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Preface to ”"Plant Genomics”

Plant genomics is a rapidly growing field that has revolutionized our understanding of the
genetic makeup and biological processes of plant species. The advancements in genomic technologies
have enabled researchers to study the entire genetic composition of plants, including the function and
regulation of genes, genome structure, and evolution. The impact of plant genomics is far-reaching
and has significant implications for agriculture, environment, and human health.

In this Special Issue Reprint “Plant Genomics”, we are pleased to present 28 papers that
showcase the latest research in plant genomics. These papers cover a wide range of topics, including
genome-wide association study and genomic prediction, genome sequencing, gene expression in
response to abiotic stresses, genome-wide screening, and characterization of various gene families.
Moreover, they involve more than 20 different plant species, highlighting the diversity of plants and
the importance of studying their genomes.

The papers in this Special Issue have been contributed by leading experts in the field, who
have used cutting-edge techniques and approaches to provide insights into various aspects of plant
genomics. We hope that these papers will stimulate further research and inspire new collaborations
that will enhance our understanding of plant biology and contribute to the development of
sustainable agriculture.

We would like to express our gratitude to all the authors who have contributed their work to
this Special Issue, as well as the reviewers who have provided valuable feedback and ensured the
quality of the papers. We also thank the editorial team for their support and dedication in bringing
this Special Issue to fruition.

We hope that this Special Issue will serve as a valuable resource for researchers, students, and

professionals interested in plant genomics and related fields.

Frank M. You
Editor
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Abstract: A genome-wide association study (GWAS) was performed on a set of 260 lines which belong
to three different bi-parental flax mapping populations. These lines were sequenced to an averaged
genome coverage of 19x using the Illumina Hi-Seq platform. Phenotypic data for 11 seed yield and oil
quality traits were collected in eight year/location environments. A total of 17,288 single nucleotide
polymorphisms were identified, which explained more than 80% of the phenotypic variation for
days to maturity (DTM), iodine value (IOD), palmitic (PAL), stearic, linoleic (LIO) and linolenic (LIN)
acid contents. Twenty-three unique genomic regions associated with 33 quantitative trait loci (QTL)
for the studied traits were detected, thereby validating four genomic regions previously identified.
The 33 QTL explained 48-73% of the phenotypic variation for oil content, IOD, PAL, LIO and LIN
but only 8-14% for plant height, DTM and seed yield. A genome-wide selective sweep scan for
selection signatures detected 114 genomic regions that accounted for 7.82% of the flax pseudomolecule
and overlapped with the 11 GWAS-detected genomic regions associated with 18 QTL for 11 traits.
The results demonstrate the utility of GWAS combined with selection signatures for dissection of the
genetic structure of traits and for pinpointing genomic regions for breeding improvement.

Keywords: flax; genome-wide association study (GWAS); selective sweep; genotyping by sequencing
(GBS); bi-parental population; single nucleotide polymorphism (SNP); seed yield; plant height;
maturity; fatty acid composition

1. Introduction

Flax (Linum usitatissimum L., 2n = 2x = 30) is a self-pollinating annual crop from the Linaceae
family. It is a dual-purpose crop grown for its seed oil or stem fiber, resulting in two morphotypes:
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linseed and fiber. The linseed or flaxseed morphotype is rich in o0il (40-50%) containing five main
fatty acids: palmitic (PAL, C16:0, ~6%), stearic (STE, C18:0, ~2.5%), oleic (OLE, C18:14%, ~19%),
linoleic (LIO, C18:22% 12, ~13%), and linolenic (LIN, C18:3%% 1215 ~55%) [1,2]. Because of its high LIN
content, linseed is the richest plant source of omega-3 fatty acid which is beneficial for reducing blood
cholesterol levels and mitigating heart diseases in humans [3,4]. The same attributes make it ideal as
industrial oil for use in paints, linoleum flooring, inks, soaps and varnishes [4].

Linseed breeding has focused on high seed yield (YLD), high oil content (OIL), and either
high or low LIN content. Low LIN (2-4%) and high LIO (65-70%) lines have been developed
through mutation breeding. NuLin™ 50 with 67.8% LIN (http:/ /www.viterra.ca) and Omégalin with
65.8% (http:/ /www.terredelin.com) are examples of high LIN linseed cultivars currently registered.
Extremely low LIN lines such as Linola™ or Solin™ improve oxidative stability, making such cultivars
suitable for the fabrication of margarine [3]. Since 1910, a total of 82 flax cultivars have been released
in Canada [5]. These cultivars and elite breeding lines provide diverse genetic materials for dissecting
the genetic architecture of oil biosynthesis and yield related traits in linseed.

Several methods can be used to dissect the genetic architecture of crop traits. QTL or linkage
mapping uses bi-parental populations to identify loci responsible for trait variation between parents
based on a recombination-based genetic linkage map [6]. Bi-parental populations, such as F;,
recombinant inbred line (RIL), doubled haploid (DH) and backcross (BC) populations, are the most
widely used genetic resources for mapping QTL for traits of interest in self-fertilizing crops, including
flax [7-12]. While bi-parental populations are easy to develop and have power for QTL detection,
only the a limited number of alleles from the parental genotypes are analyzed in a single population,
resulting in a narrow genetic base and low representation of allelic diversity [13]. In addition, genetic
recombination is limited in these populations [14]. To increase the QTL dissection power, attempts
have been made to expand the genetic diversity through other multiple-parent population types, such
as nested association mapping (NAM) populations [15-17] and multi-parent advanced generation
intercross (MAGIC) populations [18-25], while retaining the advantages of association mapping and
bi-parental populations. However, the development of such populations requires careful planning
and time. Natural populations that possess tremendous phenotypic diversity can be advantageous in
genome-wide association study (GWAS) with various molecular markers in plants and animals [26-31].
Association mapping using a diverse germplasm panel overcomes the phenotypic diversity limitation
of bi-parental populations, thereby increasing the QTL mapping power [32] but is impeded by low
detection power of association of rare alleles. GWAS usually uses a natural population to investigate
wider phenotypic variation for complex traits by taking advantage of ancient genetic recombination
events in populations [33].

GWAS may be complemented by performing genome-wide selective sweep scan (GW3S) which
identifies selection signatures that are beneficial for plant adaptation. A selective sweep is the reduction
or elimination of variation among the nucleotides near a new beneficial mutation. Following strong
positive natural selection or artificial selection during domestication or breeding, selective sweeps affect
nearby linked alleles [34]. Ancient selective sweeps are relevant to natural evolution and domestication
of crop species that are subjected to natural and artificial selective pressures and forced to adapt rapidly
to new environments and thus drive speciation [35]. Breeding selects favorable alleles and retains
them in new cultivars. These signatures of selection can be detected by a cross-population comparison
approach [34]. Recent studies demonstrated that genomic regions that exhibit selection signatures
are also enriched for genes associated with biologically important traits [36—40]. Thus, detection of
selection signatures is emerging as an additional approach to identify and validate novel gene-trait
associations [41].

Genetic regions associated with storage oil biosynthesis in flax have been studied based on
QTL mapping using bi-parental populations. Several QTL responsible for oil content and fatty acid
composition have been mapped in independent studies including the three populations used herein.
The first population (BM) of 243 Fy.c recombinant inbred lines (RILs) from a cross between the Canadian
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linseed varieties CDC Bethune and Macbeth was used for a linkage mapping study and detected three
QTL each for OLE and STE, two each for LIO and IOD, and one each for PAL, LIN and OIL with
several QTL co-locating at the same locus [8]. The second population (EV) was a cross between E1747
and Viking. The third population (SU) was a cross between SP2047 (a yellow-seeded Solin™ line
with 2-4% LIN) and UGG5-5 (a brown-seeded flax line with 63-66% LIN) and comprised of 78 lines
generated through DH method. It was used in a linkage mapping study using simple sequence repeat
(SSR) markers which identified QTL for LIO, LIN and iodine value (IOD) co-locating on LG7 and LG16,
and a QTL for PAL on LG9 [7]. The linkage-based studies from these populations provided numerous
QTL for important traits but the QTL were generally far from the markers and poorly delimited because
of the low resolution of the genetic maps [18,19,42]. The three bi-parental populations were also used
to construct a consensus genetic map [43], and to perform genomic selection [44] primarily using SSR
markers. Because the three populations have been simultaneously phenotyped for several common
agronomic and seed oil quality traits in the same environments (years/locations), we designed the
present study to test the efficiency of the combined bi-parental population approach for GWAS and
GWS3S to detect genomic regions associated with seed yield and seed oil quality traits using genotyping
by sequencing (GBS).

2. Results

2.1. Re-Sequencing and Genome-Wide SNPs

In the present study, a set of 260 genotypes (97 from the recombinant inbreeding line (RIL)
population from a cross between CDC Bethune and Macbeth (BM), 91 from the RIL population from
a cross between E1747 and Viking (EV) and 72 from the doubled haploid population from a cross
between SP2047 and UGG5-5 (SU) along with the 5 of 6 parents except for the reference CDC Bethune)
were re-sequenced using GBS to identify genome-wide single nucleotide polymorphism (SNP) markers
on the chromosome-based flax pseudomolecules [45]. An average of ~57.7 million paired end reads
were generated for each individual, corresponding to 5754 Mb sequences or 19.2x genome equivalents
of the reference scaffolds (~302 Mb) [46] (Table S1). Paired-end reads of each genotype were aligned
to the flax scaffolds [46], resulting in a total of 536,186 SNPs. After filtering off SNPs with minor
allele frequency (MAF) <0.05 and genotyping rate <60% [47,48], 17,288 SNPs were retained on the flax
pseudomolecules [45] (Table S2). Out of these, 15,284 segregated in BM, 15,397 in EV and 7568 in SU.
The SNPs were mostly uniformly distributed across all 15 chromosomes (chr), ranging from 601 on
chr11 to 1572 on chr13 (Figure 1, Table S2). Approximately 71.1% of all SNPs were located in intergenic
regions, 16.2% were in introns and 12.7% were in exons (Table S2). These SNPs were used for further
population structure analysis, GWAS and GW3S.

2.2. Whole-Genome Pattern of LD

The LD and LD decay rates were analyzed for each population separately as well as the merged
population using the filtered SNP data. The physical distances of pair-wise SNPs at which the LD 7
dropped to half were 1242, 223, 728 and 272 kb for BM, EV, SU and merged populations respectively.
This indicated substantial variation in LD decay rate across populations (Figure 2). The average LD 2
of BM, EV, SU, and merged populations were 0.37, 0.26, 0.28 and 0.30, respectively, with the number of
haplotype blocks for each population estimated at 599, 648, 206 and 1205, respectively (Table S3).
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Figure 1. Distribution of 17,288 SNPs, 114 selective sweeps and 33 QTL on the 15 chromosomes
of flax for each of three bi-parental populations BM, EV and SU and, for the merged population
(BM + EV + SU). Four vertical bars from left to right for each chromosome represent the BM + EV + SU,
BM, EV and SU populations, respectively. Short horizontal lines on bars represent SNPs. QTL regions
are highlighted in cyan and by vertical blue lines. Red triangles identify QTL’s peak SNP. Selective
sweeps are represented by short vertical black lines.
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are drawn based on a fitted non-linear model (see Section 4.2).
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2.3. Genetic Diversity and Population Structure

Nucleotide diversity (77) was estimated at 41.52, 38.26 and 3.95 for the BM, EV and SU populations,
respectively (Table 1), and was consistent with the number of SNPs identified from the three
populations. A strong population-differentiation (Fs) was observed at 0.44 between BM and SU
and 0.48 between EV and SU. However, Fs5; was weaker at 0.04 between the BM and EV (Table 1).

Table 1. Genetic differentiation (Fs;) between three bi-parental (upper triangle elements) and nucleotide

diversity (7r) within these populations (diagonal elements).

Population BM EV SU
BM 41.52 0.04 0.44
EV 38.26 0.48
SU 3.95

BM: CDC Bethune/Macbeth; EV: E1747 /Viking; SU: SP2047 / UGG5-5.

The genetic structure within the merged population was assessed based on the 17,288 SNP loci from
the 260 individuals using two methods: principal component analysis (PCA) and discriminant analysis
for principal components (DAPC). Bi-plots of the first three principal components of the PCA showed five
distinct clusters (Figure 3a,b). The BM (BM1 and BM2) and EV (EV1 and EV2) populations each contained
two sub-populations, while SU produced a single cluster. DAPC corroborated the same five clusters
(Figure 3c,d). Therefore, a DAPC Q matrix based on the five clusters was generated and used as covariates
to assess the population stratification in GWAS and phenotypic variation explained by the SNPs.
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Figure 3. Principal component analysis (PCA) and discriminant analysis of principal components
(DAPC) of the 260 individuals in three bi-parental populations (BM, EV and SU) based on 17,288 SNPs.
(a) Bi-plot of the first and second principal components (PCs); (b) Bi-plot of the first and third PCs;
(c) k-means clustering analysis based on 100 chosen PCs shows that the optimal number of clusters
(k) is 5, that is where the Bayesian information criterion (BIC) is lowest (arrow); (d) DAPC scatter
plot. Percentages in parentheses in the axis titles of (a) and (b) represent the variance explained by the
respective PCs. Individuals from the BM and EV populations grouped into two subpopulations each,

BM1 and BM2, and EV1 and EV2, respectively.
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2
2.4. Wyp

Phenotypic variation of traits was largely explained by SNPs in the three individual and the
merged populations (Table 2). The average h,p for all 11 traits was 0.51. The largest h%,,, values
among the four populations ranged from 0.45 (YLD) to 0.90 (PAL). More than 80% of the phenotypic
variation in one of the populations was explained by identified SNPs for days to maturity (DTM), IOD,
PAL, STE, LIO and LIN. The h%,,,, varied from one population to another depending on the genetic
variation between the two parents. For SU, little or no phenotypic variation was explained by SNPs
for DTM, plant height (PLH) and STE. For EV, a relatively low phenotypic variation (h%,,p < 0.1) was
explained by SNPs for STE and OLE.

Table 2. Phenotypic variation explained by all SNPs (h%NP) and identified QTL (hZGW 4g) for 11 traits in
different populations.

Trait Population Wnp * s No. QTL  hi,us £ s
BM+EV+SU 043 +0.12 1 0.14 + 0.09
BM 022 + 025
YLD EV 0.15 + 0.24
SU 0.45 + 0.21
BM+EV+SU 0534012 1 0.08 & 0.11
PLH BM 0.76 + 0.12 2 021 +0.15
EV 0.76 + 0.14 2 022 +0.18
SU 0.06 - 0.20
BM+EV+SU 043+ 013 1 0.10 + 0.07
BM 0.81 + 0.11 1 0.18 + 0.13
DIM EV 0.36 + 0.24 1 0.18 + 022
sU 0.00 = 0.20
BM+EV+SU 051 +0.11 1 0.12 +0.16
BM 0.52 + 0.20
PRO EV 0.34 + 023 1 0.09 4+ 0.12
SU 0.58 + 0.19
BM+EV+SU 0.6+ 0.09 7 0.62 + 0.14
oL BM 0.46 + 0.22
EV 0.39 + 0.21 1 0.08 + 0.08
SU 0.70 + 0.15
BM+EV+SU 080+ 006 3 0.57 + 0.10
BM 0.49 + 0.19
I0D EV 0.78 + 0.12 2 0.51 & 0.14
sU 0.66 + 0.17 2 0.35 + 0.18
BM+EV+SU 079+ 0.06 4 048 + 0.11
BM 0.12 + 026
PAL EV 0.55 + 0.20 1 0.09 + 0.11
SU 0.90 + 0.07 1 0.56 + 0.18
BM+EV+SU 0214015 2 041 +0.19
BM 0.85 -+ 0.09
STE EV 0.02 + 0.14
SU 0.00 + 0.22 1
BM+EV+SU 055+ 0.10 1 0.16 + 0.13
BM 0.36 + 0.22
OLE EV 0.09 + 0.25

SU 0.72 £0.16 1 0.20 £0.19
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Table 2. Cont.

Trait Population Wap * s No. QTL hWwas £ 8
BM+EV+SU  0.80+ 0.06 3 0.73 + 0.07

BM 0.54 4 0.20
LIO EV 0.75 + 0.13 2 0.54 + 0.14
SU 0.66 + 0.17 2 0.36 +0.18
BM+EV+SU 080+ 0.06 3 0.56 & 0.09

BM 0.49 +0.19
LIN EV 0.76 + 0.13 2 0.55 + 0.14
SU 0.66 + 0.17 2 0.36 +0.18

YLD: seed yield; PLH: plant height; DTM: days to maturity; PRO: protein content; OIL: oil content; IOD: iodine
value; PAL: palmitic acid content; STE: stearic acid content; OLE: oleic acid content; LIO: linoleic acid content;
LIN: linolenic acid content; BM: CDC Bethune/Macbeth; EV: E1747 /Viking; SU: SP2047 /UGG5-5. § hZGW ag of YLD
was estimated based on the phenotypes in a single environment (Morden/2012). For all other traits, /2,5 was
estimated based on the BLUP estimates of phenotypes.

2.5. QTL Identified from 11 Traits

Using the best linear unbiased prediction (BLUP) values of phenotyping data collected from six to
eight year/location environments with both generalized linear model (GLM) and mixed linear model
(MLM), we identified a total of 33 QTL for 11 traits, one for YLD, eight for OIL, five for PLH, four for
PAL, three each for IOD, LIO, and LIN, two each for DTM and STE, and one each for protein content
(PRO) and OLE (Table 3, Figure 1, Figures S1 and S2). Thirty-one of the 33 QTL were detected using
GLM and 13 with MLM (Tables S4 and S5). Of these latter 13, two QTL (QTL 18 for IOD and QTL 31
for LIN) were detected only by MLM, while the remaining 11 were identified by both MLM and GLM
(Table S4).

Out of 33 QTL identified, 12, 6, 3 and 27 were from EV, SU, BM and merged population,
respectively. Only six QTL were detected exclusively from two individual populations, including
four (QTL 2 and 6 for PLH, QTL 8 for DTM and QTL 17 for OIL) from EV and two (QTL 3 and
4 for PLH) from BM. Eighteen were identified exclusively from the merged population. Ten QTL
were detected simultaneously from the merged population and one or more individual populations
(Tables 54 and Sb).

QTL for YLD (QTL 1) was identified only in two environments (2010/Morden and
2012 /Saskatoon) (Figure S2) but not in other environments or using BLUP estimates over the six
year/location environments. We also performed GWAS for all other traits with phenotypic data from
individual environments and obtained similar results with the QTL identified using BLUP values over
multiple environments (Table S6).

2.6. QTL Effect Significance

To validate the QTL, we tested statistical significance of difference of phenotypes between two
contrasting haplotype pairs for each QTL in the merged and individual populations and in different
year/location environments. QTL effect differences between two contrasting haplotype pairs for all
33 QTL were significant (Figure 4, Table S7). We also assessed relationship of the number of pyramiding
positive-effect QTL in individuals with trait phenotypes. Significant linear relations for all eight traits
which had two or more QTL identified in this study were observed, showing primarily additive or
accumulative QTL effects (Figure 5).
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Figure 4. Trait performance of two contrasting haplotype pairs for each of 33 QTL identified from
11 traits. A QTL is represented by the peak SNP identified in the association study. The numbers of QTL
correspond to QTL No in Table 3. The BLUP values of the 11 traits in the merged population were used
except for PLH/QTL 3 and DTM/QTL 7 for which BM population was used, DTM/QTL 8 for which
EV population was used, and PAL/QTL 22, LIO/QTL 28 and LIN/QTL 31 for which SU population
was used. The box width is proportional to the size of the subpopulations. Phenotype differences
between two contrasting haplotype pairs for each QTL are shown by boxes” notches. For any given

QTL, boxes’ notches that do not overlap indicate significant median differences at 95% confidence level.
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Figure 5. The relationship of phenotypes with the number of positive-effect QTL in individuals.
Eight traits with two or more QTL identified were analyzed: (a) plant height (PLH), (b) days to
maturity (DTM), (c) oil content (OIL), (d) iodine value (IOD), (e) palmitic acid content (PAL), (f) steric
acid content (STE), (g) linoleic acid content (LIO), and (h) linolenic acid content (LIN). The BLUP
values of the eight traits in the merged population were used. The correlation of phenotypes with the
number of positive-effect QTL was calculated. * and ** represent statistical significance at 0.05 and 0.01
probability level.

2.7. Pleiotropy of QTL

Sixteen of the 33 QTL co-located at six genomic regions concerning nine traits (Figures 1 and 6,
Table S8). QTL for PLH, DTH and YLD co-located on chr4. QTL for IOD, LIO and LIN co-located on
chr4, 7 and 12. Chromosome 15 harbored QTL for OIL and PRO while chr5 had QTL for OIL and PAL.

2.8. Phenotypic Variation Explained by QTL

Phenotypic variations explained by individual QTL (héTL) were estimated (Table S4).
Overall, the QTL explained 4 to 66% of the total phenotypic variation, with an average of 32.5%
which is more than half of the average h%NP (51%). For five traits (IOD, LIO, LIN, PAL and OIL),
QTL explained an average of 61% of the variation (Table 2 and Table S4). We also estimated the
phenotypic variation explained by all QTL for a trait (h%,,,) (Table 2). In the merged population,
the QTL explained 48-73% of the phenotypic variation for OIL, IOD, PAL, LIO and LIN but only 8-14%
for PLH, DTM and YLD.

2.9. Candidate Genes Underlying QTL

Based on the GWAS results, we investigated the genes annotated in the flax genome [54] in
an attempt to predict candidate genes from loci significantly associated with each trait. The genomic
locations of SNP markers at the peaks of the QTL were scanned within a 500 Kb window in either
direction to constitute a subset of genes from which we deduced a candidate gene list based on a priori
knowledge of their function(s). Candidate genes were identified for every QTL except for the YLD
QTL (Table 3). We discovered seven candidate genes underlying QTL for DTM on chr4. The QTL for
PLH harbors five candidate genes of completely different function. The genes underlying QTL for
fatty acid composition include KCS14-2, FAD3a, and FAD3b for IOD/LIN/LIO, KCS12-3 and KAS Ic-1
for PAL, KCS9-1 and KCS1-1 for OLE, and KCS18-2 and SAD1 for STE.
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Figure 6. Relations of —logjo(P) values of SNP markers between two traits showing pleiotropy or
linkage relationship of SNP markers in different pairs of traits. (a) IOD vs. LIN; (b) IOD vs. LIO;
(c) LIN vs. LIO; (d) OIL vs. PRO; (e) PLH vs. DTM; (f) DTM vs. YLD. Results of the GWAS using
a GLM and data from the BM + EV + SU population for IOD, LIO, and LIN (a—c), the EV population for
OIL and PRO (d), the BM population for PLH and DTM (e) and the BM + EV + SU population for DTM
and YLD (f) are shown. The vertical and horizontal dashed lines show the cut-off value of significant
SNP markers associated with a trait. YLD: seed yield (t ha~!); DTM: days to maturity; OIL: oil content
(%); PRO: protein content (%); IOD: iodine value; LIO: linoleic acid content (%); LIN: linolenic acid
content (%).

2.10. Selection Signatures in Bi-Parental Populations

A GW3S was performed to identify potential selection signatures during breeding improvement
using XP-CLR [34]. Due to the high genetic diversity in BM and EV (Table 1) and large phenotypic
differences between them (Table S9), GW3S between BM and EV was conducted. A total of 114
selection signatures with an average size of 226.3 kb were identified (Figures 1 and 7, Table S10),
accounting for 7.82% of the flax pseudomolecules (~316 Mb). These putative selection signatures
overlapped with 11 GWAS-detected genomic regions associated with 18 QTL (Figures 1 and 7).
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Figure 7. Genome-wide selective sweep scan using XP-CLR between BM and EV (a), and Manhattan
plots of QTL overlapping with selective sweeps for (b) seed yield (YLD), (c) linoleic acid content (LIO),
(d) steric acid content (STE), (e) oil content (OIL), (f) palmitic acid content (PAL), (g) oleic acid content
(OLE), (h) linolenic acid content (LIN), and (i) protein content (PRO). QTL associated with selective
sweeps are also labeled on peaks of selective sweeps. The numbers represent the QTL numbers listed
in Table 3. Multiple numbers on the same peak represent genomic regions co-located with more than
one trait. The labels ‘m-#’ represent the genomic regions associated with QTL previously identified
and listed in Table S11. The green dots on Manhattan plots represent significant SNPs.

Some selection signatures were also associated with previously identified QTL (Table S11).
For example, the selection signatures were associated with 10 previously reported QTL (Figure 7).
The signatures at position 2.45-2.46 Mb on chrl overlapped with SNP marker Lul_2670961 linked to
QTL QSte.BM.crc-LG1 for STE; the ones at 4.74-4.77 Mb on chr3 overlapped with Lu3_5950394, a SNP
linked to QTL QOle.BM.crc-LG3-1/QLio.BM.crc-LG3 for OLE and LIO; signatures at 7.24-7.25 Mb
on chr3 overlapped with SNP Lu3_8415336 linked to QTL QSte.BM.crc-LG3 for STE [8]; position
16.80-16.81 Mb on chr10 harbors signatures that overlap with SSR Lu2262 linked to an unnamed QTL
for OIL; finally, position 17.52-17.53 Mb on chr10 has selection signatures that coincide with SSR
Lu2746 linked to an unnamed QTL for LIN/IOD [53].
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3. Discussion

3.1. QTL Associated with Seed Yield and Seed Oil Quality Traits

Thirty-three QTL were identified in the current study. Of which, nine QTL were identified
in previous studies [7,8] for the same traits, including seed yield and seed oil quality traits.
Cloutier et al. [7] detected six major QTL for LIO, LIN and IOD in SU population. These six QTL
correspond to the two underlying genes, FAD3a and FAD3b. Some of these QTL were in close
proximity on the same chromosome. We identified the same QTL by association mapping that were
previously detected by linkage mapping [7] using the same phenotype and SNP genotype data in
the SU population (Table 3). The refinement of flax pseudomolecule [45] between the linkage study
and our current association study allowed reassignment of chr12 for LIO, LIN and IOD QTL which
were previously assigned to LG16 [8]. In addition, the same QTL were also detected in the EV
population as well as the merged population. Our association study also validated three QTL for YLD,
DTM and PAL which were previously identified using linkage mapping using SSRs and SNPs [8,9]
and from the association mapping using a flax core collection population with SSR markers [53]
(Table 3). These verified QTL for fatty acid composition, seed yield and maturity demonstrate the
feasibility of the association mapping method to detect QTL in a bi-parental population as well as
a multi-parent population.

An additional 24 novel QTL were detected in our current study which were not discovered in
previous studies using individual BM or SU populations. These new QTL were detected using the
merged population which greatly increased the population size, thereby enhancing the association
power and resolution for QTL detection. We noted that only two QTL were discovered from the BM
population alone. This is likely the result of significantly reduced representation of lines re-sequenced
from BM population [8]. The discovery of new QTL demonstrates that GWAS using multiple
bi-parental populations is equally or more efficient for QTL detection than QTL mapping using
single bi-parental populations alone.

We tested the statistical significance of QTL effects for all 33 QTL identified for the 11 traits and
found that all effect differences were significant. We also observed significant positive correlation
between the number of positive-effect QTL and corresponding trait phenotypes in individuals for eight
traits from which had two or more QTL were identified (Figures 4 and 5, Table S7). These results not
only corroborate the significance of the QTL but also demonstrate that effects of QTL in an individual
performed additively, suggesting that marker-assisted selection (MAS) for these QTL would be effective
in breeding. Thus, we listed the flanking sequences of these QTL in Table S12 for MAS purpose.

3.2. Pleotropic QTL Associated with Seed Yield and Quality Traits

Six genomic regions associated with more than one trait were identified. QTL for IOD, LIO,
and LIN were concurrent on chromosomes 4, 7 and 12; QTL for YLD, PLH, and DTM co-located on
chr4; QTL for PRO and OIL were on chrl5 and QTL for PAL and OIL were on chr5 (Figures 1 and 6,
Table S8).

IOD is a measure of the degree of unsaturation of the oil that is calculated from the GC-derived
fatty acid composition. Thus, breeding lines with high LIN normally show high IOD [7] due to the
high correlation between 10D, LIO, and LIN [44] (Table 513). QTL co-located at the same genomic
regions indicate that the traits may be controlled by the same gene or tightly linked genes. The two
genomic regions on chromosomes 7 and 12 harbor the two fatty acid desaturase genes, FAD3a and
FAD3b. These genes are responsible for linoleic and linolenic acid composition [52,55].

PLH and DTM are complex traits that considerably impact the adaptability, biomass, and economic
yield of agricultural crops [56,57]. In soybean, one QTL that strongly associated with both PLH and
DTM traits was identified with an SNP at 45.0 Mb position on chromosome 19 and it harbors the
candidate gene DT1, which is homolog to Arabidopsis terminal flower 1 (TFL-1, AT5G03840) [56].
Based on in silico gene annotation, the DT1 homolog are located on chromosomes 6 and 8 in flax
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but no QTL for either PLH or DTM were identified on these two chromosomes. This could be due
to the lack of functional polymorphism(s) at those loci among the parents of our three populations.
However, a different genomic region on chr4 harbours five candidate genes for PLH and seven for
DTM, raising the possibility that PLH and DTM are controlled by tightly linked genes in flax. The same
genomic region was also associated with YLD. Because plant height and maturity affect seed yield,
it is not surprising that QTL for PLH, DTM and YLD were mapped to the same locus. This pleiotropic
relationship between YLD and DTM was previously validated [8] (Table 3).

Inheritance of seed oil content is complicated due to its quantitative nature. The seed oil content
was directly affected by fatty acid composition traits, such as PAL, STE, OLE, LIO, and LIN, or indirectly
by several major agronomic traits, such as seed yield and protein content [58]. Significant correlations
of OIL were observed with PAL (—0.57; p = 0) and PRO (—0.70; p = 0) (Table 513). OIL is also usually
negatively correlated with PRO in oilseed crops [59]. Of the eight QTL associated with oil content,
two co-located with QTL for PAL on chr5 and for PRO on chr15, respectively.

3.3. Phenotypic Variation Explained by SNPs and QTL

SNP heritability (h%,p) for a trait is the total proportion of phenotypic variance explained by
additive contributions from genome-wide SNPs. A method for estimating /% for a complex trait was
initially proposed in 2011 [60,61] and implemented in GCTA (Genome-wide Complex Trait Analysis)
software [61]. Since then, the method has been applied to many quantitative traits largely in human and
animal genetic studies [62,63]. The method was also used to estimate phenotypic variance explained
by a subset of SNPs selected by p-values from GWAS in an independent sample [64]. However the
estimate of variance explained by the SNP subsets ascertained by the p-values from GWAS in the same
sample may be inflated due to positive correlation between true SNP effects and estimation errors
(personal communication to the GCTA author, Jian Yang). However, as the GCTA-based heritability
estimation method includes the population structure effect in the linear model and also considers
heritability estimates to be irrelevant to the number of SNPs used [60,61], the accuracy of estimates
should be higher than those obtained simply using the simple multivariate regression adopted in most
GWAS of plant traits. In the current study, for the first time we applied this method to estimate 72
for 11 agronomic and seed quality traits in three bi-parental populations and a merged population.
As the number of SNPs identified from a population depends on its genetic variation for the traits,
the trait-associated h3,,, estimates vary across populations and traits. Overall, seed yield had a lower
hZyp than seed quality traits as expected considering the extent of genetic complexity of the former
(Table 2). We also used the same method to estimate phenotypic variation explained by individual
QTL (hZQT ;) and by all QTL for a specific trait (12 45). h%y45 Measures the extent of the phenotypic
variation explained by QTL compared to that of all SNPs. This comparison led to the conclusion that
many QTL for PLH, DTM and YLD were not detected in our study but the QTL for seed quality traits
identified herein likely represent major genetic regions or genes controlling these traits.

3.4. Selection Signatures Associated with Seed Yield and Seed Quality Traits

GW3S has been used for screening putative genomic regions under selection pressure caused by
domestication or artificial selection [36,38]. Usually, contrasting genetic populations are compared
(such as wild accessions vs. cultivated accessions, landraces vs. breeding lines) to identify the allele
frequency differentiation between different populations. In this study, we alternatively used two
contrasting bi-parental mapping populations and identified 114 selection signatures with an average
size of 226.3 kb. Some of these selection signatures support nearly 50% of the 23 GWAS-detected
genomic regions associated with 33 QTL. Some of the QTL identified by GWAS have no overlapping
selection signatures, partially because the regions of QTL had XP-CLR (Cross Population Composite
Likelihood Ratio) scores less than the predetermined cut-off values. On the other hand, many selection
signatures have high XP-CLR scores but no associated QTL (Figure 7). These significant selection
signatures may be associated with QTL for traits not included in this study. This is suggested by the
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fact that five previously identified genomic regions related to seven QTL overlapped with the selection
signatures identified in our current study comparing BM and EV (Table 510). These putative selection
signatures provide useful candidates for further QTL-trait association study. Our results combined
with previous studies demonstrate that GW3S combined with GWAS is a powerful approach for
dissecting genetic structure of breeding populations and for the identification of underlying genomic
regions for breeding improvement. Using GWAS with bi-parental populations and selection signatures
allowed the cross validation of QTL previously identified by other mapping methods and established
the foundation for genomic assisted breeding in flax.

4. Materials and Methods

4.1. Plant Materials

Three bi-parental mapping populations of different genetic backgrounds served as genotype
panel for the association study. The first population (BM) consisted of 243 F¢-derived RILs generated
by single seed descent from a cross between CDC Bethune and Macbeth. Its two parents are Canadian
high-yielding conventional linseed cultivars with 55-57% LIN [65,66]. The second population (EV)
contained 90 Fg-derived RILs from a cross between E1747, an ethyl methanesulfonate (EMS)-induced
low LIN breeding line [67], and Viking, a French fiber flax cultivar with ~55% LIN that was grown
extensively in the 2000’s but deregistered in 2012. The third population (SU) is an F;-derived
DH population of 78 lines obtained from a cross between the breeding line SP2047, from which
a yellow-seeded Solin™ 2047 with only 2-3% LIN has been derived, and breeding line UGG5-5, which
is a high LIN line with 63-66% LIN [7,55]. BM was designed to study yield-related traits while EV and
SU were intended for QTL identification for fatty acid composition and fiber traits.

4.2. Whole Genome Resequencing, SNP Calling, SNP Imputation and LD Analysis

Three populations consisting of 97 randomly selected lines from BM, 91 from EV, 72 from SU
including five parents (one parent is the reference genome) were grown in growth cabinets with
a 16-h light and 8-h dark cycle at 20/18 °C. DNA was extracted from young leaf tissue using the
DNeasy 96 Plant kit (Qiagen, Mississauga, ON, Canada) according to the manufacturer’s instructions.
The DNA was subsequently restricted, size-selected and quantified prior to the construction of
the reduced representation libraries used for Illumina sequencing as previously described [47].
Reduced representation libraries from a total of 260 individuals of the three populations, i.e.,
96 randomly selected from BM, 89 from EV, 70 from SU, and five parents (One parent CDC Bethune of
BM is used as a reference genome) were re-sequenced by the Michael Smith Genome Sciences Centre
of the BC Cancer Agency, Genome British Columbia (Vancouver, BC, Canada) using 100-bp paired-end
reads on an Illumina HiSeq 2000 platform (Illumina Inc., San Diego, CA, USA).

SNP calling was performed using the revised AGSNP pipeline [47,48,68]. The flax scaffold
sequences of cultivar CDC Bethune [46] were used as reference for read mapping. Then SNPs were
called using SAMtools [69] and further filtered using a set of criteria such as mapped read depth,
consensus base ratio, mapping quality score and homopolymers with a validation rate of 96.8%
for the called SNPs as described in detail [47]. Finally SNPs with a MAF < 0.05 and a genotyping
rate <60% were removed for further analysis. The coordinates of all SNPs were extracted from the
chromosome-based flax pseudomolecules v2.0 [45]. Missing data for these filtered SNPs were imputed
using Beagle v.4.2 [70].

Intra-chromosome LD (%) was calculated using plink ver. 1.9 [71] with the parameters
“-12 -ld-window-kb 2000 -ld-window-r2 0”. Before LD calculation, SNP data were pruned using
the parameter “~indep-pairwise 2000 50 0.9” to remove SNPs with high 72 (>0.9) in a 2000 kb window
with step size of 50 SNPs. Pair-wise 1 values were plotted against the base pair distance, and curves
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of LD decay with distances of paired SNPs were fitted using a non-linear regression model [72] as

follows:
(3+cd) (12 +12cd + (cd)?
> 10 +cd { ( ) ’ 1)

" T ot (it * (2 + cd) (11 + cd)

where c is the coefficient to be estimated, d is the distance between pair-wise SNPs, and # is the number
of total gametes, corresponding to twice the number of individuals in a population. The R function nls
was used to fit the model. The rate of LD decay for each population was determined from the fitted
model at the half of the maximum LD (r?). Haplotype blocks were calculated using plink with the
parameters “~blocks no-pheno-req —blocks-max-kb 2000”.

4.3. Differentiation and Stratification

Nucleotide diversity (7r) of three bi-parental populations and genetic differentiation (Fs) between
the populations were estimated using the R package “PopGenome” [73]. The genetic structures of
the three separate inbreeding populations and the combined population were assessed using both
PCA and DAPC [74]. Analyses with DAPC included several steps: (1) PCA was conducted using the
imputed SNPs. According to the curve of accumulative variances against the number of principle
components (PCs), the optimum number of PCs was chosen at which the cumulative variance had no
obvious increase; (2) k-means clustering analysis was performed based on the chosen PCs. To identify
the optimal number of clusters, k-means was run sequentially with increasing k values and the Bayesian
information criterion (BIC) was calculated for each k. The optimum k corresponded to the lowest BIC;
(3) Discriminant analysis was conducted based on the chosen clusters and individuals were reassigned
to the different clusters. The posterior probability of cluster membership was calculated based on
the retained discrimination functions and used as the Q matrix for GWAS and heritability estimation.
PCA was performed using the function implemented in TASSEL while DAPC was conducted using
the R package “adegenet” 2.0 [75].

4.4. Phenotyping of Bi-Parental Populations

Individuals from the three populations were evaluated in field trials over four years (2009-2012) at
two sites, Morden Research and Development Centre, Manitoba (MD) and Kernen Crop Research Farm
near Saskatoon, Saskatchewan (SAS) in Canada. A type-2 modified augmented design (MAD) [76] was
used for the field experiments from which phenotypic data were collected. The detailed experimental
design was previously described [44,77]. All 243 individuals of the BM population were phenotyped
in four years (2009-2012) and two sites (MD and SAS), while 86 individuals of the EV population
and 72 individuals of the SU population were evaluated in three years (2010-2012) and two sites
(MD and SAS).

Eleven common traits were evaluated in the three populations, including YLD, PLH, DTM, PRO,
OIL, IOD and five fatty acid composition traits (OLE, PAL, STE, LIO, and LIN). PLH was measured
from ground to the uppermost part of the plant at maturity. DTM was recorded from sowing to
95% of capsule maturity (seeds rattling in the capsules or bolls). Seed yield data were measured
by harvesting two 0.5-m sections from rows located in the central part of each subplot (0.2 m?).
A total of 1 g of seed from each line at each environment was sampled for OIL measurement and
fatty acid composition. Methyl esters of fatty acids were prepared according to the American Oil
Chemists’ Society (AOCS) Official Method Ce 2-66 [78] and fatty acid composition was measured by
gas chromatography (GC) following AOCS Official Method Ce 1e-91. OIL was determined by nuclear
magnetic resonance calibrated against the FOSFA extraction reference method. PRO was measured
using near-infrared spectroscopy calibrated against the combustion analysis reference method and
expressed on an N x 6.25 dry basis. Phenotyping of these seed quality traits has been previously
described [53]. All phenotypic data from the field experiments and laboratory measurements were
adjusted for soil heterogeneity as previously described based on the MAD pipeline [77]. The BLUP
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values over multiple environmental phenotypes estimated using R package “Ime4” [79] were used
for further association study analyses. The Shapiro-Wilk normality test was performed for all traits
using the R function “shapiro.test”. All 11 traits followed approximately a normal or mixed normal
distribution (Figure S3). Simple correlations among 11 traits were calculated using the function “rcorr”
of the R package “Hmisc”.

4

4.5. Phenotypic Variation Explained by All SNPs

The phenotypic variation explained by all SNPs, denoted as h% Nps Was estimated for all traits
based on the following mixed linear model [60] implemented in the GCTA software [61]:

y = XB + g+ e with its variance V = AO’§ + 107 (2)

where y is an n x 1 vector of phenotypes with n individuals in a population, X is the n x n.

structure matrix, B is a vector of fixed effects of population structure, including posterior
probabilities of an individual assigning to a cluster in DAPC, g is an n x 1 vector of the total genetic
effects of the individuals with g ~N (0, Aag?), and ¢ is a vector of residual effects with e ~N (0, 1(752). Ais
interpreted as the genetic relationship matrix (GRM) between individuals and estimated from SNPs.
a§ is estimated using the restricted maximum likelihood (REML) method based on the GRM estimated
from all SNPs. Thus, SNP heritability h% Np Was estimated as

2
% 3)

h%NP = 2. 2
03+ 0?

4.6. Genome-Wide Association Study

GWAS was performed with the GLM and compressed MLM [80,81] implemented in TASSEL
(v5.2) [82], which employs the EMMA and P3D algorithms to reduce computing time. For MLM,
the kinship matrices for the merged population and the three single populations were calculated using
TASSEL (v5.2) [82]. Manhattan plots and quantile-quantile (Q-Q) plots of GWAS were obtained using
the R package “qgman” [83].

SNP markers for candidate QTL were determined based on the p-value for each marker estimated
in the GLM or MLM analysis. The p-values were adjusted by the Bonferroni correction, being «
(0.05)/No. of SNPs used in the analyses. Allele effects of significant markers were calculated as
the difference between the average phenotypic values of homozygous alleles which were obtained
directly from the TASSEL outputs. Candidate QTL were defined based on peaks of SNPs exceeded
the significance threshold for the trait. The genomic region for a QTL was defined as a genome block
spanning all significant SNPs.

The amount of phenotypic variation explained by significant QTL was estimated for all SNP
markers within the QTL regions using the same method as described above [61], denoted as hZQT L
We similarly estimated phenotypic variation explained by all significant QTL for a single trait and
denoted it h2, -

4.7. Candidate Gene Mining

Genome-wide gene scan along chromosomes for significant QTL was performed to characterize
the underlying genomic regions and identify candidate genes. First, all orthologous genes of the model
species Arabidopsis thaliana were mapped to the flax genome using BLASTP of flax protein sequences
against A. thaliana protein sequences at an E-value of 1.0 x 10719, A total of 15,323 unique A. thaliana
genes were mapped. A list of known flax or A. thaliana genes associated with our studied traits and
their associations was drawn based on literature and database searches [49,51,84]. We investigated
candidate genes within QTL regions or within a 500 kb window upstream and downstream of the
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peaks depending on the LD decay estimates. In addition, previously identified QTL (SSR markers) in
flax [7,8,53] were mapped to the flax pseudomolecules to validate the QTL results from this study.

4.8. QTL Validation

Three approaches were applied to validate QTL identified by GWAS. The first approach was to
compare our QTL with previously identified QTL as described above. The same QTL was inferred if
two QTL were mapped to the same recombination block or haplotype block. The second approach
tested the significance of difference of phenotypes between two contrasting haplotype pairs of a QTL
in the populations. Statistically significant differences served to validate significant QTL. Both t and
Wilcox non-parametric tests were performed using the R functions “t.test” and “wilcox.test” for each
QTL in the merged and individual populations and in different year/location environments. To
test the positive correlations of a trait upon pyramiding of QTL, a simple regression of the number
of positive-effect QTL on phenotypic values of a trait was calculated. A positive-effect QTL in an
individual meant that this individual possessed a positive effect allele for the QTL. The last approach
was to perform genome-wide selective sweep scans to confirm QTL associated genomic regions as
described below.

4.9. Genome-Wide Selective Sweep Scan

A WG3S was performed along chromosomes across two populations using the program
XP-CLR [34]. Comparisons between BM and EV using XP-CLR were conducted. The genetic
distances (cM) between SNPs were estimated using the integrated flax consensus genetic map [43],
assuming uniform recombination between SNPs. For each chromosome, XP-CLR was executed
with the parameters “-w1 0.005 100 100 1 -p1 0.7” to estimate XP-CLR scores for 100-bp windows.
Each chromosome was then divided into 10-kb segments and the highest XP-CLR score from windows
with at least one SNP were assigned to each 10-kb segment (x4, ;). If the XP-CLR scores (X, i
and X,y i+1) of two adjacent 10-kb segments were greater than the 80th percentile (x,,,, so11,) Of the
genome-wide scores of all 10-kb fragments, then they were grouped as a single putative selective
sweep. In addition, putative selective sweeps were also merged if they were separated by no more
than one low score (<x,,,, s011) Segment. Merged selective sweeps were assigned the highest score
from their merged 10-kb segments. These merged segments were further combined into a larger region
if these segments belonged to the same peak in the genome-wide selective sweep plot (Figure 5a).
Finally, the combined regions falling in the highest 10th percentile of all putative selective sweeps were
considered differentially selected regions or selection signatures.

The selection signatures were compared to both our detected QTL and previously reported
QTL on the genetic loci to find associations between them. Positions where the QTL corresponding
markers were located were extended by 100 kb on both sides and then compared with the position
of the selection signatures. The QTL and selection signatures were considered associated when
they overlapped.
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Abbreviations

DH doubled haploid

GBS genotyping by sequencing

GW3Ss genome-wide selective sweep scan

GWAS genome-wide association study

10D iodine value

LD linkage disequilibrium

LIN linolenic acid

LIO linoleic acid

MAF minor allele frequency

MAGIC multi-parent advanced generation intercross

NAM nested association mapping

OIL oil content

OLE oleic acid

PAL palmitic acid

QTL quantitative trait loci

RIL recombinant inbred line

SNP single nucleotide polymorphism

SSR simple sequence repeat

STE stearic acid

YLD seed yield
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Abstract: Pasmo (Septoria linicola) is a fungal disease causing major losses in seed yield and quality and
stem fibre quality in flax. Pasmo resistance (PR) is quantitative and has low heritability. To improve
PR breeding efficiency, the accuracy of genomic prediction (GP) was evaluated using a diverse
worldwide core collection of 370 accessions. Four marker sets, including three defined by 500, 134 and
67 previously identified quantitative trait loci (QTL) and one of 52,347 PR-correlated genome-wide
single nucleotide polymorphisms, were used to build ridge regression best linear unbiased prediction
(RR-BLUP) models using pasmo severity (PS) data collected from field experiments performed during
five consecutive years. With five-fold random cross-validation, GP accuracy as high as 0.92 was
obtained from the models using the 500 QTL when the average PS was used as the training dataset.
GP accuracy increased with training population size, reaching values >0.9 with training population
size greater than 185. Linear regression of the observed PS with the number of positive-effect QTL in
accessions provided an alternative GP approach with an accuracy of 0.86. The results demonstrate
the GP models based on marker information from all identified QTL and the 5-year PS average is
highly effective for PR prediction.

Keywords: genomic selection; genomic prediction; genotyping by sequencing; pasmo resistance;
pasmo severity; quantitative trait loci; single nucleotide polymorphism; Septoria linicola; flax

1. Introduction

Flax (Linum usitatissimum L.) is an important food and fibre crop cultivated and grown in cooler
regions of the world, such as Canada [1]. Pasmo, elicited by the fungus Septoria linicola, is one of the
most widespread diseases of flax, causing reductions in seed and oil yield, as well as fibre quality
and durability [2]. Developing resistant cultivars is the most viable and effective option to control
this disease that has become widespread in all flax production areas of North America and other
parts of the world. Resistance to pasmo has a low heritability [3] and is quantitatively inherited [4].
Large variations in pasmo disease severity were observed in the flax core collection, which can be
capitalized upon to develop resistant cultivars [3]. Phenotypic recurrent selection is typically used to
develop cultivars with improved resistance and selection is usually carried out based on phenotypic
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assessments of resistance in field conditions [5]. However, field assessment of pasmo severity (PS) in
germplasm and breeding lines is costly and, is heavily influenced by the environments due to strong
genotype X environment (G X E) interactions [3,4].

With the advancements in molecular marker development over the last decade, efforts to use
marker-assisted breeding strategies have been pursued. One such strategy involves identifying
quantitative trait loci (QTL) in biparental mapping populations and using markers to efficiently
backcross QTL into elite breeding materials [6]. This so-called marker-assisted recurrent selection
(MARS) or simply marker-assisted selection (MAS) characterizes many breeding programs that employ
molecular markers to select non-phenotyped individuals for crossing and downstream selection of
segregating populations [7]. This method is suitable for the selection of monogenic or oligo-genic
architectures but has limited use for quantitative traits controlled by many genes of smaller effects [8].
Genomic selection (GS) or prediction (GP) is an alternative marker-assisted breeding strategy better
suited to polygenic quantitative traits, especially those with low heritability, because it makes use of all
marker effects across the entire genome to calculate genomic estimated breeding values (GEBVs) [9]
for individual plant selection [9,10].

