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A B S T R A C T   

The ability of some halophytic plants such as Chenopodium quinoa to sequester large quantities of salt into 
epidermal bladder cell (EBC) is considered as one of the traits conferring their salinity stress resilience. In the 
current study, we used mRNA-seq to characterize transcriptome differences between intact and EBC-free quinoa 
leaves from plants that were treated with 400 mM NaCl for 4 weeks. Employing K-means clustering on differ-
entially expressed genes identified clusters of genes showing distinct expression patterns, indicating significant 
differences between quinoa leaves with or without EBCs in response to salt stress. EBC-free leaves retained most 
transcriptome responses to salt stress as normal intact leaves. However, specific processes such as increased DNA 
replication activity failed to be induced in EBC-free leaves. This correlated with reduced expression of many 
immune response-related genes and increased expression of multiple phytohormone signaling components. 
These results revealed that EBCs play a critical role in salt stress acclimation of quinoa leaves and provided 
important candidate genes for further mechanistic studies.   

1. Introduction 

Salinity stress can significantly decrease crop production by causing 
massive metabolic disturbances due to osmotic stress and ionic toxicity 
(Zhang and Shi, 2013). Contrary to glycophytic plants, halophytes have 
developed multiple adaptation mechanisms to cope with salt stress 
(Flowers and Colmer, 2015) and, hence, represent perfect models to 
understand salinity tolerance strategies that may be instrumental in 
identifying key genes related to salt tolerance (Shabala, 2013). Some 
halophytes including quinoa possess spherically shaped external struc-
tures on their leaf surface called epidermal bladder cells (EBCs). These 
EBCs sequester toxic ions such as Na+ and Cl− under salt stress and may 
be considered as ‘inverted vacuoles’ (Shabala et al., 2014). It has already 
been shown that removal of EBCs resulted in an increase of salt load into 
leaves and affected plant performance under salinity stress 

(Kiani-Pouya et al., 2017). Studies on Mesembryanthemum crystallinum, 
another halophytic species bearing EBCs, revealed that in addition to 
salt sequestration, these structures have multiple functions such as 
accumulation of organic osmolytes, physical protection of leaves against 
UV, protection against water loss through providing a secondary 
epidermal layer, as well as a role in energy generation (Jou et al., 2007; 
Oh et al., 2015). These plant species could be potentially used to 
ameliorate the saline soil, or they could be utilized as a resource to 
improve salinity tolerance in crops. 

These findings also revealed an EBC-specific salt adaptive response 
under saline condition. This conclusion is further corroborated by Bohm 
et al. (2018) who speculated that the energy required for transport 
processes mediated ion sequestration in EBC may be provided by ATP 
from cyclic electron transport and mitochondria in these cells. The same 
paper provided insights into the molecular mechanisms of Na+ and Cl−
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ion loading into EBC, revealing involvement of CqHKT1-like and 
CqCIC-c channels in this process (Bohm et al., 2018). The high-quality 
genome assembly of quinoa also revealed that stress tolerance in 
quinoa is associated with the expansion of genes involved in ion and 
nutrient transport, ABA homeostasis and signaling, and enhanced 
basal-level ABA responses (Zou et al., 2017), and that EBC possessed a 
significantly higher expression of genes related to energy import and 
ABA biosynthesis compared with the leaf lamina. 

The same study also showed that EBCs preferentially accumulated 
certain metabolites that are known to have a role in modulating cellular 
ionic relationships. Also, a metabolomic study comparing metabolic 
profiles of M. crystallinum plants under saline condition with non-saline 
conditions indicated a significant change in the metabolome, with 352 
metabolites being differently expressed in EBCs under salinity stress (Oh 
et al., 2015). These results indicate that EBCs do not solely function as a 
passive external store for toxic ions as perceived before. Instead, they 
may play important roles in the metabolism of halophytes. character-
ization of key salinity tolerance components in plants is essential for 
developing more salt tolerant genotypes. In this regards, next generation 
sequencing technologies such as RNA-sequencing has been broadly 
applied to study the molecular mechanism of adaptive responses to salt 
stress and to identify salt-resistance candidate genes (Wang et al., 2009). 
mRNA-sequencing analysis has great sensitivity and accuracy and could 
be used as one of the most applicable method to investigate the whole 
transcriptome (Jain, 2012). This technique can detect novel genes, 
identify low abundance transcripts, and detect differentially expressed 
transcripts under certain treatments (Jain, 2012; Wang et al., 2009). 

