNA

virus genome replication. Front Microbiol. 2019; 10:286. https://doi.org/10.3389/fmicb.2019.00286

PMID: 30863375

80. Alazem M, Lin NS. Roles of plant hormones in the regulation of host–virus interactions. Mol Plant

Pathol. 2015; 16(5):529–40. https://doi.org/10.1111/mpp.12204 PMID: 25220680

81. Ashraf M, Akram N, Arteca R, Foolad MR. The physiological, biochemical and molecular roles of bras-

sinosteroids and salicylic acid in plant processes and salt tolerance. Crit Rev Plant Sci. 2010; 29

(3):162–90. https://doi.org/10.1080/07352689.2010.483580

82. Berens ML, Berry HM, Mine A, Argueso CT, Tsuda K. Evolution of hormone signaling networks in

plant defense. Annu Rev Phytopathol. 2017; 55:401–25. Epub 2017/06/25. https://doi.org/10.1146/

annurev-phyto-080516-035544 PMID: 28645231.

83. Sawai S, Saito K. Triterpenoid biosynthesis and engineering in plants. Front Plant Sci. 2011; 2:25.

Epub 2011/01/01. https://doi.org/10.3389/fpls.2011.00025 PMID: 22639586; PubMed Central PMCID:

PMC3355669.

84. Soltani N, Best T, Grace D, Nelms C, Shumaker K, Romero-Severson J, et al. Transcriptome profiles

of Quercus rubra responding to increased O3 stress. BMC Genomics. 2020; 21(1):1–18. https://doi.

org/10.1186/s12864-020-6549-5 PMID: 32059640

85. Mandadi KK, Scholthof K-BG. Plant immune responses against viruses: how does a virus cause dis-

ease? Plant Cell. 2013; 25(5):1489–505. https://doi.org/10.1105/tpc.113.111658 PMID: 23709626

86. Dixon R, Harrison M, Lamb C. Early events in the activation of plant defense responses. Annu Rev

Phytopathol. 1994; 32(1):479–501. https://doi.org/10.1146/annurev.py.32.090194.002403

87. Kovalchuk I, Kovalchuk O, Kalck V, Boyko V, Filkowski J, Heinlein M, et al. Pathogen-induced sys-

temic plant signal triggers DNA rearrangements. Nature. 2003; 423(6941):760–2. Epub 2003/06/13.

https://doi.org/10.1038/nature01683 PMID: 12802336.

88. Boyko A, Kathiria P, Zemp FJ, Yao Y, Pogribny I, Kovalchuk I. Transgenerational changes in the

genome stability and methylation in pathogen-infected plants: (virus-induced plant genome instability).

Nucleic Acids Res. 2007; 35(5):1714–25. Epub 2007/02/22. https://doi.org/10.1093/nar/gkm029

PMID: 17311811; PubMed Central PMCID: PMC1865051.

89. Jin L, Qin Q, Wang Y, Pu Y, Liu L, Wen X, et al. Rice dwarf virus P2 protein hijacks auxin signaling by

directly targeting the rice OsIAA10 protein, enhancing viral infection and disease development. PLoS

Path. 2016; 12(9):e1005847. Epub 2016/09/09. https://doi.org/10.1371/journal.ppat.1005847 PMID:

27606959; PubMed Central PMCID: PMC5015840.

90. Marco S, Levy D. Involvement of ethylene in the development of Cucumber mosaic virus-induced chlo-

rotic lesions in cucumber cotyledons. Physiol Plant Pathol. 1979; 14(2):235–44. https://doi.org/10.

1016/0048-4059(79)90011-0

91. Alazem M, Lin NS. Antiviral roles of abscisic acid in plants. Front Plant Sci. 2017; 8:1760. Epub 2017/

10/28. https://doi.org/10.3389/fpls.2017.01760 PMID: 29075279; PubMed Central PMCID:

PMC5641568.

92. Choi J, Choi D, Lee S, Ryu CM, Hwang I. Cytokinins and plant immunity: old foes or new friends?

Trends Plant Sci. 2011; 16(7):388–94. Epub 2011/04/08. https://doi.org/10.1016/j.tplants.2011.03.003

PMID: 21470894.