In GP, a training population (TP) is genotyped with genome-wide markers and phenotyped for
the trait(s) under selection; statistical models that best predict the breeding values from the marker
data are then applied to select non-phenotyped germplasm. GP has been used to select for disease
resistance in several crops such as Fusarium head blight (FHB) in wheat, a typically quantitatively
inherited trait with predominantly additive genetic variation, where GP had a significantly higher
accuracy than pedigree-based information alone [11]. GP feasibility has also been studied for selection
of wheat rust resistance and was found particularly effective when validation lines had at least one
which is close to the reference lines [12]. The implementation of GP on northern leaf blight, a complex
genetic architecture trait in maize, resulted in superior gains and reduced breeding cycle time to <80%
of the phenotypic cycle [13]. Despite the many successful examples, the use of GP to improve disease
resistance in crops has been challenging for two reasons: (i) selection for major resistance genes can be
ephemeral due to changes in pathogen races; and (ii) breeding for minor resistance genes with small
effects may face the remarkable complexities encountered in GP [14].

The fast-evolving genotyping platforms have been a game-changer in the implementation of GP,
allowing the production of large numbers of genome-wide markers, whereas progresses in phenotyping
were not associated with similar cost reduction or quantum leaps in throughput. Given the number of
markers (p) and sample size (1) in a given population, there are many more p effects to be estimated
than the 1, leading to an infinite number of possible marker effect estimates [15], that is, the so-called
“large p, small n problem” (p >> n) when applying markers to predict phenotypes [11]. Several GP
statistical models have been proposed to address this issue [16]. For example, the ridge-regression
best linear unbiased prediction (RR-BLUP) is a mixed linear model that considers markers as random
effects. Covariance between markers is considered to be zero and the marker variance is assumed to be
the total genetic variance divided by the number of markers. The variance is assumed to be equal for
all markers, allowing many more marker effects to be estimated than there are phenotypic records [17].
Unlike RR-BLUP, the Bayesian LASSO (BL) assumes markers to have unequal variances and, performs
continuous shrinkage and variable selection simultaneously, with small-effect markers shrinking more
severely than larger-effect loci. In the p >> n setting, LASSO will select at most n — 1 variables and set
the effects of the remaining predictors at zero [18]. Although the problem is solved statistically in these
models, improving the accuracy and efficiency of GP by reducing the number of genome-wide markers
would be advantageous because any increment in the TP size comes at a cost [19-22]. Genome-wide
association study (GWAS) is an approach to identify genome-wide markers linked to QTL, resulting in
a limited number of favourable genetic loci responsible for traits of interest [23]. For example, GP of
crown rust resistance in Lolium perenne demonstrated GWAS's ability to identify and rank markers,
which enabled the identification of a small subset of single nucleotide polymorphisms (SNPs) that
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could achieve predictive abilities close to that attained using the complete marker set [24]. Utilization of
GWAS removes a large proportion of unrelated markers and in the construction of prediction models.

The only GP empirical study published to date in flax, which used bi-parental populations for
yield, oil content and fatty acid composition traits, indicated that GP could increase genetic gain per unit
time in linseed breeding. The GP results significantly exceeded those from direct phenotypic selection,
especially for traits with low broad-sense heritability [25]. Resistance to flax pasmo is polygenic. Our
previous study reported 500 non-redundant QTL for PR from 370 diverse flax accessions of a core
collection based on five-year pasmo field assessments; of those, 134 QTL were statistically stable in all
five years and 67 had relatively stable and large effects [4].

The objective of this study was to evaluate the potential of QTL markers in GP and compare
the GP efficiency affected by different markers, including genome-wide SNPs and QTL markers, to
provide a realistic and highly accurate model for germplasm evaluation and parent selection in pasmo
resistance breeding.

2. Results

2.1. Evaluation of Pasmo Resistance

PS ratings at green boll stage or maturity across five consecutive years were similar but on average
PS ratings in 2014 and 2016 were higher than those in other years (Table 1). They had single peak
distributions but skewed towards high PS ratings except for those in 2014 (Figure 1). Scatter plots
of PS ratings between years indicated strong genotype X year interaction even though statistically
significant correlations of PS ratings between years were observed (Figure 1), as shown in the variance
analysis results in the previous study [4]. However, the Pearson correlations of 5-year averages of PS
ratings (PS-mean) with those in individual years (v = 0.72-0.83) were much higher than the Pearson
correlations between individual years (r = 0.31-0.62) (Figure 1), implying that the mean PS ratings
over multiple years or environments were a more suitable data set than individual year’s data sets for
model construction of genomic prediction.

Table 1. Pasmo severity of 370 flax accessions across five years in the field condition.

Data Set x+s Range CV (%)
PS-2012 5.57 £1.86 1.00-9.00 32.76
PS-2013 5.69 £191 2.00-9.00 33.20
PS-2014 6.86 +£2.07 1.00-9.00 29.41
PS-2015 6.11 £ 1.55 1.00-9.00 25.44
PS-2016 6.72 £1.37 2.00-9.00 20.39
PS-mean 6.22 £1.32 1.80-9.00 21.27

X: average pasmo severity across five years; s: standard deviation; CV: coefficient of variation.

2.2. Evaluation of Marker Sets Used in Genomic Prediction

Four marker sets were used for GP of pasmo resistance. The first marker set contained 52,347
genome-wide SNPs (SNP-52347) that were correlated to the five-year average PS and the PS of the five
individual years at a 107> probability level [4]. The other three marker sets were the 500 unique QTL
(SNP-500QTL), the 134 QTL statistically stable over five consecutive years (SNP-134QTL) and the 67
stable and relatively large-effect QTL (SNP-67QTL) sets previously identified [4]. The SNP-500QTL
dataset comprises markers for all small- or large-effects, including QTL stable across environments and
environment-specific QTL identified using three single-locus and seven multi-locus statistical models
and all six phenotypic datasets (Figure 2). The SNP-134QTL dataset is a subset of the SNP-500QTL
dataset whereas SNP-67QTL is a subset of the former; all SNP-500QTL markers were included in
SNP-52347. These four marker sets explained 54%, 72%, 27% and 29% of the phenotypic variation of
the five-year PS average (PS-mean), respectively; these values exceeded those of the individual year PS
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data (Table 2). Although SNP-500QTL was a subset of SNP-52347, this marker set explained a greater

percentage of the phenotypic variation for PS than SNP-52347 for all datasets.

*%k% *%k% *%k%* **k%
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Figure 1. Dot plots (lower triangle), histograms (diagonal) and Pearson correlations (upper triangle)
between six pasmo severity datasets. Best curves are fitted in dot plots and histograms. *** represents
significance at the <0.001 probability level.

Table 2. Phenotypic variation of pasmo severity (PS) (> + s) explained by the four marker sets.

Marker Set
PS Dataset

SNP-500QTL SNP-134QTL SNP-67QTL SNP-52347
PS-mean 0.72 £ 0.04 0.27 +£ 0.05 0.29 = 0.05 0.54 +0.07
PS-2012 0.64 + 0.06 0.18 = 0.05 0.16 = 0.04 0.43 = 0.08
PS-2013 0.63 + 0.06 0.12 +0.04 0.12 £ 0.04 0.38 = 0.08
PS-2014 0.65 + 0.06 0.23 + 0.05 0.20 + 0.05 0.45 + 0.08
PS-2015 0.56 + 0.06 0.20 = 0.05 0.17 = 0.04 0.44 = 0.09
PS-2016 0.53 + 0.06 0.18 = 0.05 0.18 + 0.05 0.38 = 0.07
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Figure 2. Distribution of RZ (%) (phenotypic variation explained by individual QTL) in the three QTL
marker sets.

2.3. Accuracy of Genomic Prediction in Relation to Marker Sets and Pasmo Severity Datasets

Genomic prediction models were constructed using RR-BLUP with pairwise combinations of the
four marker sets and the six PS datasets. Statistical models for the 24 combinations were generated and
evaluated for their accuracy (r) and relative efficiency (RE) using a five-fold random cross-validation
scheme (Table 3). RE represents the relative efficiency of GP over direct phenotypic selection which
depends on the heritability of a selective trait. Direct phenotypic selection for a trait was considered to
have a baseline efficiency of 1. Thus, RE values greater than 1 indicate GP models more efficient than
direct phenotypic selection in one selection cycle [25-27]. Analysis of variance (ANOVA) (Table S1)
indicated that r and RE both significantly differed among the four marker sets and the six PS datasets;
there was also a significant interaction effect between marker sets and PS datasets (Table S1). Owing to
the significant marker X phenotype dataset interaction, multiple comparisons of the 24 combinations
were performed. For all marker sets, the PS-mean models significantly outperformed those based on
individual year datasets (Table 3). The SNP-500QTL marker set models generated significantly higher
r and RE values than any other marker sets (Figure 3). Interestingly, the SNP-67QTL derived models
produced slightly but significantly higher values of r and RE than SNP-134QTL models. The highest r
and RE values were obtained for models combining the SNP-500QTL and PS-mean datasets (Table 3,
Figure 3). Intriguingly, the SNP-52347 models yielded the lowest r and RE values despite including
all QTL markers (Table 3, Figure 3); both BL and Bayesian ridge regression (BRR) corroborated this
finding (Figure S1). No significant differences in r and RE values were observed among the three
statistical models: RR-BLUP, BL and BRR (Figure S1).

2.4. Sample Size of Training Populations versus Genomic Prediction Accuracy

To find an optimal size for the TP, the relationship between TP size and prediction accuracy was
analysed. TPs of various sizes from 18 to 351, corresponding to 5% to 95% of the total 370 accessions,
were used to build models with the SNP-500QTL marker set and the PS-mean phenotypic dataset.
The prediction accuracy significantly increased for TP sizes up to 100, followed by smaller accuracy
gains with every additional TP size increments (Figure 4). A GP accuracy >0.9 was obtained once the
TP size reached 185 (Figure 4).
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Table 3. Accuracy (1) and relative efficiency (RE) values of the 24 combinations representing the
four marker sets and six pasmo severity (PS) datasets using RR-BLUP obtained using a random
five-fold cross-validation.

Marker Set PS Dataset r(xxs) 1 RE(x+s) !
PS-mean 0.92 + 0.02a 1.84 + 0.04a
PS-2012 0.84 + 0.03b 1.68 + 0.06b
PS-2013 0.81 + 0.04c 1.62 + 0.07¢
SNP-500QTL PS-2014 0.82 + 0.04c 1.63 + 0.07¢
PS-2015 0.76 = 0.05d 1.52 +0.09d
PS-2016 0.76 = 0.05d 1.52 +0.11d
PS-mean 0.75 + 0.06e 1.49 +0.11e
PS-2012 0.68 + 0.06f 1.36 + 0.11f
PS-2013 0.60 = 0.07jj 1.19 + 0.14ij
SNP-134QTL PS-2014 0.60 + 0.07i 1.21 +0.14i
PS-2015 0.47 + 0.090 0.94 + 0.180
PS-2016 0.56 + 0.091 1.12 £ 0.171
PS-mean 0.76 = 0.05d 1.53 +£0.1d
PS-2012 0.67 + 0.06g 1.35+0.11g
PS-2013 0.60 = 0.07jj 1.20 + 0.14ij
SNP-67QTL PS-2014 0.60 + 0.07ij 1.20 + 0.14ij
PS-2015 0.50 + 0.09n 1.00 = 0.17n
PS-2016 0.59 + 0.08k 1.17 £ 0.17k
PS-mean 0.67 £ 0.07¢g 1.33 £ 0.14¢g
PS-2012 0.63 + 0.06h 1.27 + 0.12h
PS-2013 0.59 + 0.07jk 1.19 + 0.14jk
PS-2014 0.53 + 0.08m 1.06 = 0.17m
PS-2015 0.38 + 0.09q 0.77 £ 0.17q
PS-2016 0.46 + 0.09p 0.93 +£0.18p

! Different letters represent multiple test significance among the 24 combinations at the 0.05 probability level.

0.5

20 a

iR

0.5

0.0

SNP-500QTL  SNP-134QTL  SNP-67QTL SNP-52347 SNP-500QTL  SNP-134QTL  SNP-67QTL SNP-52347

Marker set Marker set

Figure 3. Accuracy () (a) and relative efficiency (RE) (b) of RR-BLUP prediction models built with
combinations of four marker sets using the five-year average PS dataset (PS-mean) and random five-fold
cross-validations. Letters above box plots indicated statistical significance (p < 0.05) for r and RE among
marker sets.
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Figure 4. Relationship between the genomic prediction accuracy (r) and the size of the training
population based on the SNP-500QTL marker set, the PS-mean dataset and the RR-BLUP models. The
dash line represents a prediction accuracy of 0.9.

2.5. Prediction Models of Pasmo Resistance

All 370 accessions were used as a training population to build a prediction model using the
SNP-500QTL genotypic dataset and the PS-mean phenotypic dataset because this combination
outperformed all other models. The model was then employed to predict PS in each year (Table 4).
Prediction accuracies (r) ranging from 0.71 to 0.81 and RE values of 1.42 to 1.62 were obtained when
predicting PS for individual years (Table 4).

A prediction accuracy as high as 0.98 and a RE value of 1.96 were obtained when the model was
used to predict PS-means of the 370 accessions (Table 4). A linear relationship was observed between
the observed (y) and predicted PS (x): y = 1.0522x — 0.3267 (R? = 0.96) (Figure 5a). Based on this
equation, the average prediction interval between the two red dashed lines, representing the 95%
confidence interval, was only less than 1 (an average of 0.97) on the PS ratings (Figure 5a).

NPQTL in the 370 accessions for the 500 QTL set was tallied. Significant linear correlation between
PS-mean and NPQTL (r = 0.86 or R? = 0.73) was observed (Figure 5b). This correlation was less than
but close to the accuracy of the GP model with SNP-500QTL and higher than the GP models using
other marker sets (Table 3). However, the single linear regression equation (y = —0.0262x + 11.934) of
the observed PS (i) to NPQTL (x) had a large standard deviation for each prediction value, with an
average prediction interval width of 2.70, nearly three times the average prediction interval width of
the GP model; that is, the NPQTL model had a higher prediction error than the GP model.

Table 4. Accuracy (r) and relative efficiency (RE) of genomic prediction for pasmo severity in different
years using the RR-BLUP model built with the SNP-500QTL marker set and the PS-mean phenotypic
data using all 370 accessions as training data set.

PS Dataset for Prediction r RE
PS-mean 0.98 1.96
PS-2012 0.73 1.46
PS-2013 0.71 1.42
PS-2014 0.81 1.62
PS-2015 0.71 1.43
PS-2016 0.77 1.55
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Figure 5. Relationship of observed pasmo severity (PS) with PS predicted by a GP model (a,c) or with
PS predicted by the number of QTL with positive-effect alleles (NPQTL) (b,d). (a) Linear regression of
observed PS (y) to predicted PS (x) using the genomic prediction model built with the PS-mean dataset
and the SNP-500QTL marker set of all 370 accessions as training data set. (b) Linear regression of
observed PS (y) to NPQTL (x) in the 370 flax accessions. (c) Relationship of observed PS of 93 randomly
chosen accessions with the PS predicted by the genomic model constructed with the SNP-500QTL
marker set and PS-mean dataset when a random subset of 277 accessions was used as training
population. (d) Relationship of observed PS of 93 randomly chosen accessions with the PS predicted by
NPQTL (Figure S2) The red dashed lines represent upper and lower boundaries of the 95% prediction
intervals, that is, it is expected that the value of a sample lies within that prediction interval in 95%
of the samples. The grey band represents the 95% confidence interval, that is, 95% of those intervals
include the true value of the population mean.

2.6. A Case Study of Genomic Prediction

To assess GP prediction accuracy, a training-testing partition was generated with random
assignment of breeding lines to either training or testing subsets. Considering the different improvement
status of accessions in the population (cultivars, breeding lines, landraces or unknown types) and
different levels of resistance, we randomly chose 20% of the 370 accessions in the population, that is, 93
accessions (52 cultivars, 21 breeding lines, 3 landraces and 17 unknown types) as validation dataset,
that is, a five-fold random cross-validation set. To predict the PS of these 93 accessions, a RR-BLUP
model using the SNP-500QTL set and the PS-mean of the remaining 277 accessions as TP set was built
to predict PS. The predicted results are shown in Figure 5c and Table S2. The prediction accuracy
was as high as 0.95 (r between observed and predicted PS). Similarly, a linear regression model of
observed PS () to NPQTL (x) of the 277 accessions (the same TP as GP) produced y = —0.026x +
11.902 (Figure S2), which was similar to the regression equation previously obtained with the complete
accession set (Figure 5b). Using this prediction model, predicted PS and intervals were calculated
(Figure 5d, Table S2). The prediction accuracy of 0.92 for NPQTL was slightly inferior to that of the GP
model. The observed PS values all fell within prediction intervals (Table S2).
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3. Discussion

Cross-validation remains the most popular method to evaluate GP accuracy [14,28]. Our RR-BLUP
model prediction accuracy of 0.92 for PR is the highest of all published GP models for plant disease
resistance traits [14]. This model is especially valuable because PR has low heritability and high
inheritance complexity [3,4]. The QTL markers, multi-year phenotypic data and the genetic diversity
and size of the population likely contributed positively to this high prediction accuracy [29].

3.1. All Detected QTL Used as Markers in Genomic Prediction

Three sets of QTL markers (SNP-500QTL, SNP-134QTL and SNP-67QTL) and a genome-wide
SNP marker set (SNP-52347) were evaluated here. GP models built using SNP-500QTL consistently
outperformed models derived with any of the other three marker sets (Table 3, Figure S1), lending
credence to the robustness and reliability of the QTL identified using multiple single-locus and
multi-locus GWAS statistical methods [4]. Most GWAS aim to detect large-effect QTL, such as the
SNP-67QTL set. While potentially useful in MAS, these tend to explain a reduced portion of the
phenotypic variation compared to more comprehensive models (Table 2). Consequently, the GP
models built with such marker sets have lower GP accuracies. Therefore, using all potential QTL
associated with the selective trait to build GP models is advantageous because it greatly improves
prediction accuracy. Prediction accuracies of models obtained with SNP-134QTL and SNP-67QTL data
sets were comparable (Table 3, Figure S1) and they explained a similar proportion of the phenotypic
variation for PS (Table 2), confirming the redundancy or overlap between the two datasets. Removal of
redundant QTL from SNP-134QTL to produce SNP-67QTL produced slightly higher accuracy models
(Figure 3). Simplifying GP models by removal of redundant and unrelated markers will ease the
practical implementation of GP in breeding programs.

3.2. Superior Performance of Genomic Prediction Combined with GWAS

Surprisingly, the GP models built using SNP-52347 generated a lower prediction accuracy than
the models with SNP-500QTL (Table 3, Figure S1), regardless of the statistical methods (Figure S1).
Similarly, SNP-52347 explained a lower percentage of the phenotypic variation for PS than SNP-500QTL
(Table 2). Besides interaction between SNPs, introduction of noise from genome-wide markers [30],
the low prediction accuracy may also be owing to some of the erroneously called SNPs and imputation
of missing SNP data. SNP-500QTL includes all or nearly all QTL potentially associated with PS;
additional markers, not only failed to increase but actually reduced the prediction accuracy, further
emphasizing the effectiveness of the QTL identification methodology adopted in our previously
published GWAS study [4]. Similar findings were found for FHB in wheat where deoxynivalenol
(DON) concentration QTL-linked markers significantly improve prediction accuracy compared to
random genome-wide markers [30]. Markers linked to QTL underlying important traits are deemed
more useful for prediction strategies because genome-wide markers may introduce noise, thereby
reducing accuracy [30]. Using QTL for GP models may be beneficial to balance genetic backgrounds
along with maximum gain of breeding value [31]. Genome-wide prediction models based on ~5000
SNPs from de novo GWAS for tropical rice improvement were as effective for prediction as the full
marker set of 108,005 SNPs, indicating that the relationship between marker number and prediction
accuracy is neither strict nor linear [32]. To sum up, combined applications of the QTL discovered via
GWAS and the accelerated breeding cycles through GP facilitate the full use of genome-wide markers
in crop disease resistance breeding [10,33]. Removal of redundant markers has the potential to alleviate
the effect of the “large p, small n” issue.

3.3. Accuracy of GP Modelling by Environment, Training Population and Statistical Methods

G x E interactions, which affects the accuracy of trait assessment, are common for plant traits.
A strong G X E interaction was observed in flax PR [4]. As a consequence, different PS QTL were
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identified for individual years and for the 5-year average [4]; similarly, GP efficiencies differed
when individual yearly and average PS data sets were used as training sets (Table 3). The highest
accuracies were obtained when the 5-year mean phenotypic data was used as training data (Table 4),
suggesting that the average phenotypic data across multiple environments should be used for GP model
construction. Because phenotypic values of genotypes in each year had one replication, the average
phenotypic data across multiple years is actually equivalent to the best linear unbiased prediction
values (BLUPs) or the best linear unbiased estimators (BLUEs). Therefore, the means across multiple
environments estimate or reflect the true breeding values of a trait.

Some studies report that prediction accuracy of GP is highly affected by the size of the TP.
In general, the prediction accuracy increases with TP size [21,28,29,34-36]. In the GP of seed weight in
soybean, for example, prediction accuracy was sensitive to changes in TP size, which may have led to
changes of relatedness between training and validation sets [21]. Lorenzana and Bernardo observed
that, in an Arabidopsis family, prediction accuracy improved by 0.10 when TP size increased from 48
to 96, by an additional 0.07 when TP size was increased to 192 and by a further 0.05 with a TP size of
332 [37]. Here GP accuracy >0.9 was observed when the TP size reached 185 which slightly increased
to 0.921 with a TP size of 314 (Figure 4). Large TPs provide the statistical power needed to improve
prediction accuracy [38], especially for traits with low heritability [34,39]. When TP size is sufficiently
large, even low heritability traits can be accurately predicted [28,40], including the low heritability PS
studied therein. Diversity of the population also affect prediction accuracy [21,29,34,41-43]. A diverse
TP may contain more QTL associated with selective traits and increase the correlation of the TP with
validation populations (VPs) or test/prediction populations (PPs), resulting in a subsequent increase in
prediction accuracy. Although some breeding lines [11,30,44] and bi-parental derived lines [25,41,45,46]
are used for TPs, many studies have opted for a more diverse TP germplasm [29,41-43]. Our core
collection TP preserves the variation present in the world collection of 3378 accessions maintained
by Plant Gene Resources of Canada (PGRC) and represents a broad range of geographical origins,
different improvement statuses (landraces, historical and modern cultivars, breeding lines) and two
morphotypes (linseed and fibre types) [1,3]. This collection also contains most parents of modern
Canadian flax cultivars [25]. Therefore, diverse phenotypic and genetic variabilities within the flax
core collection render it useful as a resource for breeding and as a TP for GP model construction.

A variety of statistical methods have been proposed to estimate marker effects for GP. In general,
GP methods are based on additive genetic models and their accuracies may vary depending on genetic
architecture of target traits. According to the assumptions for statistical distributions of the marker
effects, two groups of GP models have been proposed. The first group of models, such as RR-BLUP,
genomic BLUP (GBLUP) and BRR, assume that all markers have some effects on the target trait and the
same variance, that is, all makers contribute to the variation of the trait. The second group of models,
including BayesA, BayesB, BayesC and BL, assume a specific variance for each marker. Some of these
models such as BayesB, BayesC and BL, also allow variable (marker) selection when some of markers
have very small or no effects. Based on these assumptions, the first group of models are expected to
be useful for complex quantitative traits that have a polygenic architecture, while the second group
of models are suitable for traits that controlled by a small number of genes or QTL with large effects.
Several studies have shown better performance of BayesB for traits controlled by a few of genes with
large effect [47-50]. Some simulation studies have also shown that BayesB outperformed GBLUP that is
equivalent to RR-BLUP, when the number of QTL underlying a trait are small [47,51]. However, BayesB,
RR-BLUP and other models had a similar prediction accuracy under the infinitesimal model [51] or for
some complex traits [19,49]. In this study, no difference among RR-BLUP, BRR and BL was observed
(Figure S1), primarily because flax pasmo resistance is a complex and polygenic trait and most of QTL
associated with it had similar and small effects (Figure 2). RR-BLUP is most commonly used because
of some superior features [11,14,42,52-54]. For example, RR-BLUP successfully recognized complex
patterns with additive effects and delivered good GP in wheat disease resistance [55]. RR-BLUP also
has a clear-cut computational efficiency compared with any other statistical models [11,54,56,57]. Here
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the RR-BLUP model with the 500 QTL markers and the 5-year mean PS produced high prediction
accuracy and is therefore recommended for the prediction of PR in flax.

3.4. Pasmo Severity Prediction Using Number of Positive-Effect QTL

A highly significant correlation (r = 0.86 or R? = 0.73) between NPQTL and PS (Figure 5b) provides
an alternative approach to directly predict PS phenotypes. The prediction accuracy using the linear
regression equation of PS to NPQTL was inferior to the GP model (Figure 5) because the QTL effects
were variable (Figure 2), whereas the linear regression equation considered only the number of QTL
but not their individual effects. However, NPQTL is advantageous because it can be readily calculated
based on the genotyping by sequencing (GBS) or other genotyping data for the QTL markers [14]
and the prediction accuracy based on the NPQTL is comparable to most GP models. Thus, the
NPQTL-based prediction equation provides a simple alternative model for PS prediction.

3.5. Breeding Application of Genomic Prediction

Plant breeding is to pyramid favourite alleles from distinct parents using different approaches
such as conventional crossing, mutation or transgenic methods to develop new varieties. However,
most traits of agronomic importance are genetically controlled by polygenes and have a low heritability
such as seed yield and horizontal resistance to diseases. Conventional phenotype selection for these
traits is usually inefficient because assessment for them must be performed in multiple environments
to obtain breeding values of individuals and thus it is very costly, time consuming and inaccurate;
and also because of difficulty of evaluation in fields, greenhouses or laboratories. GS or GP provides
an efficient approach to increase selection efficiency by not only increasing selection accuracy but
also shortening breeding cycles [58]. In this study, we demonstrate a good example of GP for flax
pasmo resistance that is environment-sensitive, costly and difficult for field evaluation. As high as
0.92 of prediction accuracy was obtained for PR, corresponding to 1.84 of relative efficiency over
the direct phenotypic selection (Table 3), demonstrating efficiency of GP for low heritability traits.
Because the training population underlying the GP models is a diverse germplasm collection that
contains more than 90 breeding lines and 245 varieties from different breeding programs [3], the GP
models developed in this study are expected to be used for germplasm evaluation, parent selection
and individual selection of segregation populations for PR.

4. Materials and Methods

4.1. Population

A total of 370 diverse flax accessions from the core collection [1] were used to evaluate different
GP models. This subset of the core collection collected from 38 countries in 12 geographic regions has
been used to identify the QTL associated with PS used in our PS models [4].

4.2. Pasmo Resistance Data

All flax accessions were assessed for PS in the same pasmo nursery from 2012 to 2016 at the
Morden Research and Development Centre, Agriculture and Agri-Food Canada (AAFC), Morden,
Manitoba, Canada [4]. A type-2 modified augmented design (MAD?2) [59,60] was used for the field
trials [3]. Accessions were seeded during the second or third week of May every year. Approximately
200 g of pasmo-infested chopped straw from the previous growing season was spread between rows
as inoculum when plants were approximately 30-cm tall. A misting system was operated for 5 min
every half hour for 4 weeks, except on rainy days, to ensure conidia dispersal and disease infection
and development. Field assessments were conducted at the early (P1) and late flowering stages (P2,
7-10 days after P1), the green boll stage (P3, 7-10 days after P2) and the early brown boll stage (P4,
7-10 days after P3). In 2014 and 2015, only the first three field assessments were conducted because
early maturity of the plants did not allow for a fourth rating. The PS observed at green boll stage or
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maturity was used for GP as previously described [4]. PS was assessed on leaves and stems of all
plants in a single row plot using a 0-9 scale (0 = no sign of infection and 9 = > 90% leaf and stem
area infected) [4]. Six sets of PS, including five individual year datasets and the 5-year average, were
used for GP modelling. The function “chart.Correlation” of the R package PerformanceAnalytics
(v1.5.2, https://cran.r-project.org/web/packages/PerformanceAnalytics/index.html) was used to analyse
correlations between different PS datasets and draw histograms and scatter plots.

4.3. Genomic Data

A total of 258,873 SNPs were obtained from the 370 accessions after pruning by removing
redundant SNPs [4]. The missing data of SNPs (on average 14.13% of a missing data rate) were
imputed using Beagle v.4.2 with default parameters [61]. Our previous GWAS analyses of PS in flax
were conducted separately for combinations of the five individual year and the 5-year average datasets
with ten statistical methods [4]. The statistical methods for GWAS included three single locus models
(GLM [62], MLM [63] and GEMMA [64]) and seven multi-locus models (FarmCPU [65], mrMLM [66],
FASTmrEMMA [67], ISIS EM-BLASSO [68], pLARmEB [69], pPKWmEB [70], FASTmrMLM [71]).
For GLM, MLM and FarmCPU, the first six principal components (PCs), accounting for 33.04%
of the total variation, were chosen as covariates to measure population structure, while Frappe
(http://med.stanford.edu/tanglab/software/frappe.html) was used to estimate the population structure
of the 370 accessions for other six multi-locus models. GEMMA does not require a Q matrix.
The threshold of significant associations for all three single-locus methods (GLM, MLM and GEMMA)
and the multi-locus method FarmCPU was determined by a critical p value (x = 0.05) subjected to
Bonferroni correction, that is, the corrected p value = 1.93 x 1077 (0.05/258,873 SNPs), while a log of
odds (LOD) score of three was used to detect robust association signals for the remaining six multi-locus
models. The R package MVP (https://github.com/XiaoleiLiuBio/MVP) was used for GWAS analyses for
the GLM, MLM and FarmCPU, the GEMMA software (https://github.com/genetics-statisticsf GEMMA)
for GEMMA and the R package mrMLM (https://cran.r-project.org/web/packages/mrMLM/index.html)
for the additional six multi-locus models. The details of GWAS analyses were described in Reference [4].
A total of 500 non-redundant QTL for PS were identified from 370 diverse flax accessions, including
134 QTL that statistically stable in all five years and 67 QTL with relatively stable and large effects [4].
These three QTL datasets (500 unique QTL, 134 statistically stable QTL and 67 stable and large-effect
QTL) were used for GP model construction. In addition, we performed Pearson’s x? test with Yate’s
continuity correction to detect all SNPs significantly associated with PS using a 10~ probability level.
The three QTL sets and the genome-wide SNP set were used to construct the GP models. Thus, GP
models with the 24 combinations of the four marker sets and the six phenotypic datasets were built
and compared.

4.4. Genomic Prediction Models

Three statistical methods RR-BLUP [9,17,20], Bayesian LASSO (BL) [20,25,33] and Bayesian ridge
regression (BRR) [25,72] were used to build GP models for PS. These predictive models estimate
marker effects by modelling markers as random effects. No fixed effects were fitted in the models.
The statistical models and their computation procedures are described in detail elsewhere [40,73].
The R package rrBLUP [56] was used to fit the RR-BLUP model and the R package BLR [74] was
used to fit the BL and BRR models. The parameters used to fit BL and BRR were determined based
on suggestions of de los Campos et al. [74]. Broad-sense heritability (0.25) of PS estimated in the
population [3] was used. When preparing QTL marker data for model construction, the positive-effect
allele of the tag SNP of a QTL was coded ‘1" and the alternative allele ‘~1’. Similarly for the SNP
marker set, the reference allele of an SNP was coded “1” and the alternative allele ‘~1’". Missing data
were coded ‘0’. The EM algorithm implemented in the R package rrBLUP [56] was used to impute the
missing marker data because missing marker data were not allowed in the model construction.
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4.5. Evaluation of Prediction Models

Two validation methods were used to evaluate prediction models generated from combinations of
statistical models, marker sets and PS datasets. The first method was a five-fold random cross-validation.
The 370 flax accessions were randomly partitioned into five subsets. For a given partition, each subset
was in turn used as validation or test data and the remaining four subsets made the training dataset.
This partitioning was repeated 500 times. In this manner, a total of 2500 training data sets were created
to build GP models and estimate marker effects. These were used to predict the breeding values of the
individuals in the corresponding 2500 test/validation datasets. The accuracy of the genomic predictions
(r) was defined by the Pearson’s simple correlation coefficient between the genetic values predicted by
GP and the observed phenotypic values. The relative efficiency of genomic prediction over phenotypic
selection (RE) was estimated using |r/H? [26,27], where H? refers to the broad-sense heritability of PS,
estimated to be 0.25 [3]. RE was used as a criterion to compare the response to one cycle of genome-wide
selection versus one cycle of phenotypic selection. Means of » and RE of the 500 samplings for each
marker set, GP model and PS dataset were used to describe the prediction accuracy of GP and the
efficiency of one GP cycle relative to one phenotypic selection cycle, respectively. To compare different
marker and PS datasets, a joint analysis of variance with Tukey multiple pairwise-comparisons was
performed to test the statistical significance of differences in » and RE using R. As a case study, we
randomly selected 20% of all 370 accessions as validation dataset and used the remaining 277 accessions
as training dataset to build a GP model for genomic prediction of unknown germplasm.

The second cross-validation approach involved comparisons across different PS datasets, that is,
each of the six complete PS phenotypic datasets were used as training datasets to build GP models that
were applied to itself and to the other five phenotypic datasets. The same set of markers for all 370
accessions was used for training and validation. This method tests the relevance of models built based
on single year phenotypic data to predict phenotypes measured in different years.

4.6. Phenotypic Variation Explained by Markers

The phenotypic variation explained by all markers in various marker sets, denoted héNP, was
estimated for all PS datasets based on the mixed linear model [75] implemented in the GCTA
software [76]. The detailed calculation is described in Reference [77].

5. Conclusions

Using a diverse worldwide flax core collection of 370 accessions as a training and test population
with 500 QTL identified by GWAS, the 5-year average PS data and the RR-BLUP statistical model, we
developed a highly effective GP model with a prediction accuracy as high as 0.92 for pasmo, a low
heritability and high inheritance complexity trait. This is the highest reported accuracy value of all GP
models for plant disease resistance traits and comparable with previously published results. As an
alternative, we developed a linear regression prediction model based on NPQTL that also produced
a high prediction accuracy of 0.86. The GP model and the NPQTL-based regression equation were
validated and deemed to be applicable to the evaluation of flax germplasm including parent selection
for PR. The use of all potential QTL associated with a target trait would be beneficial because the
exclusion of a large proportion of unrelated markers would facilitate the construction of highly accurate
GP models.
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ANOVA Analysis of variance

BL Bayesian LASSO

BRR Bayesian ridge regression

DON Deoxynivalenol

FHB Fusarium head blight

GxE Genotype by environment interaction

GBS Genotyping by sequencing

GEBV Genomic estimated breeding value

Gp Genomic prediction

GS Genomic selection

GWAS Genome-wide association study

MARS Marker-assisted recurrent selection

MAS Marker-assisted selection

NPQTL Number of QTL with positive-effect alleles

PGRC Plant Gene Resources of Canada

PP Test/prediction population

PR Pasmo resistance

PS Pasmo severity

QTL Quantitative trait locus/loci

RE Relative efficiency

RR-BLUP Ridge regression best linear unbiased prediction

SNPs Single nucleotide polymorphisms

TP Training population

vpP Validation population
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Abstract: New flaxseed cultivars differing in seed mucilage content (MC) with low hull content
(HC) represent an attractive option to simultaneously target the food and feed markets. Here, a
genome-wide association study (GWAS) was conducted for MC and HC in 200 diverse flaxseed
accessions genotyped with 1.7 million single nucleotide polymorphism (SNP) markers. The data
obtained for MC and HC indicated a broad phenotypic variation and high (~70%) and a moderate
(~49%) narrow sense heritability, respectively. MC and HC did not differ statistically between
fiber and oil morphotypes, but yellow-seeded accessions had 2.7% less HC than brown-seeded
ones. The genome-wide linkage disequilibrium (LD) decayed to r*> = 0.1 at a physical distance
of ~100 kb. Seven and four quantitative trait loci (QTL) were identified for MC and HC,
respectively. Promising candidate genes identified include Linum usitatissimum orthologs of
the Arabidopsis thaliana genes TRANSPARENT TESTA 8, SUBTILISIN-LIKE SERINE PROTEASE,
GALACTUROSYL TRANSFERASE-LIKE 5, MUCILAGE-MODIFIED 4, AGAMOUS-LIKE MADS-BOX
PROTEIN AGL62, GLYCOSYL HYDROLASE FAMILY 17, and UDP-GLUCOSE FLAVONOL
3-O-GLUCOSYLTRANSFERASE. These genes have been shown to play a role in mucilage synthesis
and release, seed coat development and anthocyanin biosynthesis in A. thaliana. The favorable alleles
will be useful in flaxseed breeding towards the goal of achieving the ideal MC and HC composition
for food and feed by genomic-based breeding.

Keywords: flaxseed; Linum usitatissimum; GWAS; seed mucilage content; seed hull content; single
nucleotide polymorphism (SNP)

1. Introduction

Flaxseed (Linum usitatissimum L.), one of the oldest crops, has been used as human food and
animal feed since ancient times [1]. The two main morphotypes of cultivated L. usitatissimum are oil
morphotype (flaxseed) and fiber morphotype (fiber flax). Flaxseed plants are shorter, more branched,
and larger seeded, and branches cover a greater proportion of the main stem compared to fiber flax.
Flaxseed currently enjoys new prospects in the functional food market because of growing consumer
interest in food with health benefits [1]. Flaxseed is rich in bioactive compounds, such as «-linolenic
acid (omega-3) that have cardiovascular benefits, lignans with anticancer properties, and insoluble
and soluble fiber (mucilage) that is capable of lowering cholesterol and insulin [2].

Flaxseed mucilage is a heterogeneous polysaccharide composed of xylose, arabinose, glucose,
galactose, rhamnose, and fructose [3] that can be purified into neutral and acidic polymers. Mucilage
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abounds in the seed coat, where it makes up to 8-10% of the seed weight [4]. Mucilage synthesis is
tightly linked to seed coat development [5] and both tissues form the seed hull, a structure representing
37-48% of the seed weight [6,7]. These two fractions, rich in polysaccharides, are components of
the flaxseed meal, primarily used as a protein rich livestock and poultry feed [6,8]. Absorption of
flaxseed meal’s advantageous 31-45% protein content [9] may be hindered by mucilage and cell wall
polysaccharides. This is due to the swelling capacity of polysaccharides in the digestive tract of
monogastric animals that causes concomitant growth depression and reduced feed efficiency [7,10].
In that context, reduction of mucilage (MC) and hull (HC) contents in flaxseed meal is desirable to
achieve improved feeding value for livestock and poultry. Studies of flaxseed mucilage degradation
are focused on chemical retting, enzyme retting, and steam explosion [11]. Reduction of the hull
content in flaxseed and rapeseed meal has been achieved through dehulling methods [12] and the
use of yellow-seeded genotypes [7,13]. Food and feed markets demand flaxseed cultivars differing
in mucilage and hull content. It is, therefore, crucial to decipher the genetic factors underlying these
complex traits in order to accelerate the development of market-specific flaxseed cultivars.

In the model plant Arabidopsis thaliana, the genes necessary for the synthesis,
modification, and release of mucilage, as well as seed coat development, are well
understood [5,14]. Putative flax orthologs of the RHAMNOSE SYNTHASE (AtRHM]I),
GALACTURONOSYLTRANSFERASE-LIKE 3 (GATL3), GALACTURONOSYLTRANSFERASE
11  (GAUT1I1), XYLOGLUCAN  ENDOTRANSGLUCOSYLASE/HYDROLASE  3(XTH3),
and ALPHA-XYLOSIDASE-1 (AtBXL1), involved in mucilage production, have been identified using
gene expression analysis during seed development [15]. Similarly, putative flax orthologs of the
TRANSPARENT TESTA 3,4, 5,and 7 (TT3, TT4, TT5, and TT7), FLAVONOL SYNTHASE (FLS) and
BANYULS (BAN), involved in flavonoids synthesis during seed coat development, have also been
identified [15].

Genetic variation for MC and HC in flaxseed has been assessed [4,7,16-18] but no quantitative
trait loci (QTL) have been reported so far. QTL for Fusarium wilt resistance [19], powdery mildew [20],
iodine value, palmitic, linoleic, and linolenic acids [21,22], and seed and flower color [23], were
reported. QTL for seed protein, cell wall, straw weight, yield-related traits, and phenological traits,
have also been reported using bi-parental mapping and association mapping [22,24,25]. Recently,
genome-wide association studies (GWAS) have been conducted for agronomic and seed quality traits
using thousands of single nucleotide polymorphism (SNP) loci [26,27]. GWAS mines the natural
sequence diversity within a species and captures historical recombination events. It is therefore a
suitable approach to discover loci that control complex traits, leading to a higher mapping resolution
to facilitate the identification of candidate genes [28]. Thus, the suite of genomic tools available for
flaxseed genetic studies [21,22,26,27,29-32] make genomic evaluation of MC and HC feasible.

The objective of this research was to identify QTL and candidate genes contributing to mucilage
content and hull content that could be capitalized upon to assist in breeding flaxseed cultivars with
different mucilage content and with reduced hull content. Improving these traits will increase seed
value of this important cash crop.

2. Results

2.1. Phenotypic Evaluation

Two hundred flax accessions from the Canadian flax core collection were planted in two
environments. Evaluation of MC and HC showed a normal distribution across the two environments
according to the Shapiro-Wilk normality test and normality plots (Table S1, Figure S1). Variance
component analysis indicated significant effects of genotype, environment, and genotype x
environment interaction, according to the Wald statistic (p < 0.001). The phenotypic variation for MC in
Vilctn location 2014 (CAR2014) ranged from 23.52 to 103.57 mg g~ ! with an average of 58.67 mg g~ 1.
A lower variation was observed for MC in Huichahue location 2015 (HU2015), which ranged from
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18.88 t0 91.90 mg g~ ! with an average of 55.04. mg g~ ! HC variation ranged from 35.56 to 48.59% in
CAR2014 and from 35.73 to 48.59% in HU2015 (Figure 1, Table S1). MC and HC were significantly
positively correlated in CAR2014 and HU2015 with coefficients of 0.28 and 0.29, respectively. Narrow
sense heritability (h?) for MC attained 70.7 and 73.8% in CAR2014 and HU2015, respectively. Lower
h? of 51.4 and 46.2% for HC at CAR2014 and HU2015 were observed. MC did not differ statistically
between flax morphotypes nor seed color classes, according to the Kruskal-Wallis non-parametric test.
The average MC was 55.33 and 56.63 mg g~ for the fiber and oil morphotypes, respectively (p = 0.651)
(Figure S2a). The average MC registered values of 56.63 and 59.22 (p = 0.517) for the brown and yellow
seeded classes, correspondingly. The average HC did not differ statistically between flax morphotypes
(fiber = 43.41%, oil = 42.79%,; p = 0.373). On the other hand, yellow-seeded genotypes averaged 2.66%
less HC than brown seeded accessions (p = 3.2 x 1075) (Figure S2b).
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Figure 1. Mucilage (MC) and hull (HC) contents distribution in the association panel in two
environments: CAR2014 = Vilctn location 2014, HU2015 = Huichahue location 2015. Values represent
the mean of three biological replicates for each trait.

2.2. Population Structure and Linkage Disequilibrium

The dendrogram based on 771,914 SNPs and the STRUCTURE plot grouped the 200 individuals
into two major clusters arbitrarily assigned as “red” and “blue” (Figure 2a,b). In the K against AK
plot, a break in the slope was clearly observed at K = 2 (Figure 2b). The red cluster comprised almost
exclusively genotypes belonging to the oil morphotype, while the blue cluster included both flax
morphotypes. The coefficient of population differentiation (Fsr = 0.08) indicated a weak population
structure between the two clusters.

The genome-wide linkage disequilibrium (LD) decayed to r> = 0.1 at a physical distance of
~100 kb (Figure 2c). Intrachromosomal LD decayed to r? = 0.1 at a distance between marker pairs
ranging from ~40 kb on chromosome 8 to ~210 kb on chromosome 13 (Figure S3). A highly significant
positive correlation (r = 0.75, p = 0.0012) between marker density and the intrachromosomal LD blocks
was observed (Figure 3). For example, chromosomes 4 and 8 with the smallest number of markers,
and chromosomes 6 and 13 with the largest, displayed the fastest and slowest LD decays, respectively
(Figure 3 and Figure S3). The fast LD decays observed in this association panel are indicative of its
advantageous potential for reducing QTL intervals and fine mapping of candidate genes for MC
and HC.
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Figure 2. Population structure and genome-wide linkage disequilibrium decay. (a) Neighbor-joining
(NJ) tree for 200 flax accessions based on 779,914 single nucleotide polymorphisms (SNPs);
(b) Model-based population structure of 200 flax accessions belonging to two clusters predefined
by the STRUCTURE software. Each accession is represented by a vertical bar. The color subsections
within each vertical bar indicate membership coefficient (Q) to different clusters; (¢) Genome-wide

(b)

M Cluster1 WMl Cluster2

10
08
056

Qo4
0.2
0.0

linkage disequilibrium decay of ? values (red line), against physical distance (kb) using the Hill
and Weir (1988) function in L. usitatissimum. Yellow line indicates the cutoff value (2 = 0.1) used to
determine the genome-wide linkage disequilibrium (LD) block size.
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Figure 3. Single nucleotide polymorphism (SNP) density plot across the L. usitatissimum genome.
Numbers of SNPs and LD blocks are also indicated for each of the 15 chromosomes.
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2.3. Genome-Wide Association Analysis

Three GWA models were tested, including GLM-Q, GLM-PCA, and MLM-K. According to the
quantile-qualtile (Q-Q) plot results, the GLM-Q model showed a strong skew toward significance
for every trait (Figure S4a), indicating that the Q matrix was insufficient to account for population
structure and cryptic relatedness. Conversely, the MLM-K, which only used the kinship matrix, led to
an overcorrection of these confounding factors, particularly for HC (Figure S4b). The GLM-PCA was
tested with 5 and 10 PCA covariates for HC and MC, accounting for 30.1 and 37.1% of the variation,
respectively. Both GLM-5PCA and GLM-10PCA models performed well in controlling the rate of false
positives, providing suitable statistical power to identify significant marker—trait associations for MC
and HC (Figure S5). Therefore, the GLM-PCA model was applied for GWA in this study.

GWA analysis identified 12 and 17 significant associations for MC in CAR2014 and HU2015,
respectively (p < —logjo (P) = 6.88), and markers Lu5-3808878, Lu7-13225294, and Lu11-2498303 were
significant in both environments (Table 1, Figure S5). Various significant SNP markers fell into the
same LD blocks. For example, five other significant markers surrounded the peak SNP Lu5-3808878
(Figure S5), thus, they were considered the same QTL. Following this criterion, seven QTL were
delineated on chromosomes 2, 3, 5, 7, and 11. The peak SNPs of these QTL accounted for 11.8 to
17.3% of phenotypic variation, and the combined three consistent QTL accounted for 43.6% of the MC
variation (Table 1).

Table 1. Genome-wide significant peak SNPs for mucilage content (MC) and hull content (HC).

2 (o,
Trait Marker ChromosomeAllele MAF! —loguo (P) R C4)
CAR2014 HU2015 CAR2014 HU2015
MC Lu2-22298066 2 T/C 0.07 8.69 341ns? 17.32 ns 2
Lu3-25559600 3 G/T 0.06 7.45 4.13ns 2 13.42 ns 2
Lu3-26033342 3 C/G 0.07 7.68 4.23ns 2 13.25 ns 2
Lu3-7398487 3 C/T 041 4.96ns 2 7.02 ns 2 11.82
Lu5-3808878 5 G/A 0.10 8.03 10.21 14.97 16.52
Lu7-13225294 7 G/A 0.34 8.10 6.91 16.46 12.05
Lul1-2498303 11 C/G 0.16 7.05 7.47 14.25 13.18
HC Lu7-6577527 7 A/C 0.13 6.90 7.36 14.66 15.79
Lul0-21552161 10 G/A 0.09 6.90 6.16ns 2 16.32 ns 2
Lul2-5267706 12 C/T 0.06 5.91ns 2 6.92 ns 2 13.83
Lul3-2803224 13 T/C 0.06 7.83 8.45 17.43 18.20

1 MAF: minor allele frequency; ? ns: not significant at the threshold value -logjo (P) = 6.88.

A total of three and four significant associations were detected for HC in CAR2014 and HU2015,
respectively (p < —logio (P) = 6.88). Markers Lu7-6577527 and Lul3-2803224 were significant in
both environments (Table 1). The four QTL identified on chromosomes 7, 10, 12, and 13 explained
between 13.8% and 17.8% of the HC variation. The two consistent QTL Lu7-6577527 and Lul3-2803224,
accounted for a combined 33% of the HC variation (Table 1).