The aim of this work was to characterize adaptive responses of 
quinoa leaves to salinity stress in the presence or absence of EBCs. While 
recently Imamura et al. (2020) have reported quinoa phenotype with 
reduced levels of EBCs, this reduction was caused by the mutation of 
REBC, which encodes a WD40 protein that localizes to the nucleus and 
chloroplasts. As a result, plants lacking EBC also had abnormal chloro-
plasts, thus complicating interpretation of the causal link between the 
presence or absence of EBCs and salinity stress responses. Keeping this in 
mind, we have opted for a “physiological” (rather than genetic) 
approach and obtained plants without EBCs by gently brushing the EBCs 
off the plant epidermis. In a previous study, this method was successfully 
applied to characterize the effect of EBCs on the leaf metabolome 
(Kiani-Pouya et al., 2017). Both short-term (EBCs removed right before 
leaf harvest) and long-term (EBCs removed for 4 weeks) responses were 
characterized using transcriptome profiling. Our results showed that 
EBC-free quinoa plants mediated detrimental effects of high salt con-
tents through phytohormone signal transduction while normal leaves 
showed upregulated genes related to DNA replication, and an immune 
response mimic signaling cascade. 

2. Materials and method 

2.1. Plant growth and salinity stress conditions 

Quinoa (Chenopodium quinoa) accession Q20, were grown in 20 cm 
diameter pots filled with standard potting mix, under controlled glass-
house conditions (mean day and night temperatures were 24 ◦C and 16 

Fig. 1. Numbers of and overlap between differentially expressed genes (DEGs) identified in various comparisons. (A) Bar graph presents the number of DEGs in 
different comparisons. (B) Venn diagram showing the overlap between three sets of DEGs from salt treatment- based comparisons. (C and D) Venn diagram showing 
the overlap between up-regulated DEGs (C) and down-regulated DEGs (D) in tissue-based comparisons. (E) KEGG pathway enrichment analysis on the common DEGs 
between nBr-Br_ctrl vs. Br_ctrl and nBr-Br_ctrl vs. nBr_ctrl comparisons in (C) and (D). 
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◦C, respectively; humidity 65%; day length 16 h) at the University of 
Tasmania in Hobart, Australia. Plants were grown for 4 weeks under 
non-saline conditions and one day prior to the commencement of 
salinity stress, EBCs of all leaves were gently removed from both sides of 
the leaves and stem by using a soft cosmetic brush (see Kiani-Pouya 
et al., 2017 for more details and validation). Salinity stress commenced 
with 100 mM NaCl and reached to a final concentration of 400 mM NaCl 
in 4 days. EBCs were removed from the new emerged leaves on a basis of 
3 to 4 times per week until the experiment was stopped after 4 weeks 
being under salt stress. Leaf samples harvesting for transcriptome 
analysis were conducted using one of the topmost fully expanded leaves 
for both control and salt-grown plants as follows: (1) intact leaves that 
were not brushed (abbreviated here as nBr); (2) brushed leaves 
(abbreviated as Br). These leaves were brushed a day prior commencing 
the 400 mM NaCl treatment and maintained EBC-less for 3 to 4 times per 
week until they were harvested (3) leaves that were not brushed during 
the 400 mM NaCl exposure but were brushed prior to sample harvesting 
for transcriptome analysis (abbreviated as nBr-Br). 

2.2. RNA-seq and data analyses 

Total RNA was isolated from three biological replicates of leaves 
using RNeasy Plant Mini Kit (Qiagen) following the manufacturer’s in-
structions. RNA concentration and integrity were determined using a 
Bioanalyzer 2100 system (Agilent Technologies Co. Ltd.) and samples 
with RIN values higher than 7 were used for library preparation and 
sequencing. The NEBNext Ultra II Directional RNA Library Prep Kit for 
Illumina (New England Biolabs) was used for mRNA-seq library con-
struction following standard protocols. In brief, 5 μg of total RNA polyT 
magnetic beads were used to enrich mRNAs, which were fragmented by 
divalent ions and then subject to first strand cDNA synthesis using 
random primers. The second strand cDNA was synthesised by replacing 
dT with U in the reaction. After end repair and dA-tailing, adaptor 
ligation was carried out. Using the USER enzyme, the second strand 
cDNA and part of the adaptor were removed and adaptor-ligated first 
strand cDNA was used for PCR amplification. Before sequencing, the 
quality of libraries was tested using a Fragment Analyzer (Advanced 
Analytical Technologies, Inc) and the quantification was performed 
using Qubit (Thermo Fisher Scientific) and quantitative PCR. The 
sequencing was performed on a HiSeq2500 using the SBS v4 reagent at 
the Core Facility for Genomics, Shanghai centre for Plant Stress Biology. 