PLOS ONE Genome-enabled analysis of response of Chenopodium quinoa to cucumber mosaic virus

PLOS ONE | https://doi.org/10.1371/journal.pone.0244364 February 23, 2021 25 / 26

https://doi.org/10.1111/j.1365-3040.2004.01195.x
https://doi.org/10.1111/j.1365-3040.2004.01195.x
https://doi.org/10.1016/j.molp.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26384576
https://doi.org/10.1093/jxb/erj035
http://www.ncbi.nlm.nih.gov/pubmed/16377736
https://doi.org/10.1128/jvi.76.21.10654-10664.2002
http://www.ncbi.nlm.nih.gov/pubmed/12368307
https://doi.org/10.3390/v8060160
http://www.ncbi.nlm.nih.gov/pubmed/27338443
https://doi.org/10.3389/fmicb.2019.00286
http://www.ncbi.nlm.nih.gov/pubmed/30863375
https://doi.org/10.1111/mpp.12204
http://www.ncbi.nlm.nih.gov/pubmed/25220680
https://doi.org/10.1080/07352689.2010.483580
https://doi.org/10.1146/annurev-phyto-080516-035544
https://doi.org/10.1146/annurev-phyto-080516-035544
http://www.ncbi.nlm.nih.gov/pubmed/28645231
https://doi.org/10.3389/fpls.2011.00025
http://www.ncbi.nlm.nih.gov/pubmed/22639586
https://doi.org/10.1186/s12864-020-6549-5
https://doi.org/10.1186/s12864-020-6549-5
http://www.ncbi.nlm.nih.gov/pubmed/32059640
https://doi.org/10.1105/tpc.113.111658
http://www.ncbi.nlm.nih.gov/pubmed/23709626
https://doi.org/10.1146/annurev.py.32.090194.002403
https://doi.org/10.1038/nature01683
http://www.ncbi.nlm.nih.gov/pubmed/12802336
https://doi.org/10.1093/nar/gkm029
http://www.ncbi.nlm.nih.gov/pubmed/17311811
https://doi.org/10.1371/journal.ppat.1005847
http://www.ncbi.nlm.nih.gov/pubmed/27606959
https://doi.org/10.1016/0048-4059%2879%2990011-0
https://doi.org/10.1016/0048-4059%2879%2990011-0
https://doi.org/10.3389/fpls.2017.01760
http://www.ncbi.nlm.nih.gov/pubmed/29075279
https://doi.org/10.1016/j.tplants.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21470894
https://doi.org/10.1371/journal.pone.0244364


93. Loebenstein G. Local lesions and induced resistance. Advances in Virus Research. 75: Elsevier;

2009. p. 73–117. https://doi.org/10.1016/S0065-3527(09)07503-4 PMID: 20109664

94. Sharma A, Bejarano P, Castillo-Maldonado I, Capote M, Madariaga-Navarrete A, Paul S. Genome

wide computational prediction and experimental validation of quinoa (Chenopodium quinoa) micro-

RNAs. Can J Plant Sci. 2019; 99(5):666–75. https://doi.org/10.1139/cjps-2018-0296

95. Guo H, Ingolia NT, Weissman JS, Bartel DP. Mammalian microRNAs predominantly act to decrease

target mRNA levels. Nature. 2010; 466(7308):835–40. Epub 2010/08/13. https://doi.org/10.1038/

nature09267 PMID: 20703300; PubMed Central PMCID: PMC2990499.

96. Yang JS, Phillips MD, Betel D, Mu P, Ventura A, Siepel AC, et al. Widespread regulatory activity of ver-

tebrate microRNA* species. RNA. 2011; 17(2):312–26. Epub 2010/12/24. https://doi.org/10.1261/rna.

2537911 PMID: 21177881; PubMed Central PMCID: PMC3022280.

97. Cingolani P, Platts A, Wang le L, Coon M, Nguyen T, Wang L, et al. A program for annotating and pre-

dicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila mel-

anogaster strain w1118; iso-2; iso-3. Fly (Austin). 2012; 6(2):80–92. Epub 2012/06/26. https://doi.org/

10.4161/fly.19695 PMID: 22728672; PubMed Central PMCID: PMC3679285.

98. Zhang S, Yan S, Zhao J, Xiong H, An P, Wang J, et al. Identification of miRNAs and their target genes

in Larix olgensis and verified of differential expression miRNAs. BMC Plant Biol. 2019; 19(1):247.

https://doi.org/10.1186/s12870-019-1853-4 PMID: 31185902

99. Hewezi T, Howe P, Maier TR, Baum TJ. Arabidopsis small RNAs and their targets during cyst nema-

tode parasitism. Mol Plant Microbe Interact. 2008; 21(12):1622–34. https://doi.org/10.1094/MPMI-21-

12-1622 PMID: 18986258

100. Li X, Li G, Li Y, Kong X, Zhang L, Wang J, et al. ABA receptor subfamily III enhances abscisic acid sen-

sitivity and improves the drought tolerance of Arabidopsis. Int J Mol Sci. 2018; 19(7):1938. Epub 2018/

07/14. https://doi.org/10.3390/ijms19071938 PMID: 30004422; PubMed Central PMCID:

PMC6073838.