The peak SNPs effect for MC and HC were all significant according to the non-parametric
Kruskal-Wallis test (p < 0.05), except for Lu3-26033342 associated with MC (Figure 4a,b and
Figure 56). Accessions with a thymine (T) allele at Lu2-22298066 displayed, on average, an increase
of 15.3 and 9.4 mg g~ ! in MC, compared to accessions with a cytosine (C) allele in CAR2014
and HU2015, respectively (Figure 4a). Similarly, accessions with a “T” allele at Lu3-7398487 had,
on average, 6.64 and 8.4 mg g~ ! higher MC compared to accessions with a “C” allele in CAR2014 and
HU2015, correspondingly.
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Figure 4. Box plots illustrating the phenotypic differences between flaxseed accessions carrying
different alleles of the significant SNPs, and combined phenotypic effects of favorable QTL in the
association panel. (a) Mucilage content (MC); (b) Hull content (HC). CAR2014 = Vilctin location 2014,
HU2015 = Huichahue location 2015. Different letters indicate significant statistical differences according
to the Kruskal-Wallis non-parametric test (p < 0.05); (c) QTL effect for MC; (d) QTL effect for HC. Grey
and white boxplots represent the CAR2014 and HU2015 locations, respectively.

Accessions with a guanine (G) allele at Lu7-13225294 had, on average, 8.56 and 7.71 mg g’l more
mucilage compared to accessions carrying an adenine (A) allele in CAR2014 and HU2015, respectively
(Figure 4a). The allelic effect for the other four peak SNPs is illustrated in Figure S6. The allelic effect
of peak SNPs for HC revealed that accessions harboring a “C” allele at Lu7-6577527 had, on average,
1.4 and 1.3% less HC compared with “A” allele genotypes in CAR2014 and HU2015, correspondingly
(Figure 4b). On average, HC was reduced by 1.4 and 1.3% (Lu7-6577527) to 2.6 and 2.7% (Lu13-2803224)
in CAR2014 and HU2015, respectively (Figure 4b and Figure S6).
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The combined QTL effect revealed that the MC of accessions harboring none of the favorable QTL
alleles averaged 44.6 and 48.9 mg g~ !, compared to 72.1 and 67.6 mg g~ !, for those with five favorable
alleles in CAR2014 and HU2015, respectively (Figure 4c). No accession had all seven favorable QTL
alleles. The combined QTL effect for HC indicated that genotypes with none of the favorable QTL
alleles averaged 45.5% and 45.3% HC compared to genotypes with four favorable QTL alleles, in which
HC averaged 42.7% and 42.9% in CAR2014 and HU2015, respectively (Figure 4d).

2.4. Identification of Candidate Genes

The LD blocks harboring the peak SNPs were mined for genes relevant to MC and HC using the
L. usitatissimum v.1.0 reference genome. A total of 204 and 118 candidate genes were identified for
MC and HC, respectively (Table 2 and Table S2). Several genes ascribed to carbohydrate metabolism,
seed mucilage synthesis, modification, and release, and cell wall synthesis and modification were
identified at the MC QTL loci (Table 2). Five particularly promising candidate genes were identified.
The SNP marker Lu3-26033342 was located 58.92 and 49.60 kb from Lus1007101 and Lus10007083
that encode the ortholog of A. thaliana’s TRANSPARENT TESTA 8 (TT8) and SUBTILISIN-LIKE
SERINE PROTEASE (SBT1.7) (Figure S5a, Table 2). In another independent QTL on chromosome 3,
the SNP marker Lu3-25559600 was located 64.41 and 67.02 kb from Lus10009311 and Lus10009288
that encode the ortholog of A. thaliana’s GALACTUROSYL TRANSFERASE-LIKE 5 (GATL5) and
MUCILAGE-MODIFIED 4 (MUM#4). On chromosome 5, Lu5-3508878 is located 100.78 kb from
Lus10008285, an ortholog of another A. thaliana gene implicated in mucilage transcriptional regulation,
NAC-REGULATED SEED MORPHOLOGY 1 (NARS1) (Figure S5a, Table 2).

Table 2. Candidate genes within LD blocks harboring peak SNPs associated with MC and HC.

Trait Marker Gene ID Scaffold A(';ﬁ?;iz;u Gene Bank  Identity (%) E-Value I],Del as]t(ag]c\]epf:](igl)
MC  Lu3-25559600 Lus10009311 318 GATL5 at1g02720 27 7 x107% 64.41
Lus10009288 318 MUM4 at1g53500 26 4x107% 67.02
Lus10009287 318 PME36 at3g60730 61 2 x 107110 70.33
Lus10009313 318 SBT1.7 at5g67360 45 0.0 75.66
Lu3-26033342 Lus10007101 772 TT8 at4g09820 38 5x 10715 58.92
Lus10007083 772 SBT1.7 at5g67360 39 1x 10712 49.60
Lu5-3808878 Lus10008285 489 NARS1 at3g15510 52 9 x 104 100.78
HC Lu7-6577527 Lus10035456 151 AGL62 at5g60440 43 6 x 1073 11.40
Lul2-5267706 Lus10018306 163 GH17 at2g39640 34 9 x 10786 39.93
Lu13-2803224 Lus10026902 651 DBR1 at4g31770 68 0.0 96.87
Lus10026926 651 UGT79B1 at5g54060 25 2 x 1073 238.19

Genes related to embryo, endosperm, and seed coat development, cell wall
biogenesis/degradation, anthocyanin biosynthesis, and seed dormancy, were found at QTL
loci associated with HC (Table 2 and Table S2). Among the relevant candidate genes, Lus10035456
encodes the ortholog of A. thaliana’s AGAMOUS-LIKE MADS-BOX PROTEIN AGL62 (AGL62) and
is located 11.40 kb from the SNP marker Lu7-6577527 (Figure S5b, Table 2). On chromosome 12,
Lul12-5267706 was situated 39.93 kb from Lus10018306 that encodes the ortholog of A. thaliana’s
GLYCOSYL HYDROLASE FAMILY 17 (GH17). Two other interesting candidate genes, Lus10026902
and Lus10026926, were situated 96.87 and 238.19 k, respectively, from the SNP marker Lu13-2803224.
Lus10026902 and Lus10026926 encode the ortholog of A. thaliana’s LARIAT DEBRANCHING ENZYME
(DBR1) and UDP-GLUCOSE FLAVONOL 3-O-GLUCOSYLTRANSFERASE (UGT79B1), respectively.

3. Discussion

3.1. Phenotypic Variation of Mucilage and Hull Contents

Flaxseed mucilage and seed hull possess valuable nutritional and rheological attributes [33,34]
but are also known to affect animal performance [7]. The presence of mucilage and fiber components
(i.e., acid detergent lignin) in flaxseed meal reduces the energy uptake in both monogastric and
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ruminant animals [35]. Therefore, knowledge about the phenotypic variation and genetic control of
seed mucilage content (MC) and hull content (HC) is pivotal to better design breeding strategies aiming
to improve the overall food and feed value of flaxseed. The broad phenotypic variation of MC and HC
in the association panel and the degree of additivity of the genetic components hint at the potential for
improving flaxseed for either high or low MC and reduced HC through marker-assisted selection.

Kaewmanne et al. [4] reported MC ranging from 1.8 to 2.9% in seven Italian flaxseed cultivars,
while Oomabh et al. [16] found that MC ranged from 3.6 to 8.0% in 109 flaxseed accessions. We found a
slightly wider range from 2 to 10% in our diversity panel. Little information exists for HC variation
in large collections of flaxseed. In general, HC ranges from 22-27% to 36-48% were reported in
mechanically treated and hand-dissected seeds, respectively [7,36], which is much higher than canola
at 18.6% and soybean at 16.1% [6]. Reduction of HC can be achieved through the use of yellow-seeded
cultivars, known to contain higher oil content and less HC than their brown-seeded counterparts [7,37].
Indeed, the yellow-seeded accessions displayed a lower HC compared to the brown-seeded genotypes.
Nevertheless, caution should be exercised in adopting yellow-seeded flaxseed cultivars for reduced
HC flaxseed because their susceptibility to natural splitting and mechanical cracking of the seed coat
can negatively affect seed quality [38]. Consequently, breeding and seed tests to mechanical damage
during harvesting should be conducted together in order to identify the ideal HC that would ensure
seed mechanical resistance. All considered, our association panel harbored abundant phenotypic
variation for dissecting the genetic landscape of MC and HC.

3.2. Population Structure and Linkage Disequilibrium

When the main factors accounting for population subdivision correlate with a trait under study
(i.e., geographic distribution and flowering time), then marker—trait associations will undergo a more
accentuated inflation of observed p-values as effect of the structure confounding factor [39]. In flaxseed,
population structure has been assessed in varying numbers of accessions, where geographic origin and
flax morphotype seemed to have been the main factors underlying population subdivisions [40—42].
In our association panel, the “red” and “blue” clusters were slightly differentiated (Fst = 0.08), with a
weak morphotypic effect on dendrogram topology, possibly due to the small number of fiber types
(n = 33) compared to the larger number of oilseed type accessions (1 = 153).

Linkage disequilibrium (LD) is the main factor influencing marker density requirement and
mapping resolution in GWAS. Mating system and genetic diversity influence LD decay. LD decays
more rapidly in outcrossing plant species than in self-pollinated plants [43] and, similarly, in wild
relatives and landraces compared to modern cultivars [44]. Here, we observed a rapid LD decay for
most of the chromosomes, comparable to some maize commercial elite inbred lines [45] and faster than
winter-type Brassica napus (480 to 1283 kb, r* = 0.1) [46]. Therefore, the 200 flaxseed accessions of our
diversity panel are expected to contain plentiful allelic diversity, as suggested by the generally short
LD blocks for the 15 chromosomes, thereby assisting the search for candidate genes through efficient
narrowing of the putative QTL regions.

3.3. Genome-Wide Association Analysis

Several general (GLM) and mixed (MLM) linear models have been proposed to control both
population structure and cryptic relatedness [47-49]. In flax, MLM has been the preferred association
model for multiple traits [24-26,42]. The “red” and “blue” clusters were weakly differentiated, and MC
and HC between flax morphotypes was not statistically significant (Figure S2a,b), in contrast to a report
comparing indica and japonica rice types assessed for 34 traits [39]. Hence, the genetic architecture of
MC and HC seem to be only weakly correlated with population and family structures, and GLM-PCA
was sufficient to control the rate of false positive associations.

The discovery of QTL for agronomic and economically important traits in crops is of great
importance for marker-assisted breeding. This is the first report of QTL for MC in flax, likely because
this trait has not been a breeding priority in the most important breeding programs of the world [18].
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In the present study, GWAS identified seven QTL for MC, and their effects clearly suggest the promise
of marker-assisted selection for modifying MC.

Chromosome 3's multiple MC QTL harbored candidate genes orthologous to Arabidopsis TT8
gene, which is part of a transcription factor complex that, along with GLABRA2 (GL2), regulates
MUM4 gene expression [50]. MUM4 is required to produce rhamnose, a key substrate for mucilage
biosynthesis [50], and chromosome 3 Lus10009311 is its flax ortholog. In Arabidopsis, GATL5 encodes
a glycosyltransferase involved in rhamnogalacturonan I (RG I) backbone synthesis [51]. The presence
of a L. usitatissimum ortholog Lus10009311 in a LD block, with a peak SNP for MC, corresponds to the
expected role of RG I synthesis. Arabidopsis gene SBT1.7 triggers the activation of cell wall-modifying
enzymes necessary for mucilage release upon imbibition [52]. In line with the expected seed coat
mucilage dynamics, we identified two orthologous copies of this gene in two independent QTL
(Table 2). Arabidopsis PECTIN METHYLESTERASE INHIBITOR 6 (PMEI6) mutants were defective in
seed coat mucilage release [53]. An ortholog of the Arabidopsis gene, PECTIN METHYLESTERASE
36 (PME36), another family member, was located at one of the MC QTL loci identified herein. While
PME36 has not been shown to be involved in mucilage release, it might participate indirectly because
it exerts a similar role to that of PMEI6 in pectin synthesis and cell wall modification [54].

Oil content is an economically important but genetically complex trait. MC is negatively correlated
with oil content, therefore, reducing MC should facilitate increasing oil content. Indeed, reduced
accumulation of mucilage accompanied by increased oil content was observed in Arabidopsis MUM4
or GL2 mutants [55]. We observed a significant negative correlation (r = —0.15, p = 0.03) between MC
and oil content in the association panel (data not shown). This is perhaps due to increased carbon
allocation to the embryo in reduced or no seed coat mucilage synthesis in low MC accessions as
proposed in Arabidopsis [55].

Increasing seed oil content and reducing the fiber fraction of the meal have been important
goals in oil crop breeding. In B. napus and L. usitatissium, seed coat thickness or HC are negatively
correlated with seed oil and protein content, as well as seed color [56-58]. QTL for seed coat color to
indirectly increase oil content and minimize HC have been identified in B. napus and soybean [37,59,60].
In flax, a pleiotropic QTL controlling yellow seed and white flower color was recently dissected
at the molecular level, but its effect on HC has not been addressed [23]. Here, we identified
four QTL whose effects reduced HC by 2.6%, on average. Chromosome 7 harbored Lus10035456,
which resembles the A. thaliana transcription factor AGL62. AGL62 mutants initiated embryo and
endosperm formation, but failed to form a seed coat [61]. Light seed color and low HC are thought to
coincide because the biochemical pathways leading to lignin and pigment synthesis share common
precursors [59]. In Arabidopsis, the core components of seed coat pigments are proanthocyanidins
(PAs) [62]. Chromosome 12 encompassed three candidate genes including the ortholog of Arabidopsis
O-GLYCOSYL HYDROLASES FAMILY 17 gene. GH17 is coexpressed with TT12, AHA10, and BAN,
that might process glycosylated flavan-3-ol monomers, leading to accumulation of PAs in the seed
coat [63]. In black seed soybean, a UDP-GLUCOSE:FLAVONOID 3-O-GLUCOSYLTRANSFERASE
(UGT78K1), was isolated from the seed coat, a key enzyme that catalyzes the final step in anthocyanin
biosynthesis [64]. Chromosome 13 contained Lus10026926, an ortholog of the A. thaliana UGT79B1,
a gene also involved in anthocyanin biosynthesis. Yellow seed color stems from the blocked
biosynthesis of PAs that impart the brown color to the seed coat [65]. The flaxseed meal derived
from brown-seeded cultivars contains PAs that negatively affect protein digestion [66], hence low PA
meal is preferred in animal ration. Additional advantages of modifying the seed color and reducing
MC and HC include higher limpidity of the crude oil from the removal of gum-like residues and
dark pigments, higher protein content and better feeding value of flaxseed meal for livestock and
poultry [7].

Few accessions combined favorable alleles for reduced MC and HC. It should be possible to
combine these attributes in a single genotype through the pyramiding of the respective favorable
alleles owing to the fact that the significant QTL for both traits did not co-locate in the flax genome.

51



Int. J. Mol. Sci. 2018, 19, 2870

The development of yellow-seeded cultivars with low HC and either low or high MC for different
industrial uses is an opportunity to increase market share and value.

4. Materials and Methods

4.1. Plant Material, Field Trials, Phenotyping, and Statistical Analyses

A total of 200 L. usitatissimum accessions from the Canadian flax core collection [67] were
selected for this study based on their geographic distribution and genetic diversity (Table S3).
The 200 genotypes were planted in 2014 and 2015 at the Agriaquaculture Nutritional Genomic Center
(CGNA) experimental stations located in Vilcin (CAR2014) and Huichahue (HU2015), La Araucania
region, Chile, using a completely randomized design (CRD) with three biological replicates. Genotypes
were arranged in rows and columns in order to take into account spatial heterogeneity.

The seed mucilage content (MC) was determined in three biological replicates following the
procedure described by Kaewmanee et al. [4] with minor modifications. A total of 2 g of seeds were
incubated in 20 mL of water at 100 °C for 15 min in 50 mL Falcon tubes. Next, the tubes were shaken
for 30 min at 250 rpm. The soluble extract was recovered by centrifugation at 6132 relative centrifugal
force (RCF) for 30 min, and the mucilage fraction was precipitated by incubating in 30 mL of ethanol
(95%) overnight at 4 °C. The seeds were recovered, and the extraction procedure was carried out twice
more to maximize mucilage recovery. The mucilage pellet was weighed and expressed as milligrams
of mucilage per gram of seed (mg g~ 1).

HC was determined in three biological replicates by separating the hull from the embryos using
a dissecting needle and tweezers from 50 seeds after imbibition in water for 24 h. Both fractions
were dried at 90 °C for 4 h before their dry weights were measured. HC was expressed as (hull dry
weight/(hull dry weight + embryo dry weight)) x 100, averaged from 50 seeds.

Variation of phenotypic data was analyzed individually for each environment using a restricted
maximum likelihood (REML) analysis. Spatial correction in row and column directions was used with
different variance—covariance structures. Spatial models were compared with Akaike information
criterion (AIC) and Bayesian information criterion (BIC), and the most appropriate model in each
environment was used to obtain a best linear unbiased estimate (BLUEs) for mucilage and hull contents
in GenStat v.16 [68]. Descriptive statistics and Shapiro-Wilk normality test were conducted in the R
package MVN [69]. Narrow sense heritability (%) was estimated using variance components from
TASSEL v.5.2.31 [70]. Trait h? estimates were computed using the equation: W2 =02,/0%, + O'Ze, where
02, is the additive genetic variance and 02, is the residual error variance [70].

4.2. Whole Genome Resequencing and SNP Calling

Genotyping by sequencing (GBS) methodology was adopted to genotype the 407 accessions from
the Canadian flax core collection. The 407 individuals were grown in pots in a greenhouse witha 16 h
light and 8 h dark cycle. Young leaf tissues from single plants were collected for DNA extraction using
the DNeasy 96 Plant kit (Qiagen, Mississauga, ON, Canada) according to manufacturer’s instructions.
Genomic DNA was quantified, sheared, size-selected, and libraries were constructed for each genotype
by the Michael Smith Genome Sciences Centre of the BC Cancer Agency, Genome British Columbia
(Vancouver, BC, Canada) which also sequenced the libraries generating 100 bp paired-end reads on
the Illumina HiSeq 2000 platform (Illumina Inc., San Diego, CA, USA). A total of 26.875 billion 100 bp
pair-end reads were generated, corresponding to 6587 MB sequences and 15.5x genome equivalents of
the reference genome (~370 MB) [32,71], on average, per individual.

All reads from each individual of the population was aligned to the flax reference sequence
(the flax pseudomolecules v2.0) [72] using BWA (v0.6.1) [73] with default parameters. The alignment
file for each individual was used as input for SNP discovery using the software package SAMtools [74].
SAMtools converts the sequence alignment files from sequence alignment/map (SAM) to sorted
binary alignment/map (BAM) format and call all potential variants (SNP and indels) into the pileup
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files. Then, all variants were further filtered to get a set of high-quality SNPs. SNPs were filtered
by the following criteria: (1) candidate SNP loci must be more than 10 bp away from each other;
(2) each candidate SNP must have three mapped reads on the region; and (3) all the singleton SNPs
were excluded. All steps of this procedure were implemented in an annotation-based genome-wide
SNP discovery (AGSNP) pipeline [75,76]. The coordinates of all SNPs were extracted from the
chromosome-based flax pseudomolecules v2.0 [72] totaling 1.7 million SNPs. Two hundred accessions,
as previously mentioned, were selected for this study.

4.3. Population Structure, LD, Genome-Wide Association Study, and Candidate Genes

Population structure was estimated with 259 neutral SSR loci [41] distributed across flax’s
15 chromosomes. The software STRUCTURE v.2.3.4 [47] was employed with predefined numbers of
genetic clustering (K) from 1-5, using 50,000 burn-in iterations, followed by 100,000 MCMC across
five independent runs for each K values. The number of clusters (K) was calculated with the Evanno
method [77] implemented in the R package POPHELPER v.1.1.10 [78]. A total of 771,914 SNPs, filtered
from the 1.7 million SNPs by removing those with a minor allele frequency <0.05 and >10% missing
data, were used to produce a dendrogram using the neighbor-joining (NJ) algorithm implemented in
TASSEL v.5.2.31 [70]. Genome-wide linkage disequilibrium (LD) and intrachromosomal LD between
pairs of SNPs using the 771,914 filtered SNPs were estimated using squared allele frequency correlations
(r*) in TASSEL v.5.2.31 [70]. LD values were plotted against physical distance to determine the LD
decay using the Hill and Weir [79] function. A cut-off value of r* = 0.1 was set to estimate the average
LD blocks [41].

GWAS was performed in TASSEL v.5.2.31 [70] using the 771,914 filtered SNPs. Three models were
evaluated, including GLM-Q, GLM-PCA, and MLM-K. The Q matrix generated from STRUCTURE was
used as a cofactor to adjust for population stratification (GLM-Q). A GLM-PCA was assessed, including
up to ten principal component covariates. The ten PCAs were generated in TASSEL v.5.2.31 [70]
with 105,038 SNPs (MAF > 0.05 and at least 95% present among the 200 genotypes). For the MLM-K,
a kinship matrix was created in TASSEL v.5.2.31 [70] with the set of 105,038 SNPs, and used as covariate
to account for cryptic relatedness. A quantile-quantile (Q-Q) plot was displayed using the R package
gqman [80] to evaluate the fitness and efficiency of the different models. The final Manhattan plots were
also displayed using the qgman package [80]. The Bonferroni correction (0.1/771,914 = —log (P) = 6.88)
was used as threshold for the significance of marker—trait associations.

To identify candidate genes associated with significant SNPs, the Jbrowse feature of
Phytozome v.12.1 (http://phytozome.jgi.doe.gov/pz/portal.html) was used to examine the
L. usitatissimum v.1.0 genome [71] for genes relevant to MC and HC in flaxseed. As mentioned
above, a cut-off value of r> = 0.1 was set to estimate the average LD block for each chromosome.
The defined physical distance was used to pinpoint candidate genes on either side of the most
significant SNPs. A plausible candidate gene was defined by the following criteria: (a) the gene
had a function known to be related to the trait evaluated based on gene ontology term descriptions
in Phytozome; (b) BLASTX searches from the Arabidopsis genome returned orthologous protein
sequences with functions associated to the phenotypes of interest.

5. Conclusions

We performed GWAS using a set of 771,914 SNPs, identifying seven and four QTL for MC and
HC, respectively. Above all, chromosome 3 encompassed three QTL harboring promising candidate
genes for MC. Three of the QTL associated with HC contained plausible candidate genes related
to seed coat and anthocyanin biosynthesis. These favorable QTL alleles will assist the design of
market specific flaxseed cultivars with reduced HC while maintaining high MC for food and low
MC for feed. The application of the identified SNP markers in molecular-assisted breeding for MC
and HC, two complex traits whose phenotyping is labor-intensive and time-consuming, might enable
a rapid transfer of favorable alleles into well adapted elite flaxseed cultivars, thus shortening the
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breeding cycle. Based on our results and previous gene expression studies, we hypothesize that the
genetic control of mucilage and hull content in flax might share conserved pathways with Arabidopsis.
Further validation of candidate genes, like LuTT8, LuSBT1.7, LuMUM4, and LuAGL62, through gene
expression analysis or gene editing, will be necessary to validate the hypothesis mentioned above.
Characterization of genes underlying the QTL will expand knowledge of the high complexity of cell
wall dynamics involved in seed mucilage and seed coat biosynthesis in flaxseed.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/19/10/
2870/s1.

Author Contributions: B.].S.-C. designed the research experiments, performed the GWAS, interpreted the results
and wrote the manuscript. S.C. performed the resequencing of the association panel, co-wrote and edited the
manuscript. R.Q. planted the association panel and performed the phenotyping. H.A.G. planted the association
panel and performed statistical analysis of the phenotypic data. M.O. wrote scripts and generated the figures.
EM.Y. generated the genome-wide SNP data.

Acknowledgments: This work was supported by the Agriaquaculture Nutritional Genomic Center (CGNA),
the Programa Regional de Investigacion Cientifica y Tecnolégica and the Gobierno Regional de La Araucania,
Chile. CGNA acknowledges the collaboration of Agriculture and Agri-Food Canada (AAFC) and the Total
Utilization Flax GENomics (TUFGEN) project formerly funded by Genome Canada and other stakeholders of the
Canadian flax industry.

Conflicts of Interest: The authors declare no conflict of interests.

Abbreviations

MC mucilage content

HC gull content

GWAS genome-wide association study
LD linkage disequilibrium

kb kilobase

SNP single nucleotide polymorphism
SSR simple sequence repeat

CAR2014 Vilcun 2014
HU2015 Huichahue 2015

REML restricted maximum likelihood
AIC Akaike information criterion
BIC Bayesian information criterion
BLUE best linear unbiased estimation
GLM general linear model

MLM mixed linear model

PCA principal component analysis
Q-Q quantile-quantile
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Abstract: The control of translation in the course of gene expression regulation plays a crucial role in
plants’ cellular events and, particularly, in responses to environmental factors. The paradox of the
great variance between levels of mRNAs and their protein products in eukaryotic cells, including
plants, requires thorough investigation of the regulatory mechanisms of translation. A wide and
amazingly complex network of mechanisms decoding the plant genome into proteome challenges
researchers to design new methods for genome-wide analysis of translational control, develop
computational algorithms detecting regulatory mRNA contexts, and to establish rules underlying
differential translation. The aims of this review are to (i) describe the experimental approaches
for investigation of differential translation in plants on a genome-wide scale; (ii) summarize the
current data on computational algorithms for detection of specific structure—function features and
key determinants in plant mRNAs and their correlation with translation efficiency; (iii) highlight the
methods for experimental verification of existed and theoretically predicted features within plant
mRNAs important for their differential translation; and finally (iv) to discuss the perspectives of
discovering the specific structural features of plant mRNA that mediate differential translation control
by the combination of computational and experimental approaches.

Keywords: regulation and efficiency of translation; genome-wide scale; experimental approaches;
computational algorithms; features of plant mRNAs

1. Introduction

The genomic information in plants, similar to other eukaryotes, is implemented via a successive
series of biological processes, including transcription and translation as the key events. The current
experimental omics tools for genomic monitoring of plant gene expression allow tracking the flow of
genetic information from genome to proteome and to metabolome. New experimental approaches,
for example, RNA-Seq and DNA microarrays, have given insight into many key mechanisms involved
in transcription regulation in plants: the first stage of gene expression and the easiest to study in terms
of experimental methodology. The studies of transcriptomes, i.e., the qualitative and quantitative
estimation of expression of the entire gene pool on a genome-wide scale, have given convincing
evidence of dynamic changes in the transcriptomes of various plant species in both growth and
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development processes and the impact of environmental factors. Comparative omics studies in plants
clearly demonstrate a very modest correlation between the levels of transcription (abundance of
individual mRNAs) and translation (the levels of the corresponding proteins in the proteome). Of note,
the observed fluctuations in the levels of a transcript do not always lead to changes in the levels of the
corresponding protein [1]. This suggests an intricate nature of the mechanisms providing the decoding
of a genome, which involve not only differential transcription, but also differential translation.

Translation is a complex biological process with numerous players, including mRNAs, tRNAs,
ribosomes, and manifold protein factors. Undoubtedly, each is important for efficient translation.
The mRNAs themselves comprise different regions, namely, the 5" untranslated region (5'UTR) and
coding region (CDS) and 3’ untranslated region (3"UTR), which modulate translation at a number
of “checkpoints”: translation initiation, elongation, and termination. In the current view, numerous
regulatory elements may be concealed in the nucleotide contexts of these mRNA regions and each of
them individually or in combination can determine the development of any transcript in translational
process [2].

The paradox of misfit between the levels of mRNAs and their protein products observable in
different plant species at all stages of their growth and development as well as upon the impact
of various environmental factors focuses the attention of researchers on two key problems, namely
(i) detection of the specific sets of differentially-translated transcripts, i.e., the sets of transcripts that are
efficiently translated under certain conditions, and the sets of transcripts with repressed or unchanged
translation under the same conditions and (ii) clarification of the particular regions or specific structural
features of the mRNA nucleotide composition that mediate this differential translational control.

This review focuses on the experimental methods for genome-wide analysis of translational
control, computational algorithms to search and analyze various regulatory contexts within mRNAs,
and approaches for subsequent experimental verification of their correlation with mRNA translation
in plants. Currently, we cannot refer to deficiency in publications comprehensively reporting the
basic protocols of various methods for genome-wide analyses of translational control in general,
including the methods applicable to plant objects. However, reviews that consider and discuss the
three key components of the general strategy for identification of regulatory contexts in mRNA that
may play a key role in differential translation are still absent in the scientific literature. Our goals
here are (i) to consider the experimental approaches aiming to clarify differential translation on a
plant genome-wide scale; (ii) to summarize the current data on the computational algorithms used
for detection of the specific structural and functional features of key determinants within plant
mRNAs and their interrelation with the translation efficiency; (iii) to highlight the methods for
experimental verification of existed data and theoretical predictions of the intrinsic features of plant
mRNAs important for their differential translation; and (iv) to discuss the ways of decoding the
specific structural features of plant mRNA that mediate differential translational control by combining
computational and experimental approaches. In general, this review discusses the main and critical
steps for each method in this general strategy, areas of their application, and the main results obtained
using plant objects and their contribution to our knowledge about the fine mechanisms of translation
in plants.

2. Experimental Approaches to Determine Differentially-Translated mRNAs in Plants

Initially, proteomics methods were used to identify the correlation between the observed
fluctuations in the expression of a transcript and the actual level of peptides in plants [3]. However,
the proteomics approaches have certain limitations in the case of a spatiotemporal study of a large
pool of translated mRNAs and are mainly applied for assessing translation of the known peptides
and proteins. Moreover, the methods of proteomics are laborious and expensive, while preparation of
the specimens, quantification of proteome, and subsequent peptide sequencing require specialized
technical experience [4]. Advances in high-throughput technologies, such as microarrays and deep
sequencing, have made it possible to develop the new experimental approaches to studying mRNA
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translation efficiency on a global scale. Three basic experimental approaches are currently used for
these purposes: (a) polysome profiling; (b) translating ribosome affinity purification (TRAP); and
(c) ribosome profiling or Ribo-Seq. These approaches are based on (i) the production of the mRNA pool
with the ribosomes arrested on them; (ii) separation of actively-translated mRNAs (polysomal mRNAs
and mRNAs bound to several ribosomes), moderately translated mRNAs (monosomal mRNAs and
mRNAs bound to one ribosome), and untranslated mRNAs (steady-state mRNAs that are not bound
to ribosomes); and (iii) subsequent quantitative assessment of an individual transcript or an mRNA
population represented in polysomal complexes relative to the total amount of the transcript in the
assayed plant specimens. Note that polysomes are several ribosomes performing translation from one
mRNA and this process is regulated for individual mRNAs.

2.1. Profiling Polysomes

The translational status of the mRNA pool on a genome-wide scale can be estimated using
polysome profiling. The basic protocols for the polysome profiling in plants are described in several
publications [5]. Simple protocols have been additionally designed and verified for individual plant
species, including Arabidopsis thaliana, Nicotiana benthamiana, Solanum lycopersicum, and Oryza sativa,
as well as for individual plant tissues [5]. This method is based on the separation of the polysomal
mRNAs, monosomal mRNAs, and steady-state mRNAs using sucrose density gradient centrifugation,
referred to as polysome fractionation assays (Figure 1). Then, the transcripts (mRNAs) associated
with each mRNA pool are analyzed by hybridization on microarrays or undergo RNA sequencing.
Assembly, mapping, and in silico analysis of the sequencing data for different pools (polysomes,
monosomes, and steady-state mRINAs) provide the researcher with the initial lists of the transcripts
with different translation activities [6,7].

According to the experimental data, the results of polysome profiling can be used for a quantitative
estimation of mRINA translation efficiency both at different plant growth and developmental stages
and under the effect of adverse environmental factors [6,8] or for assessment of quantitative changes in
the translational status of individual mRNAs [9]. As a rule, the polysome score (PS) or polysome ratio
(PR) are used for this purpose; they are computed as the relative abundances of RNAs in polysomes
versus RNAs in nonpolysomes or versus total mRNA. Where total mRNA is the total mRNA level in
polysomal and nonpolysomal fractions, respectively [6,8,9].

The polysome profiling appeared rather efficient in the studies on differential translation
regulation of specific plant mRNAs under the influence of several abiotic environmental factors [2,6,10].
For example, it has been convincingly demonstrated that the main part of the transcripts under stress
displays different degrees of translation repression; moreover, a specific set of transcripts that avoids
such repression and retain their transcriptional activity was detected. Below are several examples that
in our view, illustrate the abilities of this method in clarifying the mechanisms of translation control in
plants. In particular, it is shown that the shares of individual mRNA species in A. thaliana polysomal
fractions under controlled growth upon a moderate dehydration stress vary from 5% to 95% and
that this stress causes a decrease in the ribosome load for over 60% of all mRNAs [2]. The results of
genome-wide assay of the relative amounts of individual mRNAs in polysomal versus nonpolysomal
fractions under heat shock in the A. thaliana cell culture gave the set of genes with different translational
responses, i.e., the genes that either considerably increased or considerably decreased the amounts of
their mRNAs in polysomal fractions [10]. These results formed the background for further identification
of the new cis-regulatory elements in 5'UTRs that influenced differential translation in response to
heat shock in A. thaliana [8].

In another study, polysome profiling was used for a global assessment of the translation efficiency
of mRNA pools during the growth and development of A. thaliana leaves. It was demonstrated that
the degree of association of each mRNA with the polysomal fraction was different and considerably
(from a strong repression to activation at a constant level) changed throughout these processes.
Analysis of the functional categories of the mRNAs associated with polysomal fraction showed that
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the translation control, being of physiological significance during plant growth and development, was
especially pronounced in the mRNAs associated with signaling and protein synthesis. In general, these
results emphasize the importance of the dynamic changes in mRNA translation during plant growth
and development and suggest that mRNA translation may be controlled via complex mechanisms
underlying the response to each factor [6].

Although polysome profiling has been successfully used for a global study of plant mRNA
translation efficiency, this method still has some limitations [11]. One of these, it cannot precisely
determine the ribosome density, i.e., the number of ribosomes per mRNA, because the mRNA-ribosome
complexes from the same differential centrifugation fractions may contain a different number of
ribosomes. Moreover, polysome profiling fails to determine the actual ribosome distribution along
the transcript, i.e., it is impossible to determine a mRNA region (5'UTR, CDS, or 3’UTR) in which
reside the arrested ribosomes. This is very important since it allows for assessing of the translation
stage (initiation, elongation, or termination) associated with differential translation of an individual
transcript. As a consequence, this makes it not possible to specifically search for the regulatory
determinants in particular mRNA regions important for an efficient translation.

Nonetheless, these limitations of the polysome profiling technique do not diminish its tremendous
potential for the study of the fine mechanisms of translation in plants on a global scale. This method
not only makes it possible to determine the correlations between the observed translational and
transcriptional fluctuations under normal conditions and under stress factors, but also provides
researchers with general information useful for further insights into the rules of mRNA decoding, i.e.,
allows defining the pools of transcripts with different translation efficiency and to find regulatory
contexts of mRNAs or their combinations important for translation efficiency using computational
analysis (this will be considered below in more detail). According to the available experimental
data, polysome profiling is, as a rule, applicable to the search for actively-translated mRNAs and the
subsequent analysis, although the understanding of the mechanisms associated with the repression
of translation in a certain pool of transcripts is of the same importance; perhaps, researchers will
focus on this area in future. It should be also emphasized that most studies utilizing polysome
profiling performed so far, involve the plants with annotated genomes. However, the use of this
method is not limited to the plant species with annotated genomes and can be extended to other plant
species, including those genomes that have not been yet determined or those already sequenced but
poorly annotated.

Figure 1. Polysome profiling in a sucrose density gradient. Separation of the transcripts depending on
the ribosome loading: the first peak corresponds to the mRNAs unbound to ribosomes; second and
third peaks, to the ribosome small and large subunits, respectively; and the fourth and subsequent
peaks, to the mRNAs with different ribosome loadings.

2.2. Translating Ribosome Affinity Purification (TRAP) and TRAP-Seq

The experimental approach referred to as translating ribosome affinity purification (TRAP) is
a modification of the traditional polysome profiling procedure and was for the first time described
for A. thaliana [12]. This method utilizes the plant transgenic lines that express an epitope-tagged
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variant of ribosomal protein L18 (usually referred to as RPL18). As a rule, these plant transgenic lines
express FLAG epitope-tagged RPL18 in the N-terminal region [12,13]. The cell lysates of transgenic
plants are produced under the conditions that stabilize the ribosomes on RNA and block translation.
The transcripts bound to the ribosomes that carry the labeled RPL18 are selectively separated using
the absorption on anti-FLAG-M2 agarose. This enables ribosome capture from crude cell extracts by a
single-stage immune precipitation (Figure 2) and, as a rule, allows the pool of RNAs (designated as
TRAP RNA) that are actively translated to be obtained.

This method is described and discussed in detail in several papers [3,13-15]. Note that both
the traditional polysome profiling approach and TRAP give analogous proportions of the small
and large polysomes (i.e., ribosome profiles) [13]. Both approaches also have similar limitations on
their application, namely, in the assessment of the number of ribosomes per mRNA length and the
distribution of ribosomes along the transcript (see above). However, note that a wide use of the
experimental TRAP approach is also limited by the available plant transgenic lines but, nonetheless,
the use of transgenic lines gives certain advantages as compared with the traditional polysome
profiling. This advantage consists in the possibility of not only constitutive, but also tissue-specific
RPL18 expression by using different tissue-specific promoters [14]. Thanks to the tissue-specific RPL18
expression, TRAP is applicable to profiling of actively-translated RNAs in different populations of
plant cells, namely, in (i) different root cells (epidermis, cortex, or endodermis); (ii) companion phloem
cells, meristem cells, and leaf mesophyll cells; and (iii) microspores, pollen, and other plant tissues and
cell types [14]. For example, the use of APETALA1, APETALA3, and AGAMOUS for expression of
FLAG-RPL18 in early flower development allowed for the discovery of new levels of the expression
control in developing flowers associated with differential translation [16]. A systemic analysis of the
mRNAs in different specimens relative to the pollen grains within buds and in vitro-germinated pollen
tubes has been performed with the help of the A. thaliana transgenic lines expressing epitope-tagged
RPL18 under the control of ProLAT52 promoter, which allowed for the identification of a cohort
of the transcripts that regulate late stages of pollination in flowering plants; this paves the way for
better understanding of the pollen-based mechanisms that promote fertilization [15]. It should be
emphasized that the in vivo proteomic studies of pollen tubes are extremely complicated because of
the difficulties with pollen collection; the selective immune purification of the transcripts associated
with the polysomes in pollen tubes in this case assisted in identification of the genes important for the
in vivo pollen biology. Thus, the TRAP approach has an important advantage for efficient isolation of
the population of mRNA complexes from particular cell types.

The sensitive moment when using TRAP approach is during the selection of the transgenic line
that expresses FLAG-RPL18, which is extremely important for a successful analysis of the tissue-specific
responses. A position effect associated with the T-DNA integration site in the genome of transgenic
plants is known. In this regard, the new transgenic lines intended for this research should be selected
bearing in mind the presence of known tissue-specific genes in the corresponding tissues or cell types.
This will ensure selection of the most appropriate line for further analysis.

According to the current opinion, not only stable plant transformants, but also a transient
expression of FLAG epitope-tagged RPL18 can be used for identification of the differentially-translated
mRNA pools in plant genomes, for example, utilizing the agroinfiltration of Medicago truncatula hairy
root cultures or of N. benthamiana leaves by Agrobacterium rhizogenes.

The FLAG tag may be also added to other proteins in order to determine their role in translation.
For example, the expression of tagged oligouridylate binding protein 1 (UBP1) with subsequent
immune purification of the mRNA—protein complexes (mRNPs) clarified the role of this protein in the
dynamic and reversible aggregation of translationally repressed mRNAs in hypoxia [17]. In particular,
UBP1 constitutively binds a subpopulation of the mRNAs with the 3"UTRs enriched for uracil under
normoxic conditions. In hypoxia, UBP1 is associated with non-uracil-rich mRNAs, which increases
its aggregation in microscopically-visible cytoplasmic foci, referred to as UBP1 stress granules (SGs).
This UBP1-mRNA association leads to a global decrease in the protein synthesis. The translation
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limitation for the transcripts associated into SGs reduces the energy spending, thereby determining
the priority in synthesis of the proteins that enhance plant survival in stress. The UBP1 SGs rapidly
disaggregate during reoxygenation, which coincides with the mRNA return to polysomes. In this
process, the mRNAs that are significantly induced and translated in hypoxia to a considerable degree
manage to avoid UBP1 sequestration. Thus, it has been shown that the SG-nucleating RNA-binding
UBP1 is a component of the mechanism that post-translationally reprograms plant gene expression,
thereby enhancing plant survival in hypoxia [17].

Figure 2. Polysome profiling using translating ribosome affinity purification (TRAP). General principle
of selective separation on anti-FLAG-M2 agarose of the transcripts bound to ribosomes carrying the
epitope-tagged variant of ribosomal protein. Brown arrows denote the FLAG epitope in ribosomal
protein and black icons denote the anti-FLAG on agarose beads.

2.3. Ribosome Profiling, or Ribo-Seq

Ribosome Profiling (RP), or Ribo-Seq, elaborated by Ingolia, Newman, and Weissman in 2009 [18],
is based on the isolation and sequencing of the mRNA fragments protected by ribosome. This gives a
“snapshot” of the ribosome positions along mRNA on a genome-wide scale, i.e., gives the possibility
to determine both the number and positions of the ribosomes in the mRNA coding region in vivo
(Figure 3).

As a rule, many studies use the RP experimental protocol, which comprises five interrelated
stages: (i) preparation of RNA specimens with the arrested ribosomes; (ii) controlled hydrolysis of
these specimens by RNase to generate small RNA fragments associated with a ribosome (referred
to as footprints); (iii) their subsequent isolation; (iv) preparation of purified footprints with a size of
28-30 nucleotides; and (v) construction of the library and its high-throughput sequencing, as a rule,
with the help of short-read sequencers. The deep sequencing reads of the footprints are analyzed using
bioinformatics methods and the translation efficiency is derived by normalizing the number of reads
of the footprints to the number of reads of the total transcriptome by RNA-Seq.

As is mentioned above, the first experimental protocol for ribosome profiling was
described in 2009 [18] and has been constantly developed, in particular, for its application to
different organisms [18,19], including plants [20,21] and plant organelles—chloroplasts [20] and
mitochondria [22]. The individual protocols differ in the particular details providing optimization
of each of the five interrelated stages, including the differences in tissue and cell processing; pH and
composition of the buffer for cell lysis; prepurification of polysomes before RNase hydrolysis
(done or omitted); type of RNase used for generating monosomes [23]; and the methods used to
purify the monosome fractions and construct sequencing libraries. Ribosome affinity purification
(TRAP method), including the tissue-specific purification, can be also used as the starting point for
ribosome profiling [20].

In general, the RP results allow for determination of the precise positions of the translating
ribosomes on mRNA with an unprecedented resolution, to a single nucleotide. The specialized
software for analysis, interpretation, and visualization of RP data is currently available (for detailed
review, see [24]). By assessing the relative number and location of ribosomes on mRNA, the researcher
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can estimate the general translation pattern i.e., to assess the translation efficiency, which is calculated as
the ratio of translation (the data on the number of footprint reads in individual mRNA) to transcription
(RNA-Seq data at the level of individual mRNA) (Figure 4). Note that it is possible not only to
directly quantify the mRNAs that will be translated into proteins, but also to detect the new types of
contexts in the plant mRNAs associated with translation, for example, uORFs (upstream ORFs) and
frameshifts; to precisely determine the translation initiation site (TIS) of the main ORF; and to find
new translated ORFs, including those residing in intergenic RNAs or putative noncoding short RNAs
(ncRNAs) (Figure 4) [3,24,25]. The researcher gets these additional options thanks to the fact that the
80S ribosomes associate only with the portion of the transcript that will be most likely decoded into the
protein product. The 80S ribosome and transcript will associate not only in CDS, but also in 5"UTRs if
they contain an uOREF, i.e., short translated reading frame located upstream of the main ORF (CDS),
which may have an important role in translation regulation. Another most important aspect that can
be studied in terms of the RP experimental data is assessment of the dynamics of ribosome movement
along individual mRNAs and the rate at which certain codons are translated. This is possible because
three nucleotide bases in the sequenced footprints are reflected in a periodic mode as a consequence of
the ribosome movement along the mRNA coding region, since the ribosome moves along the overall
coding sequence in a codon-wise manner, the 5’ region of ribosome footprints tend to be mapped at
the same position of each codon.

Find below several examples which in our view illustrate the distinctive capabilities of RP in
clarification of the fine mechanisms underlying the translational control in plants, such as the detection
of new ORFs, including those annotated as noncoding RNAs and pseudogenes. In particular, the study
of translation regulation under normoxic and sublethal hypoxic conditions (hypoxia) in A. thaliana
shoots with the help of RP not only detected an inhibitory effect of the uORF on the translation of
downstream protein coding regions in normoxia, which was further modulated by hypoxia, but also
determined the alternatively spliced mRNAs as well as the fact that ribosomes were associated with
certain noncoding RNAs [21]. An RP study of the maize shoots under drought showed a statistically
significant change in the translation efficiency of 931 genes, which according to further analysis of the
transcripts was associated with the nucleotide composition of the sequence, including GC content,
length of coding sequences, and normalized minimum free energy. In addition, potential translation
of 3036 open reading frames (uUORFs) in 2558 genes was detected; the authors believe that these
uORFs are able to influence the translation efficiency of the downstream main open reading frames
(ORFs) [26]. In another study, the Ribo-Seq data detected 27 and 37 translated sORFs (short ORFs)
among the annotated noncoding ncRNAs and pseudogenes of A. thaliana, respectively [27]. Moreover,
187 translated uORFs were identified with a high degree of reliability. In addition, the events of
translation from the start codons other than AUG were identified in the dataset among both annotated
genes and uORFs. They also demonstrated that 15 of the 19 detected single-exon sORFs had homologs
in various flowering plants, which suggests their functional significance [27].

Lukoszek et al. [28] used RNA-Seq and Ribo-Seq to assess reprogramming of the A. thaliana
global gene expression during a long-term heat shock (3 h at 37 °C) at both the transcriptional and
translational levels. They have shown that translation is globally impaired in the early period of the
heat impact (15 to 45 min), while the stress response appears mainly at the expense of transcriptional
programs. In this process, a long-term stress impact (3 h) activated translational programs, which
eventually form the adaptive response. The transcripts regulated via translation display a number
of common characteristics, namely, the presence of relatively conserved A/G-rich motifs in their
5’UTRs or 3'UTRs that are similar to the sequences identified as protein-binding nucleotide motifs.
Another specific feature widespread among the genes upregulated in heat stress is that they are
less inclined to form secondary structures, which is likely to ensure their binding with ribosomes
and to enhance translation. In addition, several transcripts prevalently induced by heat contain a
putative G2 quadruplex in their 5"UTRs. Note that an increased number of reads for RP footprints in
quadruplex structures correlates with an expanded expression of the downstream CDSs. This suggests
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an important role of these structures in translation activation of the downstream ORF according to yet
unknown mechanism [28]. Ribosome profiling has been used to analyze translation of the chloroplast
transcripts in maize shoots in response to changes in light conditions. According to the experimental
data, all chloroplast mRNAs except for psbA maintain similar numbers of ribosomes after short-term
changes in light conditions but nonetheless are more efficiently translated in the light. On the other
hand, the psbA mRNA displays a sharp increase in the ribosomes over several minutes after the plants
are transferred to light and restores a low ribosome loading during 1 h in the dark, which correlates
with the need to replace the damaged psbA in photosystem II. These results emphasize the unique
translational response of psbA in mature chloroplasts, indicate the particular light-regulated steps in
the context of photosystem II activity maintenance, and provide the background for the study into the
mechanisms underlying both the psbA-specific and genome-wide effects of the light on the translation
in chloroplasts [29].

The RP technology was also used to study several aspects in the translation of A. thaliana
mitochondrial genome in a dynamic mode. As has been shown, the mitochondrial mRNAs are
differentially-translated; in this process, the translational levels of the transcripts encoding the subunits
of mitochondrial protein complexes, in particular, complex V, proportionally correlate with the
stoichiometry of respiratory chain subunits. In general, the mitochondrial translation is shown
to be controlled at the level of individual mRNAs and is directly involved in the activity regulation of
plant mitochondria [22].