Raw RNA sequencing data in FASTQ format were firstly applied 
adapter and quality trimming using trim_galore (v0.6.6, https://github. 
com/FelixKrueger/TrimGalore). The clean data was mapped to the 
quinoa reference genome (NCBI Accession Number: PRJNA394242) 
using the STAR aligner (version 2.7.5c) (Dobin et al., 2013). Number of 
read pairs mapped to each gene were counted using featureCounts of the 
subread package (version 2.0.1) (Liao et al., 2014). Differentially 
expressed genes were identified using the DESeq2 (version 1.28.1) 
(Love et al., 2014) package in the R platform. Heatmap plots were made 
using the pheatmap package (v1.0.12, https://cran.r-project.org/web/ 
packages/pheatmap/) in R. K-means clustering of all the expressed 
genes were performed using the kmeans function in the R platform. 
InterproScan-5.50–84.0 (Jones et al., 2014) was used for assign GO 
Terms for each quinoa protein sequences (with parameters “–iprlookup 
–goterms”). clusterProfiler (version 3.16.0) (Yu et al., 2012) was used to 
perform GO and enrichment analyses (i.e. over-representation tests). 

2.3. Quantitative real time PCR (qRT-PCR) validation 

In this study, qRT-PCR was used to validate transcriptome results 
including some up-regulated genes related to the endoreduplication 
pathway. For validation of endoreduplication related genes, one of the 
topmost fully expanded leaves with mostly intact bladders of plants 
grown under salt and control conditions were frozen in liquid nitrogen 
and bladders were taken off with a small spatula. 

About 1 μg of total RNA (extracted as described above) was used to 
synthesize cDNA using the cDNA Synthesis SuperMix kit (TransGen, 
Beijing, China) according to the manufacturer’s instruction. The RT- 
qPCR experiment was conducted for three biological replicates, with 
two technical repeats per biological replicate using an ABI StepOnePlus 
Real-Time PCR System and the TransStart Tip Green qPCR SuperMix 
(TransGen, Beijing, China) following manufacturers’ instructions. The 
melting curve analysis was performed at the end of the PCR cycles to 
ensure the amplification specificity of target fragments. To calculate 
gene expression levels, the relative cycle threshold values was produced 
using the 2− ΔΔCt procedure with EF1-a as the internal reference gene. 
List of PCR primers used for experimental validation is provided in 
Supplemental Table 1. 

3. Results 

To investigate the effect of EBCs on quinoa leaves at the global 
transcriptome level, RNA sequencing analyses was conducted on three 
types of leaf tissue using an experimental setup that is similar to a pre-
vious study (Kiani-Pouya et al., 2017). Briefly, 4-week-old quinoa plants 
were subject to the manual removal of EBCs at a frequency of 3–4 times 
per week for 4 weeks (see the Materials and Methods section for details). 
Both normal (denoted by “nBr” for non-brushed) and EBC-removed 
plants (denoted by “Br” for brushed) were irrigated with tap water or 
400 mM NaCl. At the end of the 4-week treatment, leaf samples were 
harvested for transcriptome analysis; for nBr plants, both intact leaves 
and EBC-removed leaves (denoted by nBr-Br) were harvested to inves-
tigate the immediate effect of EBC removal on the leaf transcriptome. 
This experiment setup contains 6 types of samples, each with 3 biolog-
ical replicates. A total of 162.9 Gb of mRNA-seq data was generated. 
Principal component analysis (PCA) of the dataset found that the three 
replicates from the same type of leaf sample were all clustered together 
(Fig. S1a), indicating good consistency between biological replicates. In 
addition, both PCA and distance analyses revealed that Br and nBr 
samples were more similar to each other than to the nBr-Br sample, and 
that the variance between nBr-Br and other samples is larger than the 
variance caused by salt treatment (Fig. S1a and b). Next, differentially 
expressed genes (DEGs) were identified in two ways: 1. Salt treated 
samples were compared to the corresponding control to identify salt 
treatment related effects (nBr_salt vs. nBr_ctrl, nBr-Br_salt vs. nBr-Br_ctrl, 
Br_salt vs Br_ctrl); 2. Comparisons were made between different leaf 
samples to identify tissue related effects (Br_ctrl vs. nBr_ctrl, nBr-Br_ctrl 
vs. nBr_ctrl, nBr-Br_ctrl vs. Br_ctrl, Br_salt vs. nBr_salt, nBr-Br_salt vs. 
nBr_salt, nBr-Br_salt vs. Br_salt). Using a threshold of false discovery rate 
(FDR) < 0.05 and fold change (FC) > 2, we identified differentially 
expressed genes in all comparisons listed above (Fig. 1A). Salt treatment 
resulted in changes in ~3000 transcripts in all three types of leaf sam-
ples (Fig. 1A). About one third of salt stress related DEGs are shared 
among the three sets (Fig. 1B), indicating that salt stress induced similar 
transcriptional responses in the three types of tissue. 