101. Xu Y, Zhu S, Liu F, Wang W, Wang X, Han G, et al. Identification of arbuscular mycorrhiza fungi

responsive microRNAs and their regulatory network in maize. Int J Mol Sci. 2018; 19(10):3201. https://

doi.org/10.3390/ijms19103201 PMID: 30332850

102. Kuo HF, Chiou TJ. The role of microRNAs in phosphorus deficiency signaling. Plant Physiol. 2011;

156(3):1016–24. Epub 2011/05/13. https://doi.org/10.1104/pp.111.175265 PMID: 21562333; PubMed

Central PMCID: PMC3135939.

103. Jammes F, Lecomte P, de Almeida-Engler J, Bitton F, Martin-Magniette ML, Renou JP, et al.

Genome-wide expression profiling of the host response to root-knot nematode infection in Arabidop-

sis. Plant J. 2005; 44(3):447–58. Epub 2005/10/21. https://doi.org/10.1111/j.1365-313X.2005.02532.x

PMID: 16236154.

104. Qu F. Antiviral role of plant-encoded RNA-dependent RNA polymerases revisited with deep sequenc-

ing of small interfering RNAs of virus origin. Mol Plant Microbe Interact. 2010; 23(10):1248–52. Epub

2010/09/14. https://doi.org/10.1094/MPMI-06-10-0124 PMID: 20831405.

105. Wang XB, Wu Q, Ito T, Cillo F, Li WX, Chen X, et al. RNAi-mediated viral immunity requires amplifica-

tion of virus-derived siRNAs in Arabidopsis thaliana. Proc Natl Acad Sci. 2010; 107(1):484–9. Epub

2009/12/08. https://doi.org/10.1073/pnas.0904086107 PMID: 19966292; PubMed Central PMCID:

PMC2806737.

106. Ho T, Wang L, Huang L, Li Z, Pallett DW, Dalmay T, et al. Nucleotide bias of DCL and AGO in plant

anti-virus gene silencing. Protein Cell. 2010; 1(9):847–58. Epub 2011/01/05. https://doi.org/10.1007/

s13238-010-0100-4 PMID: 21203927; PubMed Central PMCID: PMC4875223.

107. Qiu Y, Wu Y, Zhang Y, Xu W, Wang C, Zhu S. Profiling of small RNAs derived from Cucumber mosaic

virus in infected Nicotiana benthamiana plants by deep sequencing. Virus Res. 2018; 252:1–7. Epub

2018/05/16. https://doi.org/10.1016/j.virusres.2018.05.013 PMID: 29763626.

PLOS ONE Genome-enabled analysis of response of Chenopodium quinoa to cucumber mosaic virus

PLOS ONE | https://doi.org/10.1371/journal.pone.0244364 February 23, 2021 26 / 26

https://doi.org/10.1016/S0065-3527%2809%2907503-4
http://www.ncbi.nlm.nih.gov/pubmed/20109664
https://doi.org/10.1139/cjps-2018-0296
https://doi.org/10.1038/nature09267
https://doi.org/10.1038/nature09267
http://www.ncbi.nlm.nih.gov/pubmed/20703300
https://doi.org/10.1261/rna.2537911
https://doi.org/10.1261/rna.2537911
http://www.ncbi.nlm.nih.gov/pubmed/21177881
https://doi.org/10.4161/fly.19695
https://doi.org/10.4161/fly.19695
http://www.ncbi.nlm.nih.gov/pubmed/22728672
https://doi.org/10.1186/s12870-019-1853-4
http://www.ncbi.nlm.nih.gov/pubmed/31185902
https://doi.org/10.1094/MPMI-21-12-1622
https://doi.org/10.1094/MPMI-21-12-1622
http://www.ncbi.nlm.nih.gov/pubmed/18986258
https://doi.org/10.3390/ijms19071938
http://www.ncbi.nlm.nih.gov/pubmed/30004422
https://doi.org/10.3390/ijms19103201
https://doi.org/10.3390/ijms19103201
http://www.ncbi.nlm.nih.gov/pubmed/30332850
https://doi.org/10.1104/pp.111.175265
http://www.ncbi.nlm.nih.gov/pubmed/21562333
https://doi.org/10.1111/j.1365-313X.2005.02532.x
http://www.ncbi.nlm.nih.gov/pubmed/16236154
https://doi.org/10.1094/MPMI-06-10-0124
http://www.ncbi.nlm.nih.gov/pubmed/20831405
https://doi.org/10.1073/pnas.0904086107
http://www.ncbi.nlm.nih.gov/pubmed/19966292
https://doi.org/10.1007/s13238-010-0100-4
https://doi.org/10.1007/s13238-010-0100-4
http://www.ncbi.nlm.nih.gov/pubmed/21203927
https://doi.org/10.1016/j.virusres.2018.05.013
http://www.ncbi.nlm.nih.gov/pubmed/29763626
https://doi.org/10.1371/journal.pone.0244364