Note that Ribo-Seq technology is currently at a relatively early stage of its development,
which leads to some experimental difficulties and technical artifacts influencing the Ribo-Seq data
interpretation [18]. In particular, the RP results may display statistically significant differences
associated with the modifications of one of the five stages in the basic protocol, such as the conditions
of cell lysis, composition of buffer solutions, selection of nucleases and the absence of pronounced
specificity to the sequences to be cleaved, and construction of the library; even more so as these details
in many cases are not analyzed in a systematic manner [19,23]. This suggests the need to systematically
study the effects of the corresponding experimental parameters of the used RP protocols [19].

The RP technique also has its limitations. According to the current scientific consensus, the
basic limitation of RP approach is a static position of ribosomes along the mRNA. This prevents
distinguishing between the ribosomes involved in translation from the ribosome in a steady-state [19].
Thus, the methods used in the majority of studies involving RP can overestimate the translation
efficiency because of the data related to monosomes, in which mRNA is also protected by a ribosome
(Figure 5A) [18,23,26]. Underrepresentation of the transcript regions with ribosome stacking is also
possible; this is associated with the stacked polysomes and may prevent hydrolysis in monosomes,
because of inaccessibility to RNases (Figure 5B) [4,30]. Correspondingly, the recommendation for an
additional direct measurement of the polysome-protected mRNA looks most reasonable to overcome
this limitation of the RP approach [26].

Note that the Ribo-Seq technique now is mainly applicable to study translation of the organisms
with annotated genomes since the deep sequencing data for footprints are represented by very short
reads (28-30 nucleotides), which, as a rule, are analyzed by mapping onto the genome data (Figure 4).

However, the current limitations of this method can be bypassed and this experimental technology
will remain a useful tool in the omics [30]. RP data with high resolution is a priceless resource for
studying noncanonical start codons and alternative start sites and can be useful for characterizing
translation of different isoforms of transcripts, identifying new translated ORFs and their quantifying,
and, in general, for improving the genome annotation of poorer characterized organisms. Additional
ribosome profiling can also be a proxy for the proteome or assist in proteomics studies [27,30].

Completing this section, note that the genome-wide profiling of the transcripts associated with
ribosomes utilizing one of the above experimental approaches may highlight the new aspects in gene
expression unvisualizable by an ordinary profiling of the total cellular mRNA. In Table 1, we attempted
to consolidate the advantages, limitations, and areas of applicability of the discussed experimental
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approaches to the study of differential translation on a genome-wide scale. Undoubtedly, selection of
the appropriate experimental approach depends on the particular aims set by a researcher.

a. ? 5 ? ? . ?“ ?

Figure 3. Scheme of application of ribosome profiling to functional characterization of mRNA regions.
(a) Scheme of an mRNA with unknown ribosome positions. (b) The mRNA with arrested ribosomes
in the transcript regions potentially important for efficient translation. (c) Formation of the ribosome
footprints by RNase hydrolysis. The resulting footprints characterize the translational functionality
of a certain mRNA region. The footprints shown with different colors correspond to different mRNA
regions. (d) Result of analysis of the precise positions of translating ribosomes along mRNA, where A
is the identified alternative open reading frames in 5’'UTRs or 3'UTRs and CDS (coding sequence) is
the main reading frame of the transcript.
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Figure 4. Principle of analysis, interpretation, and visualization of the ribosome profiling data.
(a) The ribosomes arrested on transcripts (b) form ribosome footprints after RNase hydrolysis.
(c) The footprints mapped onto genome can be associated with particular sequences to assess the
relative amount and positions of ribosomes on the transcripts on a genome-wide scale.
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Figure 5. Limitations in the use of ribosome profiling: (a) overestimation of translation efficiency
because of the footprints of monosomes, where mRNA is also protected by ribosome and
(b) underrepresentation of the transcript region with stacked ribosomes; carefully stacked polysomes
are inaccessible to RNases, thus cannot be digested into ribosome footprints of the tested size
(28-30 nucleotides). Red spots denote the region attacked by RNase.

3. Computational Algorithms for Predicting the Features of Plant nRNAs Important for
Differential Translation

The above described experimental approaches make it possible to detect the specific pools of
transcripts with characteristic differential translation. Several computational resources are useful
for identification of regions of specific structural features in mRNA nucleotide composition that can
mediate differential translational control.

In this section, we summarized the resources and some computational algorithms that have
been used to form the samples of target plant transcript sequences and to predict their peculiar
characteristics, as well as their main functions and domains of application. Note that the resources
and the corresponding software are rather numerous and, in fact, require a separate review. Here,
we consider only those that have given the data on and predictions of regulatory contexts in transcripts
with further experimental confirmation.

3.1. Preparing Datasets for Analysis

The key preparatory stage in the in silico predictions is a construction of the most representative
sets of sequences for the transcript pools differing in their translation efficiency. Note that
the researcher needs not only full-sized transcript sequences (cDNA), but also the sequences of
individual regions of these transcripts, namely, coding (CDS) and untranslated (5"UTR and 3'UTR)
regions, which, as mentioned above, can also contribute to translation efficiency. Currently, many
internet resources have been elaborated that allow sets of such sequences to be downloaded,
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including the sequences for plants. In particular, TAIR is the information source for the model
plant A. thaliana (https:/ /www.arabidopsis.org/download/index-auto.jsp?dir=%2Fdownload_files %
2FSequences%2FTAIR10_blastsets) [31], which is widely used for loading 5’"UTR, CDS, 3'UTR, and
cDNA sequences using the tools “Download”, “Sequences”, and TAIR10 blastsets [32-34]. Another
information resource containing CDS, cDNA, 5’'UTR, and 3’"UTR sequences of the representatives of
six key kingdoms of the living organisms, including plants, is JetGene. JetGene is publicly available at
http:/ /jetgene.bioset.org/; its data are stored and updated at the Ensembl server [35]. The intuitively
clear and friendly JetGene interface allows the cDNA, 5’'UTR, CDS, and 3'UTR sequences to be extracted
in a FASTA format, including the specific samples on user request. Note that only the sequences with
complete information about the full-sized transcripts are in most cases selected for further analysis.

Once the sets of sequences (5"UTR, CDS, and 3'UTR) for the pools of differentially-translated
transcripts are obtained, the researcher has to select for analysis the regions of transcripts and regulatory
sequences that may be potentially involved in translation modulation. According to the current opinion,
the complex multilevel information is encoded in the full-sized mRNA sequence (transcript) in general
and in its individual parts—5’UTR, CDS, and 3'UTR (Figure 6). This gives researchers the grounds
to include all these regions into in silico analysis to characterize the differentially-translated plant
transcripts. Note that translation initiation is, as a rule, the stage limiting the translation rate and 5’UTR
plays here the decisive role. The length, nucleotide composition, secondary structures, and regulatory
elements of a smaller size, such as upstream start codons (UAUGs), uORFs, nucleotide motifs, and
several other features in the 5’'UTRs of transcripts, are closely examined in terms of their contributions
to the translation efficiency. In this process, the probability to find the potential regulatory regions and
contexts and to clarify how their properties influence the translation efficiency will be higher if more
traits of this kind are involved in the initial in silico analysis.

The further aims of the researcher could be (i) to assess the variations in distribution of individual
traits in the sequences from the examined transcript pools and to figure out the statistically significant
differences that are positively correlated with the translation efficiency; (ii) to find and determine
the statistically significant representation of the potential regulatory contexts in the transcripts with
different translation efficiencies; and (iii) to identify the specific regulatory sequences if they are present
in the examined pools.

a. C.

Figure 6. Examples of some mRNA cis-regulatory elements: (a) riboswitches; (b) internal ribosome
entry sites (IRESs); and (c) alternative open reading frames.

3.2. Statistical Methods

The methods of mathematical statistics have been rather efficiently used for solution of the
first task. As a rule, basic and extended statistical analyses are performable with the help of the
available standard programs, such as Excel, STATA, and IBM SPSS Statistics 20 [26,32-34]. For example,
the genome-wide monitoring of the changes in the translation efficiency of individual mRNAs in
A. thaliana shoots after heat shock have demonstrated translation repression for the majority of
mRNAs; however, some mRNAs still followed the differential translation pattern. Analysis of the
differentially-translated mRNA sequences demonstrated that only some characteristics, such as the
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G + C content in 5’"UTR and ¢cDNA length, are putatively involved in the mechanisms providing
discrimination of the mRNA loading with ribosomes and are associated with differential translation
of a certain transcript cohort in response to a high temperature. In particular, the translationally
active mRNAs have a low G + C content (on the average, 36%) versus the transcripts with repressed
translation (42%). This selection mechanism also influences the differential polysomal loading of the
transcripts associated with stress and, as a consequence, the efficiency of their translation [32].

In general, the methods of mathematical statistics have made it possible to (i) find the
characteristics that are representative for the analyzed mRNA, (ii) discard the characteristics the effect
of which can result from a bias to the group of particular genes, and (iii) determine the statistically
significant differences displaying a positive correlation with the relative translation efficiency.

3.3. Methods for Identification of RNA Motifs

The methods that are used to identify potential regulatory motifs in mRNA sequences assess
the statistical significance of represented potential regulatory motifs in the mRNAs with different
translation efficiencies. These methods are in general the same or very similar to those for DNA motifs
except for the methods addressing the DNA conformational properties. The latter utilize physical
parameters of DNA double helix and can be plied both to prokaryotic [36] and eukaryotic [37] genomes.
Having appropriate parameters to convert letter representation of RNA into numerical representation,
the same methodology could be applied to analysis of mRNA. Conventional approaches are based on
accounting for conserved nucleotides within a short motif. One of the most frequently used programs
for the detection of motifs in the transcript pools with different translation efficiencies is MEME, which
is based on the maximal likelihood optimization [38]. Ease of use and a wide set of the accompanying
programs for visualization and further search are advantages of this program. The MEME suite
comprises four main sections, namely, motif discovery, motif enrichment analysis, motif search, and
motif comparison, altogether 14 different tools. This toolkit allows the researcher to both determine
motifs de novo and to scan a dataset of sequences for the matches of the already known motifs. MEME
shows a schematic arrangement of the found motifs on the initial sequence, constructs a graphical
representation for them, and computes statistical significance (p-value) for these motifs.

In particular, MEME suite has allowed identification of a nine-nucleotide-long element present
in both the 5’"UTRs and 3’UTRs of numerous A. thaliana and Gynandropsis gynandra transcripts; the
authors named it MEM2. Later, it was experimentally confirmed that the MEM2 motif residing in
the 5’'UTR was necessary for preferential protein accumulation in the mesophyll cells. It is assumed
that this motif can be involved in the mechanism guiding preferential cellular accumulation of several
enzymes necessary for C4 photosynthesis, which provides a more efficient carbon capture as compared
with the ancestral C3 pathway [39]. The MEME suite has been used in a comparative analysis of the
5’UTR sequences for steady-state and polysomal A. thaliana mRNAs and allowed for discovery of
two motifs (TAGGGTTT and AAAACCCT) present in many genes, which potentially suggests their
contribution to the translation efficiency. Furthermore, it has been experimentally shown that only one
of these motifs, TAGGGTTT, regulates gene expression at the level of translation [33].

However, the search for the motifs using this tool also has some limitations. Among the serious
disadvantages of this program is the trend to find very long motifs (over 20 nucleotides), these motifs
are present only on a small subgroup of sequences and/or frequently repeated motifs in one or just
a few sequences. Although statistical significance (p-value) of such motifs is very high, the motifs
themselves, as a rule, are rarely of any biological/practical interest and represent statistical artifacts.

Most likely, these limitations are the main reason why several studies of motifs failed to bring
any positive results [8,32,33]. Correspondingly, other computational approaches were used for this
search and their statistically significant representation in the transcripts with different translation
efficiency, for example, by comparing the frequencies of mono-, di-, and trinucleotide sequences.
Statistical tests, for example, the Kolmogorov-Smirnov or Fisher test, allow the detection of statistically
significant differences in such nucleotide distributions. Moreover, the use of linear or logistic regression
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makes it possible to detect not only the individual contribution of each sequence, but also the effect of
their combinations. In particular, partial least regression analysis has been applied to the detection
of the short regions residing in the neighborhood of the 5’-proximal region of 5’UTR that can play
an important role in differential translation in response to heat shock [8]. However, the linear or
logistic regression methods are also not free from limitations. For example, it is not practically
feasible to analyze motifs with a length of four nucleotides or longer, because their frequencies sharply
decrease and, as a consequence, the computation of statistical characteristics becomes too complicated.
In addition, these methods do not take into account the locations of motifs on sequences, which in
terms of biology mean the equal contributions of the codons residing far from the translation start
codon and in the immediate proximity.

3.4. Detection of Other Context Features of RNA

Statistical approaches are rather efficient when a set of potential characteristic features is
determined for a pool of sequences and is used as a reference in the analysis. However, the specific
cis-regulatory sequences in mRNAs that can modulate translation are identified using specialized
approaches and/or resources for their prediction. The examples below illustrate the approaches
to predict cis-regulatory sequences in the case studies of internal ribosome entry sites (IRESs) and
upstream ORFs (uORFs), first and foremost, conserved peptide uORFs (CPuORFs).

IRES are the nucleotide sequences that mediate translation initiation of alternative reading
frames (aORFs) under stress conditions, when the trivial cap-dependent translation mechanism is
inhibited without the corresponding changes in gene transcription [40]. In general, the IRESs of plant
mRNAs, unlike the IRESs of viruses, display considerable diversity in both nucleotide composition
and structure [41]. Despite this diversity, characteristic functional modules are distinguishable in the
IRESs, namely, (i) the presence of several start codons and their localization and (ii) the fact that some
IRESs carry short conserved modules, which are recognized by the plant translational machinery and
are directly involved in the immobilization of ribosome small subunit [42]. Polypurine blocks residing
close to the start codon, which may be directly involved in the immobilization of ribosome small
subunit, are an example of such conserved motifs [43].

The mRNAs potentially carrying IRESs can be selected by analyzing the experimental data
obtained by polysome or ribosome profiling followed by deep sequencing and/or by mass
spectrometry analysis. First and foremost, such mRNAs must retain a high level of their translational
activity under the impact of adverse environmental factors and carry additional alternative start
codons. The following strategy is appropriate for further selection and analysis of the mRNAs carrying
IRESs. (i) Interspecific comparison of the transcript sequences of homologous genes, which allows for
identification of the conserved region in the vicinity (30-50 nucleotides) of the alternative start codon
followed by (ii) assessment of the context of the alternative start codon, the optimal neighborhood
of which may suggest that translation can be potentially started from it. This strategy has been
successfully implemented for predicting translation initiation of a short aORF with involvement of
a polypurine block via internal ribosome entry [43]. Note that a commonly accepted confirmation
for an IRES activity is still its ability to provide a coordinated translation of reporter genes within a
bicistronic transcript (see below).

The advent of RP and high-throughput sequencing technologies made it possible to determine
the translation start sites and to discover numerous mRNAs with aORFs that (i) may have a putatively
inert sequence that acts as a mere translation barrier upstream of the main ORF or (ii) may encode short
peptides referred to as CPuORFs [44]. The main difference between CPuORFs and the other ORFs is
their length and, although there are no strictly defined frames, the ORFs shorter than 200-250 codons
are regarded as short. In general, the search for CPuORFs is analogous to the approach for prediction
of main ORFs and the strategy utilizing interspecific comparison of CPuORF sequences to identify
the conserved regions is in most cases used for this search and estimation of the coding potential.
This strategy is based on revealing the homology between such short peptide sequences and to a
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considerable degree depends on the range of the species selected for comparison. For example, it is
quite possible that the fact of preservation of CPuORFs within the plant species selected for comparison
is insufficient to reveal the conserved regions. In this case, the analyzed CPuORFs will not be identified
although their sequence is sufficiently conserved among the other species. When comparing the
CPuORF sequences among closely related species, the observed similarity between short uORF peptide
sequences may result from nucleotide sequence retention rather than conservation of these peptides.
In order to overcome the problems associated with selection of the species for comparative analysis,
a new method for CPuORF identification, BAIUCAS, was developed and tested [45]. BAIUCAS
utilizes sets of EST (expressed sequence tag) data for thousands of plant species to search for homologs.
The BAIUCAS algorithm consists of six successive stages: (i) exhaustive search for uORFs; (ii) search
for homologs of CPuORF amino acid sequences over EST databases using tBLASTn; (iii) selection
of CPuORFs based on the conservation of the stop codon position; (iv) selection of the CPuORFs
conserved in a wide range of species, i.e., the CPuORFs with the conserved stop codons detected in
each of several taxonomic categories; and (v) and (vi) are filtration stages, which excludes the “false”
conserved CPuORFs [45]. Using this approach to the search for CPuORFs, 16 A. thaliana CPuORFs
were identified; five of them are the new CPuORFs involved in the translation regulation of the main
OREF, which has been experimentally confirmed [46].

The list of the computational approaches that have been so far successfully used in decoding the
specific structural features in nucleotide composition of the plant mRNAs that mediate differential
translation control is rather short. One of the possible efficient computational tools for analyzing the
translatomes and predicting numerous regulatory codes in transcript sequences could be artificial
neural networks (ANNSs). This assumption relies on the facts that (i) most neural network architectures
is theoretically able to approximate any function, i.e., it is potentially possible using ANNs to construct
a model for almost any biological pattern, and (ii) the capabilities of the supercomputers have reached
the appropriate level to model biological processes using neural networks. However, a positive
result of analysis depends first on an adequately selected architecture of the network and second on
the amount and composition of the training sample and a training strategy. Several recent reports
confirm the utility of ANNSs in deciphering the molecular mechanisms involved in decoding the
eukaryotic genome. For example, the ANNs constructed based on RP data have been used to predict
the yield of protein products [47]; to search for the motifs potentially able to influence translation [48];
to extract the biologically important information from omics data [49]; and to simulate the interaction
between nucleic acids and different types of ligands (protein and peptides) [50]. The ANN potential is
broad enough and it can be expected its broad application to the research in diverse and multilevel
mechanism underlying translation in plants.

4. Approaches for Experimental Verification of the Systemic Experimental Data and Theoretical
Predictions of Intrinsic Features of Plant nRNAs Important for Differential Translation

As a rule, the experimental results on determination of the pools of differentially-translated plant
mRNAs as well as the predictions of the regions and nucleotide contexts in differentially-translated
transcripts require experimental confirmation of their functionality and contribution to the translation
efficiency. In this section, we will consider the main experimental approaches that allow for convincing
confirmation of which particular regions in individual mRNAs and/or features within plant transcripts
are important for modulation of translation. It should be emphasized that methods for high-throughput
experimental verification, i.e., concurrent analysis of a large pool of regulatory regions, are yet not
available; thus, potential regulatory sequences are examined for each individual transcript [4].

4.1. Direct Measurments of Individual Transcripts

Several tools for determining the changes of individual transcripts at the level of translation
are available, including (i) the systems for in vitro translation based on measuring the incorporation
of labeled amino acids, such as FUNCAT (fluorescent noncanonical amino acid tagging), SILAC
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(stable isotope labeling by amino acids in cell culture), BONCAT (bioorthogonal noncanonical
amino acid tagging), QuaNCAT (quantitative noncanonical amino acid tagging), and PUNCH-P
(puromycin-associated nascent chain proteomics), or cell-free protein expression systems, such as
the wheat-germ extract, which contain all factors necessary for translation of the target transcript;
(ii) toeprinting, or the primer extension inhibition assay, utilizing reverse transcription to study the
interaction of ribosomes with the target transcript; (iii) enzyme immunoassays, in particular, Western
blot hybridization; and (iv) mass spectrometry-based methods for identifying the changes in the
proteome or their combinations with in vitro translation methods, for example, PUNCH-P. The review
by Mazzoni-Putman et al. [4] describes the principles, advantages, and limitations of these methods
in detail.

However, these research methods are in most cases suitable for assessing the general changes in
translation, require considerable time, amount of reagents, and specialized equipment; correspondingly,
most research works now use the strategy of reporter systems for studying the structure—function
characteristics of the target sequences. The strategy of reporter genes considerably enhances such
research since it is much easier to record the protein product of a reporter gene as compared with a
studied gene. It should be also emphasized that the reporter genes code for the proteins that display
either unique specific features or unique enzyme activities, allowing their products to be easily isolated
from the totality of intracellular and extracellular proteins. Thanks to these advantages of reporter
systems over the other methods for studying the regulation of gene expression, they have been widely
used for experimental verification of the regions and nucleotide contexts in differentially-translated
transcripts. For studies of this type, expression cassettes are constructed that carry the reporter gene
sequence with the expression controlled by a particular regulatory region or sequence selected by
researcher (Figure 7). Researchers have at their disposal several reporter systems that have proved their
efficiency in the studies of potential regulatory sequences or the nucleotide contexts that modulate
translation in plant systems, in particular, 3-glucuronidase (GUS); different variants of fluorescent
proteins (for example, GFP and RFP); luciferases (Renilla luciferase, RLuc, and firefly luciferase,
FLuc); and thermostable lichenase (LicBM) [51,52]. Commercial substrates and kits as well as the
quantification methods for assessing the corresponding protein products are available for these reporter
systems. The main approaches that have been applied in the studies of various regulatory regions or
nucleotide contexts within transcripts with the use of reporter systems are illustrated below.

When experimentally confirming the role of the full-sized 5’UTRs in transcripts, these sequences
are cloned upstream of the 5" region of a reporter gene (Figure 7). Quantitative estimate of the reporter
gene protein product when using different target 5"UTRs versus the known translational enhancers
of various origins makes it possible to assess their contribution to the translation efficiency [51].
For example, A. thaliana mRNAs that are stably translated under any growth and environmental
conditions have been found by polysome profiling. Testing of the translation capability of mRNA
5’UTRs of candidate genes using the reporter gene strategy has convincingly demonstrated that the
5'UTR of 47 cold-regulated genes are an efficient translational enhancers, which enables a stable high
level translation under any conditions of plant growth. This suggests the utility of this method for
plant biotechnology, for example, when engineering plants producing biologically active substances
or the plants resistant to some stress factors, including the schemes that involve genome editing
technologies [9].

Recombinant 5’'UTR sequences are designed for identification of the cis-regulatory elements in
these mRNA regions, first and foremost, the motifs or specific nucleotide contexts potentially able to
influence differential translation, using for this purpose a (i) combinatorial approach, (ii) site-specific
mutagenesis, (iii) translation assessment of the second (3’-terminal) ORF of a bicistronic transcript,
(iv) deletion analysis, (v) frameshift mutations, or a combination of these methods (Figure 7).
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Figure 7. Approaches to experimental verification of the tested regulatory elements using the strategy
of reporter systems. (a) Combinatorial approach. Mutual substitutions of the predicted regulatory
motifs TeL and TeH (denoted with arrows) are introduced into the pairs of 5’UTRs of the same length
but considerably differing in the experimentally confirmed translation efficiencies. TeL and TeH are the
tested elements characteristic of the transcripts with low and high translation efficiencies, respectively.
(b) Site-specific mutagenesis. The native regulatory sequence is above and the mutant regulatory
sequence is below; different colors denote the region used for mutagenesis; direct arrows indicate
the substituted regions in two sequences. (c) Deletion analysis. The native regulatory sequence is
above; different colors denote the regions used for deletions: the regulatory region with deletion in
the 5" region is in the middle (deletion of the pink region of the native sequence) and the regulatory
region with deletion in the 3’ region is below (deletion of the blue region of the native sequence).
(d) Frameshift analysis. The region for introducing frameshift is dashed; the native nucleotide and
amino acid sequences are above and the mutant, below. The nucleotides colored red were frameshifted.
Simultaneous introduction of deletions and insertions to positions —1 and +1 changes the amino
acid composition of peptide sequence encoded by the alternative open reading frame preserving
the presence of the overlapping peptide and its length. (e) Bicistronic construct for studying the
functionality of IRESs. Two reporter genes are translated from the bicistronic construct in a coordinated
manner; translation of one of them (RG2) is controlled by the tested element (Te) and the other (RG1) is
translated according to the classical cap-dependent mechanism. In all panels, bent arrows denote the
transcription start point; Te, tested element; and RG, reporter gene.
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4.2. Site-Specific Substitutions

The combinatorial approach utilizes the fact that mutual substitutions of the predicted regulatory
motifs are introduced into the pairs of 5"UTRs with the same lengths but with experimentally confirmed
significant difference in translation efficiency (Figure 7a). Matsuura et al. [8] successfully used this
approach to identify new cis-regulatory elements in 5’'UTRs that influence the differential translation
of A. thaliana transcripts in response to heat shock (HS). The genome-wide analysis of the changes
in polysome loading of the transcripts in Arabidopsis cell culture allowed for selection of a set of
genes with different translational responses to HS. The 5’'UTR nucleotide sequences of the transcripts
that change the level of reporter protein in the protoplasts affected by HS were used to predict the
regulatory elements in 5’'UTRs with the help of partial least square (PLS) method. These computational
predictions suggested that two short regions residing in the vicinity of 5’-proximal region of the 5’'UTR
can play an important role in the relative activity of reporter protein and, thus, may be regarded as
cis-regulatory region candidates. In order to experimentally confirm the predictions on the importance
of these 5’"UTR regions in differential translation control, a series of mutual substitutions of these
regions in the pairs of 5’"UTRs with equal length but different translation efficiencies were analyzed.
Analysis of the reporter gives convincing evidence that the 5-proximal region of the 5’'UTR plays a key
role and that certain specific determinants in 5'UTR mediate the differential translation in response to
HS [8].

Site-specific mutagenesis makes it possible to introduce substitutions of one or a group of
nucleotides within strictly defined regions of nucleic acid sequences. Comparison of the levels
of a reporter protein translated when controlled by a native regulatory region (for example, 5’UTR)
and the same regulatory regions but with the introduced mutations (Figure 7b) demonstrates how
the modification of the primary sequences of nucleotide contexts and/or their secondary structures
modulates the translation of specific mRNAs. This approach, along with other molecular methods
(Western blotting, qPCR, polysome fractionation, and so on), has emerged to be most efficient
when studying both the mechanism underlying formation of RNA G-quadruplex in the 5’UTR of
the SUPPRESSOR OF MAX2 1-LIKE4/5 (SMXL4/5) mRNAs and the clarification of the role of a
specialized structure, the regulator of phloem formation. In particular, a novel zinc finger protein,
JUL, was identified; it specifically bound to consecutive guanine repeats in the 5’UTR of SMXL4/5
and induced RNA G-quadruplex. Moreover, convincing experimental data that both JUL1 and
G-quadruplex are necessary for strong translation suppression rather than a single-stranded G-rich
element have been obtained using the strategy of reporter systems. This suggests that the suppression
of translation is caused by either JUL1-mediated formation of G-quadruplex or the G-quadruplex/JUL1
complex recruits an unknown translational suppressor [53].

Site-specific mutagenesis has emerged to be efficient for clarifying the role of the TAGGGTTT motif,
overrepresented in the 5’"UTRs of the transcripts regulated at the level of translation. A comparative
study of two constructs, one with a native 5’"UTR carrying this motif and the other with the 5’UTRs
carrying mutations in this motif, has shown that the transcripts with the native 5"UTR are more
efficiently translated provided that the number of transcript are equal. Thus, it is experimentally proved
using reporter genes that the TAGGGTTT cis-element regulates expression of the gene particularly at
the level of translation [33].

4.3. Analysis Using Deletions

Deletion analysis of 5’'UTRs, implying construction of truncated variants of sequences and their
subsequent fusion with a reporter gene, makes it possible to identify nucleotide contexts decisive
for maintaining the structure of RNA that can be in two particular conformations, as for example, in
riboswitches (Figure 7c). Note that an important specific feature of the riboswitches is their ability
to both activate and inhibit translation from the controlled ORF, due to the presence of a specific
regulatory region, the aptamer. This region with a particular secondary and sometimes tertiary
structure, has the properties of a receptor for small molecules (ligands). In the overwhelming majority
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of cases, riboswitches reside in 5’UTRs. A deletion analysis of the A. thaliana phytoene synthase (PSY)
5’UTR has shown that the long 5'UTR variants (403 and 330 nucleotides) with two predicted sequences
of convertible RNA conformations, similar to riboswitches, inhibit translation of the reporter gene,
in contrast to the short variant (252 nucleotides) of the PSY 5'UTR, lacking such hairpin structure.
This allows the short 5’"UTR variant to pass the translational control and rapidly elevate the protein
levels [54].

4.4. Translation from Alternative ORFs

Translation of the alternative ORFs may be provided by a specific mRNA region, referred to as
IRES (internal ribosome entry site). The functionality of an IRES can be experimentally confirmed by
constructing bicistronic transcripts (Figure 7e) [40,41]. Note that the use of bicistronic constructs
when studying the IRES functionality is determined, in particular, by the need to normalize a
relative efficiency of the IRES-guided translation as compared with the cap-dependent translation.
For example, functionality of the initially predicted IRES in the mRNA for a tobacco heat shock
protein [55] was experimentally confirmed utilizing the ability of coordinated expression of reporter
genes within a bicistronic transcript [56]. A structural analysis of the 5’UTR of a maize heat shock
protein (Hsp101) mRNA has shown the presence of three stem loops towards the 5" end, which
suggested the functioning of the 5’UTR structure as an IRES. This assumption was experimentally
confirmed by comparing bicistronic reporter constructs; in particular, it has been shown that the overall
hsp101 5'UTR sequence (150 nucleotides) acts as an IRES, since the deletion of 17 nucleotides from the
5 end decreases the translation efficiency of the reporter gene transcript by 87% as compared with
the control sequence [57]. A functional analysis of the bicistronic constructs has revealed IRESs in the
A. thaliana WUS mRNA, coding for the homeodomain transcription factor WUSCHEL (WUS), as well
as the role of an additional protein, AtLal (an RNA-binding factor). As demonstrated, AtLal initiates
an IRES-dependent WUS mRNA translation by binding 5’'UTR (WUS is responsible for supporting the
A. thaliana apical meristems under stress conditions) [58].

Alternative ORFs are among the most abundant regulatory elements in mRNAs; they are
frequently present in the 5" leader regions of eukaryotic mRNAs (designated uORFs). Such uORFs may
negatively modulate the translation efficiency of the downstream main ORF. According to the current
estimate, approximately 20% of the A. thaliana protein-coding genes contain uORFs in their mRNA
5'UTRs [59]. Initially, such regulatory sequences are either predicted via searching for the conserved
peptide uORFs (CPuORFs) [45] or experimentally detected, in particular, by ribosome profiling
during, for example, plant cell response to a stress [43,60,61]. The highest interest of researchers is
associated with the function of the regulatory sequences, such as CPuORFs, which are able to act
in a sequence-dependent manner or cause ribosomal arrest, thereby modulating translation of the
main ORF.

4.5. Frameshift Mutations

The approach of frameshift mutations utilizes concurrent introduction of deletions and insertions
at —1 and +1 positions; this procedure changes only the amino acid composition of a peptide sequence
coded for in CPuORFs but retains the presence and unchanged length of the overlapping CPuORFs
(Figure 7d). This method has been used to analyze 16 recently predicted conserved CPuORFs of
A. thaliana for assessing a sequence-dependent effect of each CPuORF on expression of the main
ORF. A comparative analysis of the reporter protein activity of the variants when the translation
is controlled by either native CPuORFs or the CPuORFs with introduced frameshift mutations has
identified five novel CPuORFs that repress the expression of the main ORF in a sequence-dependent
manner. Moreover, it has been convincingly demonstrated that the C-terminal regions of four of
these CPuORF-encoded peptides play a crucial role in repressing the translation of the main ORF [46].
The functionality of three A. thaliana CPuORFs in arresting ribosomes during translation was tested
in another study. This mechanism of CPuORF action was clarified using toeprinting analysis and
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the additional experimental evidence was obtained by constructing the following three types of
reporter constructs. (i) With the CPuORF initiation codon removed from each reporter construct of
the native CPuOREF by replacing AUG with AAG; (ii) with frameshift only mutations, introduced
to the CPuORF sequences; and (iii) with both removed initiation codon and frameshift mutations
in CPuORF sequences. A comparative testing of all types of reporter constructs has shown that
removal of the initiation codon from CPuORFs considerably increases the reporter gene expression;
the frameshift mutations in CPuORFs also efficiently increase the reporter gene expression, although
to a lower degree as compared with the removal of initiation codon; while the simultaneous presence
of frameshift mutations and absence of the initiation codon have almost no effect on the reporter gene
expression. These results clearly demonstrate that (i) the peptide sequences are partially responsible
for strong repressive effects of these CPuORFs on the main ORF expression; (ii) repression of the main
ORF expression (in this case, the ORF of reporter transcript) depends on CPuOREF translation; and
(iif) these CPuORFs induce ribosomal arrest and thereby considerably inhibit expression of the main
OREF [62]. Thus, it is possible not only to insert regulatory sequences that control the reporter gene
translation into the constructs carrying this reporter, but also to introduce manifold modifications,
which allows their functional role in a key biological process, translation, to be assessed.

4.6. Characteristics and Reasoning for Selection of a Verification Method(s)

It should be emphasized that the selection of a method for assembling reporter constructs is of
highest importance, since it is necessary to clone the target regulatory sequences with a reporter gene
without the introduction of additional nucleotides, which may influence the translation modulation.
The classical restriction-ligation cloning method does not allow generation of such constructs and
requires several cloning stages. Several more economical and efficient technologies facilitating and
accelerating the design of such constructs have been recently proposed. These technologies make it
possible to produce seamless fusions of a “regulatory sequence-reporter gene”. Most of them utilize
the recombination between homologous sequences residing at the ends of the DNA fragments to
be assembled [63]. For example, the Gateway®cloning system is based on the well-characterized
site-specific recombinase system of the lambda phage for recombination of DNA segments. The DNA
segments are flanked by the ATT recombination sites, which provide seamless assembly of almost any
sequence [64]. However, this system also has certain limitations, namely, the need that the sequences
overlap for at least 15 nucleotides at their ends. Correspondingly, the assembly of nonoverlapping DNA
fragments requires additional terminal extensions or the use of bridge oligonucleotides [65]. Moreover,
in our view, the approaches, such as Golden Gate system [66,67] or CPEC (circular polymerase
extension cloning) strategy are more purposeful for designing the regulatory sequence-reporter
gene constructs [68]. The Golden Gate method utilizes the IIS type restriction fragments to generate
4-nucleotide sticky ends, flanking each DNA portion, which then can be effectively ligated using T4
ligase. The assembly is performed in a single reaction and gives a seamless or nearly seamless target
construct. This is determined by that the IIS type recognition sites are removed during ligation leaving
only four nucleotide which positions may be determined by researcher [69,70].

The principle underlying the CPEC method utilizes the polymerase extension mechanism and
one DNA polymerase for the in vitro assembly and cloning of sequences in any vector in a single-stage
reaction. CPEC allows for an integrated, combinatorial, or multifragment assembly of sequences as well
as for routine cloning procedures [68]. Thus, the Golden Gate and CPEC technologies have important
advantages suggesting their utility in designing of the reporter constructs intended for studying and
experimentally verifying the role of the regulatory regions in transcripts during translation.

As for the functional assessment of the constructs carrying a target regulatory sequence fused with
a reporter gene, two basic experimental approaches are used: they utilized (i) a transient (temporary)
and/or (ii) stable (constant) expression of reporter constructs in plants [4,71]. In the case of the
transient expression of reporter constructs, transfection of the protoplasts derived from leaves of
N. tabacum L. cv. BY2, lettuce, or A. thaliana are used as well as agroinfiltration of leaves (N. benthamiana,
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N. excelsior, N. tabacum var. xanth, or A. thaliana) or plant cell suspension culture (N. tabacum BY2
or A. thaliana T87) [4,71,72] (Supplement Table S1). In the current view, the transient expression of
reporter constructs is regarded as a more efficient approach because of lower material and time
expenditures. The protocols for generation of protoplasts and agroinfiltration have been elaborated
for many model and non-model plants, widening the range of the used plant objects. However,
there are some limitations in the application of transient expression associated with the variation
of protoplasts in the transformation efficiency and with the delivery of constructs to plant cells in
agroinfiltration [4,73].

A stable expression of reporter constructs in plants requires production of transgenic plants or
transgenic plant cell suspension cultures. This makes it possible to solve increasingly more complex
problems of translational control, such as translation regulation under different growth and stress
conditions or long-term physiological effects of certain changes in a sequence that modulate translation.
In particular, polysome fractionation of control and transgenic plants makes it possible to confirm that
the transcript of a reporter gene controlled by a tested regulatory sequence is actually associated with
the polysome fraction. Thus, it is possible to assess the translational status of the mRNA of a reporter
gene fused with the tested regulatory sequence, including under the effect of stress factors [8].

When using the methods involving both stable and transient expressions, the choice of an adequate
control is of a paramount importance to ascertain that the change in expression of the reporter protein
is actually associated with the change in translation (rather than with transcription, protein stability,
and so on) [4,51].

According to the available experimental data, the strategy of reporter systems is in demand for a
wide range of studies into individual regulatory sequences or their nucleotide contexts. The use of
this strategy gives the unique data on the functional role of target sequences in translation efficiency;
however, this strategy is, as a rule, supplemented with other methods. The choice of a particular
method depends on the regulatory sequence or its context to be studied be it a full-sized 5’'UTR or its
regulatory elements, such as RNA G-quadruplex, IRES, uORFs, and so on, which is in part summarized
above and is comprehensively described in the corresponding publications.

5. Conclusions

Translation plays a key role in the overall implementation of genetic information and the new
knowledge about the intricate and multilevel information encoded in the mRNA sequence are of a
paramount importance. The research into translation has revealed many new and interesting facts
about the structural and functional role of the mRNA regulatory sequences that mediate differential
translation. In particular, this success has been determined by the use of state-of-the-art technologies for
assessing the translational statuses of individual mRNA species on a genome-wide scale in combination
with computational algorithms and the methods for experimental verification, summarized here
(Figure 8).

The knowledge on roles of regulatory contexts in mRNA for translation efficiency as well as
the combinations of these contexts will require improvement of both experimental approaches and
theoretical algorithms. The researchers must have the opportunity not only to precisely determine
the correlation between the observed fluctuations in expression of a transcript and the actual content
of the corresponding protein in plants, but also to precisely define and estimate the contributions of
individual regulatory contexts and their combinations within mRNAs. Correspondingly, the need
for development of an integrated information resource for this purpose looks very reasonable.
This resource would comprise the information about (i) the experimental methods for assessing
the changes in translation on a genome-wide scale, including their modifications and applicability to
different plant species; (ii) the resources for analyzing, interpreting, and visualizing the polysome and
ribosome profiling data; (iii) the resources for constructing the target sequences of plant transcripts and
predicting their characteristics; (iv) the methods for experimental verification of the regulatory codes
of the plant transcripts involved in translation modulation; and so on. This will form the background
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for coordination of the numerous studies and the insight into the fine mechanisms underlying the
control of biological processes at the point of translation in plants. Also it will expand the capabilities
for future studies and the potential of applications of the mRNA regulatory contexts, including their
use in engineering novel plant genotypes carrying the best combinations of the corresponding alleles
and the generation of new of transgenes, including the use of genome editing technologies.

Figure 8. General strategy for identification, prediction, and experimental verification of the functional
elements within transcripts that mediate their efficient translation. (a) Primary data on the transcripts
differing in their translation efficiencies are obtained by sequencing the pools of the transcripts
generated by polysome profiling, TRAP, or ribosome profiling. (b) In silico analysis of the transcript
sequences identified the functional elements of transcripts. (c) Experimental verification of the predicted
functional elements within transcripts (case study of reporter systems).
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Abstract: Any project seeking to deliver a plant or animal reference genome sequence must address
the question as to the completeness of the assembly. Given the complexity introduced particularly
by the presence of sequence redundancy, a problem which is especially acute in polyploid genomes,
this question is not an easy one to answer. One approach is to use the sequence data, along with
the appropriate computational tools, the other is to compare the estimate of genome size with an
experimentally measured mass of nuclear DNA. The latter requires a reference standard in order to
provide a robust relationship between the two independent measurements of genome size. Here, the
proposal is to choose the human male leucocyte genome for this standard: its 1C DNA amount (the
amount of DNA contained within unreplicated haploid chromosome set) of 3.50 pg is equivalent to a
genome length of 3.423 Gbp, a size which is just 5% longer than predicted by the most current human
genome assembly. Adopting this standard, this paper assesses the completeness of the reference
genome assemblies of the leading cereal crops species wheat, barley and rye.

Keywords: flow cytometry; genome size; nuclear DNA content; reference genome
assembly; standardization

1. Introduction

The more that is known regarding the organization and function of plant and animal genomes,
the more it becomes clear that a full understanding of genome function will require the acquisition
of a complete sequence. The enormous throughput offered by current short read DNA sequencing
technologies allows for the sequencing of genomes of any size and at a high sequencing depth. While
this enables the ready assembly of single and low-copy sequences, the inclusion within the assembly
of repetitive sequence is a non-trivial challenge, and, together with sequence redundancy due to
polyploidy, represent a major obstacle to the acquisition of gap-free long-range genome sequences.

A reference genome assembly aims to faithfully represent a complete genome sequence, ideally
with each chromosome being represented by a single, gap-less pseudomolecule. The level of
completeness of an assembly remains difficult to ascertain, however, especially in the case of complex
genomes, in which tracts of repetitive DNA, segmental duplications and, in the case of polyploid
genomes, the presence of homoeologs, are all inimical to the elaboration of a “correct” assembly: the
result is that gaps, mis-assemblies and collapsed tandem repeats feature in most published genome
sequences. A much-used computational method to size a nuclear genome relies on the concept of k-mer
frequencies [1,2]. An alternative may be to determine the number of full-length LTR-retrotransposons.
As their number increases linearly with genome size, at least in grass species, it may serve as a measure
of assembly quality [3]. Genome size of unknown species might then be obtained by extrapolation,
using data from species whose genome size is known. However, as both approaches rely on sequence
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data, the only truly independent way to determine genome size is to experimentally determine the
quantity of DNA present in the nuclei.

2. Estimation of Genome Size

Two experimental approaches have been developed to estimate nuclear DNA amounts:
biochemical and cytometric. The former seeks to quantify the DNA harbored within a known mass
of plant tissue [4]; its weakness lies in the errors inherent in the estimation of the number of nuclei
present in the sample, in the unknown proportion of nuclei present at each of the various different
cell cycle stages and the non-estimable proportion of endo-reduplicated nuclei present. As a result,
cytometry-based estimations tend to be preferred, since these are designed to quantify the DNA
present in a population of nuclei at a known cell cycle stage [5]. The attempt by [6] to derive relative
nuclear DNA amounts present in several plant species using Feulgen micro-densitometry led to the
development of the now universally understood C-value terminology, where un-replicated haploid
nuclei contain a 1C DNA amount; the terminology has been refined in recent years [7]. Feulgen
microdensitometry was phased out during the 1980s as a result of the throughput benefits offered by
flow cytometry, which offers the possibility of analyzing large numbers of isolated nuclei in a short
time [5].

It is important to note that flow cytometry does not quantify nuclear DNA directly, but rather
achieves this by capturing the signal emitted from fluorochrome-stained nuclei. In order to determine
a nuclear DNA amount in absolute units, the fluorescence of an unknown sample has to be compared
with that of a reference standard of known genome size [8]. To avoid errors due to non-linearity, an
ideal reference standard should not differ in size by more than two or three-fold from the test sample,
implying that a set of reference standards is needed in order to cope with the large range of genome
size encountered among higher organisms. The question then becomes how to calibrate these reference
standards if none of the candidate species has itself been completely sequenced.

3. Standardization

Not unexpectedly, the issue applies as much to animal to plant or fungal genomes. To enable
a comparison of data obtained by different laboratories, Tiersch et al. [9] calibrated a set of animal
reference standards, choosing human male leukocytes (7 pg DNA/2C) as the primary reference; the
7 pg figure was based on estimates derived from Feulgen micro-densitometry [10]. The experiments
derived a 2C value of 2.5 pg DNA for domestic chicken, which was close to the value given by [11].
The domestic chicken genome has been adopted since this time as the most widely used reference
standard for the sizing of animal genomes [12]. In an effort to enable comparisons between animal
and plant genomes, DoleZel et al. [8] recommended a set of plant reference standards (Table 1), also
calibrated with respect to the human male leukocyte genome, assuming the 7 pg value assigned by
Tiersch et al. [9]. Over the past three decades, hundreds of genome size estimates have been published,
based mainly on the 7 pg value. The question is how close to reality these estimates really are, which
relates in the main to how accurate the 7 pg figure is. According to the arguments made by Dolezel
and Greilhuber [13], the value most probably over-estimates the true value by 5-10%.
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Table 1. Plant DNA reference standards calibrated for the estimation of nuclear DNA amounts in
absolute units [8].

Plant Species and Cultivar * 2C DNA Content (pg DNA) **
Raphanus sativus L. ‘Saxa’ 1.11
Solanum lycopersicum L. ‘Stupické polni 1.96
rané’ '
Glycine max Merr. ‘Polanka’ 2.50
Zea mays L. ‘CE-777 5.43
Pisum sativum L. ‘Ctirad’ 9.09
Secale cereale L. ‘Darikovské’ 16.19
Vicia faba L. ‘Inovec’ 26.90
Allium cepa L. *Alice’ 34.89

* Seeds of the reference standards can be obtained from the corresponding author free of charge at dolezel@ueb.cas.cz.
Since the year 2000, seed samples were provided to 615 research projects worldwide. ** Estimated after considering
7 pg DNA/2C for human [9].

4. The Human Genome as a Universal Reference Standard

Seventeen years have passed since the joint announcement of the human genome sequence [14,15].
This period has seen a number of attempts to complete the assembly, applying a variety of
technologies [16,17]. All of these have reported a smaller genome size than what has, as of the
end of 2017, been suggested in GRCh38.p12, the most recently released Genome Reference Consortium
version, which comprises 3,257,319,537 bp. Assuming the DoleZel et al. [18] conversion of 1 pg = 0.978
Gbp, 3.5 pg 1C DNA is equivalent to 3,423,000,000 bases. Thus, the 7 pg value represents an ~5.1%
over-estimate of the GRCh38.p12 assembly prediction. This difference lies at the lower end of the
error range predicted by DoleZel and Greilhuber [13]. Given that the human reference genome is still
incomplete, the expectation is that the gap between the 7 pg figure and the “real” human genome size
will continue to diminish. Nevertheless, a 5% error is not dissimilar to the variation observed between
estimates of nuclear DNA amounts of a given species produced by different laboratories [19,20]. Thus,
the recommendation remains that the 7 pg figure continue to be used as the reference for measuring
2C values of both animal and plant genomes.

5. Sizing the Large Triticeae Genomes

Three species belonging to the tribe Triticcae—namely, bread wheat (Triticum aestivum), barley
(Hordeum vulgare) and to a lesser extent, cereal rye (Secale cereale)}—provide a major proportion of
the calories used by humans and their livestock across the temperate world. The acquisition of
their genome sequences will facilitate marker- and genomics-assisted breeding, gene editing and
other novel breeding technologies currently under development. Reference genome sequences have
been published for barley [21], wild emmer wheat (T. dicoccoides) [22] and hexaploid bread wheat
(T. aestivum) [3], and one for cereal rye is currently being finalized (Nils Stein, pers. comm.). Here, flow
cytometry was utilized to assess the nuclear DNA content of wild emmer, bread wheat, barley and
cereal rye. To minimize errors due to copy number variants and intraspecific differences in genome size,
the accessions of each species were those used for the acquisition of their genome sequences. The cereal
rye cultivar Darkovské (16.19 pg/2C) and garden pea (Pisum sativum) cultivar Ctirad (9.09 pg/2C)
were used as reference standards (Table 1). Rye was selected out of the calibrated reference standards
(Table 1) as its 2C value was close to 2 C DNA amounts of tetraploid and hexaploid wheat and barley.
However, this standard could not be used for another accession of rye and thus pea was employed as
the second standard. The outcomes are summarized in Table 2.
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Table 2. Estimation of nuclear DNA amounts in the four Triticeae species.

2C Nuclear DNA Content (pg) *

Species and Genotype Reference Standard

Mean + SD
Triticum aestivum cv. Chinese Spring 33.91 0.27 Secale cereale cv. Datikovské
Triticum dicoccoides cv. Zavitan 25.11 0.16 Secale cereale cv. Datikovské
Hordeum vulgare cv. Morex 10.31 0.09 Secale cereale cv. Darikovské
Secale cereale inbred line Lo7 15.95 0.11 Pisum sativum cv. Ctirad

* Considering 7 pg DNA/2C for human [9].