Tissue based comparisons revealed interesting patterns. First, nBr 
and Br leaves under control conditions exhibit least differences with 
only 667 DEGs (201 up-regulated and 466 down-regulated) identified. 
Second, salt stress had different effects on the number of DEGs. For the 
Br vs. nBr comparison, the number of DEGs increased from control to 
salt treated samples (from 667 to 2021), while the numbers of DEGs 
decreased in salt treated samples in the other two comparisons (from 
2667 to 1339 for nBr-Br vs. Br; from 2608 to 1652 for nBr-Br vs. nBr) 
(Fig. 1A). In addition, there were limited overlap of DEGs between 
control and salt treated samples in the Br vs. nBr comparison (Fig. S1C). 
In contrast, about 2/3 of DEGs in the salt treated samples overlap with 
those of the control when comparing nBr-Br to nBr or Br (Fig. S1C and 
D), indicating most DEGs were not caused by salt treatment. Third, the 
nBr-Br sample was very different from Br and nBr samples, as comparing 
nBr-Br to any of the other two types of tissue revealed the highest 
number of up-regulated DEGs (2005 for Br and 1858 for nBr) under the 
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control condition (Fig. 1A). Considering that the nBr-Br leaf lacks EBCs 
compared to the nBr leaf and that EBCs account for 1.3% fresh weight of 
fully expanded leaves (Roman et al., 2020), these DEGs are unlikely 
caused by missing the EBC fraction of RNAs. In addition, over 75% of the 
up-regulated DEGs (1515/2005) from nBr-Br vs. Br overlapped with the 
up-regulated DEGs from nBr-Br vs. nBr (Fig. 1C). In contrast, the two sets 
of down-regulated genes only overlapped by 53% (353/662) (Fig. 1D). 
Because the Br sample didn’t contain EBCs either, this result indicates 
that missing EBCs does not contribute to most up-regulated DEGs in 
nBr-Br. We reason that the commonly regulated genes from the two 
dataset (nBr-Br vs. nBr; nBr-Br vs. Br) reflects specific effects related to 
the nBr-Br sample. We performed KEGG enrichment analysis and found 
that, for both salt treated and control samples, the most enriched KEGG 
pathway include “plant-pathogen interaction”, “plant hormone signal 
transduction”, “MAPK signaling pathway”, and “alpha-Linolenic acid 

metabolism” (Fig. 1E). Because linolenic acid functions as a precursor 
for the biosynthesis of the plant hormone jasmonic acid (JA), which 
induces induction of important transcription factors including MYC2 
and WRKY through the MAPK signaling cascade, these data suggest that 
a strong JA response on the leaves may be elicited in nBr-Br samples. 
However, this response seems to be temporary as the Br transcriptome is 
very similar to nBr (Fig. S2). It is possible that the action of brushing off 
EBCs was perceived as herbivore process by the plant. Considering that 
we were most interested in the role of EBCs in salt stress response, we 
removed nBr-Br samples from rest of the analyses. 

To further understand the relationship between different sets of 
DEGs, we performed K-means clustering analysis using the scaled 
expression values of a total of 5664 DEGs and grouped these genes into 5 
distinct clusters, which were numbered in descending order of the 
number of genes within each cluster (Fig. 2A; Table S2). The largest 2 

Fig. 2. K-means clustering on the combination of DEGs using scaled log transformed FPKM values. (A) Line plots of Z score showing the pattern of relative expression 
of genes from different clusters. (B) Heat map of row-scaled log2-transformed FPKM values on the 5 clusters of genes. The status of DEGs for each gene was shown on 
the right of the heatmap. (C and D) Overrepresented GO terms (Biological Pathways) and KEGG pathways for each cluster of genes. 
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clusters represent genes that were commonly down- and up-regulated by 
salt stress in both nBr and Br samples. Cluster 3, which contains 1377 
genes, were genes that showed highest expression in the salt treated nBr 
sample. Cluster 4 with 540 genes included genes that were most highly 
expressed in the nBr_ctrl leaf. Cluster 5, which also contained 540 genes, 
exhibited highest expression in the salt treated Br sample and consist of 
mainly up-regulated DEGs in Br_salt vs. nBr_salt. 

Cluster 1 consisted of 1700 genes, (almost) all of which show 
decreased expression in salt treated samples (Table S2). And 74.8% and 
64.3% of the cluster were identified as down-regulated DEGs in the 
comparison of nBr_salt vs. nBr ctrl and Br_salt vs. Br_ctrl, respectively. 
Overrepresented GO terms and KEGG pathways in this cluster included 
“cell wall biogenesis (GO:0,042,546)”, “lipid biosynthesis 
(GO:0,008,610)”, “trehalose biosynthetic process (GO:0,005,992)”, 
“starch and sucrose metabolism (cqi00500)”, “Plant hormone signal 
transduction (cqi04075)” and “ABC transporters (cqi02010)” (Fig. 2C 
and D). Many GO terms related to anion, sulfate, ammonium, and po-
tassium ion transport were also enriched, indicating many genes of these 
GOs were downregulated in plants grown under saline conditions. For 
instance, 3 genes encoding sulfate transporters, 2 homologous of two- 
pore potassium channel 1-like, 3 homologous potassium channel KAT1- 
like, potassium channel SKOR-like, 3 genes of potassium transporter 2 and 
3-like genes, 4 genes of boron transporters and 4 genes of ammonium 
transporter 1 were among downregulated genes in leaves grown under 
salt conditions (Table S2). 

Cluster 2 contained genes that show higher expression in salt treated 
nBr and Br samples. Thus, this cluster represents the commonly up- 
regulated genes under saline conditions (Table S2). In this group of 
genes, enriched GO terms and KEGG pathways included “cell wall or-
ganization and biogenesis (GO:0,071,554)”, “phosphatidylcholine 
metabolic process (GO:0,046,470)”, “photosynthesis (GO:0,015,979)”, 
“starch and sucrose metabolism (cqi00500)”, and “hormone biosyn-
thetic process (GO:0,042,446)”. For instance, in this cluster 7 genes 
related to chlorophyll a-b binding protein and 2 genes related to photo-
system II repair protein were upregulated (Fig. S3). Also, 11 homologues 
of expansin gene were among upregulated genes in this cluster (Table 
S2). In addition, GO terms related to ketone metabolism, amino acid 
metabolism, carboxylic acid catabolism, and secondary metabolism 
were also enriched. Some of these terms/pathways overlapped with the 
ones overrepresented in Cluster 1, indicating deep programming of the 
primary metabolism (Table S3). 

Cluster 3 included 1377 genes that exhibit relatively higher expres-
sion in salt-treated nBr samples. Almost all the genes from this cluster 
(1267/1377, 92.01%) were characterized as down-regulated DEGs 
when comparing salt-treated Br to salt treated nBr leaves (Fig. 2B). GO 
and KEGG pathway over-representation tests revealed very similar set of 
genes, including DNA replication (GO:0,006,260 and cqi03030), 
nucleosome (GO:0,000,786), immune response (GO:0,006,955 and 
cqi04626), glutathione metabolism (GO:0,006,749 and cqi00480), and 
MAPK signaling (cqi04016) (Fig. 2C and D). In addition, the identifi-
cation of genes involved in phenylpropanoid biosynthesis (cqi00940) 
and tryptophan metabolism (cqi00380) may suggest changes in the 
biosynthesis of monolignol and/or melatonin. Many genes related to 
DNA replication were upregulated in nBr leaves (Fig. S4; Tables S3 and 
S4). Nine homologues covering all 6 branches of minichromosome 
maintenance proteins (MCM2–7), which form a complex to license DNA 
replication in other organisms, were upregulated by 2.32 - to 3.94-fold 
in nBr leaves compared to bladderless leaves under 400 mM NaCl 
(Fig. S4; Table S2). In accord with this, 2 homologous of the DNA primase 
small subunit-like gene were also overexpressed by 6.7 and 37.48-fold in 
leaves with EBC compared to the Br sample (Fig. S4; Table S2). Other 
genes such as cell division control protein 6 and 45 (CDC6 and CDC45), 
proliferating cell nuclear antigen (PCNA), DNA primase large subunit that 
have a role in DNA replication were among upregulated genes in 
bladder-bearing leaves (Fig. S4; Table S2). These results suggest upre-
gulated DNA replication activity in salt-treated nBr leaves but not in Br 

samples. 
In addition to DNA replication, the MAPK signaling pathway was 

among the top enriched pathways of KEGG enrichment analysis. Not 
only kinases such as MPKK2/9 and MPK3, but also multiple downstream 
effectors including WRKY22/33, RbohA, PR-1, PRB1–3 were signifi-
cantly upregulated in the nBr_salt sample (Fig. S4; Table S2). In addition, 
two homologues of glutamate receptor 2.7 gene alongside glutamate re-
ceptor 2.8 gene were upregulated by 3.37 to 42.1-fold in nBr leaves 
compared to Br leaves under saline conditions (Table S2). KEGG 
pathway analysis further revealed that glutathione metabolism pathway 
was involved in the plant with EBCs in response to salt stress (Fig. S4). At 
least 14 glutathione transferase genes were highly expressed only in the 
nBr_salt sample. These genes belong to Phase II detoxification enzymes 
that function to protect cellular macromolecules from ROS damage 
(Kumar and Trivedi, 2018). 

Cluster 4 represented mostly genes with relatively higher expression 
in nBr leaves grown under non-saline conditions (Fig. 2B, Table S2). 
About 93.9% of the genes from this cluster were down-regulated when 
comparing DEGs of nBr_salt or Br_ctrl to nBr_ctrl. This cluster contained 
540 genes that show enriched GO terms such as “cell wall organization 
or biogenesis (GO:0,071,554)” and “hydrogen peroxide catabolism 
(GO:0,042,744)” (Fig. 2C), which share a large number of genes with the 
overrepresented KEGG pathways including “Phenylprepanoid biosyn-
thesis (cqi00940) (mostly peroxidases)” and “pentose and glucuronate 
interconversions (cqi00040) (mostly pectin esterases)” (Fig. 2D and S5). 
These results again indicate that cell wall organization was strongly 
affected by salt treatment in nBr leaves. 