6. Completeness of the Current Triticeae Reference Genome Assemblies

To estimate the completeness of reference genome assemblies of the four test-species, the sizes
predicted by each of their assemblies were compared with their estimated genome sizes as derived by
flow cytometry. Taking the [9] figure of 7 pg DNA/2C, the conclusion was that the Triticeae assemblies
represent at least 85% of their full genome (Table 3). However, adopting the GRCh38.p12 with 1C
genome size of 3,257,319,537 bases as the reference, increased the coverage to at least 88%. It should
be noted, however, that the data on the size of genome assembly do not inform about its quality, i.e.,
the correct ordering and orientation DNA contigs. This parameter needs to be assessed using other
methods than flow cytometry.

Table 3. The estimated level of completeness of the four Triticeae reference genome assemblies.

Flow Cytometric Estimation of 1C Genome Size **

Species I}:Sf:::nr;cley ?él;;r)n: GRCh38.12 [91
Genome Size Assembly Genome size Assembly
(Gbp) Coverage (%) (Gbp) Coverage (%)
H. vulgare 4.79 4.88 98 5.04 95
S. cereale 6.67 7.42 90 7.80 86
T. dicoccoides 10.50 11.87 88 12.28 85
T. aestivum 14.50 16.03 90 *** 16.58 87

* Reference genome assemblies: H. vulgare [21], T. dicoccoides [22], T. aestivum [3], S. cereale (Nils Stein, pers. comm.).
** Two different values were used for human 1C genome size as a primary reference standard: 3,257,319,537 bp
(GRCh38.p12) and 3,423,000,000 bp [9]. *** Slightly higher value (92%) was estimated by the International Wheat
Genome Sequencing Consortium [3] when considering human genome size of 3,253,848,404 bases (Human Genome
Assembly GRCh38.p11).

7. Concluding Remarks and Recommendations

Cytometric methods suitable for the estimation of nuclear genome size independent of DNA
sequence data require a reference standard of known genome size. The most widely used animal and
plant DNA reference standards have been calibrated from the human male leucocyte genome, assuming
its length to be 3.42 Gbp/1C (and its 2C content to be 7 pg DNA), even though the length estimate
is 5.1% greater than what the most current assembly predicts; however, given that the GRCh38.p12
assembly is most probably still incomplete, the real difference may be smaller than this. Thus, for the
moment, it would seem reasonable to continue with this figure. The use of an agreed standard will
facilitate comparisons between results obtained in different laboratories. Once the human genome size
is known to a yet higher level of precision, it will be straightforward to recalculate the size of genomes
estimated to date.

8. Materials and Methods

Grain of hexaploid bread wheat cultivar (cv.) Chinese Spring were obtained from P. Sourdille
(INRA Clermont-Ferrand, Clermont-Ferrand, France), those of T. dicoccoides (accession Zavitan) from
A. Distelfeld (Tel Aviv University, Tel Aviv, Israel), those of barley cv. Morex from Nils Stein (IPK,
Gatersleben, Germany) and those of cereal rye inbred line Lo7 from Eva Bauer (Technische Universitét
Munich, Munich, Germany). Grains of cereal rye cv. Darikovské and seed of pea cv. Ctirad were
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obtained from, respectively, the Oseva Agro (Brno, Czech Republic) and Semo (Smrzice, Czech
Republic) breeding stations. Plants were raised in garden compost in pots and maintained in a
greenhouse until they reached a height of 10-15 cm. Nuclei were extracted from leaves and suspended
in preparation for flow cytometry following the methods given by [23]. Briefly, 10 mg of leaf tissue of
each of the sample species and one of the two reference standards were chopped together in a 1 mL
volume of LBO01 solution [23] using a razor blade. The resulting homogenate was filtered through a
50-um nylon mesh. The filtrate was made up to 50 ug/mL RNase and 50 pg/mL propidium iodide,
and subjected to flow cytometry using a CyFlow Space flow cytometer (Sysmex Partec GmbH, Gorlitz,
Germany) equipped with a 532 nm green laser. The gain of the instrument was adjusted so that
the peak representing G1 nuclei of the standard was positioned approximately on channel 100 on a
histogram of relative fluorescence intensity when using a 512-channel scale. Five individual plants per
each test species were sampled, and each sample was analyzed three times, each time on a different
day. A minimum of 5000 nuclei per sample was analyzed and 2C DNA contents (in pg) were calculated
from the means of the G1 peak positions by applying the formula (sample G1 peak mean) x (standard
2C DNA content)/(standard G1 peak mean). DNA contents in pg were converted to genome lengths
in bp using the factor suggested by Dolezel et al. [18], i.e., 1 pg DNA = 0.978 Gbp.
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Abstract: Pyrus hopeiensis is a valuable wild resource of Pyrus in the Rosaceae. Due to its limited
distribution and population decline, it has been listed as one of the “wild plants with a tiny population”
in China. To date, few studies have been conducted on P. hopeiensis. This paper offers a systematic
review of P. hopeiensis, providing a basis for the conservation and restoration of P. hopeiensis resources.
In this study, the chloroplast genomes of two different genotypes of P. hopeiensis, P. ussuriensis Maxin.
cv. Jingbaili, P. communis L. cv. Early Red Comice, and P. betulifolia were sequenced, compared and
analyzed. The two P. hopeiensis genotypes showed a typical tetrad chloroplast genome, including a pair
of inverted repeats encoding the same but opposite direction sequences, a large single copy (LSC)
region, and a small single copy (55C) region. The length of the chloroplast genome of P. hopeiensis HB-1
was 159,935 bp, 46 bp longer than that of the chloroplast genome of P. hopeiensis HB-2. The lengths of
the SSC and IR regions of the two Pyrus genotypes were identical, with the only difference present
in the LSC region. The GC content was only 0.02% higher in P. hopeiensis HB-1. The structure and
size of the chloroplast genome, the gene species, gene number, and GC content of P. hopeiensis were
similar to those of the other three Pyrus species. The IR boundary of the two genotypes of P. hopeiensis
showed a similar degree of expansion. To determine the evolutionary history of P. hopeiensis within
the genus Pyrus and the Rosaceae, 57 common protein-coding genes from 36 Rosaceae species were
analyzed. The phylogenetic tree showed a close relationship between the genera Pyrus and Malus, and
the relationship between P. hopeiensis HB-1 and P. hopeiensis HB-2 was the closest.

Keywords: Pyrus hopeiensis; cp genome; IR boundary; phylogeny

1. Introduction

Pyrus belongs to the Pyrus ssp. of the Maloideae subfamily (Rosaceae), which mainly includes
temperate fruit trees. There are more than 30 species in this genus, and 13 species are present in
China [1,2]. The pear has been cultivated for over 3000 years in China. It is the third most commonly
cultivated fruit tree after apple and citrus. China is the world’s largest pear producer, accounting
for 71.2% of the world’s total pear area. Wild resources of Pyrus are extremely precious. They are
mostly distributed in the valleys, hillsides, and forest margins, and are characterized by cold resistance,
drought resistance, disease resistance, barren tolerance, saline-alkali tolerance, and strong adaptability.
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They provide material for screening quality rootstocks and for molecular breeding. The flowers, leaves,
and fruit also have high ornamental value. The fruit of the pear is rich in fruit acids, vitamins, sugars,
and many mineral elements essential for human life. It is sweet and refreshing and can be used to
make dried and preserved pears, wine, and other products. Furthermore, it is regarded as having
a high medicinal value and is used to reduce fevers, moisten the lungs, provide cough relief, and
eliminate phlegm. Therefore, Pyrus is a valuable wild resource with a high exploitation value.

P. hopeiensis is a rare wild resource of the genus Pyrus in the subfamily Rosaceae [3,4], which has
been listed as one of the “wild plants with a tiny population” in China. It can be found at the edges of
hillside jungles at 100-800 m above sea level. At present, only a few genotypes have been found in
Changli, Hebei Province. So far, there have been few studies about P. hopeiensis. Successful sequencing
of the chloroplast genome of P. hopeiensis in our study provides a foundation for further study of
its chloroplast molecular biology and can effectively promote genetic breeding and help clarify the
molecular evolution of P. hopeiensis. It also provides some basis for the evolutionary analysis and
classification of the genus Pyrus. What is more, this study gives a systematic review of P. hopeiensis that
is useful for the conservation and restoration of wild P. hopeiensis resources.

Chloroplasts are the main site of photosynthesis, where fatty acids, starch, pigments, and other
materials are synthesized [5]. They are independent of the plant nuclei and have a highly conserved
genomic structure. Chloroplast DNA (cpDNA) has the beneficial characteristics of multiple copies,
low molecular weight, and simple structure. Unlike the nuclear genome, which contains more
repetitive sequences, and the mitochondrial genome, which is frequently rearranged, the chloroplast
genome is rather conservative. The main mutation types are substitution and base insertion or
deletion, and the mutation rate is low. Additionally, the chloroplast genome is of moderate size,
making it easier to sequence than complex nuclear genomes. The chloroplast genome is maternally
inherited in angiosperms with an independent evolutionary route [6]. Phylogenetic trees can be
constructed using cpDNA data only, and the chloroplast genome shows good collinearity among
plant groups. Sequencing data are relatively easy to analyze and the chloroplast genome structure
sequence information can be used to study the species origin, evolution, and relationships between
different species. In recent years, with the development of high-throughput sequencing technology,
more chloroplast genomes of Rosaceae have been sequenced. In this study, the chloroplast genomes of
two genotypes of P. hopeiensis and three other Pyrus (P. ussuriensis Maxin. cv. Jingbaili, P. communis L.
cv. Early Red Comice, and P. betulifolia) were sequenced and compared with other Rosaceae plants.
The genome structure and phylogeny of Pyrus were elucidated.

2. Results and Analysis

2.1. Basic Characteristics of Chloroplast Genome of P. hopeiensis

The chloroplast genome of P. hopeiensis has a typical tetrad structure, including paired IRa and
IRb sequences, encoding in opposite directions, and large and small single copy regions (Figure 1).
The total chloroplast genome of P. hopeiensis HB-1 was 159,935 bp in length, 46 bp smaller than that of
P. hopeiensis HB-2. The large single copy (LSC) region was 87,961 bp long, 46 bp smaller than that of
P. hopeiensis HB-2. The length of the small single copy (SSC) region was 19,200 bp and the IR region
was 26,387 bp, the same as those of P. hopeiensis HB-2. There was little difference in length between the
two P. hopeiensis genotypes, and what difference existed was in the LSC region.

A total of 117 genes (Table 1) from the chloroplast genome of P. hopeiensis HB-1 were annotated,
including 77 protein coding genes, 31 tRNAs, eight rRNAs, and two pseudogenes (clpP and atpF).
P. hopeiensis HB-1 lacked only the MATK protein-coding gene that was associated with biosynthesis
in P. hopeiensis HB-2. These 77 protein-coding genes can be divided into four categories. The first
contains 28 self-replicating genes, including three subunits encoding the synthesis of chloroplast RNA
polymerase. The second category contains 40 genes related to photosynthesis, including light systems I
and I, a cytochrome b 6/f protein complex, and ATP synthase and other biosynthesis genes, including
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cytochrome-related genes (P. hopeiensis HB-1 contains three genes and P. hopeiensis HB-2 contains
four genes). The fourth category contains five unknown genes, such as the ycf gene. The IR region of
P. hopeiensis contains 32 genes, of which the ndhB gene is present only in the IRb region and is absent in
the IRa region. In addition, rps12 is a mitotic gene with its 5 terminal located at the LSC region and 3’
end with a copy is located in each of the two IR regions. This phenomenon is common in higher plants.
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Figure 1. Gene maps of Pyrus hopeiensis HB-1chloroplast genomes.

The chloroplast genome of P. hopeiensis HB-1 contains 11 genes that harbor introns and one more
trnl-TAT gene than P. hopeiensis HB-2. Of these 11 genes, two are tRNA genes (trnl-TAT and trnl-AAT)
and nine are protein-coding genes (rpoC1, rpl22, rpl22, ndhA, rpl2, rpl2, rps12, rps12, rps12, ycf3), of which
ycf3 contains two introns. Excepting the intron length of the trnl-AAT gene, P. hopeiensis HB-2 is larger
than P. hopeiensis HB-1. The exon and intron lengths of the two P. hopeiensis genotypes are identical.
Among the coding genes, ndhA was the longest at 1125 bp, and rpl22 was the shortest at 63 bp.
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2.2. Comparison of the Basic Characteristics of the Chloroplast Genome in Five Pyrus Species

The chloroplast genome of Pyrus is a typical ring structure 159,834-160,059 bp in length (Table 2).
The chloroplast genome of P. communis L. cv. Early Red Comice is the shortest, and the longest is
P. ussuriensis Maxin. cv. Jingbaili. The LSC length of Pyrus is 87,793-88,074 bp, the longest in P. ussuriensis
Maxin. cv. Jingbaili and the shortest in P. communis L. cv. Early Red Comice. The SSC length is
19,201-19,261 bp, with the longest in P. betulifolia and the shortest in both genotypes of P. hopeiensis.

Table 2. Comparison of the basic characteristics of chloroplast Genome in five Pyrus species.

Pyrus Pyrus Pyrus ussuriensis ~ Pyrus communis L.
hopeiensis hopeiensis Maxin. cv. cv. Early Red Pyrus
P 4 . o Y betulifolia
HB-1 HB-2 Jingbaili Comice
Length (bp) 159,935 159,981 160,059 159,834 160,058
GC content (%) 36.59 36.57 36.57 36.58 36.57
AT content (%) 63.41 63.43 63.43 63.42 63.43
LSC length (bp) 87,962 88,008 88,075 87,794 88,025
SSC length (bp) 19,201 19,201 19,212 19,260 19,261
IR length (bp) 26,386 26,386 26,386 26,390 26,386
Gene number 118 119 117 114 120
Pseudogene number 2 2 2 2 2
Gene number in IR regions 32 32 31 31 32
Protein-coding gene number 77 78 75 74 77
Protein-coding gene (%) 64.25 65.55 64.10 64.91 64.17
rRNA gene number 8 8 8 8 8
rRNA (%) 6.78 6.72 6.84 7.02 6.67
tRNA gene number 31 31 32 30 33
tRNA (%) 26.27 26.05 27.35 26.32 26.50

The IR regions were of similar length in four of the five Pyrus species, and only differed by 4 bp,
except in P. communis L. cv. Early Red Comice. The GC content was similar, 36.57-36.59%. The number
of protein-coding genes ranged from 74 to 78. The chloroplast genome of the five Pyrus species
contained 15 genes, including introns (nine protein-coding genes and six tRNAs, see Table 3), and
the ycf3 gene contained two introns. The intron in P. betulifolia contained 13 genes, followed by 12 in
P. ussuriensis Maxin. cv. Jingbaili, 11 in P. hopeiensis HB-1, 10 in P. hopeiensis HB-2, and 10 in P. communis
L. cv. Early Red Comice. In the five Pyrus species, nine genes contained introns (rpoCl1, ycf3, rpl22,
rpl2, ndhA, ndhB, rpl2, rps12, and rps12), all of which were protein-coding genes. The intron in the
ndhA gene was the longest, at 1125-1169 bp. Other than the short intron length of the trnl-TAT gene in
P. ussuriensis Maxin. cv. Jingbaili, #pl22 harbored the smallest intron of the other four Pyrus species,
at 63-83 bp. The results showed that the size, structure, sequence, and GC content of the chloroplast
genome of P. hopeiensis were similar to those of the other three Pyrus species, which was characteristic
of the slow evolution of the genus Pyrus [7] in comparison to the chloroplast genomes of P. hopeiensis,
P. communis L. cv. Early Red Comice, P. ussuriensis Maxin. cv. Jingbaili, and P. betulifolia.

Table 3. Statistics of gene introns in the chloroplast genome of five Pyrus species.

Pyrus Pyrus Pyrus ussuriensis ~ Pyrus communis

Gene Strand  hopeiensis  hopeiensis Maxin. cv. L. cv. Early Red beiyl:;oslia
HB-1 HB-2 Jingbaili Comice

trnl-TAT - v x v, x Vv
trnl-TAT + X X v X v
trnN-ATT + x X Vv v x
poCl - v v v v v
yof3 - v v v v Vv
rpl22 - v Vv v v Vv
rpi2 - Vv v v v v
ndhA - Vv v v Vv Vv
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Table 3. Cont.

Pyrus Pyrus Pyrus ussuriensis ~ Pyrus communis Pyrus
Gene Strand  hopeiensis  hopeiensis Maxin. cv. L. cv. Early Red be tuzi folia
HB-1 HB-2 Jingbaili Comice
ndhB + Vv Vv Vv Vv Vv
rpi2 + v v v v v
rps12 - v v v v v
rpsi2 + v v Vv v v
trnl-AAT + v v X X X
trnL-TAG — X X X X v
trnY-ATA + X X X X Vv
Total 15 11 10 12 10 13

2.3. Chloroplast Gene Gain—Loss Events

The chloroplast genome structure of most higher plants is stable, and the number, sequence, and
composition of genes are conserved. However, the loss of chloroplast genome genes is common. For
example, the chloroplast genome of the sweet orange has lost the infA gene [8]; the ycf1, ycf2, and
accD genes have been lost in Gramineae [9], and the chloroplast genome of some legumes has been
recombined several times, resulting in the deletion of a copy of the IR region [10]. The rpl22 gene
was detected in the chestnut nuclear genome [11], presumably having derived from the chloroplast
genome. In addition, the rpl32 gene was transferred to the nuclear genome in the poplar [12], and
17 similar chloroplast regions were found in the mitochondrial genome of papaya, suggesting that the
chloroplast gene may have transferred to the mitochondria [13]. However, there have been few studies
on how these genes are lost, transferred, and integrated into the nuclear and mitochondrial genomes.

In this study, we compared the gain-loss events of eight Pyrus species (five Pyrus species that
were sequenced in this study and three other Pyrus species, P. pyrifolia, P. spinose, and P. pashia,
which were downloaded from NCBI) (Tables 4 and 5). The psbL, psbl, trnl-GAU, trnA, trnL, and
trnY-AUA genes were most readily lost through evolution, followed by trnA-UGC, trnG-UCC, trnl-AAU,
trnl-GAU, trnK-UUU, trnN-AUU, and trnV-UAC. P. hopeiensis HB-1 contained one less MATK gene
than P. hopeiensis HB-2. Compared with the other three sequenced Pyrus species, trnl-AAU was only
present in P. hopeiensis HB-1 and P. hopeiensis HB-2. The atpB gene was only lost in P. ussuriensis Maxin.
cv. Jingbaili and P. communis L. cv. Early Red Comice, and petB, petD, rps16 and trnL-UAA were present
in the five Pyrus species sequenced here, but missing in P. pyrifolia, P. spinosa, and P. pashia.

2.4. Synonymous (KS) and Nonsynonymous (KA) Substitution Rate Analysis

Nucleotide mutations that do not cause amino acid changes are known as synonymous mutations,
whereas nonsynonymous mutations do cause changes to the amino acid sequence. The Ka/Ks ratio
(or dN/ds) of nonsynonymous substitution (Ka) and synonymous substitution (Ks) is the selection
pressure of an encoded protein, which can be used to determine whether the gene encoded by the
protein is under selection pressure. If Ka/Ks > 1, the protein is considered to be positively selected;
if Ka/Ks =1, the protein is neutral; and if Ka/Ks < 1, the protein is considered to have undergone
purifying selection. It is generally believed that synonymous mutations are not subject to natural
selection, whereas nonsynonymous mutations are.
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Compared to P. hopeiensis HB-1, psa], rpl20, rps18, and ycfl in P. hopeiensis HB-2 were subject to
negative selection, and no positive selection gene (Figure 2 and Table S1-54) was found. In P. betulifolia,
atpE, ndhF, ndhl, rps18, and ycf2 were subject to positive selective pressure, whereas ndhD, ndhH, ndhK,
rpl20, rpI22, rpoC2, rps11, and ycfl were subject to negative selection. The psbC, psbK, rpoA, rps14, rps18,
and ycf2 genes were subject to positive selective pressure in P. communis L. cv. Early Red Comice.
Moreover, accD, atpA, atpE, cemA, matK, ndhA, ndhD, ndhF, ndhH, petA, psaA, psaB, rbcL, rpl22, rpoB,
rpoC2, rpsll, rps2, rps3, and ycf4 were subject to negative selection. In P. ussuriensis Maxin. cv. Jingbaili,
atpE, atpl, cemA, ndhF, rps18, and ycf2 were subject to positive selective pressure, and ndhD, ndhH, psaA,
psbC, rpl20, rpl22, rpoC2, rps11, and ycf4 were subject to negative selection. Compared with P. betulifolia,
atpE was subject to positive selective pressure in P. betulifolia and P. ussuriensis Maxin. cv. Jingbaili,
whereas atpE was subject to negative selection in P. communis L. cv. Early Red Comice. This shows
that the chloroplast genome of Pyrus has been affected by different environmental pressures during
evolution, which may account for the different gene numbers among the five Pyrus species.
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I RRRWAY. :

(c) (d)
Figure 2. Ka/Ks value of five Pyrus species. (a)—(d) represent the Ka/Ks values of Pyrus betulifolia,

Pyrus communis L. cv. Early Red Comice, Pyrus ussuriensis Maxin. cv. Jingbaili, and Pyrus hopeiensis
HB-2, respectively, with respect to Pyrus hopeiensis HB-1.

2.5. Indel Identification and Relationship of the Five Pyrus cp Genomes

The nucleotide bases in coding and non-coding regions have different evolutionary mutation
rates. DNA variations located in coding regions can lead to large phenotypic and functional variations;
moreover, these often have a slower mutation rate, making them suitable for phylogenetic studies of
higher order elements (families, orders, and higher). Mutations in non-coding regions have little effect
on phenotype and fewer functional restrictions, and as they take no part in the transcription/translation
process, they have a relatively high nucleotide replacement rate and hence rapid evolution, making
them suitable for the phylogenetic study of lower order elements (species, genus) [14].

The chloroplast genome data of five Pyrus species were compared with those of P. hopeiensis
HB-1 by multiple sequence alignment using MAFFT. All differentially expressed sites were extracted
using a script from the comparison results, and differences in sites of indels > 5 bp were screened

98



Int. J. Mol. Sci. 2018, 19, 3262

out. The location of different chloroplast genome sites was determined and ggplot in R was used
to create graphic plots that were then optimized using Al. The results indicated 15 mutation sites
in P. hopeiensis (Figure 3), which included 11 insertion and four deletion sites. All of these mutation
sites were located in the LSC region; three were located in gene regions and 12 in intergenic regions.
Among these, the longest was located in the ndh-trnM-CAT region, and as many as six mutations
were located in the intergenic region rpl18—rps20. A total of 96 mutation sites were detected in the
other four Pyrus species, 81 of which were located in the LSC region of the chloroplast genome and
11 in the SSC region, whereas only two mutation sites were found in the IRa and IRb regions in
P. communis L. cv. Early Red Comice. There were more mutation sites in the SC region, and the IR
region was more conserved. Indels were mainly located in the intergenic regions, and three indel
loci were detected in the intron region (rpi22, trnN-ATT, ndhA). Because the protein-coding region
is arranged by triplet codons, the tolerance of indels is poor. Therefore, only five indel loci were
detected in the protein-coding region (trnL-TAT, trnN-ATT, rps18, rps19 and ycf1), but no indel loci were
detected in the rRNA region. A comparison of the occurrence of these indel loci among the four Pyrus
species revealed 15 indel loci in the chloroplast genome of P. hopeiensis, 32 in P. ussuriensis Maxin. cv.
Jingbaili, 57 in P. communis L. cv. Early Red Comice, and 31 in P. betulifolia. The insertion or deletion
frequency in the chloroplast genome of P. hopeiensis HB-2 was less than that in P. hopeiensis HB-1.
The psbA-trnQ_TTG and rpl18-rps20 intergenic regions were the most variable regions with seven loci,
followed by trnT-TGT_trnF_GAA (six) and the trnl-TAT gene-coding region (six). The largest indels
were located in psbA_trnQ-TTG in the chloroplast genome of P. communis L. cv. Early Red Comice.
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Figure 3. Indels (>5 bp) identified based on multiple sequence alignment of five Pyrus cp genomes.
Insertions are shown above and deletions below the horizontal axis. Indel distribution was positioned
using Pyrus hopeiensis HB-1 as a reference.

2.6. Codon Preference Analysis

Codons have an important role in the transmission of genetic information. Codon use is not
equal in many species, and the phenomenon of a specific codon use frequency being higher than that
of its synonymous codon is known as codon preference [15]. Codon preference is formed during
the long-term evolution of organisms, with different species having different codon preferences.
Codon use is affected by natural selection, mutagenesis, tRNA abundance, the composition of base
groups, hydrophilicity of codons, gene length, and expression levels [16]. Analysis of the codon use
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preferences of a species improves our understanding of the transmission of genetic information and
the development of evolutionary and phylogenetic models.

The annotated files of plant genomes, including P. pashia, P. pyrifolia, Malus prunifolia, Prunus
mume, and Chaenomeles japonica, were selected from the NCBI database, including the sequence files
encoding CDS and proteins. According to the full-length CDS criterion, sequences with lengths <300 nt
were deleted. The codon-use frequency of each genome was extracted from the annotated files of
each genome and the corresponding frequency ratio was calculated. The final statistical results were
clustered and mapped using the pheatmap package in R. The results showed obvious codon use
preferences for both types of P. hopeiensis, among which ATT, AAA, GAA and AAT, and TTT were
used most frequently (Figure 4). Statistical analysis of all the codons of P. hopeiensis, the three other
Pyrus species, and the other Rosaceae showed a high A/T preference in the third chloroplast codon.
This is common in the chloroplast genomes of higher plants [17-21].

Figure 4. Codon distribution of all merged protein-coding genes. Red indicates a higher frequency and
blue indicates a lower frequency.
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2.7. Comparison of the Genome Structure in Rosaceae cp Genomes

The chloroplast genome structure of most higher plants is relatively stable and the number,
sequence, and composition of their genes are conserved. However, because different plant groups
have different evolutionary histories and genetic backgrounds, the chloroplast genome size, genome
structure, and gene numbers vary. Insertion/deletion is the most frequent type of microstructural
variation in the chloroplast genome, and it occurs frequently in some segments where the variation
is high, such as trnH-psbA and trnS-G. In Rosaceae, an insertion/deletion of 277 bp in the intergenic
region of the trnS-G gene was reported in peach plants [22], and an insertion/deletion of 198 bp in the
intergenic region of trnL-F was identified in P. mume [23].

The collinear method was used to analyze and compare the chloroplast genomes of the
two genotypes of P. hopeiensis, the other three sequenced Pyrus, and other related Rosaceae (P. pashia,
P. pyrifolia, P. spinosa, M. prunifolia, P. mume, and C. japonica). The results showed optimal collinearity
between P. hopeiensis HB-1 and P. hopeiensis HB-2, and only a few sites contained insertions and
deletions (Figure 5). Compared with the other Rosaceae, the genome structure and gene sequences
were highly conserved, with more linear relationships indicating high chloroplast genome homology
among the different plants.
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Figure 5. Co-linear analysis of various plant chloroplast genomes.

2.8. IR Contraction Analysis

The IR region is considered to be consistent and stable in the chloroplast genome. However, in
the evolution of species, border region contraction and expansion are common. In this study, the IR

101



Int. J. Mol. Sci. 2018, 19, 3262

boundaries of both genotypes of P. hopeiensis were compared. The IRa/LSC boundary extended into
the rps19 gene, and 120 bp of rps19 extended into the IRa region. The IRa/SSC boundary extended
into the ndhF gene, and 12 bp of ndhF extended into the IRa region. The IRb/SSC boundary extended
into 1074 bp of ycfl and the IRb/LSC border extended into the rpl2 gene, with the trnH-GTG gene
located downstream.

The IR boundaries were compared among the Rosaceae, including the five Pyrus species
sequenced, and P. pashia, P. pyrifolia, P. spinosa, M. prunifolia, P. mume, and C. japonica (Figure 6).
The IRa/LSC boundary of these plants extended to the rps19 gene. The IRa/SSC boundaries were
located upstream of the ndhF gene, except in M. prunifolia, whose IRa/SSC junction lost ndhF but
extended to ycfl. The P. spinosa IRb/LSC boundary had no rpl2. All IRb/SSC boundaries expect those
of P. ussuriensis Maxin. cv. Jingbaili, P. communis L. cv. Early Red Comice, and P. Spinosa extended
to ycfl. The IRb/SSC boundary lost ycfl. These findings were similar to those in the Actinidiaceae,
Theaceae, and Primulaceae, but differed markedly from those in Ericaceae. For the IRb/LSC boundary,
all but that of P. spinosa extended into the rpl2 gene, and the IRb/LSC boundary of the trnH-GTG gene
located downstream extended into the rpl23 gene in P. spinosa.

\@@ ﬁg ; “Mﬂ &“.‘,»D"
LSC ] Ra ™ ss¢ ! IRb LSC
Pyrus ussuriensis Maxin. cv. Jingbaili ; i -
S ] | Al - e b LSC
Pyrus communis L. cv. Early Red Comice .
& E & &
. LSc | IRa ™ ssf™ Rb ' LSC
Pyrus hopeiensis HB-1 . . & 2
& r .\w(-,m
— | IRa ™ g™ mp LSC
Pyrus hopeiensis HB-2 .
& & & § s
O 6 | Ra ™ ss&™ R LsC
Pyrus betulifolia R .
& & & & s
~LsC | Ra ™ ss&™ Ro LsC
Pyrus pashia .
& & & ¥ s
LSC J IRa ™ g™ IRo LSC
Pyrus pyrifolia . § o "
& L. FE &
. LSC ' IRa '™ ssb ! Rb ! LSC
Pyrus spinosa <
@* & 5 B
LSC ' IRa ' g™ IRo LSC
Malus prunifolia . . ‘
é & & &
BRE ) IRa ™ g™ Ro LSC
Prunus mume . . e
& & $ &
' IRa ™ ssc™ b LSC

~LsC
Chaenomeles japonica

Figure 6. IR contraction analysis of Rosaceae.

2.9. Phylogenetic Analysis

To gain an insight into the position of Pyrus within the Rosaceae, a molecular phylogenetic tree
was constructed using 57 protein-coding genes (accD, atpA, atpE, atpH, atpl, csA, cemA, ndhA, ndhB,
ndhC, ndhD, ndhE, ndhG, ndhH, ndh], ndhK, petA, petG, petL, petN, psaA, psaB, psal, psbA, psbB, psbC,
psbD, psbE, psbF, psbH, psb], psbM, psbN, psbT, rbcL, rpl14, rpll6, rpl2, rpl22, rpl23, rpl33, rpoA, rpoC1,
rpsll, rps12, rpsl4, rpsl5, rps18, rps19, rps2, rps3, rpsd, rps7, rps8, ycf2, ycf3, ycf4)from the chloroplast
genomes of 36 Rosaceae, which were downloaded from GenBank, and using Arabidopsis thaliana as the
outgroup. The resulting phylogenetic tree was consistent with the traditional plant morphological
taxonomy (Figure 7), which can be divided into three sections: Maloideae, Prunoideae, and Rosoideae.
The Maloideae include Pyrus, Malus, Sorbus L., and Eriobotrya. Prunus lies within the Prunoideae, and
Fragaria is included in the Rosoideae. The phylogenetic relationship of the Prunoideae was closer than
that of the Rosoideae to the Maloideae, and the relationship between Malus and Pyrus was the closest.
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Within Pyrus, the relationship between P. hopeiensis HB-1 and P. hopeiensis HB-2 was the closest, and the
relationship between P. betulifolia and P. ussuriensis Maxin. cv. Jingbaili was closer than that between
other Pyrus and P. hopeiensis. In addition, it can be seen from the evolutionary tree that Rosoideae is
a subfamily that split off from the evolutionary tree.
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Figure 7. The ML phylogenetic tree of the Rosaceae clade based on same protein-coding genes.
Numbers above or below the nodes are bootstrap support values.
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3. Discussion

Pyrus hopeiensis is a valuable wild resource of Pyrus, which belongs to the family Rosaceae.
Because of its limited distribution and population decline, P. hopeiensis is listed among “the wild plants
with tiny population” in China. It belongs to one of 13 species of Pyrus present in China. In this
study, the chloroplast genomes of the two genotypes P. hopeiensis HB-1 and P. hopeiensis HB-2 and
those of three other major pear plants, P. ussuriensis Maxin. cv. Jingbaili, P. communis L. cv. Early Red
Comice, and P. betulifolia, were analyzed using high-throughput sequencing for comparative analysis.
The chloroplast genome of Pyrus, like those of most higher plants, is a typical tetrad consisting of
two reverse repeat IR regions and small and large single copy fragments [24]. There was a 46 bp
difference in the chloroplast genome size between the two P. hopeiensis, which was located in the
LSC region. Compared with the other three Pyrus species, the total genome length was <225 bp,
and the gene number, gene type, gene sequence, LSC, IR, and SSC lengths and GC content were
similar. This strongly suggests that chloroplast genomes are highly conserved [25]. The encoded
genes of the chloroplast genome are divided into three categories based on their functions. The first is
related to chloroplast gene expression, such as tRNAs, rRNAs, and three subunits encoding chloroplast
RNA polymerase synthesis. The second is related to photosynthesis, and the third consists of other
biosynthesis genes and some genes of unknown function, such as mat and ycf [26]. The chloroplast
genes of Pyrus are similar in composition.

The genomic sequence of the P. hopeiensis HB-1 chloroplast was used as a reference sequence to
detect single-nucleotide polymorphisms (SNPs) and indels in the other four Pyrus species. The results
showed a significantly higher variation in the non-coding region than in the coding region and more
mutation sites in the intergenic region of the psbA-trnQ_TTG, rpl18-rps20, and trnT-TGT_trnF_GAA
genes, which could be used for evolutionary analysis of Pyrus. The chloroplast genomes of Pyrus
show obvious codon preference and similar codon use frequency. Furthermore, the third chloroplast
codon has a higher A/T preference. This phenomenon is common in the chloroplast genomes of
other higher plants [27]. Although the IR region is highly conserved, the expansion and contraction of
the IR region is a common characteristic of the chloroplast genome. The degree of expansion of the
IR/SC boundary is similar among the five Pyrus species, the two P. hopeiensis genotypes contain few
genes with different extension positions, and any differences are very small, which is useful in the
classification of Pyrus, as it can be used as a basis to identify the evolution of the chloroplast genome.
The classification and identification of pear species in this study can be utilized for the preservation of
pear germplasm resources. The initial identification of species and varieties of Pyrus was mainly based
on morphological features (leaves, petioles, floral organs, sepals, hairs, fruits, and ventricles) and
geographical distribution. For example, based on an investigation of morphological characteristics and
natural distribution, Chinese taxonomists believe that P. hopeiensis, P. phaeocarpa, P. sinkiangensis, and
P. serrulata were all formed by natural crosses [28]. Yu [29] divided Pyrus from China into 13 species
based on their serrated leaf margins, and these included P. hopeiensis, P. betulifolia, P. ussuriensis,
P. phaeocarpa, P. bretschneideri, P. pyrifolia, P. pashia, P. armeniacaefolia, P. calleryana, P. pseudopashia,
P. serrulata, P. sinkiangensis, and P. xerophila. Anatomical studies in Wang Yingzhong [30] revealed
that the anatomical structures of P. betulifolia and P. ussuriensis, and P. bretschneideri, P. pyrifalia,
and P. communis were similar. The results showed that the relationship between P. ussuriensis and
P. betulifolia, P. bretschneideri, and P. pyrifalia was close. However, it is easy to cross Pyrus species
and there are no obvious differences in the biological and morphological characteristics among
species and varieties, which greatly increases the difficulty of establishing its phylogenetic evolution
and classification.

Pollen morphological identification, cytological markers, isozymes, and other methods have also
been studied with a view to classifying Pyrus. The pollen morphology of P. sinkiangensis is similar to
that of the Western pear, indicating a close relationship [31]. The pollen morphology of the Western
pear is obviously different from that of the Oriental pear. The pollen morphology of P. calleryana has
many primitive characteristics, and it is a primitive species of Pyrus in China. The pollen morphology
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of P. bretschneideri, also present in China, has the characteristics of both P. pyrifalia and P. ussuriensis,
and may be a natural hybrid of P. pyrifalia and P. ussuriensis. Cytological markers enabled the analysis
of the number, banding, karyotype, and meiosis behavior of the chromosomes. P. phaeocarpa has
a similar karyotype to that of P. betulifolia, and those of P. sinkiangensis, P. hopeiensis, and P. serrulata
were also similar [32,33]. In 1983, Lin Bonian and Shen Dexu [34] proved, through the use of the
peroxidase isozyme, that P. bretschneideri and P. pyrifolia were closely related. However, these methods
have few characteristic sites, poor polymorphism, and low accuracy, and provide a limited amount
of information. To date, the relationships among Pyrus species, their origin, evolution of cultivation
systems, and the origin of some suspicious species and hybrids remain unclear.

In recent years, molecular markers based on DNA, such as restriction fragment length
polymorphisms (RFLPs) and simple sequence repeats (SSRs) have been used to investigate the
genetic relationships, genetic diversity, and germplasm of Pyrus. However, there remain some
deficiencies in the study of the interspecific relationships and origins of hybrids. Results based
on random amplification of polymorphic DNA (RAPD) showed that the origin of P. sinkiangensis
involved the crossing of many Eastern and Western pear species and that the genetic relationship
between P. bretschneideri and P. pyrifolia is very close [35]. RAPD, inter sequence simple repeats (ISSR),
and other DNA markers showed that P. hopeiensis, P. betulifolia and P. phaeocarpa were closely related to
each other. In the same way, P. phaeocarpa is considered to be a hybrid of P. betulifolia and P. ussuriensis,
whereas P. hopeiensis is a hybrid of P. phaeocarpa and P. ussuriensis. In a study using RAPD, P. hopeiensis
and P. phaeocarpa shared some spectral bands with P. betulifolia and P. ussuriensis [36-38]. Zheng et al.
identified a close relationship between P. ussuriensis and P. hopeiensis using internal transcribed spacer
(ITS) sequences, which is consistent with the results in our study [39].

Because the chloroplast genome is the second-largest genome after the nuclear genome, it is
maternally inherited in most angiosperms; thus it reflects the maternal evolutionary history, and this
helps us to understand the maternal ancestors of suspected hybrids. The coding and non-coding
regions of the chloroplast genome evolve at different rates, making them suitable for systematic
research at different levels. The coding region is highly conserved and is only suitable for phylogenetic
studies of families, orders, and higher taxonomic levels, whereas the non-coding regions are less
constrained by function and the rapid evolutionary rate is suitable for plant phylogenetic studies at
interspecific and subspecies levels. At present, the successful design of a set of universal primers
for the chloroplast gene non-coding regions (such as trnS-psbcc, trnL-trnF and accD-pasl) [40] has
made the study of chloroplast non-coding regions a hot topic in studies of the systematic relationship
of Pyrus. Phylogenetic trees based on combinations of the sequences of trnL-trnF and accD-psal in
the chloroplast non-coding regions have further confirmed the theory of an independent evolution
of the Oriental pear and the Western pear from the background of matrilineal evolution, and have
shown the close relationship between P. bretschneideri and P. pyrifolia [41]. A study of the trnL-trnF
region of cpDNA showed that P. sinkiangensis is closely related to the Western pear and the Oriental
pear; the relationship between P. betulifolia and P. ussuriensis is close; P. bretschneideri is a hybrid of
P. ussuriensist, P. phaeocarpa, and P. pyrifolia; and that the Western pear and Oriental pear are related to
each other [42]. The sequences of these regions are highly conserved, with only limited sites available
to provide information to unravel the phylogeny of Pyrus. However, no comprehensive and systematic
cpDNA sequence analysis of Pyrus exists in China. To further our understanding of the inter-species
relationships of Pyrus and to reveal the origin of hybrids and explore the evolutionary model of Eastern
and Western pears, a wider range of representative species and varieties of Eastern and Western pears
must be selected, and the nuclear gene fragments inherited by their parents should be combined,
especially the low copy nuclear gene introns.
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4. Materials and Methods

4.1. Plant Materials

In early May 2017, fresh leaves were collected from P. hopeiensis HB-1, P. hopeiensis HB-2, and
three local Pyrus species, P. ussuriensis Maxin. cv. Jingbaili (which belongs to the P. ussuriensis family),
P. communis L. cv. Early Red Comice (a high-quality variety of Western pear native to the United
Kingdom) and P. betulifolia (most widely used in northern China as pear rootstocks) in Changli, Hebei
Province and were stored before being transported to ORI-GENE Ltd., a science and technology
company based in Beijing, China, for chloroplast genome sequencing.

4.2. DNA Sequencing, Genome Assembly, and Validation

The total DNA of fresh young leaves was extracted using a plant DNA extraction kit (Tiangen,
Beijing, China). Agarose gel electrophoresis was used to detect DNA integrity, and purity and
concentration were ascertained. The [llumina HiSeq platform was used to sequence the total DNA.
After sequencing, the raw data was initially screened to remove low quality regions affecting the data
quality and subsequent analysis needed to obtain the expected clean data. The SOAPdenovo2.01 [43]
oligonucleotide analysis package was used to assemble the contig sequence. BLAT36 [44] was used to
locate the assembled long sequence on the chloroplast reference genome of the relative species and
to obtain the relative position of the contig sequence to enable splicing of the contig according to its
relative position, and to correct assembly errors. A full-length frame map of the chloroplast genome
was obtained. GapCloser software was used to fill gaps on the frame map sequence with high-quality
short sequences. Any remaining gaps and suspected regions were supplemented and confirmed by
generation sequencing, and the small single copy (55C) and inverted repeat (IR) region junctions were
verified. Finally, a complete ring chloroplast genome sequence was obtained.

4.3. Gene Annotation

CpGAVAS [45] was used to annotate the gene and the final annotation results were obtained
by artificial correction. First, the results of Blastx, BLASTn, protein2genome, and est2genome [46]
were integrated to predict the protein coding gene and the rRNA gene. Then, tRNA was identified
using tRNAscan [47] and ARAGORN [48]. Finally, the reverse repeat region IR was identified using
Vmatch [49]. Chloroplast genome mapping was performed using OrganellarGenomeDRAW [50]
(http:/ /ogdraw.mpimp-golm.mpg.de/index.shtml) based on the annotated results.

The protein and coding sequences (CDS) of each sample were extracted from the annotated files of
each sample and the pairwise protein sequences aligned using MUSCLE software. The aligned protein
sequences were converted to DNA sequences using PAL2NAL. KaKs_Calculator2.0 [51] software
(https:/ /sourceforge.net/projects/kakscalculator2) was then used to calculate Ka/Ks, which was
used to analyze the selection pressure on different Pyrus species during the evolutionary process.
Chloroplast genome sequences of 36 Rosaceae species were selected from NCBI and 57 common protein
coding genes were used to explore the evolution of the Pyrus chloroplast genome, using Arabidopsis
thaliana as the outgroup. The taxonomic status was confirmed. The annotated files of all of the genomes
were downloaded from NCBI and the protein sequences of any genes shared among the chloroplast
genomes of all of the species were extracted. Each gene was placed in a file in which each genome
contained only one protein sequence. MUSCLE was used to make multiple sequence alignments for
each file. The first and last sequences were aligned according to the genome source to obtain a growing
alignment sequence: final.fa. MEGA?7.0 software was then used to construct a neighbor-joining tree
and the CGView Server was used to analyze the genetic variation among the chloroplast genomes of
the five Pyrus species.
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5. Conclusions

In this study, we reported the de novo sequencing results of P. hopeiensis chloroplast genomes.
The length of the chloroplast genome of P. hopeiensis HB-1 is 159,935 bp, which is 46 bp longer than
that of P. hopeiensis HB-2. The SSC and IR regions of the two Pyrus genotypes were the same length,
with the only difference present in the LSC region. A total of 118 genes were identified in P. hopeiensis
HB-1, and it only lacked the MATK protein-coding gene that was associated with biosynthesis in
P. hopeiensis HB-2. The GC content of P. hopeiensis HB-1 was only 0.02% higher than that of P. hopeiensis
HB-2. A total of 11 genes in the chloroplast genome of P. hopeiensis HB-1 contained introns, and an
additional trnl-TAT gene not present in P. hopeiensis HB-2. ycf3 is the only gene that contained two
introns. The chloroplast genome structure and size, gene species, gene number, and GC content of
P. hopeiensis were similar to those of the other three Pyrus species investigated. Almost all of the
protein coding sequences and amino acid codons showed an obvious codon preference. Selection
pressure analysis revealed that the chloroplast genomes of different pears were affected by different
environmental pressures during the evolutionary process, which may account for the differences in
gene numbers among the five Pyrus species. Phylogenetic analysis strongly supports the status of
Pyrus in the Rosaceae. This study adds to our knowledge of the molecular evolution of Pyrus, and will
be of use for the genetic breeding and chloroplast engineering of Pyrus.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/19/10/
3262/s1.
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Abstract: Satellite DNA (satDNA) is the most variable fraction of the eukaryotic genome.
Related species share a common ancestral satDNA library and changing of any library component in
a particular lineage results in interspecific differences. Although the general developmental trend is
clear, our knowledge of the origin and dynamics of satDNAs is still fragmentary. Here, we explore
whole genome shotgun Illumina reads using the RepeatExplorer (RE) pipeline to infer satDNA family
life stories in the genomes of Chenopodium species. The seven diploids studied represent separate
lineages and provide an example of a species complex typical for angiosperms. Application of the RE
pipeline allowed by similarity searches a determination of the satDNA family with a basic monomer
of ~40 bp and to trace its transformation from the reconstructed ancestral to the species-specific
sequences. As a result, three types of satDNA family evolutionary development were distinguished:
(i) concerted evolution with mutation and recombination events; (ii) concerted evolution with a trend
toward increased complexity and length of the satellite monomer; and (iii) non-concerted evolution,
with low levels of homogenization and multidirectional trends. The third type is an example of entire
repeatome transformation, thus producing a novel set of satDNA families, and genomes showing
non-concerted evolution are proposed as a significant source for genomic diversity.

Keywords: satellite DNA; genome evolution; plants; next-generation sequencing; high order repeats

1. Introduction

Genome evolution can be defined as the multifactorial process of variation of nuclear genome
components over time. The process is heterogeneous, and different genomic fractions evolve at
different rates. The most rapid changes were recorded for repeatomes, which form the basis of
most eukaryotic genomes and consist of repeated and repeat-derived sequences [1,2]. As a subject
of concerted evolution, the repeatomes of diverging species mostly change non-independently in a
concerted way those results in a sequence similarity of repeating units greater within than among
species [3]. Repetitive DNA complexes play an important role in evolutionary genome transformation,
and determination of their origin, composition and dynamics is crucial for understanding genomic
diversity [4].
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The repeatome consists of several large classes, among which transposable elements (TEs) and
satellite DNA (satDNA) predominate [5,6]. The latter consists of long, late-replicating, non-coding
arrays of tandemly arranged monomers [5,7]. These sequences are often species or genus specific
and are considered the most variable fraction of the eukaryotic genome, thus reflecting trajectories of
short-term evolutionary change [8-11]. Recent studies suggest that satDNA, which is predominantly
concentrated in the heterochromatic regions of chromosomes, is involved in various functions
ranging from chromosome organization and pairing to cell metabolism and adjustment of gene
functions [12-16]. Despite their particular importance for understanding genome functioning and
restructuring during micro- and macroevolutionary processes and the growing awareness of their
structure and functional significance, knowledge on the origin and dynamics of satDNA is fragmentary,
especially in non-model species.

It is generally accepted that an intraspecific monomer change in various satDNA families is
permanent [17]. Related species share a common satDNA library that was present in the common
ancestor. Differential amplification of satellites from this library and acquisition of mutations in
diverse lineages results in interspecific differences in that fraction [18]. Spreading of a new variant
processed by non-Mendelian molecular mechanisms is followed by the fixation of the new variant
within a population by sexual reproduction [19-21]. Thus, intraspecific homogenization of the satDNA
family and fixation of species-specific polymorphisms occur simultaneously [22], and the main trend
of satDNA conversion can be considered as a transformation from the common ancestral to the
species-specific tandem repeats. The process appears to be a significant part of speciation at the
molecular level [4]. Recently, the possibility of unraveling details of this ubiquitous phenomenon by
next-generation sequencing (NGS) technology appeared through comparative analysis of the entire
species repeatome. Importantly, this method is applicable not only for model organisms but also for a
wide range of wild species, which allows the construction of a generalized model.