Cluster 5 exhibited relatively higher gene expression level in brushed 
quinoa leaves under the saline condition (Fig. 2A). Some of these genes 
also showed high expression level in Br samples under control condition 
(Fig. 2B). Most genes within this cluster were up-regulated DEGs when 
comparing Br_salt to nBr_salt (393/540, 72.8%) (Table S2). GO and 
KEGG enrichment analyses identified terms such as “response to auxin 
(GO:0,009,733)”, “negative regulation of translation (GO:0,017,148)”, 
“plant hormone signal transduction (cqi04075)”, “protein processing in 
ER (cqi04141)”, “Zeatin biosynthesis (cqi00908)”, “alpha Linolenic acid 
biosynthesis (cqi00592)”, and carotenoid biosynthesis (cqi00906)” 
(Fig. 2C and D; Table S3). A large number of heat shock proteins genes, 
including members from HSP20, HSP70, and HSP90 families, were 
categorized as “protein processing in ER” (Fig. S6). Most phytohormone- 
related genes seem to be involved in the biosynthesis or signaling of 
ABA, cytokinin and JA. NCED1 encodes the rate limiting enzyme in ABA 
biosynthesis (Fig. S6). For instance, 12-oxophytodienoate reductase 3 
gene encodes an enzyme that utilizes the cofactor flavin mononucleotide 
to catalyze JA synthesis (Schaller et al., 2000); allene oxide synthase gene 
encodes the first enzyme in the branch pathway of JA biosynthesis and 
linoleate 13S-lipoxygenase 2 produces precursors of JA (Martin et al., 
1999) (Fig. S6). ADENYLATE ISOPENTENYLTRANSFERASE 5 catalyses 
the transfer of an isopentenyl group from dimethylallyl diphosphate to 
ATP and ADP is involved in cytokinin biosynthesis (Fig. S6). Addition-
ally, ZEATIN O-GLUCOSYLTRANSFERASE is considered to play an 
important role in cytokinin transport, storage, and protection against 
cytokinin oxidases (Hirose et al., 2008) (Fig. S6). These results indicate 
the regulation of protein stability and reprogramming of phytohormone 
signaling which are important for salt stress response in Br leaves. 

3.3. Validation of the DEGs using real-time PCR 

We next verified the changes in gene expression using 10 randomly 
selected DEGs through quantitative PCR. All selected genes exhibit the 
same direction of upregulation and downregulation, which were 
consistent with the gene expression levels determined by RNA-Seq (Fig. 
S7). This indicates that the results obtained from RNA-Seq experiment 
were reliable. 

We further performed quantitative PCR on DNA replication related 
genes in epidermal bladder cells. An increase in the ploidy and the size of 
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EBCs as a response to salt stress has been reported in the halophyte 
M. crystallinum (Barkla et al., 2018). Cluster 3 contained many DNA 
replication related genes that showed relatively higher expression level 
in salt-treated nBr leaves. We tested whether the expression of these 
genes were also up-regulated in EBCs. The results indicated that some 
DNA replication related genes such as Po1-2, CDC45, and multiple MCM 
genes were significantly up-regulated in salt-treated EBCs (Fig. 3), 
suggesting that enhanced DNA replication was a general response of 
both leaves and EBCs to salt stress. 

4. Discussion 

4.1. Transcriptome analysis identified primary acclimation responses to 
salt stress 

To understand the function of EBCs in salt stress acclimation in 
quinoa leaves, we utilized the mRNA-seq technique to dissect differen-
tial transcriptome responses of EBC-brushed quinoa leaves (Br) and the 
intact ones (nBr) respond to 4-week 400-mM NaCl treatment. Compar-
ison among four types of samples (nBr_ctrl, nBr_salt, Br_ctrl, Br_salt) 
identified a combination of 5664 DEGs. We further performed k-means 
clustering on these DEGs and divided them into 5 clusters, each with a 
unique expression pattern. Among the 5 clusters, Cluster 1 (N = 1700) 
and Cluster 2 (N = 1507) genes exhibit very similar expression patterns 
between Br and nBr samples. This indicated that the majority of DEGs 
(>56.6%) represent common acclimation responses to salt stress in Br 
and intact (nBr) leaves. 

Further gene ontology and KEGG analyses revealed primary re-
sponses to salt stress in quinoa leaves. In general, genes involved in 
primary metabolism are among the most significantly overrepresented 
groups. Specifically, cell wall organization and biogenesis, lipid 
biosynthesis, starch metabolism, trehalose biosynthesis and photosyn-
thesis antenna proteins were all affected. These results are consistent 
with the common notion that photosynthesis and cell growth are the 
primary processes that are affected by salinity (Zhao et al., 2020). For 
example, at 400 mM NaCl multiple chlorophyll binding proteins were 
up-regulated in quinoa leaves compared to the control condition. This 
result is consistent with the observation that salt-treated quinoa plants 
bear darker green leaves (data not shown). Thus, while long-term salt 
stress treatment usually severely inhibits photosynthesis in glycophytes 
(Zhang et al., 2020), as a halophyte quinoa can maintain photosynthesis 
at even higher rates to support plant growth and stress responses. These 
findings are consistent with the notion that halophyte chloroplasts use 

sodium in functional roles, with halophyte chloroplasts accumulating 
more than 20-fold higher amounts of Na+ than glycophytes (Bose et al., 
2017). 

Among cluster 1 and 2 genes, there are multiple families of genes 
involved in cell wall biogenesis or organization (Table S2 and S3), 
including xyloglucan endotransgclucosylases/hydrolases (XTHs), 
expansins, pectin methylesterases (PMEs), cellulose synthases (CESs) 
etc. Cell wall not only is the largest sink tissue in plants, accounting for 
> 45% of the dry matter, but also gained more and more attention in 
recent years as the first layer of stress sensing and signaling (Zhang et al., 
2020; Zhao et al., 2020). Through homology search and phylogenetic 
analysis, we identified 64 XTHs, 95 expansins, 94 PMEs, and 54 CESs in 
the quinoa genome (Figs. 4 and S8). XTHs and expansins are, respec-
tively, regarded as enzymatic and non-enzymatic cell wall loosening 
agents (Cosgrove, 2005). A global view of the expression pattern of 
XTHs in our dataset indicated that almost all the highly expressed XTHs 
were down-regulated by salt stress in both nBr and Br leaves (Fig. 4A). 
Interestingly, some Group B XTHs also exhibited increased expression in 
Br leaves under either control or salt treatment condition. Compared to 
XTHs, expansins showed a different pattern. Highly expressed alpha 
expansins were up-regulated in salt treated EBC-free leaves but 
remained relatively constant under other conditions, while a group of 
beta expansins were upregulated in nBr leaves under salt stress, but 
down regulated in Br leaves under salt stress (Fig. 4B). PMEs can be 
phylogenetically divided two branches (Fig. S8A). While the most 
expressed Type-2 PMEs were stable under all conditions, some Type-1 
PMEs show increased or decreased expression after salt treatment 
(Fig. S8A). CES genes can be divided into 5 classes, with most of them 
expressed at high levels in quinoa leaves (Fig. S8B). DEGs can be spotted 
in every class of CES genes, with most of them showing decreased 
expression under salt stress (Fig. S8B). The only exception was two 
moderately expressed CESA genes that were up-regulated DEGs when 
comparing salt to control conditions in both Br and nBr samples. Dif-
ferential regulation of subfamilies of cell wall related enzymes by salt 
stress indicate that proteins from the same family are not functionally 
redundant, and, importantly, EBCs play an important role in this regu-
lation. For example, some Group B XTHs and some beta expansins show 
differential regulation in Br leaves compared to the nBr control. Our 
earlier study indicated that Br and nBr leaves accumulate different 
contents of ions and many metabolites (Kiani-Pouya et al., 2017). An 
interesting hypothesis is that these processes contribute to differential 
regulation of cell wall dynamics. 

Our results indicate that coordination between multiple 

Fig. 3. Bar plot indicating the expression analysis of some up-regulated genes related to endoreduplication pathway by RT-qPCR from EBCs of leaves grown under 
saline and non-saline conditions. Gene expression was normalized against the housekeeping gene, EF1-a. Values are the average of three independent replications. 
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phytohormones is required to mediate the acclimation response to salt 
stress. We examined all the genes defined by the “plant hormone signal 
transduction” pathway in the KEGG database. In general, salt stress 
resulted in decreases in signaling components of growth-related phyto-
hormones such as auxin and brassinosteroid and increases in signaling 
components of ABA such as PP2Cs (Fig. 5A). However, we also observed 
increases in cytokinin-related genes and decreases in certain ethylene 
related genes; some important signaling components of the ABA 
pathway, including PYLs and SnRK2s were also down-regulated under 
long-term salt stress (Fig. S8A). This unique combination of phytohor-
mone responses may reflect how the acclimation response of quinoa as a 
halophyte is different from typical glycophytes like Arabidopsis (Zhao 
et al., 2020). 