In the present study, we sought to explore NGS data using the RepeatExplorer (RE) pipeline [23]
to infer satDNA evolutionary dynamics in the genomes of Chenopodium s. str. (also referred to as
the Chenopodium album aggregate). Species of the C. album aggregate are distributed worldwide,
with the highest species diversity in temperate areas [24]. The majority of these diploid-polyploid
species are phenotypically exceptionally plastic [25], in some cases widely distributed and able to
grow under a wide range of conditions [26]. We focused on diploid species (2n = 2x = 18) of the
aggregate that represent separate lineages. Specifically,: (i) “clade A” are the species native to America
and East Asia (the latter area being represented by C. bryoniifolium Bunge); (ii) “clade B” of the
Eurasian temperate species C. ficifolium Sm. and the boreal species C. suecicum Murr.; (iii) “clade D”
comprising the only East and Central Asian species, C. acuminatum Willd; (iv) “clade E” represented
by the Central Asian C. pamiricum Iljin and C. iljinii Golosk.; (v) “clade H” comprising presumably
European and southwest Asian species C. vulvaria L; and clades C, F and G consist of polyploid species.
By the existence of basic diploid lineages, the origin of the majority of Eurasian polyploid species
can be explained as hybridization among the diploid lineages that created subgenomic combinations
of individual polyploid taxa (see [27] for details) (Figure 1). This group was selected based on
the following two criteria: (i) analyzed species of the genus Chenopodium provide an example of a
diploid/polyploid complex [26,27] that is very typical for angiosperms and, to a certain extent, can be
regarded as a standard model for the divergent evolution of higher plants; and (ii) a basic repeat unit
with pan-chromosomal distribution and also related to the satellite monomer of Beta corolliflora was
previously found in the genome of a Chenopodium species [28,29]. This combination of favorable factors
makes the study promising for describing satDNA family evolution in a typical group of flowering
plants. Given the worldwide distribution of the C. album aggregate and its tens of millions of years of
evolution [27], we hypothesize the presence of different types of satDNA family transformations in
diverged lineages.
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Figure 1. Phylogenetic tree calculated using Bayesian inference within the C. album aggregate

estimated based on the concatenated dataset of three chloroplast DNA spacers (adapted from [27]).
Major evolutionary lineages (A-H) are marked by grey rectangles. The numbers above branches
correspond to the ages of the particular clades (in millions of years) as inferred by the analysis in
BEAST?2. Positions of explored diploid species are shown in red. Polyploid species are shown in blue.
The schematic stratigraphic time scale (Miocene-Holocene) is shown at the bottom of the figure.

2. Results

2.1. Clustering Results and Identification of satDNA Clusters

Application of the RE pipeline clustering tool for Illumina reads of seven diploid Chenopodium
species (Table 1) (genome coverage 41.3-58.2%) resulted in the identification of clusters that represent
different families of TEs, their derivatives and satDNAs. The latter was the main aim of our research.
Several valuable outcomes from the present study are shown in Table 2. C. vulvaria and C. acuminatum
possess the smallest genomes in the group, while those of C. ficifolium and C. suecicum are the
largest. C. vulvaria exceeds all investigated species in the number of RE clusters and RE singlets,
which emphasizes for its genome diversity.

Table 1. The accessions and geographic origin of Chenopodium diploid species used for satDNA cluster
analysis (NGS), probe preparation (cloning) and fluorescent in situ hybridization (FISH).

Species Clade ID Number Locality
C. acuminatum D 429/3 China, Burquin
C. bryoniifolium A 742/4 Russian Federation, Nakhodka
C. ficifolium B 330/2 Czech Republic, Slatina
C. iljinii E 433/9 China, Hoboksar
C. pamiricum E 830/3C Tajikistan, Gorno-Badakhshan
C. suecicum B 328/10 Czech republic, Svermov
C. vulvaria H 771/1 Iran, Shahr
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Table 2. Summary of chromosome parameters, genome size, RE clusters and percentage of CficCl-61-40
satDNA family in the genomes of C. album aggregate diploid species.

Species Chr. Numb. Chr. Size Genome Size RE Clusters  RE Singlets 0CficCl-61-40

2n um 2C Values Mb [26] # # % in Genome
C. acuminatum 18 0.8-1.5 960 393251 34269 3.80
C. bryoniifolium 18 0.7-0.9 1200 307778 38905 2.25
C. ficifolium 18 1.5-4.5 1785 369861 20661 0.31
C. iljinii 18 1.7-3.3 1144 327760 82679 0.42
C. pamiricum 18 1.2-2.5 1154 249599 42427 0.25
C. suecicum 18 2.5-5.0 1775 369583 72167 0.27
C. vulvaria 18 1.5-2.0 924 542674 93278 0.79

The satellite monomer of ~40 bp was found during the RE analysis of satDNA in each genome
of analyzed species. According to BLAST results, these monomers were related to each other and
to the tribe-specific repetitive sequence (GenBank ID HM641822.1), found in Chenopodium quinoa by
Kolano et al. [29], and to the satellite sequence with the GenBank ID AJ288880.1, which was found
in Beta corolliflora by Gao et al. [28] (S1). It was thus assumed that in the genomes of the several
Chenopodium diploids under study, the most abundant and the evolutionarily oldest component
(Chenopodium and Beta diverged approximately in the Paleogene) is present. In the remainder of this
paper, tandem arrays from the genomes of Chenopodium diploid species related to GenBank accession
HM641822.1 will be termed the “CficCl-61-40 satDNA family”. This refers to the analysis of NGS data
from the C. ficifolium genome, RE Cluster #61 (the single cluster in genome of C. ficifolium that contains
the basic repeat unit), with a length of 40 bp. A further thorough analysis of the interspecies divergence
of the sequences of this family was also conducted to identify the main phases of transformation
over time.

2.2. Sequence Analysis in the CficCl-61-40 satDNA Family

Among the multitude of clusters produced by RE pipeline, a BLAST search determined a single
cluster that belongs to the CficCl-61-40 satDNA family in the genomes of C. acuminatum, C. bryoniifolium,
C. ficifolium, C. iljinii, C. pamiricum, and C. suecicum and seven clusters in genome of C. vulvaria
(supplementary data 1, Figure 2). The highest percentages of the CficCl-61-40 satDNA family were
observed in the C. acuminatum and C. bryoniifolium genomes (Table 2). Subsequent tandem repeat finder
(TRF) analysis allows determination of consensus monomer(s) (supplementary data 1). The algorithm
of TRF looks for tandem repeats that are often hidden in larger homologous regions or which may
fall well below the level of significance required for other programs to report a match. The detection
criteria are based on a stochastic model of tandem repeats specified by percent identity and frequency
of insertions and deletions rather than some minimal alignment score and align repeat copies against a
consensus sequence, revealing patterns of common mutations [30]. Nucleotide sequence divergence
among monomers within satDNA arrays is usually quite low, generally, not exceeding a few percent,
and for the purpose of sequence analysis, it is acceptable to manipulate with the satDNA consensus
sequence [17]. For C. ficifolium, C. pamiricum and C. suecicum a single monomer of ~40 bp was detected.
However, for C. acuminatum, C. bryoniifolium, C. iljinii, and C. vulvaria, several derivatives from
CficCl-61-40 satDNA family monomers were found inside the single cluster. The following two levels
of CficCl-61-40 satDNA family variability in the genomes of C. album aggregate diploid species were
thus observed: (i) at the inter-cluster level, namely single or multiple RE clusters, and (ii) at the
intra-cluster level, namely single monomer or a set of related monomers of different lengths detected
by TRE
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Figure 2. RepeatExplorer (RE) analysis of next-generation sequencing (NGS) data in Chenopodium
diploids. (A) Cluster 61 of C. ficifolium demonstrate layouts that are typical for tandem repeats
where nodes represent the sequence reads and edges between the nodes correspond to similarity hits;
(B) Self-to-self comparisons of the contig 25 cluster 61 displayed as dot plots (genomic similarity search
tool YASS program output) where parallel lines indicate tandem repeats (the distance between the
diagonals equals the lengths of the motifs ~40 bp); (C) Agarose gel electrophoresis of PCR products
obtained with primers designed from consensus monomer sequence of C. ficifolium (Cluster 61) showing
typical ladder structure of tandem array.

2.3. Reconstruction of the Ancestral Monomer

BLAST-detected relatedness between satellite monomers of the CficCl-61-40 satDNA family
allowed determination of the major part of the ancestral monomer. For this reconstruction,
satellites of C. bryoniifolium (consensus monomer from one RE cluster) and C. vulvaria (consensus
monomers from seven RE clusters) that show relatedness to both C. quinoa and B. corolliflora
satellites were aligned. DNA fragments with 100% BLAST matches in combination formed the
most conservative fragment of the basic monomer (supplementary data 2). This approach is quite
similar to the method of ancient paralogs (LUCA) [31,32]. The sequence of 37 bp was as follows:
TCAAACAAAGCTAATTGAATCAAATGAAAGTCAAATG. This sequence was used as a basis for the
subsequent comparison of the monomer divergence in Chenopodium lineages. Analysis of basic satellite
alterations revealed point mutations, indels, and shifts that were present with different frequencies in
the genomes of the studied diploid Chenopodium species (supplementary data 1). K-mer based distance
estimation revealed a phylogenetically reliable tree with the ancestral monomer as a base, B. corolliflora
is located separately and rather close to the root, the analyzed diploids that form fairly natural groups
with species of clades B and E located nearby, C. bryoniifolium, C. acuminatum aside, and polyploid
C. quinoa at the maximum distance from the ancestral monomer (Figure 3).

Clade H (C. vulvaria) deserves separate attention. The RE pipeline divided the variety of
CficCl-61-40 satDNA family sequences in the genome of C. vulvaria into seven clusters (supplementary
data 1), indicating valuable heterogeneity. On one hand, all the basic monomers of the clusters contain
BLAST-recognizable fragments of the ancestral monomer. On the other hand, the observed variability
exceeds that for all clades taken together (Figure 3). An important question is whether all these clusters
from the C. vulvaria genome belong to the same CficCl-61-40 satDNA family. RE output includes not
only the row of clusters but also detailed cluster characteristics, including the cluster neighborhoods of
connected components. The analysis showed that all clusters that we classified as belonging to the
CficCl-61-40 satDNA family are related to each other and to the repetitive sequences with the GenBank
IDs HM641822.1 and AJ288880.1. Additionally, these satDNA clusters possess a limited number of
similarity hits with TEs clusters (mainly with Ty3-gypsy retrotransposons) which may indicate for
splitting of satDNA arrays by the insertion of TEs.
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Figure 3. Phylogenetic relationships of the CficCl-61-40 satDNA family sequences. Phylogenetic tree
based on the k-mer analysis.

2.4. High Order Repeat (HOR) Detection in the CficCl-61-40 satDNA Family and Determination of Its
Physical Counterpart

TREF analysis of the CficCl-61-40 satDNA family in seven diploid species of Chenopodium revealed
different structures of the arrays. In C. ficifolium, C. pamiricum, and C. suecicum, uniform tandem
arrays with basic satellite motifs of ~40 bp (87-96% matches between monomers and copy numbers
of 79.2-153.4) were identified by TRE. In C. acuminatum, C. bryoniifolium, C. iljinii and C. vulvaria,
derivatives from CficCl-61-40 satDNA family repeats ranging up to 332 bp and of different repeatability
were found (supplementary data 1). It was proposed that in the latter species, HORs could be formed
by concurrent amplification and homogenization of modified monomers.

Here, it is necessary to elucidate the TRF algorithm using an example of the detection of a 117 bp
monomer in the genome of C. acuminatum (later used as a probe in fluorescent in situ hybridization
(FISH) experiments). Analysis of the RE Cluster-1 sequence by TRF produced a table of monomers with
the most frequent of 117 bp (consensus size) (supplementary data 1). However, when the consensus
sequence was manually analyzed, it decomposed into three 39 bp long subrepeats. Nevertheless, it can
be argued that the 117 bp fragment is the basic monomer and that the formation of a HOR unit is based
on an ~40 bp monomer. The program finds likely patterns (monomers) and then refines them into a
consensus sequence. Patterns are detected by a high percentage of matches at the candidate pattern
length. For 39 bp not enough matches were found, but a very high number for 117 bp. This indicates
that the unit of duplication was 117 bp and not 39 bp. Furthermore, the mismatches and indels
are more consistent with a 117 bp monomer than with a 39 bp monomer (Gary Benson, personal
communication). Following sequencing of physical counterparts of CacuCl-1-117 consensus sequence
(see below) revealed that the physical components of the CacuCl-1-117 HOR unit did not coincide
completely (as in consensus) but varied within the interval of 82% to 86% similarity, which confirmed
the accuracy of the TRF algorithm. Additionally, it can be considered that the TRF analysis of all RE
clusters belonging to the CficCl-61-40 satDNA family was performed with the same parameters, and in
genomes of tree species, only homogeneous arrays were identified while the four other arrays were
heterogeneous, which reflects the real structure of satDNA.
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A total of three to four different proposed HOR units were detected in the genomes of
C. acuminatum, C. bryoniifolium and C. iljinii. However, approximately 23 such units were found
in genome of C. vulvaria (supplementary data 1). The genome of C. vulvaria is thus again the most
variable according to this parameter.

While there are multiple studies that demonstrate that RE is efficient in repeat identification
using NGS, there are some limitations regarding sequence analysis of satellite repeats. The most
important one was that generation of consensus sequences by assembling reads to contigs. While this
works well for most dispersed repeats like TEs, this is problematic for satellites due to their tandem
structure. Consequently, contigs vary in their coverage by reads and their sequences could be partially
chimeric (producing sequence variant combinations that in fact do not exist in the genome). To confirm
the existence in genomes the physical counterparts of computer-generated consensus monomers we
analyzed the sequence variation of CficCl-61-40 and proposed HOR units CacuCl-1-117, CvulCI-28-118,
CvulCl-28-397, CvulCl-112-117, CvulCl-134-117 and Cvul-145-129 by cloning. We then compared
the obtained sequences with the consensus sequence from the TRF output (supplementary data 3,
Figure 4). For all monomers, we obtained several clones that differed from each other as well as from
the consensus sequence (supplementary data 4). The CficCl-61-40 monomer is rather uniform with a
few point mutations and sequence similarity between clones. The consensus sequence ranged from
90.2% to 95%. For the four obtained clones of the CacuCl-1-117 monomer, two sequence types were
found with generally higher similarity to the consensus sequences as well as to each other (similarity
value ranges 89.8-91.5 and 90.7-99.2, respectively). This once again confirmed the correctness of the
TRF algorithm.

More variability was detected for the proposed HOR units in the C. vulvaria genome, which once
again highlights the complexity of the satDNA fraction in this species. Thus, among tree clones
obtained for the CvulCl-28-118-proposed HOR unit, two sequence types were found with generally
high similarity to each other than to the consensus monomer (similarity value ranges 88.2-98.3 and
76.4-79.1, respectively). For CvulCl-28-397-proposed HOR unit sequences amplified by primers
(supplementary data 3) also shows more relatedness to each other than to consensus sequence
(supplementary data 4). For the CvulCl-112-117- and CvulCl-134-117-proposed HOR units, two types
were found among cloned sequences. One showed high relatedness to the consensus monomer
(83.3%—-90.7%) and the other clones were 100% related to each other and less to the consensus monomer
and to the first variant (supplementary data 4). This most likely suggests that several related HOR
units could be formed simultaneously. For Cvul-145-129-proposed HOR unit clones possess high
similarity to the consensus sequences as well as to each other (82.9%-100.0%). Part of the cloned
sequences was submitted to GenBank (accession numbers MH257681-MH257687). However, it should
also be noted that we were not able to amplify part of the proposed HOR units generated by TRF
analysis (for example CvulCl-28-355 and Cvul-134-148) (supplementary data 1, far right line on
Figure 4). These sequences could be attributed most likely to computer-generated chimeric sequences
(i.e., method error). However, for the majority of the proposed HOR units its physical counterparts
were discovered in the genomes.

2.5. Comparison of CficCl-61-40 and Proposed HOR Unit CacuCl-1-117 Chromosomal Distribution

For further confirmation of the existence of HOR units’ in the genomes of Chenopodium species
an alternative method of FISH was used. Two distant clusters according to phylogenetic analysis,
cluster 61 of C. ficifolium (CficCl-61-40) and cluster 1 of C. acuminatum (CacuCl-1-117) from the
RE output, were selected as sources for in situ probes for comparative molecular cytogenetic
analysis (Figure 5, supplementary data 1 and 5). FISH experiments were performed to verify
if (i) C. acuminatum-specific tandem repeats that were proposed to be HOR units (CacuCl-1-117)
are species-specific and do not hybridize to chromosomes of the other six species and (ii) if the
chromosomal positions of the C. acuminatum-specific tandem repeat (CacuCl-1-117) are similar to
or different from the positions of the tribe-specific repeat (CficCl-61-40) on the chromosomes of
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C. acuminatum. It should be noted, however, that accurate FISH-based karyotyping and chromosome
mapping of CficCl-61-40 satDNA family tandem repeats is challenging in Chenopodium due to the
small chromosome sizes and to the large number of clusters (Table 2, Figure 5).
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Figure 4. Agarose gel electrophoresis of PCR products obtained with primers designed from consensus
monomer sequence of proposed high order repeat (HOR) units for determination of their physical
counterparts. Cloned DNA fragments are shown by asterisks. The far-right line is an example of
negative amplification of a computer-generated proposed HOR unit.

FISH experiments confirmed species specificity and sometimes separate chromosomal positions
of newly formed HOR units. Probe CficCl-61-40 hybridized to the chromosomes of all analyzed
species except C. iljinii (similarity, copy number, or both of the particular FISH probe in C. iljinii
genome is likely much less in comparison with other species), which demonstrates the presence of
a tribe-specific satellite, while CacuCl-1-117 hybridized only to chromosomes of C. acuminatum with
no signal on the chromosomes of the other six species (Figure 5, supplementary data 5, the minor
green signal in C. pamiricum, C. suecicum and C. vulvaria in supplementary data 5 is epifluorescence).
In addition, the simultaneous hybridization of CacuCl-1-117 and CficCl-61-40 on the chromosomes
of C. acuminatum shows that in many cases these tandem arrays form separate clusters that create a
species-specific chromosomal pattern (Figure 5).

C. acuminatum

C. ficifolium

Figure 5. Chromosomal distribution CficCl-61-40 satDNA family sequences. CficCl-61-40 is labelled
red; C. acuminatum-specific HOR unit CacuCl-1-117 is labelled green. Bar represent 5 pm.
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3. Discussion

Application of the RE pipeline for analysis of whole genome shotgun [llumina reads from the
genomes of seven diploid Chenopodium species from divergent lineages revealed that the investigated
CficCl-61-40 satDNA family is the most abundant and oldest component of the Chenopodium genome,
given that related sequences were found in both Chenopodium and Beta species. Regarding these two
genera, it is essential to note that the genome of Beta should be recognized as more static, at least
because it contains many fewer species (approximately 7-8 species in total, [33]) in comparison
with Chenopodium (approximately 150 species [24]). Alignment of the satellite monomers allowed
identification of the ancestral DNA fragment of 37 bp that showed 100% identity between B. corolliflora
from one side and C. bryoniifolium and C. vulvaria from the other (supplementary data 2). The latter
two are species that split off early and possess a modified sequence that is still recognizable by BLAST
as a ~40 bp variant of the ancestral monomer. The identified DNA fragment served as a benchmark for
our subsequent analyses, in which we intended to characterize intra-unit evolutionary transformations
in the diverse Chenopodium lineages.

Remarkably, the evolutionary history of the C. album aggregate revealed by cpDNA spacers and
two low-copy genes [27] correlates fairly well with significant paleoclimatic events. Thus, the early
differentiation coincides with the beginning of the Miocene Climatic Optimum in the Burdigalian
Age (approximately 20 Mya) (Figure 1). Clade H (C. vulvaria) separated upon transition between the
Serravallian and Tortonian Ages, ~11 Mya. However, the main lineages were formed in the Pliocene,
when due to a cooler and dry, seasonal climate, grasslands spread on all continents, and savannahs and
deserts appeared in Asia and Africa. Subsequent speciation within the lineages and the appearance of
the majority of polyploids occurred in the Quaternary Period, when the glacial and interglacial epochs
succeeded each other. During this time, since there were no places on Earth with identical climate
history and since the species of aggregate were spread widely, the CficCl-61-40 satDNA arrays evolved
divergently. Excluding clade H, which split off early and is now very different, k-mer-based distance
estimation of basic monomer show the most significant differences in genomes of species from clades
A and D. It is most likely that both lineages separated early from the ancestral group and evolved
independently. This is consistent with the present species distribution ranges and with molecular
phylogenetic data [26,27]. However, the pace of evolution of these clades was probably different and
is most likely connected with the climatic history of the species distribution areas. In clades B and E,
the species are much more similar in the CficCl-61-40 satDNA family structure (Figure 2).

The concept of “molecular drive” [19] postulates that mutations can gradually spread throughout
a satDNA family by several of ubiquitous mechanisms of DNA turnover (homogenization) and
become fixed in a population. SatDNA families can show a rapid rate of inter-specific evolutionary
changes concerning DNA sequence and high levels of conservation between species separated for
long evolutionary times [22,34,35]. Although these trends are also true for the CficCl-61-40 satDNA
family when monomers are homogenized on the species level in the genomes of different Chenopodium
lineages, each of them has its own mode and tempo. Although the genome of C. vulvaria presents an
exception, it seems that concerted evolution does not operate there. This example of non-concerted
evolution will be discussed below.

In addition to mutations in basic satellite monomers, a distinct trend toward increased complexity
and length of the monomer (HOR unit formation) was recorded in the species of Clades A, D, E and H
of the C. album aggregate. HORs occur by concurrent amplification and homogenization of different
monomers in the original satDNA when a complex monomer is first formed, after which it merges into
a more complex HOR unit [17]. The origin of such structures has been described for the alpha satellite
of primates [36], for the satellite families in bovids [37,38] and for the plant species Vicia grandiflora [39].
A detailed analysis of the CficCl-61-40 satDNA family tandem arrays in the genomes of C. acuminatum,
C. bryoniifolium, C. iljinii and C. vulvaria along with the basic ~40 bp monomer revealed related
but longer monomers of up to 332 bp, suggesting the generation of new species-specific HOR units.
Cloning of PCR-amplified DNA fragments in most cases confirmed the accuracy of the monomer/array
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compilation produced by the RE pipeline, and the physical counterparts were mostly in agreement
with the consensus sequences. However, the exact satDNA array structure of the species could be
determined by complete genome sequencing, assembly and annotation [40].

FISH experiments further prove the genesis of species-specific HOR units and their separate
locations on the chromosomes. CficCl-61-40 arrays were thus found in all species. On the other
hand, related CacuCl-1-117 arrays were found exclusively in C. acuminatum, where they form
multiple, sometimes separate chromosome clusters, thus creating a species-specific chromosomal
pattern (Figure 5). Formation of HOR units based on two or more monomers has been reported in
primates and bovids (for a review, see [17]). We observed a similar process but based on the single
tribe-specific monomer when unequal changes in the initial sequence in diverging satDNA sets led to
monomer alterations with the subsequent merging of the modified monomers in a complex HOR unit.
A similar process (i.e., HOR formation based on one initial repeated unit in Vicia sp.) was reported by
Macas et al. [39]. Presumably, the process of HOR formation on the basis of a single monomer can take
more time (in our research, it appears predominantly in ancient species) than that involving two or
several monomers, although it apparently contributes to satDNA divergence.

We might next ask whether the formation of HORs is common for plant satDNA evolution.
As another example of supposed HOR formation in plants, we can provide a complex structure of
the Hieracium species centromeric tandem array [41]. Analysis of both RE clusters and the sequenced
physical counterparts revealed a complex structure with 21 repetitive elements identified by TRF
(ranging from 21 bp to 348 bp) and with two abandoned motifs of 21 and 23 bp. Eventually, we can
also observe the stages of HOR formation based on the two short monomers in centromeric regions.
It is essential to note that although chromosome segregation machinery is highly conserved across
all eukaryotes, centromeric DNA evolves rapidly, and discovered tandem repeats are absent in
related Pilosella species. Incompatibilities between rapidly evolving centromeric components may be
responsible for both the organization of centromeric regions and the reproductive isolation of emerging
species [42].

The above examples and the fact that the presented species refer to different large clades of
flowering plants suggests that the HOR formation process may not only occur in the Chenopodium,
Hieracium, and Vicia genomes but that this mechanism is also ubiquitous for at least angiosperms and
could underlie satDNA divergence in related plant species, as it does in animal genomes. It should
also be noted that HOR formation is presumably a species-specific event; in clade B (C. ficifolium and
C. suecicum), neither species showed any sign of HORs. In contrast, in clade E, CficCl-61-40 satDNA
family arrays of C. pamiricum are uniform, while HORs were detected in the C. iljinii genome. However,
it is still not clear what triggers the HOR formation in a particular genome [17].

In generalizing the life history of the CficCl-61-40 satDNA family stretching from the ancestral
basic repeat unit to species-specific sequences, it is worth noting that the family consists of an extensive
group of related, divergent repeats. It is a dominant and old component of Chenopodium species
genomes and can be characterized by a high complexity of evolution. Independently amplified in each
genome, it ultimately acquires lineage-specific profiles due to differential stochastic amplifications,
contractions or both. Additionally, in several lineages, a clear trend toward increased complexity
and satellite monomer length was observed. Long tandem arrays are characterized by HOR units
whose organization and nucleotide sequence are specific for a particular species. Analysis of the
sequence organization of these diverged subsets provides a framework for considering mechanisms of
sequence diversity generation and for understanding the evolutionary processes of satDNA family
homogenization and polymorphism [37]. Homogenization of satellite repeats driven by molecular
mechanisms of nonreciprocal sequence transfer occurs simultaneously, which makes satDNA evolve
mostly in a concerted manner [3]. Nevertheless, as mentioned above, the small genome of C. vulvaria
(2C value 0.945 pg) is an exception to this rule. The observed variability indicates a low level of
CficCl-61-40 satDNA family homogenization, with multidirectional trends in the C. vulvaria genome
(non-concerted evolution). Although the data are unusual, our unpublished results on the NGS-based
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qualitative analysis of TEs in genomes of the same Chenopodium diploid species (where we observed
that C. vulvaria possesses a unique pool of different and diverse retrotransposons [43]) make it possible
to hypothesize a link between the TE dynamics and abnormalities in the homogenization of satDNA
families, given that satDNA could be a target for TE insertions [44] and evolve further to species-specific
tandem repeats [45]. Suppression of concerted evolution resembles those described for termites
by Luchetti et al. [46]. This was proposed to be evoked by the limited number of reproducers,
especially considering that C. vulvaria is an ancient species, restricted to nutrient-rich bare soil largely
of anthropogenic impact and not tolerant of competition [47]. Specific habitats may presumably cause
abnormal repeatome composition that, in turn, may support the models assuming that genotypes
from marginal populations are evolutionarily significant [48-51]. Despite the causes, discovered
suppression of homogenization itself may result in alteration of satDNA libraries, ultimately leading
to spontaneous transformation of the entire repeatome, thus producing a novel set of satDNA families
for the next round of the conversion cycle, and genomes undergoing non-concerted evolution can be
proposed as a significant source of genomic diversity.

4. Material and Methods

4.1. Plant Material, DNA Extraction, Library Preparation and Illumina Sequencing

For both preparation of the DNA libraries and cytogenetic experiments, plants of the diploid
species C. acuminatum, C. bryoniifolium, C. ficifolium, C. iljinii, C. pamiricum, C. suecicum and C. vulvaria,
which represent the main lineages of the C. album aggregate as described in Mandék et al. [27],
were used (Table 1). For our research, we sampled genotypes that, according to our previous data,
have average parameters for the lineage [27]. All plants were cultivated at the experimental garden of
the Institute of Botany, Czech Academy of Sciences, Prithonice, Czech Republic (49.9917° N, 14.5667° E,
ca. 320 m above sea level). Leaves were collected, and DNA was extracted using the DNeasy Plant
Mini Kit (Qiagen, Venlo, The Netherlands) according to the manufacturer’s instructions. For in situ
hybridization experiments, root tips of young, fine roots were collected and fixed as described in
Manddk et al. [26] and stored until use. For all analyzed accessions, the ploidy level was verified by
flow cytometry as described in Vit et al. [52].

One individual per species was used for library preparation and NGS. One microgram of extracted
DNA was sheared to fragments of approximately 500 to 600 bp using a Bioruptor Pico sonication device
(Diagenode, Liege, Belgium). The NEBNext adaptors for Illumina were ligated to the resulting fragments
using the NEBNext Ultra DNA Library Prep Kit for Illumina (New England BioLabs, Ipswich, MA, USA),
following the manufacturer’s instructions. The QIAquick PCR Purification Kit (Qiagen) was used to
clean the samples from unbound adapters and to concentrate the samples to a total volume of 30 pL.
Afterwards, the samples were loaded onto a 1% agarose gel in low EDTA /TAE buffer. Fragments with
sizes ranging from 500 to 750 bp were excised and purified using the Zymoclean Gel DNA Recovery Kit
(Zymo Research, Irvine, CA, USA) and eluted into 20 puL of ddH20 Concentration was estimated with a
Qubit fluorometer using the Qubit HS Assay kit (Thermo Scientific, Waltham, MA, USA). The individual
libraries (corresponding to individual species) were enriched and indexed by unique barcodes using PCR
with NEBNext Q5 HotStart HiFi PCR Master Mix and NEBNext Multiplex Oligos for [llumina (New
England BioLabs) according to the manufacturer’s instructions. The enriched libraries were purified
twice using AMPure magnetic beads (Beckman Coulter, Pasadena, CA, USA). The bead:library ratio was
0.7:1 in the first purification and 1:1 in the second purification. The libraries were verified on 1% agarose
gels after each purification step. Concentration was measured using the Qubit HS Assay kit (Thermo
Scientific) after the final purification step. Libraries of all seven species were pooled and sequenced on an
IMlumina MiSeq system at Macrogen Inc., to obtain 2x 300 bp paired-end reads.
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4.2. Clustering of Repeatome Elements

To process Illumina NGS data and to compare the repetitive DNA fraction of the studied
species, a public web server running RE version 1 (http:/ /www.repeatexplorer.org) (Ceské Budgjovice,
Czech Republic) was used [53]. The discovery and characterization of repetitive elements in the
genome was performed using “clustering” tools. An all-to-all sequence comparison of sequencing
reads was performed using the mgblast tool. All hits with similarities above 90% over at least 55% of
the sequence length were recorded, thus identifying a set of related DNA fragments. The information
on similarity hits was used for construction of a graph in which nodes represent sequence reads and the
edges between nodes correspond to similarity hits (Figure 2A). This algorithm was first applied to each
species separately and subsequently for the seven species in conjunction for the comparative analysis
of repeatome quantitative values. For comparative analysis, sampling was performed proportionally
to the genome size of the species (Table 2) [26].

4.3. Satellite DNA Clusters Screening for Tandem Repeats

All genomically abundant clusters containing at least 0.01% of the input reads were examined
manually to select those that potentially possess tandemly organized DNA. Primary selection of the
clusters was performed based on their form (Figure 2A). Contigs of each selected cluster were analyzed
using the following publicly available online tools: (i) the YASS genomic similarity tool, which enables
searches of more fuzzy repeats for potential tandem organization (http:/ /bioinfo.lifl.fr/yass/yass.
php) [54], with each contig compared against itself and visualized by dot plots (Figure 2B); (ii) BLAST
was used to confirm that the cluster belongs to the CficCl-61-40 satDNA family (supplementary data
1); and (iii) primers were designed from the consensus sequence for PCR conformation of the typical
tandem array structure (Figure 2C). Each search was performed for each of the analyzed species.

4.4. Sequence Analysis

NGS clusters of C. acuminatum, C. bryoniifolium, C. ficifolium, C. iljinii, C. pamiricum, C. suecicum and
C. vulvaria falling into the CficCl-61-40 satDNA family were investigated on the intra-unit (analysis
of changes in single monomer) and inter-unit (analysis of changes in array components) levels with
TRF software (https://tandem.bu.edu/trf/trf. html). As a result, performance tables with data on
monomer sizes, copy numbers, percent matches, percent indels and consensus patterns were obtained
(supplementary data 1).

For the reconstruction of phylogenetic relationships among the analyzed monomers k-mer based
distance estimation was performed [55]. We have chosen the k-mer value equal to 9, as the most
optimal for the analyzed sequences. For calculation of distances method based on fractional common
k-mer count was used [56]. The phylogenetic relationships among the sequences are then reconstructed
from the pairwise distance matrix [57]. The distance matrix thus obtained can be used to construct a
phylogenetic tree using the Minimum Evolution method. The construction of the phylogenetic tree was
performed in the MEGA program (Figure 3) [58]. The ancestral monomer (root) was reconstructed as
follows: nucleotide-BLAST was used to align contigs of each cluster that, according to BLAST searches,
show relatedness between satellite monomers of Chenopodium and Beta species. DNA fragments
with 100% similarity were selected and aligned with each other (supplementary data 2). As a result,
a fragment of the ancestral monomer was reconstructed.

4.5. Detection Physical Counterparts of Basic Monomer and Proposed HOR Units

RE identifies consensus sequences of the most abundant repetitive elements in the genome.
However, these consensuses are only virtual assemblies of short reads originating from many different
interspersed loci. To reveal the sequences’ physical counterparts and sequence variation within the
selected repetitive elements that are proposed to be HOR units, primers were designed based on the
consensus sequences (supplementary data 3). PCRs were performed in 25 pL reactions and contained
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1x TopBio Plain PP Master Mix (TopBio, Vestec, Czech Republic), each primer at 0.2 mM and 10 to
50 ng of genomic DNA. The cycling conditions were as follows: 4 min at 95 °C followed by 35 cycles
of 95 °C for 30 s, sequence-specific annealing temperature for 30 s and 72 °C for 2.5 min, and a final
extension at 72 °C for 10 min. The PCR results were verified on a 1% agarose gel (Figure 4). The PCR
products of clusters were excised from the gels, cloned and sequenced at GATC Biotech (Konstanz,
Germany) according to standard protocols.

4.6. FISH Procedure

FISH analysis was performed to further confirm the physical existence of the HOR units in the
genome. Root tips were pre-treated in 0,002 M 8-hydroxyquinolin for 3 h in dark and fixed in 3:1 (v/)
100% ethanol:acetic acid. The fixed root meristems were thoroughly washed in water and enzyme
buffer (10 mM citrate buffer at pH 4.6) and partially digested in 0,3% (w/v) cytohelicase, pectolyase
and cellulase (Sigma) at 37 °C for 3 h followed by washes in water [27]. The material, in a water drop,
was carefully transferred onto a grease-free microscope slide and the cells were spread according to
the technique of Pijnacker and Ferwerda [59] with modifications as previously described [60].

FISH experiments were performed with clones CficCl-61-40 X-1 and CacuCl-1-117 C-2 as
probes labelled with Cy3 (Amersham, Amersham, Buckinghamshire, UK) and biotin (Roche, Basel,
Switzerland) according to a standard oligolabeling protocol [61]. For evaluation of probe-specific
chromosomal pattern probes were hybridized simultaneously to chromosomes of C. acuminatum,
C. bryoniifolium, C. ficifolium, C. iljinii, C. pamiricum, C. suecicum and C. vulvaria (Figure 5, supplementary
data 5). FISH was performed on ThermoBrite programmable temperature-controlled slide processing
system at 63 °C for 3 h. Slides were stained with DAPI and mounted in antifade mountant (Vector
Laboratories, Burlingame, CA, USA) and were examined and photographed on Zeiss Axio Imager.Z2
microscope system. Chromosome measurements were obtained by the analysis of metaphase plates
using the computer application MicroMeasure version 3.3 [62].

5. Conclusions

Application of the RE pipeline for analysis of whole genome shotgun Illumina reads from the
genomes of seven diploid plant species from divergent lineages allowed us to distinguish three types of
satDNA family evolutionary development: (i) concerted evolution with mutation and recombination
events (most conserved); (ii) concerted evolution with a trend toward increased complexity and
length of the satellite monomer (HOR formation); and (iii) non-concerted evolution, with low levels of
homogenization and multidirectional trends.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/20/5/
1201/s1. Supplementary data 1. Occurrence of CficCl-61-40 satDNA family in genomes of Chenopodium diploid
species revealed by RepeatExplorer pipeline and formations of high order repeat (HOR) units. Supplementary
data 2. Reconstruction of the major part of the ancestral monomer. Supplementary data 3. Repetitive
elements selected for sequence characterization and in situ hybridization and primers used for amplification.
Supplementary data 4. Pairwise comparison of sequence variation within the CficCIl-61-40 (A,B), and proposed
HOR units CacuCl-1-117 (C,D), CvulCl-28-118 (E,F), CvulCl-28-397 (G,H), CvulCl-112-117 (L)), CvulCl-134-117
(K,L) and Cvul-145-129 (M,N). Supplementary data 5. Chromosomal distribution CficCl-61-40 satDNA family
sequences. CficCl-61-40 is labelled red; C. acuminatum-specific HOR unit CacuCl-1-117 of 117 bp is labelled green.
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Abstract: DNA binding with one finger (Dof) proteins, forming an important transcriptional factor
family, are involved in gene transcriptional regulation, development, stress responses, and flowering
responses in annual plants. However, knowledge of Dofs in perennial and erratically flowering
moso bamboo is limited. In view of this, a Dof gene, PheDof12-1, was isolated from moso bamboo.
PheDof12-1 is located in the nucleus and has the highest expression in palea and the lowest in bract.
Moreover, PheDof12-1 expression is high in flowering leaves, then declines during flower development.
The transcription level of PheDof12-1 is highly induced by cold, drought, salt, and gibberellin A3
(GA3) stresses. The functional characteristics of PheDof are researched for the first time in Arabidopsis,
and the results show that transgenic Arabidopsis overexpressing PheDof12-1 shows early flowering
under long-day (LD) conditions but there is no effect on flowering time under short-day (SD)
conditions; the transcription levels of FT, SOC1, and AGL24 are upregulated; and FLC and SVP
are downregulated. PheDof12-1 exhibits a strong diurnal rhythm, inhibited by light treatment and
induced in dark. Yeast one-hybrid (Y1H) assay shows that PheDof12-1 can bind to the promoter
sequence of PheCOL4. Taken together, these results indicate that PheDof12-1 might be involved in
abiotic stress and flowering time, which makes it an important candidate gene for studying the
molecular regulation mechanisms of moso bamboo flowering.

Keywords: Phyllostachys edulis; Dof transcription factor; flowering time; abiotic stress; gene expression

1. Introduction

DNA binding with one finger (Dof) transcription factors (TFs) are a family of plant-specific
transcription factors. The proteins generally contain 50-52 highly conserved amino acids, including
a CCo-type zinc-finger motif at the N-terminal end [1]. Dof transcription factors have been shown
to be widely distributed in the plant kingdom. The cDNA sequence of Dof was first obtained from
Zea mays [2]. Since then, many Dofs have been cloned from various plant species [3-5]. In previous
studies, it is suggested that Dof proteins are involved in the regulation of a variety of biological
processes, including seed germination, floral organ abscission, hormone signaling, and cell cycles.
In Arabidopsis, DAG1 and DAG2 can promote seed germination [6,7], DOF6 acts as a negative regulator
of seed germination and interacts with TCP14 [8], and AtDOF4.7 participates in the transcriptional
regulation of floral organ abscission via an effect on cell wall hydrolase gene expression [9]. In addition,
some Dof genes (AtDof2.4, AtDof5.8, and AtDof5.6/ HCA2) are expressed in the early development
of vascular cells [10]. In rice, OsDof3 is involved in gibberellin-regulated expression [11]. Moreover,
Dof TFs such as maize Dof1 and Dof2 are also involved in the control of carbon and nitrogen metabolism
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through the regulation of phosphoenolpyruvate carboxykinase (PECPK), glutamine synthase (GS),
and glutamate synthase (GLU) [7,12-16].

Genetic and molecular studies have suggested that Dof transcription factors participate in different
stresses, light responsiveness, and flowering regulation. In Brachypodium distachyon, BICBF1, BACBF2,
and BdCBF3 contribute to cold, drought, and salt stresses by regulating downstream targets such as
DEHYDRINS.1 (Dhnb.1) and COR genes [17]. Overexpressing SICDF3 shows increased transgenic
Arabidopsis drought and salt tolerance [18]. In Chinese cabbage, most BraDof genes are induced by
cold, heat, high salinity, and drought stresses [19]. Moreover, Dof proteins are involved in photoperiod
flowering. In Arabidopsis, cycling Dof factor-1 (CDF1) binds to the COSTANS (CO) and FLOWERING
LOCUS T (FT) promoter regions to block transactivation of these two flowering genes, whereas
this inhibition could be released based on the GIGANTEA-FLAVIN-BINDING, KELCH REPEAT,
F-BOX1(GI-FKF1) complex-mediated degradation of CDF1 under long-day (LD) conditions [20].
In addition, CDF2, CDF3, and CDFb5 repress flowering of Arabidopsis by decreasing the mRNA
level of CO [21]. In rice, overexpressing OsDof12 promotes early flowering under LD conditions by
upregulating the expression of Hd3a and OsMADS14 [22]. Although a large number of Dofs have been
extensively studied in annual plants [23,24], the knowledge of Dofs in moso bamboo is limited.

Moso bamboo (Phyllostachys edulis) is a perennial plant characterized by a long vegetative stage
that flowers synchronously followed by widespread death [25]. In this case, studying the mechanism
of moso bamboo flowering time is very important and challenging, and it is quite difficult to determine
the key regulatory gene. Moreover, the growth of moso bamboo in the wild is severely threatened by
various environmental conditions such as drought, salinity and cold, which severely limit the growth
and distribution of moso bamboo and affect the yield and quality of winter shoots, as well as new
bamboo yield in the following year and the yield of wood harvesting of the subsequent years [26-28].
In addition, recent research on Dofs is mainly in annual plants, and is limited in perennials. Therefore,
researching the role of Dofs in moso bamboo is necessary, especially in terms of abiotic stress and
flowering time. In this study, a Dof gene (PheDof12-1) is isolated from moso bamboo, induced by cold,
drought, salt, and gibberellin (GA3) stresses. The functional characteristics of PheDof12-1 are researched
for the first time by ectopic expression in Arabidopsis, and transgenic Arabidopsis overexpressing
homozygous PheDof12-1 show early flowering under long-day (LD) conditions, binding to the promoter
sequence of PheCOL4 with a strongly diurnal pattern. These results provide new insights into the
functions of the Dof transcription factor in the regulation of photoperiod flowering time and abiotic
stress in moso bamboo.

2. Results

2.1. Isolation and Analysis of PheDof12-1

Based on the moso bamboo genome database, PheDof12-1 was isolated from moso bamboo.
The full-length CDS of PheDof12-1 is 1299 bp, encoding 432-amino acids, with predicted molecular
weight (MW) and isoelectric point (pI) of 46.37 kDa and 8.32, respectively. Structure analysis showed
that PheDof12-1 contains one intron and two exons (Figure 1A). The deduced proteins contain the
conserved zf-Dof domain. Furthermore, phylogenetic analysis of PheDof12-1 and homologous proteins
from other plants shows that PheDof12-1 and other Dofs from monocotyledons belong to the same clade
(Figure 1B). The amino acid sequence of PheDof12-1 shows 83% and 84% identity with Brachypodium
(XP_003558722) and rice (XP_015690912), respectively. This result was consistent with the findings
in the stated phylogeny and classification of plants. All these proteins contain the conserved zf-Dof
domain (Supplementary Figure S1).
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Figure 1. Characterization and preliminary expression analysis of PheDof12-1. (A) Gene structure of
PheDof12-1. (B) Phylogenetic analysis of PheDof12-1 with other DNA binding with one finger (Dof)
proteins. (C) gRT-PCR analysis of PheDof12-1 in different tissues of moso bamboo. (D) Expression
profile of PheDof12-1 in different flower developmental stages: F1: floral bud formation stage;
F2: inflorescence growing stage; F3: blooming stage; F4: flowers are withered. (E) Glucuronidase (GUS)
staining of Proppepofi 2.1-GUS in transgenic Arabidopsis seedling. (F) GUS staining of Propyepofiz-1 -GUS
plants showing PheDof12-1 localization in flower and pollen.
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2.2. Tissue-Specific Gene Expression

In order to analyze the expression of PheDof12-1 in different tissues (root, stem, leaf, flowering
leaf, flower) and floral organs (pistil, stamen, embryo, glume, palea, flower bud, bract), RNA was
isolated to perform qRT-PCR. The results show that the transcription level of PheDof12-1 in flowering
leaf is significantly higher than in other tissues. In different flower organs, the expression of PheDof12-1
was highest in palea, and lowest in bract (Figure 1C). In developing flowers, PheDof12-1 had higher
transcript accumulation at the floral bud formation stage (F1) (Figure 1D), and decreased gradually at
flower development, which was consistent with the previously reported detection of PheDof1 at early
stages of flower formation and development [29]. We further generated Propjepf12-1-GUS transgenic
lines, and glucuronidase (GUS) staining was detected in the vasculature of cotyledons and hypocotyls,
true leaves, roots, flower, and pollen (Figure 1E,F). The results demonstrate that PheDof12-1 is expressed
in different tissues and at different flower development stages, suggesting that it is dynamic during
plant development and may play an important role in moso bamboo growth and development.

2.3. Expression Patterns of PheDof12-1 under Stress Treatments

Previous reports have shown that Dof TFs are involved in abiotic stress [30]. To determine the
expression pattern of PheDof12-1 in moso bamboo under different stresses, we performed detailed
qRT-PCR with TIP41 and NTB as internal reference genes. The results show that PheDof12-1 was
responded to cold, drought, and salt stresses. In drought stress, PheDof12-1 was induced and
upregulated at each time point, and levels of transcripts in leaves and stems were slightly elevated,
but a sharp increase occurred after 1 h in roots, peaking at 70.9-fold. This implies that PheDof12-1 is
induced and has a positive function in response to drought stress (Figure 2A—C). In cold treatment
using NTB as a reference gene, the expression of PheDof12-1 rapidly increased in leaves, reaching
86.1-fold at 24 h (Figure 2I). Regarding salt treatment, the maximum increase was observed at 12 h,
reaching 12.5-fold in leaves when TIP41 was used as the reference gene (Figure 2F), but the expression
level was first induced and then decreased in roots. To further investigate the functions of PheDof12-1,
we initially analyzed the effects of gibberellin A3 (GA3) and abscisic acid (ABA) on its expression
(Figure 2] K). In GAj stress, the transcription level of PheDof12-1 was induced and upregulated at
almost every time point, peaking at 15.0-fold at 24 h. Under ABA treatment, the translation level of
PheDof12-1 initially decreased and then increased, was lowest at 6 h, dropping to undetectable levels,
and reached a peak at 48 h. All of these data indicate that PheDof12-1 takes part in the hormones and
different abiotic stresses of moso bamboo.
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Figure 2. Relative expression of PheDof12-1 in different tissues of moso bamboo under drought: (A) root,
(B) stem, (C) leaf; salt: (D) root, (E) stem, (F) leaf; under cold: (G) root, (H) stem, (I) leaf; and under (J)
gibberellin A3 (GA3) and (K) abscisic acid (ABA) treatments.

2.4. Overexpression of PheDof12-1 Promotes Early Flowering in Arabidopsis

In order to verify the subcellular localization of PheDof12-1, we further amplified its coding
region and fused it to the N-terminal of the eGFP vector. The subcellular localization assay indicated
that PheDof12-1 was localized in the nucleus, in accordance with its function as a transcription
factor (Figure 3B). To study the genetic functions of PheDof12-1, we transformed it in Arabidopsis.
The overexpressed plants showed an early flowering phenotype under LD conditions (Figure 3A),
whereas PheDof12-1 overexpression had no effect on flowering time under SD conditions (not shown).
The flowering time was about 10 days earlier than wild-type, and the number of rosette leaves of
overexpressed lines was smaller than that of wild Arabidopsis (Figure 3C). We further investigated
the transcription levels of FT, SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1),
AGAMOUS-LIKE 24 (AGL24), FLOWERING LOCUS C (FLC), and SHORT VEGETATIVE PHASE (SVP)
in the T3 generation to ascertain the downstream effects of this construct. FT, SOC1, and AGL24 were
upregulated, while FLC and SVP expression were rather low compared with wild-type (Figure 3D).
These data suggest that PheDof12-1 might regulate flowering by controlling the expression of FT, SOCI,
AGL24, FLC, and SVP.
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Figure 3. Analysis of an early flowering phenotype by overexpression of PheDof12-1 in Arabidopsis.
(A) Phenotypes of overexpressing PheDof12-1 transgenic lines (L3, L4) and wild-type (WT) plants as
control under long-day (LD) conditions. (B) Subcellular localization of PheDof12-1. (C) Flowering
time scored as number of rosette leaves at flowering of wild-type and transgenic plants under LD
conditions. (D) Transcription levels of FT, SOC1, AGL24, FLC, and SVP in wild-type and transgenic
plants. Arabidopsis Actin was used as the internal reference gene. Error bars indicate standard
deviations. Asterisks indicate statistically significant difference between wild-type and transgenic
plants (p < 0.01 by Student’s t-test).