4.2. In the absence of EBCs, quinoa leaves respond differently to salt 
stress 

Genes in cluster 3, 4, and 5 represent nBr or Br specific responses to 
salt stress, which in total account for about ~43% of all the DEGs 
(Fig. 2B). GO and KEGG enrichment analyses in these clusters identified 
common terms or pathways as Cluster 1 and 2 genes. As expected, these 
significant GO terms or KEGG pathways were cell wall and phytohor-
mone related (Fig. 2C and D). Overrepresented biological pathways 
specific to cluster 3–5 include pectinesterase activity, hydrogen peroxide 
catabolic process, pentose and glucuronate interconversions, or zeatin 

biosynthesis, which are also related to cell wall and phytohormone 
synthesis (Fig. 2C and D). As discussed in the previous section, some 
XTHs, expansins and PMEs exhibit differential expression in Br and nBr 
leaves (Fig. 4). More complex patterns were observed for phytohormone 
related genes. For example, multiple PR-1 like genes (related to salicylic 
acid signaling) exhibited increased expression in intact leaves but 
decreased expression in EBC-free leaves in response to salt stress 
(Fig. 5B). In addition, multiple genes from the pathways of auxin 
(SAURs), cytokinin (AHPs), brassinosteroid (TCH4), and JA (MYC2) 
were identified as up-regulated DEGs when comparing salt treated EBC- 
free leaves to intact leaves (Fig. 5B). These analyses indicated that 
multiple phytohormone signaling pathways were reprogrammed in the 
absence of EBCs under salt treatment. 

Among cluster 3–5, the most unique one is cluster 3, which contained 
the largest number of genes with over-represented pathways involved in 
DNA replication, plant pathogen interaction, MAPK signaling, cutin 
biosynthesis, and protein processing in ER (Fig. 2C and 2D). These genes 
showed high expression in salt-treated intact leaves. We considered the 
possibility that some of these DEGs were due to high and specific 
expression in EBCs. Assuming a 2% contribution of EBCs to the RNA of 
intact leaves, a 2-fold higher expression in the nBr sample (LFC = 1) 
require 100-folder higher expression in the EBC (LFC = 6.6). Using EBC- 
specific transcriptome data from our earlier publication as a rough 
estimation, only 41 genes from cluster 3 showed > 100-fold upregula-
tion in EBCs compared to whole leaves (Fig. S9) (Zou et al., 2017). Thus, 

Fig. 4. Cell wall organization related genes were significantly affected by salt stress and EBCs in quinoa leaves. The expression pattern of all xyloglucan endo-
transgclucosylases/hydrolases (XTH) genes (A) and expansin genes (B) from quinoa is presented by heat map. Phylogenetic relationship among genes from the same 
family is indicated on the left of the heat map. 
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the majority of cluster 3 genes were not due to salt-induced expression of 
EBC-specific genes. 

DNA replication related genes that were enriched in cluster 3 include 
homologs of MCM2–7, CDC6, and CDC45, which are all involved in DNA 
replication initiation, as well as DNA primases, subunits of DNA poly-
merases, and histones. These results suggest increased DNA replication 
activity in intact leaves under salt treatment. One possible consequence 
of enhanced DNA replication is to actively increase ploidy through 
endoreduplication. Increased ploidy in multiple plant species were 
shown to correlate with better salinity tolerance (Chao et al., 2013). In 
the halophyte M. crystallinum, salinity stress (200 mM NaCl) induced 
polyploidy up to 512C in leaves and up to 65,536C in flower bud EBCs 
(Barkla et al., 2018). It is possible that salt-induced endopolyploidy in 
quinoa helps to mitigate salt stress damage or maintain better growth 
under salt stress. The results also indicate that EBCs is necessary for the 
enhanced DNA replication activity, because EBC-free leaves do not show 
the same pattern of gene expression. 

In addition to PR-1 like genes, many genes involved in plant- 
pathogen interaction were specifically upregulated in salt-treated nBr 
leaves. These genes include multiple receptor-like kinases, CNGC-like 
channels, calcium binding proteins (CMLs), calcium-dependent protein 
kinases (CDPKs), MPKs, and WRKY transcription factors (Table S2), 
suggesting a signaling cascade was activated. The exact function of this 
signaling cascade in plant salt stress response remains to be determined 
in the future. However, given the crucial role of some of these molecules 

in regulating plant ionic homeostasis, the activation of this signaling 
cascade seems to contribute to better stress resistance and growth under 
salinity in quinoa. 

5. Conclusion 

Through the gentle removal of EBCs from plant surfaces, this work 
investigated the role of EBCs in salt stress acclimation in quinoa leaves. 
Our results revealed enhanced photosynthesis and deep reprogramming 
in the phytohormone signaling network and cell wall dynamics as a 
general response to salt stress (400 mM NaCl). Importantly plants with 
removed EBCs failed to induce DNA replication activity and an immune 
response mimic signaling pathway in response to high salinity. In 
addition, brushed leaves orchestrated additional phytohormone 
signaling components to compensate for the loss of EBCs under saline 
conditions. These results revealed a critical role of EBCs in coordinating 
salt stress response of quinoa leaves and identified candidate genes 
suitable for future mechanistic studies. 
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