2.5. PheDof12-1 Interacts with Photoperiod-Related Regulators

In Arabidopsis, CDFs are transcriptional repressors that bind to CO and FT promoters to
repress their transcription [20]. To explore whether PheDof12-1 can form heterodimers with other
proteins, an interaction prediction was performed using STRING (https:/ /stringdb.org/) based on
the interaction network of rice orthologous genes. As shown in Figure 4E, PheDof12-1 interacted
with 10 identified proteins. Among them, the B-box protein (PH01004196G0130), Dof transcription
factor (PH01001184G0160), grain size gene (PheSLR1) [31], photoperiodic flowering response
gene (PH01002431G0090) [32], and drought-induced protein (PH01000199G0750) were identified,
suggesting that PheDof12-1 may be involved in growth and development, photoperiodic response,
and abiotic stress.

CDF1, CDF2, CDF3, and CDF5 had high mRNA levels at the beginning of the light period in
Arabidopsis [21], and CDFs displayed a similar expression pattern in Populus [33]. So, we detected the
expression patterns under photoperiod treatments. The results show that PheDof12-1 was similarly
expressed under both LD and SD conditions. The transcription level of PheDof12-1 decreased with
the increased light time, reaching the minimum value before dark (Figure 4A,B), with high mRNA
levels at the beginning of the light period, which was consistent with the expression patterns of CDFs
in Arabidopsis and Populus. The highly similar expression pattern of CDFs in Populus, Arabidopsis,
and moso bamboo suggests a functional conservation.

CO and CO-like (COL) proteins are members of the B-box family, playing a central role
in the photoperiod response pathway by mediating between the circadian clock and the floral
integrators [34]. CDFs are transcriptional repressors that bind to the CO promoter to repress its
transcription [20]. PheDof12-1 interacted with B-box proteins by interaction prediction; moreover,
PheDof12-1 and PheCOL4 had similar expression patterns under photoperiod treatments (Figure 4C,D),
suggesting that PheDof12-1 may interact with PheCOL4 in moso bamboo. To examine whether
the PheDof12-1 protein regulated PheCOL4 expression by directly binding to the promoter region,
the PheCOL4 promoter sequence was investigated. We performed a targeted yeast one-hybrid
(Y1H) assay using PheDof12-1, and PheCOL4 was inserted upstream of the reporter plasmid pHIS2
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and cotransfected into the yeast cells with the AD-PheCOL12-1 effector plasmid. The binding of
PheCOL12-1 and the promoter of PheCOL4 was indicated by the growth of transfected yeast cells
on a nutrient-deficient medium (synthetic dextrose (SD)/-Trp-Leu-His) plus 3-amino-1, 2, 4-triazole
(3-AT) and 5-bromo-4-chloro-3-indoxyl-a-D-galactopyranoside (X-x-Gal). The results show that
all transformants tested were found to grow well on the SD/-Leu/-Trp medium when transferred
onto SD/-Trp/-Leu/-His/3-AT/X-x-Gal plates for 3 days; only the yeast cells of AD-PheDof12-1 +
pHIS2-PheCOL4 vectors and the positive control grew strong and turned blue (Figure 4F). This result
suggests that PheDof12-1 could bind to the promoter of PheCOL4 and regulate PheCOL4 expression in

moso bamboo.
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Figure 4. PheDof12-1 protein binds to the promoter region of PheCOL4. Relative expression of
PheDof12-1 under (A) LD and (B) SD conditions. Transcription level of PheCOL4 under (C) LD and
(D) SD conditions. (E) Interaction network of PheDof12-1 in moso bamboo. Colored balls (protein
nodes) in the network were used as a visual aid to indicate different input proteins and predicted
interactions. Enlarged protein nodes indicate the availability of 3D protein structure information. Gray
lines connect proteins that are associated by recurring text mining evidence. (F) Yeast one-hybrid (Y1H)
assay for AD-PheDof12-1 and pHIS2-PheCOL4. The reporter pHIS2 vector carrying the corresponding
fragment and the effector AD-PheDof12-1 vector were cotransfected into yeast Y187 cells. Growth of
the transfected yeast cells on a 3-AT and X-x-Gal medium indicates that the PheDof12-1 protein can
bind to the PheCOL4 promoter.
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3. Discussion

Moso bamboo is a perennial plant characterized by rapid growth and a long vegetative stage that
lasts for decades or even longer before flowering [25]. Dof proteins are a group of plant-specific TFs
that are involved in diverse plant-specific biological processes [16]. In addition, recent research on
Dofs is mainly in annual plants, and is limited in perennials. Therefore, researching the roles of Dofs in
moso bamboo is necessary. In this study, a Dof gene, PheDof12-1, is identified from moso bamboo as
a nucleus-localized transcription factor that contains typical zf-dof domains.

In recent decades, reports have indicated that Dof transcription factors are involved in stress
response. In Arabidopsis, the expression level of AtCDF3 is upregulated by cold, drought, high salinity,
and ABA treatment [30], and overexpression of 355::SICDF1 and 355::SICDF3 increases Arabidopsis’s
tolerance to salt and drought stresses [18]. In wheat, TaDof14 and TaDof15 are significantly induced
under drought treatment [35]. Previous research has suggested that drought or other environmental
stresses are functional in the flowering stage of bamboo, and the transcription levels of Dof genes
are upregulated in drought stress [36]. In addition, studying the tolerance of PheDof12-1 will help to
characterize moso bamboo cultivars such as salt, cold, and drought tolerance. In this study, PheDof12-1
exhibited differential expression patterns under the conditions of drought, cold, salt, and ABA and GA3
treatments. Through the drought, cold, salt, and GAj stresses, the expression pattern of PheDof12-1 is
basically upregulated in roots, stems, and leaves, indicating that it might participate in abiotic stress
and hormone pathways, which is consistent with previous reports [36,37]. The results provide a better
understanding of the stress tolerance of PheDof12-1 in moso bamboo.

Hd1/CO and Hd3a/FT are conserved genetic pathways that regulate photoperiodic flowering
between rice and Arabidopsis by their genomic comparison [38]. In Arabidopsis, CDF1-CDF3 are
suggested to participate in photoperiodic flowering [39]. JcDof3 is a circadian clock regulated gene
involved in the regulation of flowering time in Jatropha curcas [40]. In rice, OsDof12 and CDF1 belong
to the same group [41], and overexpression of OsDof12 resulted in early flowering by increasing
the expression of Hd3a and OsMADS14 under LD conditions [22]. PheDof12-1 is the homologous
gene of OsDof12, and Dof-Hd3a-MADS-flowering may play an important role in moso bamboo
flowering [36]. Therefore, we researched the function of PheDof12-1 in flowering time by ectopic
expression in Arabidopsis for the first time, and the transgenic lines overexpressing PheDof12-1 show
earlier flowering than the wild-type plants under LD conditions. In addition, FT, SOC1, and AGL24 are
upregulated and FLC and SVP are downregulated in the transgenic lines. FT promotes flowering [42],
which is activated by CO in the phloem [43]. SOC1 is a core regulator of flowering in Arabidopsis,
which can interact with SVP and AGL24 proteins, but SVP and AGL24 have opposite effects on
flowering time, acting as floral repressor and inducer, respectively [44]. FLC encodes a MADS
domain-containing transcription factor that acts as an inhibitor of flowering [45]. This leads us
to suspect that PheDof12-1 promotes flowering time by regulating FT, SOC1, AGL24, FLC, and SVP
directly or indirectly, suggesting that it might retain some function in the control of flowering time
through similar molecular mechanisms to those observed when expressed in Arabidopsis.

Diurnal oscillation of the transcription levels of CDFs has been reported in Arabidopsis and other
species [21,23]. In Arabidopsis, CDF1-CDF3 and CDF5 show maximum expression at the beginning of
the light period, decreasing to a minimum between 16 and 20 h, then rising again during dawn [21].
In tomato, SICDF1 and SICDF3 exhibit maximum expression at the beginning of the day, while SICDF?2,
SICDF4, and SICDF5 exhibit maximum levels during the night [18]. In rice, OsDof12 is strongly
inhibited by dark treatment [22]. In the study, PheDof12-1 exhibited significantly diurnal expression
patterns with high mRNA levels at the beginning of the light period under LD and SD conditions,
supporting the assumption that it is a true homologue of the Arabidopsis CDFs. In Arabidopsis,
CDFs can bind to the CO promoter to repress its transcription [20], and PttCDF3 can bind directly to
the PttCO2 promoter in Populus [33]. In moso bamboo, the diurnal expression pattern of PheCOL4 is
consistent with PheDof12-1, and Y1H analysis shows that PheDof12-1 binds directly to the promoter
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of PheCOL4. These results support the hypothesis that flowering regulator CO, a target of CDFs,
is controlled precisely [21], which is similar to the situation in Arabidopsis and Populus.

4. Materials and Methods

4.1. Plant Materials and Treatments

Moso bamboo seeds were harvested from Guilin in the Guangxi Zhuang Autonomous Region,
China. Seedlings were grown in an illumination incubator under long-day conditions (16 h light/8 h
dark) at day/night temperatures of 25/18 °C, and watered with Hoagland nutrient solution.
For drought and salt stress, the seedlings were watered with 50% Hoagland’s solution with 20%
polyethylene glycol 6000 (PEG 6000) and 250 mM NaCl. For low temperature treatment, the plants
were transferred to a growth chamber at 4 °C, and plant leaf, stem, and root tissues were collected [46].
For abscisic acid (ABA) and gibberellin A3 (GA3) treatments, the seedlings were watered with 200 tM
ABA [47] and 200 M GAj; solution [48]. To detect the transcriptional level of PheDof12-1 in photoperiod
treatments, leaves were collected for analysis from plants exposed to LD (16 h light/8 h dark) and
SD (16 h light/8 h dark) treatments [21]. All samples were immediately frozen in liquid nitrogen and
stored at —80 °C until further analysis.

4.2. Bioinformatic Analysis

The sequences were downloaded from BambooGDB (http://forestry.fafu.edu.cn/db/
PhePacBio/) [49]. Molecular weight (MW) and isoelectric point (pI) were analyzed using ProtParam
(http:/ /web.expasy.org/protparam/) [50]. The structure was shown using Gene Structure Display
Server software (http://gsdsl.cbi.pku.edu.cn/index.php) [51]. To search the database, the Basic
Local Alignment Search Tool (BLAST) network service from the National Center for Biotechnology
Information (NCBI) web server was applied. Homologue alignment was obtained using Clustal 1.83,
and a phylogenetic tree was constructed by MEGA®6.0 [52] using the following parameters: NJ method,
complete deletion, and bootstrap with 1000 replicates.

4.3. Vector Construction and Plant Transformation

The subcellular localization was performed by transfecting GFP-tagged PheDof12-1 into
Arabidopsis sheath protoplasts [53] (Supplementary Table S1). The full-length cDNA of PheDof12-1
was fused in frame with the GFP cDNA and ligated between the CaMV 35 S promoter and the
nopaline synthase terminator. The fluorescence signals were examined using a confocal laser scanning
microscope (Leica Microsystems, Wiesler, Germany).

The full-length coding sequence of PheDof12-1 was cloned into the pCAMBIA 2300 vector
under the control of the modified CaMV 35S promoter (Supplementary Table S1). The pCAMBIA
2300-PheDof12-1 vector was introduced into Agrobacterium umefaciens strain GV3101 for Arabidopsis
transformation in the Col-0 background by the floral dipping method [54]. Putative transgenic
plants were screened on 50% Murashige and Skoog (MS) solid medium supplemented with 50 mg/L
kanamycin, and homozygous T3 or T4 seeds were used.

In order to analyze the spatial expression patterns of PheDof12-1, a 2 kb region upstream of the
PheDof12-1 transcription start site was cloned and fused to the pCAMBIA2391Z vector to generate
the Proppepos12-1-GUS reporter, which was transformed into wild-type (WT) plants (Supplementary
Table S1). For GUS staining, Propyepofi2-1-GUS transgenic plants were used as previously reported [55].

4.4. Gene Expression Analysis

Total RNA was extracted from the frozen samples using Trizol reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions and treated with DNase I (TaKaRa, Tokyo,
Japan) to remove genomic DNA contamination. Then, for each sample, the first-strand cDNA was
synthesized using a PrimeScript™ RT Reagent Kit (TaKaRa). The expression profiles of PheDof12-1 in
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different tissues, abiotic stress, and photoperiod treatments were analyzed by quantitative RT-PCR
(qQRT-PCR). TIP41 and NTB were used as internal housekeeping genes [56]. The qRT-PCR reactions
were carried out using a Light Cycler 480 System (Roche, Basel, Switzerland) and a SYBR Premix EX
TaqTMKkit (Roche, Mannheim, Germany). All reactions were performed in triplicate, both technical
and biological, and data were analyzed using the Roche manager software. The primer sequences are
listed in Supplementary Table S1.

4.5. Yeast One-Hybrid Assay

To perform the Y1H assay, the full length of PheDof12-1 was cloned into the pPGADT7-Rec2 bait
vector, and the promoter sequence of PheCOL4 was cloned into the pHIS2 prey vector (Supplementary
Table S1). The lithium acetate method was used to transform into the Y187 strain. The transformed
yeast cells were selected on SD/-Trp/-Leu and SD/-Trp/-Leu/-His/-3AT /X-x-Gal plates at 30 °C for
3-5 days.

5. Conclusions

In conclusion, the present study provides new notions about the function of Dof TFs in
moso bamboo and shows PheCOL12-1 as a key factor with multiple roles related to abiotic stress,
and the developmental program underlying the transition from the vegetative to the reproductive
phase under LD conditions. PheCOL12-1 is a nucleus-localized transcription factor that regulates
photoperiodic-related regulators. These findings not only increase our understanding of the functional
roles of Dof proteins in the regulation of abiotic stress and flowering time, but also provide an important
candidate gene for studying molecular regulation mechanisms of moso bamboo flowering.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/20/2/
424/51.
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Abbreviations

LDs Long days

SDs Short days

DOF DNA binding with One Finger

PCR Polymerase chain reaction

cO CONSTANS

FT Flowering locus T

TFs Transcription Factors

GI GIGANTEA

FKF1 FLAVIN-BINDING, KELCH REPEAT, F-BOX1
CDF Cycling Dof Factor

Hd3a Heading date 3a

MADS MCM1, AGAMOUS, DEFICIENS and SRF
GFP Green Xuorescent protein

ABA Abscisic acid

GA Gibberellin

GUS Glucuronidase

COL CO-Like

FLC FLOWERING LOCUS C

SOC1 SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1
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svp

SHORT VEGETATIVE PHASE

AGL24 AGAMOUS-LIKE 24

3-AT

3-amino-1, 2, 4-triazole

X-a-Gal 5-bromo-4-chloro-3-indoxyl-o-D-galactopyranoside
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Abstract: The EXO70 gene family is involved in different biological processes in plants, ranging from
plant polar growth to plant immunity. To date, analysis of the EXO70 gene family has been limited
in Triticeae species, e.g., hexaploidy Triticum aestivum and its ancestral/related species. By in silico
analysis of multiple Triticeae sequence databases, a total of 200 EXO70 members were identified. By
homologue cloning approaches, 15 full-length cDNA of EXO70s were cloned from diploid Haynaldia
villosa. Phylogenetic relationship analysis of 215 EXO70 members classified them into three groups
(EX0O70.1, EXO70.2, and EX0O70.3) and nine subgroups (EXO70A to EXO70I). The distribution of
most EXO70 genes among different species/sub-genomes were collinear, implying their orthologous
relationship. The EXO70A subgroup has the most introns (at least five introns), while the remaining
seven subgroups have only one intron on average. The expression profiling of EXO70 genes from
wheat revealed that 40 wheat EXO70 genes were expressed in at least one tissue (leaf, stem, or root),
of which 25 wheat EXO70 genes were in response to at least one biotic stress (stripe rust or powdery
mildew) or abiotic stress (drought or heat). Subcellular localization analysis showed that ten EXO70-V
proteins had distinct plasma membrane localization, EXO70I1-V showed a distinctive spotted pattern
on the membrane. The 15 EXO70-V genes were differentially expressed in three tissue. Apart from
EXO70D2-V, the remaining EXO70-V genes were in response to at least one stress (flg22, chitin,
powdery mildew, drought, NaCl, heat, or cold) or phytohormones (salicylic acid, methyl jasmonate,
ethephon, or abscisic acid) and hydrogen peroxide treatments. This research provides a genome-wide
glimpse of the Triticene EXO70 gene family and those up- or downregulated genes require further
validation of their biological roles in response to biotic/abiotic stresses.

Keywords: EXO70; Haynaldia villosa; gene family; phylogenetic relationship; subcellular localization;
expression profiling

1. Introduction

The exocyst complex is an evolutionarily conserved octameric tethering factor, which mediates
the fusion of post-Golgi secretory vesicle with the plasma membrane (PM) and plays a major role in
exocytosis [1,2]. EXO70 is a key member of the exocyst complex and has been found to be widely
present in yeast, mammals and plants [3]. In yeast and mammals, the EXO70 only has a single copy,
while plants have multiple copies of EXO70 genes [4] ranging from 21 to 47 EXO70 members in
potatoes (Symphytum tuberosum), Arabidopsis, Populus trichocarpa and rice [1,5,6]. The EXO70s of land
plants possibly originated from three ancient EXO70 genes and thus can be divided into three groups
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EX070.1, EXO70.2 and EXO70.3. They have been further duplicated independently in the moss,
lycophyte and angiosperm lineages, and in the subsequent lineage-specific multiplications which are
represented by nine subgroups (EXO70A-EXO70I) [4,7-9].

The function of EXO70 has been extensively studied in yeast, and mammals [3,10-15]. In plants,
EXO70s have been proven to play diverse roles in regulating plant growth and coping with adverse
biotic/abiotic stresses. In Arabidopsis, EXO70A1 has been implicated in a wide range of developmental
processes, including the differentiation of tracheary elements [16,17], the development of seed coat, root
hair and stigmatic papillae [18], the recycling of the auxin efflux carrier proteins (PIN1 and PIN2) [19]
and the formation of the Casparian strip [20]. EXO70C1 and EXO70C2 regulated the polarized
growth and maturation of the pollen tube [21,22]. EXO70H4 regulates trichome cell wall maturation
by mediating the secretion and accumulation of callose and silica [23,24]. The rice OsEXO70A1 is
necessary for vascular bundle differentiation and assimilation of mineral nutrients [5]. The legumes
EXO70J7, EXO70J8 and EXO70J9 are members of an atypical subgroup of EXO70 proteins (EXO70J)
that regulate leaf senescence and nodule formation [25]. In Nicotiana benthamiana, silencing all the
paralogue genes in subgroups EXO70A (six), C (three), D (four) and G (six) resulted in a smaller leaf
phenotype [6].

Evidence has accumulated for the critical role of EXO70s in plant-pathogen interactions or
responses to abiotic stresses. In N. benthamiana, the silencing of two EXO70B paralogues led to increased
susceptibility to Phytophthora infestans [6]. Three of the 23 members of the Arabidopsis EXO70 gene
family (EXO70B1, EXO70B2 and EXO70H1) have been proven to be involved in plant immunity [26].
AtEXO70B1 and AtEXO70B2 belong to the same subgroup and are both involved in plant immunity,
of which AtEXO70B1 a negative regulator, while AtEXO70B2 is a positive regulator. AtEXO70B1
underwent autophagic transport, and the loss-of-function of ex070B1 led to reduced numbers of
internalized autophagosomes, accumulation of salicylic acid (SA), and finally, ectopic hypersensitive
responses and enhanced resistance to several pathogens. AtEXO70B1’s regulation of disease
resistance, either by interacting with TIR-NBS2, a truncated version of the classical nucleotide binding
(NB) domain and a leucine-rich repeat (LRR)-containing (NLR) intracellular immune receptor-like
protein [27-29], or by interacting with RIN4, a well-known regulator of pathogen-associated molecular
pattern (PAMP)-triggered immunity (PTI) [29]. AtEXO70B2 regulated innate immunity via interacting
with a negative PTI regulator, AtPUB22, which mediated the ubiquitination and degradation of
AtEXO70B2 and contributed to PTI. The exo70B2 mutants showed aberrant papillae with halos and were
susceptible to different PAMPs and pathogens [30,31]. AtEXO70B1 and AtEXO70B2 also contribute
to the abiotic stress response; both were positive regulators of stomatal movement. The response
to mannitol (drought) treatments is in either an abscisic acid (ABA)-dependent or -independent
manner [32,33]. AtEXO70H1 is a homolog of AtEXO70B2 and is also involved in plant immunity [31].
Three of the 47 EXO70 members of rice (OsEXO70E1, OsEXO70F2 and OsEXO70F3) were reported to
participate in plant immunity [5]. OsEXO70EL is attributed to planthopper resistance by interacting
with a broad resistance protein, Bph6. Interaction of the two proteins increased exocytosis and blocked
the feeding of a planthopper by cell wall thickening at the infection sites [34]. The importance of EXO70
in plant immunity was also shown by the fact that some of the EXO70s were targets of the secreted
effectors of the plant pathogen. Both OsEXO70F2 and OsEXO70F3 were targets of the Magnaporthe
oryzae effector AVR-Pii, and OsEXO70F3 was proven to play an important role in Pii-dependent
resistance by interacting with AVR-Pii [35].

Accumulated evidence has shown that a large number of EXO70s exist in plants; however,
only a few have had their biological roles elucidated [5,35,36]. Due to the huge genome size and
complexity [37], the knowledge of the EXO70 gene family from the Triticeae species is rather limited.
In the last five years, the genome sequences of wheat and its ancestor species have been released,
which makes genome-wide identification of a gene family in the Triticeae species feasible [38—43].
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Haynaldia villosa L. (2n = 2x = 14, VV) is a diploid wild relative of wheat. Previous studies showed
that H. villosa is a valuable genetic resource harboring many elite traits, such as resistance to several
wheat diseases and tolerance to abiotic stresses [44—46]. In the present study, different members of the
EXO70 gene family are identified by browsing the released genome sequences of the Triticea species.
Specific primer pairs are designed, EXO70s are cloned from H. villosa and their potential functions are
elucidated by expression profiles based on in silico analysis and quantitative RT-PCR (qRT-PCR). The
obtained results would help us to understand the evolution and diversification of the EXO70s among
Triticeae species and their potential roles in plant immunity and responses to abiotic stresses.

2. Results

2.1. Identification and Phylogenetic Relationship Analysis of the EXO70 Gene Family in Triticeae Species

In total, 200 EXO70 genes were identified from the public database of five Triticeae species. Among
them, there were 26 each from T. urartu, Ae. Tauschii and H. vulgare; 47 from T. dicoccoides; and 75
from common wheat (T. aestivum), respectively. Fifteen EXO70s from H. villosa were obtained by
homology cloning (Figure 1a). The evolutionary relationship of the above 215 Triticeae EXO70s, along
with 22 from Brachypodium distachyon, 41 from rice and 23 from Arabidopsis, were phylogenetically
analyzed (Figure 1b, Table S1). These EXO70s were divided into three major groups, EXO70.1,
EX070.2 and EXO70.3, which were further assigned to nine subgroups, from EXO70A to EXO70I,
according to a phylogenetic tree (Figure 1b). The EXO70A subgroup belongs to the group EX070.1,
in which 43 (14.28%) EXO70s were included; the EXO70B, C, D, E, F, H, and I subgroups belong
to the group EXO70.2, in which 229 (76.08%) EXO70s were included; the EXO70G subgroup
belongs to the group EXO70.3, in which 29 (9.63%) EXO70s were included. The EXO70I subgroup
has the most members (74, 24.58%), followed by EXO70F (48, 15.95%) and EXO70A (43, 14.28%)
(Figure 1c). Based on the subgroups and genome allocation, the wheat EXO70s were designated [7,47].
For example, the EXO70B1 from T. dicoccoides located on chromosome 1A was assigned TdEXO70B1-1A.
In Arabidopsis, the EXO70I subgroup is missing, whereas the EXO70! subgroup in Triticeae species
appeared to be the most divergent. However, our analysis led to a new insight: the EXO70I subgroup
belongs to EXO70.2, rather than EXO70.3 from other species [36] (Figure 1b,c).

15
2

] 26
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Figure 1. Cont.
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Figure 1. The number and phylogenetic relationships of EXO70 family genes from T. aestivum, T. urartu,
Ae. tauschii, T. dicoccoides, H. vulgare, A. thaliana, Oryza sativa, Brachypodium distachyon and H. villosa.
(a) The total number of EXO70 gene family in nine species. (b) The phylogenetic tree of nine Triticeae
species. Species abbreviations: Ta, Triticum aestivum; Tu, Triticum urartu; Aet, Aegilops tauschii; Td,
Triticum dicoccoides; Hv, Hordeum vulgare; At, Arabidopsis thaliana; Bd, Brachypodium distachyon; Os, Oryza
sativa; -V, Haynaldia villosa. (c) The number of the EXO70 gene family from nine species in each of the
subgroups. The horizontal /longitudinal coordinate axis represents the number of genes and different
subgroups, respectively.

The 15 cloned EXO70s from H. villosa were designated as EXO70A1-V to EXO70I1-V according to
the phylogenetic relationship to wheat EXO70s. They belong to nine subgroups, three each to EXO70A
and F, two each to EXO70D and G and one each to EXO70B, C, E, H and I (Figure 1). Their CDS length
ranges from 801 bp (EXO70H1-V) to 2007 bp (EXO70C1-V) and their isoelectric point varies from 4.52
(EXO70B1-V) to 10.19 (EXO70G1-V) (Table 1).
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Table 1. EXO70 genes cloned from H. villosa.

Number Name ORF (bp) AA (aa) DL (aa) PI MW (KD)
1 EXO70A1-V 1914 637 268-623 7.71 71.48
2 EXO70A2-V 1944 647 273-631 8.78 73.07
3 EXO70A3-V 882 294 1-283 8.83 32.61
4 EXO70B1-V 1626 541 180-534 4.52 59.74
5 EXO70C1-V 2007 668 287-654 5.72 73.9
6 EXO70D1-V 1650 549 152-532 6.98 612
7 EXO70D2-V 1644 547 152-525 7.00 61.02
8 EXO70E1-V 1815 605 233-580 5.04 68.93
9 EXO70F1-V 1323 441 52-424 5.46 49.88

10 EXO70F2-V 1542 514 147-504 5.03 57.62
11 EXO70F3-V 1431 477 108-466 5.60 5291
12 EXO70G1-V 807 268 1-232 10.19 30.95
13 EXO70G2-V 1437 478 85-439 9.42 53.8

14 EXO70H1-V 801 268 1-238 8.66 28.65
15 EXO7011-V 1455 484 126-480 5.61 4248

Abbreviations: ORF, open reading frame; AA, amino acids; DL, PFam03081 domain location; PI, protein isoelectric
point; MW, protein molecular weight.

DNAMan was used to explore the amino acid sequence feature of H. villosa EXO70s. The pfam03081
domain at the C-terminus was relatively conservative, shown by the fact that all of the EXO70s had
the same amino acid in the 11 sites (in the red rectangle in Figure 2a). R programming language was
used to visualize the sequence similarities. The same subgroups shared more common sequences,
e.g.,, EXO70D1-V and EXO70D2-V shared about 80% similarity, while different subgroups had low
sequence similarities, e.g., EXO70H1-V and EXO70I1-V only had 21.46% similarity (Figure 2b).
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Figure 2. The amino acid sequence feature analysis of EXO70 gene in H. villosa. (a) The amino acid
sequence of pfam03081 domain for each EXO70 was selected for multiple sequence alignment analysis
by DNAMan. The 11 identical amino acids were indicated in red frame. The three colors of black, red
and blue represent the level of similarity of amino acids, from high to low. (b) Sequence similarity
analysis using the R programming language. The color scale bar represents sequence similarity between
different genes. Red and yellow indicate that the sequence similarity was greater than 80% and 60%,
respectively. Blue indicates that the sequence similarity was less than 40%.
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2.2. The Number of EXO70s in Genomes of Triticeae Species

The diploid species B. distachyon and Arabidopsis have 22 and 23 EXO70s, respectively, while
diploid rice has 41, nearly twice as many. We identified 22 EXO70s each in A and D of common wheat
and B of the tetraploid wheat, 25 in A of tetraploid wheat, 26 in D of Ae. Tauschii and H of barley and 29
EXO70s in B of common wheat. For the A genome, tetraploid has three more EXO70s than hexaploidy
wheat; for the B genome, hexaploidy has seven more than tetraploid wheat; for the D genome,
Ae. tauschii has four more EXO70s than hexaploidy wheat. In common wheat, the chromosomes 5A,
5B and 5D had the same number of EXO70s, belonging to the same gene type and having the same
gene order. The chromosomes 7A, 7B and 7D also have the same number of EXO70s; however, their
gene type and gene order were not completely the same. For example, TnEXO70D is only present on
7A and 7B, but not on 7D; TaEXO70G1 is only present on 7A and 7D, but not 7B. The gene number
and order for EXO70s in the remaining five homoeologous were also different among corresponding
homoeologous chromosomes, mainly due to their difference for subgroup EXO70I (Tables 2 and S2).

Table 2. Number of EXO70 from different species in each of the chromosomes.

T. aestivum T. dicoccoides  Ae. tauschii H. vulgare
Chromosome Total
A B D A B D H
Chr.1 1 1 3 1 1 1 1 9
Chr.2 5 8 4 8 6 6 7 44
Chr.3 4 5 3 4 3 4 4 27
Chr4 1 3 2 2 2 2 2 14
Chr.5 3 3 3 2 2 3 3 19
Chr.6 1 2 0 1 1 1 1 7
Chr.7 7 7 7 7 7 9 7 51
Total 22 29 22 25 22 26 26 171
*Unknow 2 1 3

* The genes that were assigned to unknown chromosome.

The three analyzed diploid Triticea species, H. vulgare, T. uratu and Ae. tauschii, each had 26
EXO70s and had the same number as the EXO70B, C, D and H subgroups. They had the least EXO70Hs
and the most EXO70Is. T. uratu only had one EXO70G, while the other two species had three. However,
T. uratu had more EXO70I than the other two species (Table 3). The variation among different diploid
species may be due either to the quality of the genome assembly or the duplication or deletion during
evolution. The tetraploid T. dicoccoides and hexaploid T. aestivum have 47 and 75 EXO70s, which are
about twice and three times the number in diploid species, respectively. In addition, the number of
EXO70s from each subgroup is also exactly (EXO70C, H) or almost (EXO70A, B, D, E, F, I) 2 or 3 times
that of the diploid species (Table 3). This indicated that, in polyploid wheat, the increased number of
EXO70s is mostly due to the genome polyploidization.

We only identified 15 EXO70s in diploid H. villosa, which is much less than the average number
for other diploid species. H. villosa had the same number of subgroups D and H, but fewer members of
subgroups B, C, E, F and I. This is due either to the lack of the sequence of H. villosa, or the divergence
of H. villosa from other Triticea species (Table 3).
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Table 3. Numbers of EXO70 paralogs encoded by the surveyed genomes in total and individual subgroups.

Genome Total Number Subgroup

A B C D E F G H I

H. villosa (VV) 15 3 1 1 2 1 3 2 1 1

H. vulgare (HH) 26 4 2 2 2 2 5 3 1 5

T. urartu (AA) 26 3 2 2 2 1 5 1 1 9

Ae. tauschii (DD) 26 4 2 2 2 1 4 3 1 7
T. dicoccoides (AABB) 22-25 (47) 3(6) 2 (4) 2(4) 2(4) 1(2) 4(8) 3(6) 1(2) 7 (11)
T. aestivum (AABBDD) 22-29 (75) 4(12) 2(5) 2(6) 2(5) 1(3) 5(13) 3(6) 1(3) 14 (22)

B. distachyon (Bd) 22 4 2 2 2 1 4 3 1 3

Oryza sativa 41 4 3 2 2 1 5 3 5 16

Arabidopsis thaliana 23 3 2 2 3 2 1 2 8 0
Total 238 (301) 32(43) 18(23) 17(23) 19(24) 11(14) 36(48) 23(29) 20(23) 64 (74)

Numbers in brackets indicate number of copies for polyploid genomes.

2.3. The Chromosomal Distribution of EXO70s in Triticeae Species

The identified 174 EXO70s from four Triticeae species (T. aestivum, Ae. tauschii, T. dicoccoides and
H. vulgare) were assigned to corresponding chromosomes (including three on unknown chromosome).
With the exception of wheat 6D, all chromosomes have at least one EXO70 gene (Figure 3). The EXO70s
were not evenly distributed on difference chromosomes or in different homologous groups. In total,
there were 9, 44, 27, 14, 19, 7 and 51 EXO70s in the homologous groups 1 to 7, with group 7 having the
most EXO70s (29.31%), followed by group 2 (25.29%) (Table 2). The EXO70s in group 7 was dispersely
distributed along the chromosome, while those in group 2 were clutered at the dital region of the long
arm (Figure 3). We found that nine groups EXO70s were conversely present on the same homoeologous
groups of the four species, such as the Bl in groupl, F2/3 in group 2, E1 and F3/2 in group 3, C2/C1
in group 4, Cl and D1 in group 5, F1 and F4 in group 7 (Table S2, Figure 3).

For homologous chromosomes from different genomes of wheat and its ancestral /related species,
most of the corresponding EXO70 orthologs were present at the syntenic genome regions. For example,
EXO70B1s were on the long chromosome arm of homoeologous group 1 and EXO70E1 on group
3 chromosomes (Figure 3). There are some exceptions. The EXO70GI is present on all group 6
chromosomes except for sub-genome 6D of the hexaploidy wheat. The EXO70H]1 is located on
chromosomes 2A, 2B of common wheat and T. dicoccoides, 2D of Ae. tauschii and 2H of barley and on
1D of common wheat (Figure 3). We found that the EXO70C2 is on the 4BS of common wheat and T.
dicoccoides (Figure 3a,b), on the 4DS of common wheat and Ae. tauschii (Figure 3a,d), but on the 4AL
of common wheat and T. dicoccoides (Figure 3a,b). This also supports the presence of an inter-arm
translocation of 4A during the evolution from diploid to tetraploid wheat [48,49].
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Figure 3. The chromosomal distribution of the EXO70 gene family in four Triticeae species. (a-d)
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represent T. aestivum, T. dicoccoides, A. tauschii and H. vulgare, respectively. Chromosome numbers are
indicated at the top of each bar and the number in parentheses corresponds to the number of EXO70
genes present on that chromosome. The name of each gene is to the left of each chromosome. Gene
names labeled with red, blue, or black indicate that they are conserved in four species, missing in one
due to incomplete data, or missing in more than two, respectively.

2.4. The Diversification of Gene Structure of Triticeae EXO70s

The C-terminal PFam03081 domain, which may determine the function or structure of the proteins,
is a specific characteristic of the EXO70 superfamily [47]. All the predicted 200 and 15 homologous
cloned EXO70 proteins possessed such a domain; however, their amino acid sequence length is different
for different EXO70s, varying from 103aa to 669aa and with an average length of 345aa (Table S1).

The exon—intron structure of the 200 Triticeae EXO70s was visualized by using the online Gene
Structure Display Server and compared among different subgroups or within each individual subgroup.
The exon-intron structures for most of the EXO70s within the same subgroups were relatively conserved
among Triticeae species, was similar to in Arabidopsis or rice [7,36]. Compared with other subgroups,
the subgroup EXO70A with 30 genes has the most introns on average, e.g., TuEXO70A3 has the most
introns (20) and HvEXO70A4-2H has the fewest introns (five) (Figure 4a). The 170 EXO70 genes in the
remaining eight subgroups only have about one intron on average. Among them, 83 genes (41.50%)
are intronless, including eight EXO70Bs, seven EXO70Cs, nine EXO70Ds, one EXO70Es, 18 EXO70sF,
12 EXO70Gs, five EXO70Hs and 23 EXO70sl; 60 genes (30.00%) have one intron (e.g., AetEXO70B1 and
TaEXO70C1-5BL), 19 genes (9.50%) have two introns (e.g., TtEXO70C2 and TaEXO70G2-6BS) and eight
genes (4.00%) have three to six introns (e.g., AetEXO70I3 and TaEXO70D1-5AL). We also observed
that genes that have a closer phylogenetic relationship in the same subgroup have a similar gene
structure; however, within the same subgroup, some genes showed quite different gene structure.
For instance, TnEXO70D1-5AL has six introns in EXO70D (Figure 4d) and the three copies of TaEXO70I5
and AetEXO70I3 have five introns, while the other genes in the same subgroup (EXO70D or EXO70I)
only have one or two introns (Figure 4i). The most diversified gene structure of the EXO70A subgroup
may be a clue that their diversified biological role is different from that of other subgroups.
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Figure 4. Phylogenetic analysis and exon-intron structures of EXO70 gene family in common wheat
and related Triticeae species. The phylogenetic analysis was performed using the sequences of the
conserved domain of EXO70; proteins were aligned by ClustalW, constructed by MEGA®6 using the N-J
method, with 1000 bootstrap replicates; the branch length scale bar indicates the evolutionary distance.
The left column identifies subgroups and is marked with different alternating background tones to
make subgroup identification easier. Introns and exons are represented by black lines and colored
boxes, respectively.

2.5. The Expression Pattern of TiEXO70 Genes

The expression patterns of different members in a gene family will help us predict their potential
biological roles. To elucidate the potential roles of the identified EXO70s, their expression in different
tissues or in responses to various biotic and abiotic stresses was investigated by in silico expression
profiling or qRT-PCR analysis. The expression patterns of wheat TaEXO70s in different tissues (root,
stem and leaf of seeding stage), under two biotic stresses (stripe rust pathogen CYR31 and powdery
mildew pathogen E09) and two abiotic stresses (drought and heat) [50,51] were first investigated using
the wheat RNA-seq data from the publicly available databases. The expression level was measured as
tags per million (TPM). To facilitate the portraits of transcript abundance, we assume the expression
was high if TPM > 2.5; moderate if 2.5 > TPM > 1.5; low if 1.5 >TPM > 0; and undetectable if
TPM = 0. All 75 TaEXO70 genes exhibited significantly diverse expression patterns (Figure 5). Their
expression can be classified into five groups. The group “e” includes 23 TaEXO70s (30.67%). Their
transcript abundance was undetectable; among them 11 were from subgroup I and six were from
subgroup C (Figure 5e). The group “d” includes 20 genes (26.67%). They had detectable but weak
transcript abundance; among them six were from subgroup A and six were from subgroup I (Figure 5d).
The group “c” has six genes (8.00%), whose expression is high in roots and stems, whereas it does
not respond to the four stresses (Figure 5c). The group “b” has 15 genes (20.00%). These genes were
found to be negligibly to moderately expressed in the three tissue types and in response to one or
two stresses. Among them, nine were from the subgroup F (Figure 5b). The group “a” has ten genes
(13.33%). Their expression was generally high, either in different tissues or in response to the four
stresses and none of them were from the subgroup I (Figure 5a).
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Figure 5. Heat map of the expression profiling of wheat EXO70 genes in different tissues and under
various stresses. The color scale bar represents the expression values of the genes. (a—e): Genes with
different expression types. Abbreviations: Bgt, powdery mildew; Pst: Stripe rust.

Six genes were upregulated in response to both biotic and abiotic stresses. TaEXO70E1-3B
was the only gene that was highly expressed in three tissues and upregulated in response to
all four stresses. Its homologs on 3AL TaEXO70E1-3AL displayed moderate expression in three
organs and were only responsive to Bgt inoculation and drought stress. The TaEXO70D1-5DL and
TaEXO70F3-3B also displayed moderate expression in three organs and stresses. The TiEXO70H1-1DL
expression was higher in root/leaf tissue and showed upregulation under both Pst infection and
heat treatment. The TaEXO70B1-1BL/1DL expression was higher in root/stem tissue, and it was
downregulated in response to Bgt and Pst inoculation but upregulated by drought treatment.
TaEXO70A3-2AL/2BL/2DL had a similar expression pattern, being expressed in three tissues (stems >
roots > leaves) and downregulated by Pst inoculation but upregulated by both drought and heat
treatment. TaEXO70D2-7BS and TaEXO70G1-7DL were both only responsive to biotic stresses;
however, they showed opposite patterns, with TnEXO70D2-7BS upregulated and TaEXO70G1-7DL
downregulated. Twelve genes were only responsive to one of the four stresses; five were only
upregulated in response to Bgt or Pst inoculation; and seven were only upregulated in response to
drought or heat stress. Conservation roles were observed for all three homolog genes from different
genomes, such as TnEXO70A3(2AL/2BL/2DL) and TaEXO70F2(2AL/2BL/2DL).

2.6. Differential Expression of 15 EXO70 Genes from H. villosa

The expression patterns of 15 EXO70-Vs in different tissues and in response to different stresses or
treatments in H. villosa were investigated by qRT-PCR. Different expression patterns were observed for
the analyzed genes (Figure 6). Six of the genes (EXO70D1-V, EXO70A2-V, EXO70F3-V, EXO70H1-V,
EXO70I1-V and EXO70G2-V) were not differentially expressed in all three tissues. Four genes
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(EXO70B1-V, EXO70G1-V, EXO70A1-V, EXO70C1-V) showed more abundant transcript in stem; seven
genes (EXO70E1-V, EXO70A3-V, EXO70B1-V, EXO70G1-V, EXO70F1-V, EXO70D2-V and EXO70F2-V)
showed higher expression level in leaves (Figure 6a).

EXO70A2-V showed a similar expression level in all the three tissues; however, its expression
was significantly increased in response to Bgt inoculation and treatments by chitin, flg22, heat stress,
phytohormones, or HyO,. EXO70G1-V showed a similar expression level in the stems and leaves;
its expression was also significantly increased by Bgt inoculation and treatment by chitin, flg22, four
phytohormones, or HyO,. The expression of EXO70H1-V was strongly upregulated by Bgt inoculation
and cold stress, and moderately upregulated by chitin, Flg22, ET and heat stress. EXO70I1-V only
responded to abiotic stresses (drought, salt and cold) and ABA treatment. EXOG2-V was responsive to
flg22 treatment and drought stress, and EXO70A3-V was only responsive to heat stress (Figure 6b,c).
The divergence of expression patterns of different gene members indicated their clear-cut roles in the
adaptation of H. villosa to various environments or stresses.
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Figure 6. Heat map of the expression profiling of wheat and H. villosa EXO70 genes in tissues and in
response to biotic/abiotic stress, phytohormones and H,O, treatments. (a) Tissue-specific expression
pattern of 15 EXO70-V genes in H. villosa. (b) Expression levels of EXO70-V genes in biotic/abiotic
stresses of H. villosa. (c) Expression profiling of EXO70-V genes in response to phytohormones and H,O,
treatments. The scale bar showing expression level of the genes. Abbreviations: Bgt, powdery mildew;
SA, salicylic acid; MeJA, methyl jasmonate; ET, ethephon; ABA, abscisic acid; H,O,, hydrogen peroxide.

2.7. The Subcellular Localization of EXO70s from H. villosa

Knowledge of the subcellular localization of a plant protein can help us predict its potential role
in the biological process. The subcellular localization of EXO70-Vs was investigated by transiently
expressing the construct into leaves of Nicotiana tabacum via Agrobacterium method. Eleven EXO70-Vs
generated fluorescence signals. Compared with the relatively even distribution of GFP signals in
the cell (Figure 7a), the 11 confusion proteins had distinct localization patterns. EXO70A1, A3 and
F1-V displayed weak signals on the plasma membrane (PM) (Figure 7b—d), while the PM signals for
EXO70C1-V and EXO70D2-V were more intensive (Figure 7e,f). EXO70B1, E1 and F3-V displayed
signals both in the PM and the nucleus (Figure 7g-i). EXO70D1-V and EXO70F2-V also produced
signals in the PM; in addition, they also had small and discrete spot signals in the PM (Figure 7j k).
EXO70I1-V was the only one with no continuous PM localized signal; however, we observed discrete
punctate signals along the PM (Figure 71).
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Figure 7. Subcellular localization of H. villosa EXO70-GFP-Vs proteins. H. villosa EXO70-GFP-Vs
proteins were transiently expressed in N. benthamiana leaves carried out with injection of Agrobacterium
and examined by a confocal microscope. Green fluorescence was observed 48 h after infection.
Bar =20 um. (a) The empty GFP vector was used as the control. The green channel shows that GFP
signals were localized in the nucleus and cytoplasmic and plasma membranes. (b-1) The subcellular
localization pattern of EXO70A1-V to EXO70I1-V, respectively.

3. Discussion

3.1. Evolutionary Relationship of the EXO70 Gene Family in Wheat and Its Relatives

The evolutionary relationships of the EXO70 gene family (between wheat, T. urartu, Ae. tauschii,
T. dicoccoides, H. vulgare and H. villosa) have been speculated about based on the total number,
classification, chromosomal distribution and structure. The surveyed diploid species of seven
chromosome pairs except for H. villosa all possessed 26 EXO70 genes, which suggested this gene family
appeared before the divergence among Triticum species [52]. Allohexaploid wheat originated from
two hybridizations between three diploid progenitors approximately 2.5-4.5 million years ago [53].
The number of EXO70 genes in tetraploid and common wheat (a total of 47 and 75, respectively)
is approximately twice and three times as many as diploids, implying they have undergone one
and two rounds of polyploidization events [54]. Although the polyploidization event induced rapid
and extensive genetic and epigenetic changes in the genome which were related to a large range of
molecular and physiological adjustment [55] as well as a significant loss of gene family members upon
domestication [53], by comparing with diploid species, the EXO70 gene family did not go through a
wide range of expansion or diminution in tetraploid wheat and allohexaploid wheat. This deduction
is also supported by their chromosomal location analysis, which showed that 73.1% of genes have
good collinearity among wheat, Ae. tauschii, T. dicoccoides and H. vulgare, and most of the same type of
orthologous genes maintain the relative order of their ancestral genes (Figures 3 and 4). As for the
small difference in the number of genes on individual subgroups among wheat and its relatives, this
may be because of the quality of the genome assembling or the gene duplication of subgroup EXO70I.
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Phylogenetic analysis showed that all three groups (EXO70.1, EXO70.2 and EX0O70.3) and nine
subgroups (EXO70A to EXO70I) are represented in each of the six Triticeae species. A similar gene
structure was found in the same subgroup; subgroup EXO70A consists of multiple introns, while
the other eight subgroups had fewer or were intronless. The variable intron numbers confirmed the
classifications of the EXO70 genes. Additionally, EXO70 subgroups diversified before the divergence
within polyploid wheat and related species during the evolutionary process of the EXO70 gene family;
however, no new groups/subgroups have emerged.

EXO70I members were most represented in wheat and its five relatives (57), as well as in rice
(16), but not in Arabidopsis [6,36]. EXO70I belongs to EXO70.2, not EXO70.3, which is different from
what was found in previous studies [1,7,36]. This suggests that the EXO70I subgroup arose before
the evolutionary divergence of rice from other Triticeae crops and disappeared during the evolution
of Arabidopsis. The EXO70I subgroup underwent rapid divergence, producing a large number of
members; this event can probably be explained by unequal cross-over or segmental chromosomal
duplication [56,57]. During long-term natural selection, numerous EXO70 genes diverged and evolved
in order to respond to various conditions. The study of Arabidopsis showed that the duplicated gene
loss process is non-random; those involved in DNA repair are more likely to be lost, while genes
involved in signal transduction and transcription have been preferentially retained [56]. Therefore, the
function of EXO70I subgroup in Arabidopsis was inclined to responses to DNA repair, and in grass
species may participate in signal transduction. Research on a larger range of species is needed to figure
out whether the EXO70I branch is unique to monocotyledons.

3.2. Diversification of Subcellular Localization Pattern of the EXO70 in H. villosa

Protein subcellular localization analysis provided important clues to their specialized biological
functions [58]. The diversification of EXO70-V subcellular localization patterns implies functional
differentiation. Except for EXO70I1-V, all EXO70 genes showed plasma membrane (PM) signals.
The EXO70D1/F2-V-GFP locates to the PM merged with some small, discrete punctate. At the same
time, EXO70I1-V-GFP only gave rise to smaller fluorescent discrete punctate along with PM, which are
similar to AtEXO70E2 in Arabidopsis protoplasts, which was a maker of a novel double-membraned
structure termed EXPO (exocyst-positive organelles). AtEXO70E2 was involved in unconventional
protein secretion for cytosolic proteins that lack a signal peptide, because of its ability to recruit several
other exocyst complex subunits [8,9,59,60]. Therefore, EXO70D1, F2 and I1-V might have the ability
to recruit different partners, then form various complexes to execute different biological functions.
AtEXO70A1 was distributed in different patterns in different systems’ cytosol; it showed up in the
nucleus and numerous small punctate structures in the BY-2 cell [36], at the apex of growing tobacco
pollen tubes [61] and is strongly present in the cell plate [62]. In the study, EXO70A1/A3-V showed
a weak PM signal, while EXO70A2-V was characterized by mis-localizations. This was probably
because AtEXO70A1 took part in a different vesicular transport process. Moreover, despite both
AtEXO70B2 and AtEXO70H1 participating in the interaction between plants and pathogens, the
signal of EXO70B2-GFP was mainly found in the cytoplasm, while EXO70H1-GFP was in vesicle-like
structures in Nicotiana benthamiana leaf [31]. In our analysis, EXO70B1-V was present in the PM
and nucleus (Figure 7g). It is likely that they went through different action sites to take part in the
process of disease resistance. An exocyst is a tethering factor that mediates secretory vesicles to the
plasma membrane before SNARE-mediated fusion [63,64]. EXPOs deliver cytosolic proteins to the cell
surface [65,66] and therefore all of those were related to PM. The results explained why most genes
had the PM location pattern.

3.3. Function Conserve or Differentiation of the EXO70 Gene Family in Common Wheat and H. villosa

An orthologous gene is one that diverged after evolution to give rise to different species; this
gene generally maintains a similar function to that of the ancestral gene that it evolved from [67].
In our study, some EXO70 orthologous genes from H. villosa exhibited a similar expression pattern to
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common wheat. For example, EXO70A3-V and TaEXO70A3 showed a high expression level under
heat stress; EXO70B1-V was preferred to TaEXO70B1-3AL, which was induced by Bgt at a late stage
(48 h), but not by drought and heat stress; EXO70E1-V and TaEXO70E1-3B were upregulated by Bgt
treatment; the expression of EXO70H1-V and TaEXO70H1-1DL was increased in response to heat
(Figures 5 and 6). Therefore, it is reasonable to presume that some EXO70 genes from H. villosa may
have a similar function to the corresponding EXO70 genes from common wheat. In plants, AtEXO70B1,
AtEXO70B2, AtEXO70H1 and OsEXO70E1 are known for their roles in innate immunity [6,27-31,
34]. In the literature, genes such as TuEXO70B1/B2 (with their homologous alleles), EXO70B1-V,
TaEXO70E1-3B, EXO70E1-V, Ta"EXO70H1-1DL and EXO70H1-V were induced by Pst/Bgt treatment.
Thus, we hypothesize that those genes also play an important role in plant defense responses and it is
worth conducting further study to prove their function.

The long-term evolutionary fate of paralogous genes will still be determined by functions, with
the genes that appeared to be sub-functionalized or neo-functionalized probably having higher rates
of gene birth because of the increased adaptability. In contrast, the functional redundancy gene is
unlikely to be stably maintained in the genome [55,57,68,69]. Paralogous/orthologous genes may
diverge in expression to achieve more complex control of the same genetic network, balancing the
relationship between internal growth and external environmental stimuli so that they “pay” the least
and get the most [70]. In Arabidopsis, EXO70C1/C2 were involved in pollen development and mainly
localized pollen related tissue [21,22]. In common wheat, six TiEXO70C genes had an undetectable
expression level in roots/stem/leaves (Figure 5a), but EXO70C1-V showed a moderate expression
level in the stem and responded to drought and ABA treatment (Figure 6). Studies have shown that
ABA has contributed to osmotic stress tolerance by regulating stomatal aperture and guard cells [71].
Therefore, EXO70C1-V perhaps plays an important role in drought tolerance. In rice, OsExo70F3
interacts with AVR-Pii and plays a crucial role in triggered immunity [35]. In our research, including
the copy number, 13 TaEXO70F members were identified and EXO70F1-V, EXO70F2-V and EXO70F3-V
were cloned from H. villosa. Expression studies have revealed that 11/13 common wheat varieties were
induced by stress treatment (Figure 5), and three EXO70-V genes showed clearly diverse expression
patterns, of which EXO70F1-V was only induced by SA, EXO70F2-V in response to drought, H,O,
and SA at an early stage, and EXO70F3-V in response to Bgt treatment at a late stage (48 h) (Figure 6).
Research shows that both SA and H,O, function as a key regulator against pathogens and stress
tolerance [72-74]. Thus, we can infer the function of EXO70F genes not only in plant defense responses
but also in abiotic stress.

In N. benthamiana, EXO70D and EXO70G mainly affect the size of the leaf [6]. In wheat,
TuEXO70D2-7BS and ThEXO70G1/G2 (with their homeoalleles) were induced by Pst and Bgt treatments.
EXO70D1-V was upregulated by Bgt and MeJA treatments, EXO70G1-V had an increased expression
level under phytohormones and H,O; treatments, while EXO70G2-V was induced by drought and
SA. MeJA is important for regulating the growth of plants and promotes plant resistance of various
stresses [75]. This might suggest that EXO70D1-V plays an important role in plant growth and defense
responses EXO70G are multifunctional. Of 22 EXO70I genes from common wheat, only five genes had
distinct inducible expression. For instance, TaEXO7016-7DL and TaEXO7018-4BL were upregulated
by drought and heat, respectively. EXO70I1-V was induced by ET and SA and maintained a high
expression level. ET and SA regulate many diverse metabolic and developmental processes in plants,
such as seed germination, abiotic stress response and pathogen defense [76,77]. Thus, we hypothesize
that EXO70I1-V might play a vital role in growth or against multiple stresses. EXO70 genes provide
diverse expression patterns in different tissues and stresses, implying that EXO70 genes may play an
essential role in plant adaptation to a complicated and changeable environment.
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4. Materials and Methods

4.1. Plant Materials

H. villosa (genome VYV, accession no. 91C43), from the Cambridge Botanical Garden, Cambridge,
UK, was used for gene cloning and expression analysis. Powdery mildew susceptible variety Sumai 3
was used for propagation of fresh spores of powdery mildew isolate E26. Nicotiana benthamiana plants
were used for subcellular localization analysis. All the materials were grown in a greenhouse under a
14 h light/10 h dark cycle at 24 °C/18 °C, with 70% relative air humidity.

4.2. Plant Treatments

The seedlings of H. villosa were grown in liquid or soil until the three-leaf stage. For heat shock
or drought stress treatment, the plants were transferred to 42 °C conditions, or dipped into 20% PEG
6000 and leaves were sampled at 0, 1, 6, or 12 h after treatment. For powdery mildew treatment, the
plant was inoculated with pathogen isolate E26 and the leaf tissues were sampled at 0, 24, 48 and 72 h
after inoculation. For phytohormones and H,O, treatments, the plants were sprayed with 5 mmol
salicylic acid (SA), 0.1 mmol methyl jasmonate (MeJA), 0.1 mmol ethephon (ET), 0.2 mmol abscisic
acid (ABA) and 7 mmol hydrogen peroxide (H,O5), respectively and all leaf tissues were collected at 0,
6, 12, or 24 h after spraying [78]. All the samples were rapidly frozen in liquid nitrogen, then stored in
an ultra-freezer (—80 °C) before use.

4.3. RNA Isolation and Real-Time PCR Analysis

Total RNA was extracted using a Trizol Reagent kit (Invitrogen, CA, USA) according to the
manufacturer’s instructions and analyzed by gel electrophoresis. The first-strand cDNA was
synthesized with random oligonucleotides using the HiScript® II Reverse Transcriptase system
(Vazyme, Nanjing, China). qRT-PCR was carried out in a total volume of 20 uL containing 2 pL of
cDNA, 0.4 uL gene-specific primers (10 uM), 10 pL. SYBR Green Mix and 7.2 uL of RNase free ddH,O,
using the Roche LightCycler480 Real-time System (Roche, Basel, Swiss Confederation). The expression
was represented in the form of relative fold change using the 2722CT method [79]. Differentially
expressed genes between each two samples pair were defined as two-fold up-regulated or two-fold
down-regulated genes. Primers used for qRT-PCR are designed by Primer3 (Table S3). Three biological
replications were performed. Heat map analysis of the expression data was performed using heat map
drawing software MeV (version No. 4.7, Institute for Genomic Research, MD, USA)

4.4. Identification of EXO70 Gene Families in Wheat and Related Triticeae Species

We searched for the keywords ‘exocyst subunit exo70 family protein” in the annotated proteins
database of Hordeum vulgare (HH, 2n = 2x = 14, accession No. FJWB02000000) and obtained entries
containing gene ID and protein sequences [42]. Then we performed a Conserved Domains (CD) search
(https:/ /www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and reserved the protein sequences that
contain the typical pfam03081 domain [47].

The identified EXO70 protein sequences of H. vulgare were used as query sequences to blast
(E-value < 10~10) against protein database of the other species, including Triticum urartu (AA, 2n
= 2x = 14, accession No. NMPL02000000) [39], T. aestivum (AABBDD, 2n = 6x = 42, accession No.
NMPL02000000) [80], Brachypodium distachyon (BdBd, 2n = 2x = 14, accession No. ADDN03000000) [81],
Oryza sativa Japonica (2n = 2x = 24, accession No. AP008207-AP008218) [82], T. dicoccoides (AABB,
2n = 4x = 28, accession No. FXX]J01000000) [43] and Aegilops tauschii (DD, 2n = 2x = 14, accession
No. AOCO02000000) [83]. After removing the redundant gene sequences for each the species, the
alignment hits were validated by performing a CD search as described above.

155



Int. J. Mol. Sci. 2019, 20, 60

4.5. Cloning and Protein Sequences Analysis of EXO70 Genes from Haynaldia villosa

According to the sequences obtained from the database of H. vulgare, primers (Table S3) for
cloning the full-length cDNA of the EXO70 gene from Haynaldia villosa were designed with online
software Primer3 designing tool (v. 0.4.0, University of California, USA) [84] (Table S3). Mixed root,
stem and leaf tissue cDNA of H. villosa served as a template for the isolation. This was performed at
95 °C for 30 s, followed by 35 cycles of 95 °C for 15 s, 58 °C for 15 s or 30 s and 72 °C for 3 min and then
by 5 min at 72 °C in Phanta Max Super-Fidelity DNA polymerase (Vazyme, Nanjing, China). Before
subcloning into their destination vectors, the PCR-amplified cDNA products were first cloned into the
pTOPO-Blunt Vector (Aidlab, Beijing, China) as per the manufacturer’s instructions. Multiple sequence
alignments were conducted using DNAMan (Lynnon Corporation, Quebec, QC, Canada) software.
The sequences similarity was visualized using the R programming language.

4.6. Subcellular Localization Assay

The ORFs of EXO70-V genes (without stop codon) were amplified from the pTOPO-Blunt
Vector, then inserted into the pCambial305-GFP vector, which contains a green fluorescent protein
(GFP) reporter gene driven by the CaMV 35S promoter, using homologous cloning technology as
per the manufacturer’s instructions (Vazyme, Nanjing, China) (Table S3). Then it was introduced
into Agrobacterium tumefaciens (strain GV3101) bacteria by a freeze-thaw procedure and grown in
Luria-Bertani (LB) medium at 28 °C for 2 or 3 d.

Agrobacterium tumefaciens (strain GV3101) bacteria containing fusion constructed were grown in
Luria-Bertani (LB) medium with both rifampicin and kanamycin (0.05 pug/mL) at 28 °C overnight.
The bacterial cells were centrifuged and resuspended in an infiltration solution (10 mM MES pH 5.6,
0.1 mM Acetosyringone, 10 mM MgCl,) to a final ODg = 1.5. Bacterial suspensions were infiltrated
into five- to six-week growing stage leaves of N. benthamiana by depressing the plunger of a 1-mL
disposable needleless syringe into the abaxial side of leaves [85,86]. The fluorescence signals were
observed 48-60 h after injection and images were captured using a confocal laser scanning microscope
(LSM780; Carl Zeiss, Jena, Germany) according to the methods described by Wang et al. [87].

4.7. Phylogenetic Analysis of EXO70 Gene Family

Multiple sequence alignment was conducted by ClustalW which was integrated in Mega
v6.0 [88]. Phylogenetic analysis was performed through online software PhyML 3.0 [89] using
maximum-likelihood method with default parameter [90]. EXO70 proteins are rather diverse at
their N-terminal and could not be aligned reliably, so we only used the conserved domain proteins to
construct the phylogenetic tree and removed five genes where the length of the domain is fewer than
200 amino acids for further analysis.

4.8. Chromosomal Distribution and Exon-Intron Structure Analysis

Chromosomal information of predicted EXO70 genes from each species was obtained after using
cDNA sequences as a query sequence blasted to the genomic sequence to determine their chromosomal
locations. Then we drew their locations onto the physical map of each chromosome using Maplnspect
tool (http:/ /mapinspect.software.informer.com/).

The gff3 files of each species was downloaded from the Ensembl Plants FTP server (http://plants.
ensembl.org/index.html) on 20 January 2018 for exon—intron structure analysis; the image of the
exon-intron structure was obtained using the online Gene Structure Display Server (last accessed
date on 20 January 2018) with the gff3 files for each species [91]. The corresponding evolutionary
tree were constructed by Mega v6.0 [88], all sequences were aligned by Clustal W using the default
parameters [92,93], used the Neighbor-Joining method with the pairwise deletion option, Poisson
correction and bootstrap analysis conducted with 1000 replicates [26,94]
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4.9. RNA-seq Expression Analysis

Publicly available RNA-seq data were retrieved from the expVIP [50] were used to analyze the
expression pattern of predicted wheat EXO70 genes in different tissues and stresses. The tissue-specific
expression data were compiled from three wheat tissues (leaf, stem, root) collected from Chinese
Spring at seeding development. The biotic stress expression data included two diseases (stripe rust
and powdery mildew pathogen) and were collected from disease-resistant wheat varieties N9134 (at
7 days seedling stage). The abiotic stress expression data, including drought and heat treatments,
were collected from heat-resistant wheat cultivar TAM107 (at 7 days seedling stage). The relative
expression of each TuEXO70 gene in different tissues and stresses was presented as a heat map, which
was constructed by the heat map drawing software MeV (version No. 4.7, Institute for Genomic
Research, MD, USA).
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Abbreviations

ABA abscisic acid

DNA deoxyribonucleic acid

EXPO exocyst-positive organelle

ET ethephon

GFP green fluorescent protein

H,O, hydrogen peroxide

MeJA methyl jasmonate

PM plasma membrane

Pm powdery mildew

qRT-PCR quantitative real time polymerase chain reaction
RNA ribonucleic acid

SNARE soluble NSF attachment protein receptor
SA salicylic acid
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Abstract: Tea (Camellia sinensis L.) contains abundant secondary metabolites, which are regulated
by numerous enzymes. Hydroxycinnamoyl transferase (HCT) is involved in the biosynthesis
pathways of polyphenols and flavonoids, and it can catalyze the transfer of hydroxyconnamoyl
coenzyme A to substrates such as quinate, flavanol glycoside, or anthocyanins, thus resulting in
the production of chlorogenic acid or acylated flavonol glycoside. In this study, the CsHCT gene
was cloned from the Chin-Shin Oolong tea plant, and its protein functions and characteristics were
analyzed. The full-length cDNA of CsHCT contains 1311 base pairs and encodes 436 amino acid
sequences. Amino acid sequence was highly conserved with other HCTs from Arabidopsis thaliana,
Populus trichocarpa, Hibiscus cannabinus, and Coffea canephora. Quantitative real-time polymerase
chain reaction analysis showed that CsHCT is highly expressed in the stem tissues of both tea
plants and seedlings. The CsHCT expression level was relatively high at high altitudes. The abiotic
stress experiment suggested that low temperature, drought, and high salinity induced CsHCT
transcription. Furthermore, the results of hormone treatments indicated that abscisic acid (ABA)
induced a considerable increase in the CsHCT expression level. This may be attributed to CsHCT
involvement in abiotic stress and ABA signaling pathways.

Keywords: tea; hydroxycinnamoyl transferase; abiotic stress; ABA signaling; hormone

1. Introduction

After water, tea has been the most widely consumed beverage worldwide for several thousand
years because of its unique aroma and taste. Tea plants (Camellia sinensis L.) contain abundant
specialized secondary metabolites such as polyphenolic compounds, found in the largest proportions
in tea plants alkaloids, terpenoids, and amino acids [1]. Tea polyphenols account for 30% of the
dry weight of tea leaves. They can be roughly divided into the following five categories: flavanols,
flavonols, flavones, proanthocyanidins, and phenolic acids [2,3].

Hydroxycinnamoyl transferase (HCT) catalyzes the transfer of hydroxycinnamoyl moiety to
receptor substrates such as shikimic acid, quinic acid, anthocyanins, flavanol glycoside, polyamine,
and long-chain fatty acids. Plants under environmental stresses can induce the related gene expression
involved in the phenylpropanoid metabolic pathway to generate various secondary metabolites that
resist or adapt to environmental stresses [4]. The HCT involved in the phenylpropanoid pathway
catalyzes shikimic acid and quinic acid to participate in the upstream pathway of lignin biosynthesis.
Lignins in plant cell walls provide a physical defense that protects polysaccharides in cell walls from
degradation by microorganisms [5]. Low temperature, high salinity, drought, mechanical injury,
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abscisic acids (ABAs), salicylic acid (SA), and hydrogen peroxide can induce HcHCT expression in
Hibiscus cannabinus. HCHCT increases abiotic stress tolerance in plants [6]. In Cucumis sativus, HCT
expression was reduced with pectinase treatment. In addition, directing the phenylpropanoid pathway
to generate H-lignin caused p-coumaraldehyde accumulation [7].

HCT not only participates in secondary metabolite acylation but also regulates hypersensitive
responses (HRs) in plants. HCT1806 or HCT4918 in Zea mays interacts with Rp1-D21 translated from
resistance genes, thereby inhibiting HR generation. When pathogens attack plants, effectors secreted
by the pathogens can change the protein structure of HCT1806 or HCT4918, which influences how they
interact with Rp1-D21 and causes plants to generate HR. This prevents the spread of pathogens in local
cell necrosis [8]. HCT is specific to a wide range of substrates such as gentisate, 3-hydroxybenzoate,
hydroxyanthranilate, and protocatechuate, and competes with shikimic acid or quinate acid for the
binding site on the enzyme, which in turn produces other acylation products [9-11].

In this study, to clarify the molecular characteristics of HCT in tea plants, we analyzed highly
conserved domains in the amino acid sequences of HCT in Arabidopsis thaliana, Nicotiana tabacum,
H. cannabinus, Theobroma cacao, and Fragaria vesca, designed degenerate primers for use in polymerase
chain reaction (PCR), and cloned the genetic sequence of CsHCT from a Chin-Shin Oolong tea plant.
Quantitative real-time PCR (qRT-PCR) was used to analyze CsHCT expression levels in the tissues
of tea plants and seedlings. The results demonstrated a high level of CsHCT expression in the stem
tissues of tea plants and seedlings. The amount of CsHCT transcribed in tea plants at various altitudes
and in different seasons was also measured, and the results indicated that CSHCT expression levels
were relatively high at high altitudes and at low temperatures. Moreover, an abiotic stress experiment
revealed that low-temperature, drought, and high-salinity stresses induced CsHCT transcription.
In addition, CsHCT expression increased with ABA treatment. Thus, this study concluded that CsHCT
may be involved response to abiotic stress and ABA signaling pathways in tea plants.

2. Methods

2.1. Plant Materials and Growth Conditions

This study used the tea [C. sinensis (L.) Kuntze] cultivar Chin-Shin Oolong in these experiments.
These were obtained from a tea seed germination farm operated in Nantou in central Taiwan.
The seedlings were 1-2 years old with a height of 40-50 cm. The tea plant (>10 years old) samples were
obtained from a tea farmer in Nantou County. The samples were collected between 2015 and 2016
and consisted of buds and young leaf (YL), old leaf (OL), young stem (YS), and old stem (OS) tissues.
They were obtained from high-mountain tea plantations in the Alishan area of Chiayi County. The tea
plantations were located at altitudes between 700 and 1300 m, and all the tea plants were >10 years old.

2.2. Bioinformatics Analysis of the CsHCT Gene and Amino Acid Sequence

This study analyzed the highly conserved domains of the HCT protein sequence in A. thaliana,
N. tabacum, H. cannabinus, T. cacao, and F. vesca, designed a degenerate primer, and used the cDNA
of the Chin-Shin Oolong tea plant as the template to perform PCR for obtaining the gene fragment
sequence of CsHCT. The SMARTerTM RACE cDNA amplification kit (Clontech Laboratories, Inc.,
Mountain View, CA, USA) was used to expand 5-end and 3’-end cDNA sequences. The full-length
cDNA sequence of CsHCT was obtained after sequencing.

In the bioinformatics analysis conducted on the amino acid sequence of CsHCT,
the ExPASy Translate tool (https://web.expasy.org/translate/) (access on July, 2016) was used
for estimating the amino acid sequence translated by a nucleotide. The ExPASy Compute
pl/Mw tool (https://web.expasy.org/compute_pi/) (access on July, 2016) was used to estimate
the protein molecular weight and isoelectric point. =~ Multiple sequence alignments were
performed using the EMMA function of the EMBOSS explorer (http://www.bioinformatics.nl/
emboss-explorer/) (access on July, 2016) and the BLOSUMS50 scoring matrix, and GeneDoc
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software was used to compare the results.  Subsequently, Motif Scan (https://muyhits.
isb-sib.ch/cgi-bin/motif_scan) (access on July, 2016) was used to predict the structural
and functional protein regions. This study used the National Center for Biotechnology
Information (https://www.ncbi.nlm.nih.gov/) (access on July, 2016) and Phytozome v10.3 (https:
/ /phytozome.jgi.doe.gov/pz/portal.html) (access on July, 2016) websites to obtain the protein
sequences of clade Vb of BAHD (BEAT, benzylalcohol-O-acetyltransferase; AHCT, anthocyanin
O-hydroxycinnamoyltransferase; HCBT, anthranilate N-hydroxycinnamoyl-benzoyltransferase;
and DAT, deacetylvindoline 4-O-acetyltransferase) acyltransferase from A. thaliana, Oryza sativa,
Populus trichocarpa, Coffea canephora, and H. cannabinus. Sequence alignment was performed using
the ClustalW model. A phylogenetic tree was constructed using the MEGAG®6 software, after which
statistical analysis was conducted through the neighbor joining method. The 1000 iterations of
the tree algorithm were performed using the bootstrap method. SignalP (http://www.cbs.dtu.dk/
services/SignalP /) (access on July, 2016) was used to predict whether a protein signal peptide existed.
The Hphob./Kyte and Doolittle method of the ExXPASy ProtScale (https://web.expasy.org/protscale/)
(access on July, 2016) was adopted for predicting whether the proteins were hydrophilic or hydrophobic.
The subcellular localization of proteins was predicted using WoLF PSORT (https://www.genscript.
com/wolf-psort.html) (access on July, 2016).

2.3. Abiotic Stress and Hormone Treatments on Tea Seedlings

The 1-year-old tea seedlings were treated with low temperature, high temperature, high salinity,
and drought. Treatment conditions were as follows. The low- and high-temperature stresses were 5 °C
and 35 °C, respectively. The seedlings were watered on optimum level and treated with the stresses
for 12 h. Under the high-salinity stress, the seedlings were given 50 mL of 300 mM NaCl at 20 °C
per day, whereas under the drought stress, they were not given additional water. The two treatments
lasted for 5 days. In the control group, the seedlings were on optimum level watered at 20 °C for
5 days. After the treatments, samples were collected and preserved in a —80 °C environment for
subsequent analysis. For hormone treatments, 100 uM solutions of ABA, SA, methyl jasmonate (MeJA),
and l-aminocyclopropane-1-carboxylic acid (ACC) solutions were prepared and sprayed on the YLs of
the seedlings. After waiting for 6 h, the samples were collected and preserved in a —80 °C environment
for subsequent analysis.

2.4. Extraction of Total RNA and qRT-PCR

In the experiment, 0.2 g of tea leaf samples was ground into powder in liquid nitrogen, and the
total RNA was extracted using the Plant Total RNA Purification Kit (GeneMark, Taichung, Taiwan).
The Moloney Murine Leukemia Virus (MMLV) first-strand synthesis kit (Gene DireX, Las Vegas,
NV, USA) was used for reaction of 2 ug of total RNA. In the reaction solution, 1 puL of Oligo dT
(1 pg/pL) was mixed with 1 uL of 10 mM dNTP to react for 10 min at 70 °C and for 5 min at 4 °C. After
the reaction, 4 uL of 5x reaction buffer, 2 uL of 0.1 M Dithiothreitol (DTT), 1 pL of diethylpyrocarbonate
(DEPC) HyO, and 1 uL of MMLYV reverse transcriptase were sequentially added into the solution for
1 h of reaction at 37 °C and 10 min of reaction at 65 °C, after which the reaction was terminated.
Subsequently, 80 uL of DEPC H,O was added into a 0.2-mL microcentrifuge tube to perform qRT-PCR
on the obtained cDNA.

For qRT-PCR, the cDNA was amplified using the CFX ConnectTM Real-Time System (Bio-Rad,
Hercules, CA, USA), and data were analyzed using Bio-Rad CFX Manager 3.1. The 18S rRNA of
the tea leaf samples were used as the internal control to normalize cDNA levels. The reaction
conditions were as follows: 5 min at 94 °C; 15 s of 45 circulations at 94 °C, 60 °C, and 72 °C each;
and finally, 10 min at 72 °C. Nonspecific products or primer dimers were identified based on their
lower melting temperature than that of the specific amplicon. The primers used for qRT-PCR analyses
were as follows: CsHCT forward sequence 5'-caaattaaccaaggaccaactcaac-3’ and reverse sequence
5'-tgtaattgaccatgttcccatettc-3; and 18S rRNA forward sequence 5'-ccgetggeaccttatgagaa-3’ and reverse
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sequence 5'-tttcagecttgegaccatact-3'. The qRT-PCR experiments were repeated at least 3 times each
biologically independently, and the data shown are average values. Statistical analyses were performed
using Statistical Analysis System (SAS) 9.4 software.

3. Results

3.1. Bioinformatics Analysis of the CsSHCT Gene and Amino Acid Sequences of C. sinensis L.

C. sinensis L. contains numerous polyphenolic compounds that provide multiple health benefits.
To understand the role of HCT in the reaction of acylated flavonol glycosides, the CsHCT gene was
cloned from the Chin-Shin Oolong tea plant. The CsHCT gene has cDNA of length 1552 bp that includes
35-bp and 182-bp 5" and 3’ untranslated regions (excluding a poly-A tail). The open reading frame
includes 1311 nucleotide sequences, which can encode 436 amino acid sequences (GenBank accession
number: MH271107).

Sequence alignment analysis was performed on the amino acid sequence of CsHCT of C. sinensis
L. and the HCT sequences of A. thaliana (AtHCT), H. cannabinus (HcHCT), P. trichocarpa (PtHCT),
and C. canephora (CcHCT). Using global alignment and the BLOSUM50 scoring matrix, the similarities
between CsHCT and AtHCT, HcHCT, PtHCT, and CcHCT were found to be 79.5%, 81.5%, 81.9%,
and 82.1%, respectively. CsHCT and the HCT of other higher plants exhibited the sequences HXXXD
and DFGWG, which are the conserved sequences of BAHD acyltransferase (Figure 1). Motif scanning
was then performed to predict the amino acid sequence of CsHCT, and the results indicated that the
N-terminus of its protein possesses the predicted N-myristoylation, casein kinase II phosphorylation,
and protein kinase C phosphorylation sites.

DFGWG

Figure 1. Alignment of deduced amino acid sequences of CsHCT with other putative HCTs. Black and
gray shadings indicate conservation of 100% and at least 80%, respectively. Amino acid residues enclosed
by squares correspond to consensus sequences of SXXD, SXXE, HXXXD, GVXXGV, TXXD, GLXXTI,
DFGWG, etc. AtHCT, hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase was from
A. thaliana (NP_199704); HcHcT, putative hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl
transferase was from H. cannabinus (AFN85668);
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PtHCT, quinate O-hydroxycinnamoyl transferase/shikimate O-hydroxycinnamoyl transferase
was from P. trichocarpa (ACC63882); and, CcHCT, hydroxycinnamoyl-CoA shikimate/quinate
hydroxycinnamoyl transferase was from C. canephora (ABO47805). Alignment was performed using
the ClustalW algorithm. Sequence identities with CsHCT were as follows: AtHCT, 79.5%; HcHCT,
81.5%; PtHCT, 81.9%; and, CcHCT, 82.1%.

Compute pI/Mw was used to analyze the amino acid sequence of CsHCT; its molecular weight
and isoelectric point were predicted to be 48.53 kDa and 5.86, respectively. Analysis using SignalP failed
to identify a signal peptide in CsHCT. The hydrophilicity and hydrophobicity of the protein were then
analyzed using ProtScale, and the results demonstrated that the amino acid sequence did not possess
an apparent hydrophobic end. The distribution of the hydropathy indices indicated that CsHCT is
a hydrophilic protein (Figure 2A). Tuominen et al. (2011) reported that HCT is a member of clade Vb of
the BAHD acyltransferase family. To understand the phylogenetic relationships between CsHCT and
other clade Vb members, the MEGA®6 software was used to perform neighbor joining. This generated
a phylogenetic tree for the CsHCT of C. sinensis L. and the proteins of clade Vb members in A. thaliana,
O. sativa, P. trichocarpa, C. canephora, and H. cannabinus. The results demonstrated that CsHCT and
AtHCT had the closest phylogeny (Figure 2B); thus, they may have similar biochemical characteristics.
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Figure 2. Hydropathy plot and phylogenetic tree analysis for CsHCT. (A) Hydropathy plot of CsHCT
using the Kyte-Doolittle method with a window size of 436 amino acids. The window position
values indicated on the x-axis of the graph reveal the average hydropathy of the entire window,
with the corresponding amino acids as the middle element of that window. Plots above 0 (zero) in
the graph indicate hydrophobic regions in the protein, and those below 0 (zero) indicate hydrophilic
regions. (B) Unrooted phylogram of members of the HCT protein family. Phylogenetic tree of AtSHT
(at2g19070), AtHCT (at5g48930), and HXXXD-type acyl transferase family protein (at5g57840) proteins
in Arabidopsis; transferase family protein (Os02g39850; Os04g42250; Os06g08580; Os06g08640;
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Os08g10420; Os08g43040; Os09g25460; and Os11g07960) in O. sativa; PtHCT1 (Potri.003G183900),
PtHCT3 (Potri.018G104800), PtHCT4 (Potri.018G104700), PtHCT6 (Potri.018G105400), PtHCT7
(Potri.005G028000), SHTL2 (Potri.018G109900), Shikimate O-hydroxycinnamoyl transferase
(Potri.005G028100 and Potri.005G028400), transferase family protein (Potri.006G157100;
Potri.015G147300; Potri.003G057200; Potri.001G042900; Potri.001G128100; Potri.014G025500;
and Potri.012G144500), anthranilate N-hydroxycinamoyl/benzoyltransferase-like protein
(Potri.014G025600) in P. trichocarpa; CaHCT1 (CAJ40778), CaHCT2 (CAT00082), CaHCT3 (CAT00081),
CcHCT (ABO77955) in C. canephora; and HcHCT (AFN85668) in H. cannabinus. The phylogenetic tree
was constructed by the Neighbor Joining algorithm implemented in the MEGA 6 software package.
The 1000 iterations of the tree algorithm were performed using the bootstrap method.

3.2. High Level of CsHCT Expression in the Stem Tissues of Tea Plants and Seedlings

To assess CsHCT expression in tissues of tea plants and seedlings, we selected YL, OL, YS, and OS
tissues from 1-year-old tea seedlings and extracted the total RNA. Reverse transcriptase was then used
to synthesize the first cONA for qRT-PCR analysis. The results indicated that the CsHCT expression
level was the highest in YS tissues, followed by OS tissues, buds, and leaves in tea seedlings (Figure 3A).
The transcription level was the highest in OS tissues, followed by YS, YL, and OL tissues in tea plants
(Figure 3B). Nonlignified YS tissues in tea seedlings exhibited the highest CsSHCT expression level,
but in tea plants, the CsHCT expression level was high in both OS and YS tissues. Moreover, CsHCT
expression was evident in the buds and YL tissues of both tea plants and seedlings; however, expression
levels remained lower than those in stem tissues (Figure 3).
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Figure 3. CsHCT transcription levels in various tissues of tea plants; qRT-PCR analysis of CsHCT
transcription levels in various tissues of (A) tea seedlings and (B) tea plants. Total RNA was isolated
from young leaf (YL), old leaf (OL), young stem (YS), old stem (OS), and buds. CsHCT transcription levels
were determined. Relative amounts of transcripts were calculated and normalized to that of 18S rRNA.
Values represent means & SD from three biologically independent experiments. Values with different
letters are significantly different at p < 0.05, according to a post hoc least significant difference (LSD) test.
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3.3. CsHCT Transcription Levels in Oolong Tea Plants during Four Growing Seasons and at Different Altitudes

Temperature affects gene expression related to the secondary metabolism of plants, which
regulates the generation of secondary metabolites and enables plants to adapt to environmental
changes. To evaluate the influence of temperature on CsHCT expression, we used qRT-PCR to
analyze its transcription levels in one-tip-two-leaf tissues of oolong tea plants during four seasons
and compared their CsHCT expression. Specifically, the tea samples were collected from Zhushan,
Nantou County, Taiwan in April, June, September, and December. The results showed that the CsHCT
expression level of tea samples from December was the highest, and that of the tea samples from June
was the lowest (Figure 4A). According to the average monthly temperature in Zhushan between 2015
and 2016 released by the Central Weather Bureau, CsHCT expression levels were negatively correlated
with temperature (Figure 4B). CsHCT expression levels were high in low-temperature seasons.
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Figure 4. CsHCT transcription levels in four growing seasons. (A) The qRT-PCR analysis of CsSHCT
transcription levels in four growing seasons in the field. (B) Monthly average temperature in the
Zhushan area. Total RNA was isolated from tissues of handpicked one-tip-two-leaf oolong tea samples
collected in April, June, September, and December. Transcript levels of CsHCT were calculated and
normalized to that of 18S rRNA. Values represent means + SD from five biologically independent
experiments. Values with different letters are significantly different at p < 0.05, according to a post hoc
least significant difference (LSD) test.

Altitude influences temperature, humidity, and sunlight intensity. Temperature decreases as
altitude increases. To further verify CsHCT expression, the tea samples collected from the Alishan
area of Nantou County from altitudes of 700, 1000, and 1300 m and bud tissues were analyzed using
gqRT-PCR to determine CsHCT expression. The results demonstrated that the CsHCT expression level
was the highest at 1300 m and decreased as the altitude decreased (Figure 5).
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Figure 5. CsHCT expression levels at various altitudes; qRT-PCR analysis of CsHCT transcription
levels in the Alishan area of Nantou County. Total RNA was isolated from the tissues of handpicked
one-tip-two-leaf oolong tea samples collected at altitudes of 700, 1000, and 1300 m. Transcription levels
of CsHCT were calculated and normalized to that of 18S ¥YRNA. Values represent means + SD from
three biologically independent experiments. Values with different letters are significantly different at
p < 0.05, according to a post hoc LSD test.

3.4. Effects of Abiotic Stresses and Hormone Signaling on CsHCT Transcript Levels in Oolong Tea Seedlings

To investigate whether CsHCT expression is induced by abiotic stress, we exposed 1-year-old tea
seedlings to stresses such as high temperature (35 °C), low temperature (5 °C), high salinity (300 mM NaCl),
and drought; subsequently extracted the total RNA from one-tip-two-leaf tissues of oolong tea seedlings;
and then performed qRT-PCR analysis. The results demonstrated that compared with the control group,
CsHCT expression was higher at low-temperature stress and lower under high-temperature stress, thus
verifying the association between CsHCT expression and temperature. Furthermore, CsHCT transcription
levels also increased in response to the high-salinity and drought treatments (Figure 6A).
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Figure 6. CsHCT expression levels under various abiotic stress and phytohormone treatment;
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qRT-PCR analysis of CsHCT transcription levels in tea seedlings after (A) abiotic stress and
(B) phytohormone treatment. Total RNA was isolated from YLs of tea seedlings after cold treatment
(5 °C) for 12 h, heat treatment (35 °C) for 12 h, drought (no water) for 3 days, and salt treatment
(300 mM NaCl) for 5 days. The phytohormone treatment included treatment with 100 uM ABA, SA,
MeJA, and ACC for 6 h. CsHCT transcription levels were calculated and normalized to that of 185
rRNA. Values represent means £ SD from four biologically independent experiments. * p < 0.05, versus
value in control check (CK) treatment (Student’s ¢ test).

When a plant is under biotic or abiotic stresses, stress-related hormone signaling initiates the
plant’s defense mechanisms and increases its stress tolerance. To assess whether CsHCT expression
is induced by various stress hormone signals, we treated the 1-year-old tea seedlings with ABA, SA,
MeJA, and the ethylene precursor ACC for 6 h and subsequently collected the one-tip-two-leaf tissues
for analysis of CsHCT expression through qRT-PCR. The results indicated that CsHCT expression was
induced under ABA and MeJA treatment and that the expression level was the highest in the ABA
group. By contrast, the CsHCT expression level in the SA group was significantly lower than that in
the control (Figure 6B). Accordingly, this study determined that CsHCT expression can be induced by
abiotic stresses such as low temperature, high salinity, and drought, and inferred that CsHCT may be
involved in the ABA signaling pathways.

4. Discussion

Acyltransferase in higher plants can catalyze transfer of acyl group to donor substrate. Acyl esters
are produced as a result of the acyl group transfer from the donor substrate to the acceptor substrate [12].
Acyltransferase can be divided into two protein families, namely BAHD acyltransferase and serine
carboxypeptidase-like acyltransferase, according to different donor substrates. HCT is categorized into
the clade Vb of BAHD acyltransferase and characterized by its ability to catalyze various substrates.

Amino acid analysis results demonstrated that the structure and function of the CsHCT and
HCT sequences of other higher plants were highly conserved (Figure 1). The amino acid domain was
highly conserved in clade Vb that possessed a particularly conserved sequence SXXDL in the BAHD
acyltransferase family [13]. However, whether the amino acid domain affects the catalytic function of
enzymes remains to be investigated and verified. BAHD acyltransferase acts mainly in the cytoplasm
of plant cells. Its substrate, acyl coenzyme A thioesters, can perform biosynthesis in various cell organs
and be transferred to the cytoplasm by the transporter on the cell membrane, which facilitates the
catalytic reaction of the BAHD acyltransferase [14]. After analyzing the cellular localization of CsHCT,
we inferred that CsHCT is primarily located in the cytoplasm, and the amino acid sequence does not
possess a signal peptide or apparent hydrophobic end (Figure 2A). Therefore, this study inferred that
CsHCT primarily reacts in the cytoplasm for catalytic reaction.

Our data determined that the CsHCT expression level in the YS tissues of tea seedlings was higher
than that in the OS and bud tissues, whereas the CsHCT expression level in tea plants was higher
in OS and YS tissues (Figure 3). Studies on Trifolium pretense have shown that HCT1 is primarily
expressed in stem and flower tissues, whereas HCT2 is mainly expressed in leaf and flower tissues,
which indicates that HCT1 and HCT2 have different catalytic functions in diverse plant tissues [15].
P. trichocarpa possesses seven PtrHCT5 that can be expressed in the tissues of various plant parts and
exhibit differences with respect to their relative performance. In particular, PtrHCT1 and PtrHCT6
are primarily expressed in stem tissues, whereas PtrHCT3 has a higher level of expression in leaf
tissues [16]. In this study, nonlignified YS tissues of tea seedlings were found to contain a relatively
large amount of CsHCT transcripts. The CsHCT expression level in YS tissues was eight times higher
than that in OS tissues. This indicated that secondary metabolites and the expression of related
biosynthesis genes in tissues vary according to the growth stages of C. sinensis L.

When plants are under environmental stresses, the expression of genes related to the biosynthesis
of secondary metabolites is induced, which results in the generation and accumulation of compounds
such as phenylpropanoid, flavonoids, and anthocyanins that can increase plants’ tolerance to
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stresses [4]. Our results demonstrated that the CsHCT expression level in C. sinensis L. was relatively
high in winter and at high altitudes (Figures 4 and 5), indicating that CsHCT has a high level of
expression in low temperatures. The CsHCT expression level increased under low-temperature stress
and decreased under high-temperature stress (Figure 6A). Thus, CsHCT expression is induced in
low temperatures and may be involved in the defense pathways against low-temperature stress.
Research demonstrated that HCT expression is regulated by biotic and abiotic stresses, thereby
increasing stress tolerance in plants [6]. Our data indicated that CsHCT expression in C. sinensis L. can
be induced with low-temperature, high-salinity, and drought stresses, and the expression level was
particularly high with ABA treatment (Figure 6B).

Phytohormone ABA involved in stress tolerance in plants can be divided into ABA-dependent
and ABA-independent signaling pathways. ABA-dependent pathways transmit signals through ABA,
thereby activating downstream transcription factors such as the ABRE-binding factor/ ABA-responsive
element-binding protein, myelocytomatosis, and myeloblastosis to regulate plants’ stress
tolerance [17,18]. This study demonstrated that CsHCT expression was induced by the abiotic
stresses of low temperature, high salinity, and drought as well as ABA treatment. The signals of the
three stresses may be transmitted through ABA-dependent pathways and may affect the expression of
transcription factors of genes associated with the regulation of secondary metabolism. In this study, our
results demonstrated the relationship between CsHCT expression and hormone signaling in oolong
tea plants and may help improve the quality and possible health benefits of tea in the future.

5. Conclusions

Taken together, our study results indicated that CsHCT cloned from the Chin-Shin Oolong
tea plant may be involved in tea plants’ response to abiotic stresses (i.e., low temperature, high
salinity, and drought) and various hormone signaling pathways that affect tea plants’ secondary
metabolic pathways.
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Abbreviations

ABA Abscisic acid

ACC 1-aminocyclopropane-1-carboxylic acid

BAHD BAHD actyltransferase

HCT Hydroxycinnamoyl transferase

MeJA Methyl jasmonate

qRT-PCR  quantitative real-time polymerase chain reaction
SA Salicylic acid
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Abstract: WRKYs are important regulators in plant development and stress responses. However,
knowledge of this superfamily in soybean is limited. In this study, we characterized the drought- and
salt-induced gene GmWRKY12 based on RNA-Seq and qRT-PCR. GmWRKY12, which is 714 bp in
length, encoded 237 amino acids and grouped into WRKY II. The promoter region of GmWRKY12
included ABER4, MYB, MYC, GT-1, W-box and DPBF cis-elements, which possibly participate in
abscisic acid (ABA), drought and salt stress responses. GmWRKY12 was minimally expressed in
different tissues under normal conditions but highly expressed under drought and salt treatments.
As a nucleus protein, GmWRKY12 was responsive to drought, salt, ABA and salicylic acid (SA)
stresses. Using a transgenic hairy root assay, we further characterized the roles of GmWRKY12
in abiotic stress tolerance. Compared with control (Williams 82), overexpression of GmWRKY12
enhanced drought and salt tolerance, increased proline (Pro) content and decreased malondialdehyde
(MDA) content under drought and salt treatment in transgenic soybean seedlings. These results may
provide a basis to understand the functions of GmWRKY12 in abiotic stress responses in soybean.

Keywords: WRKY; stress responsive mechanism; drought tolerance; salt tolerance; transgenic hairy
root assay; soybean

1. Introduction

Drought and salinity are the most important abiotic stress factors affecting plants growth and
crop yield. On average, 1/3 of cultivable land suffers drought and salinization, which is equivalent
to a loss of about 1,500,000 ha of crop land per year [1]. The damage caused by drought and salt are
almost the sum of losses caused by other stress factors. Under limited land and water resources, it is
necessary to breed new stress-resistant varieties to increase yield and ensure food security. Cultivation
of stress-resistant crop varieties is also an important way to ensure high and stable yield of crops.
Transgenic technology has become an important way to learn the function of genes in crops [2—4].

Being unable to move, plants encounter numerous biotic and abiotic stresses at different
developmental stages which include drought, salinity, temperature changes, nutritional deficiency,
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pathogen invasion and competition from alien species. To overcome these unfavorable conditions,
plants have evolved a complex and efficient signaling network, which can produce a series of responses
to external stress signals and induce the expression of stress-related genes to protect the normal
activities of the cells [5]. Inducible genes encoding proteins can be divided into three categories based
on function: the first is functional genes, which are directly involved in stress response and are located
downstream in the signaling network, such as HKT [6,7], SALT [8], NHX [9,10], CAX and CHX [11-13].
Another is transcription factors (TFs) that regulate the expression of functional genes in the middle
of the signaling network, like DREB [14,15], MYB [16], WRKY [17,18], NAC [19,20], bZIP [21,22] and
ERF [23,24]. The last group includes a variety of protein kinases, which conduct stress signals and are
located upstream of the signaling network, such as GST [25], LEA [26] and FNS [27].

Among the three classes of stress-related genes, the TFs form a connecting link between
the beginning and end of the signaling network; WRKYs are among the largest family of plant
TFs. The WRKY domain is about 60 residues in length and is named by a conserved WRKY
domain, containing the WRKYGQK heptapeptide at the N-terminus followed by a zinc-finger motif
CX4-5CX22-23HXH or CX7CX23HXC [28,29]. Based on the number of WRKY domains and the
structure of zinc finger motifs, WRKY TFs are divided into three groups. Group I includes two WRKY
domains and either a CX4-5CX22-23HXH or CX7CX23HXC zinc-finger motif. Group Il WRKY proteins
contain a single WRKY domain and a CX4-5CX22-23HXH zinc-finger motif; due to differences in the
primary amino acid sequence, Group II can be divided into five subgroups Ila-Ile [29,30]. Group III
WRKY proteins have a single WRKY domain and a CX7CX23HXC zinc-finger motif.

As one of the members of the plant TF family, WRKY is heavily studied. Researchers have
determined that WRKY TFs participate in various physiological and developmental processes [29],
such as seed development [31], seed dormancy and germination [32], senescence [33], development [34],
plant immune response [35], pathogen defense [18,36] and insect resistance [37,38]. Recent studies have
revealed that WRKY proteins are involved in the signal transduction of plant hormones, like abscisic
acid (ABA) [39,40], jasmonic acid (JA) [41] and gibberellin (GA) [39]. Numerous studies have
demonstrated that WRKY TFs respond to abiotic stresses [42,43], such as salt [4], drought [44], cold [45]
and heat [46—48]. There are 74 WRKY TF members in model plant Arabidopsis [49] and 18 WRKYs
have been suggested to be induced by exposure to salt stress; overexpression of WRKY25 or WRKY33
was sufficient to increase Arabidopsis NaCl tolerance [50]. Overexpressing TaWRKY2 and TaWRKY19
exhibited salt and drought tolerance in transgenic Arabidopsis [51]. Moreover, researchers found that
OsWRKY11 directly bound to the promoter of a drought-responsive gene, RAB21, as well as enhanced
heat and drought tolerance in transgenic rice seedlings [52,53]. Ectopic expression of ZmWRKY33 and
ZmWRKY58 in Oryza and Arabidopsis improved drought and salt tolerance, respectively, in transgenic
plants [54,55]. In addition, there is extensive cross-talk between responses to biotic/abiotic stresses
and exogenous hormones, for example drought and salt stress with the plant hormones. Arabidopsis
WRKY46, WRKY54 and WRKY70 are involved in Brassinosteroid-mediated drought response and plant
growth [43]. Novel cotton WRKY-genes GhWRKY25 and GhWRKY 6-like confer tolerance to abiotic and
biotic stresses in transgenic Nicotiana and enhanced salt tolerance by activating the ABA signaling
pathway and scavenging reactive oxygen species [56]. SA-inducible poplar PtrWRKY73 is also involved
in disease resistance in Arabidopsis [37]. All of these studies illustrated that WRKY TFs play a significant
role in plant developmental and physiological processes and abiotic and biotic stresses.

Soybean (Glycine max), is an important global cash crop, accounting for 59 percent of the world’s
oilseed production (http://soystats.com). Currently, due to its high protein content it is often treated as
an important source of protein for both human consumption and as fodder. The demand for soybean
is thus increasing rapidly and improving soybean yield has become a major research goal. Soybean
productivity is greatly affected by growing environment, such as climatic and soil conditions (drought,
salt, metallic pollution and fungus infection). Therefore, it is vital to cultivate soybean varieties that
are resistant to stressors.

176



Int. J. Mol. Sci. 2018, 19, 4087

Recently, many studies based on biotechnological and RNA-Seq approaches have been conducted
on soybean WRKY TFs. Researchers have identified 188 soybean WRKY genes genome-wide and 66
of the genes have been shown to respond rapidly and transiently to the imposition of salt stress [30].
In the latest version of the soybean genome (Wm82.a2v1), 176 GmWRKY proteins were confirmed
and the expression of GmWRKY47 and GmWRKY58 decreased upon dehydration, while GmWRKY92,
GmWRKY144 and GmWRKY165 increased under salt treatment [57]. GmWRKY13 may function in plant
growth and abiotic stress. GmWRKY21 and GmWRKY54 conferred tolerance to cold stress and salt and
drought stress, respectively [58]. Here, based on RNA-Seq and several databases and bioinformatics
methods, we identified GmWRKY12, which is associated with abiotic stress tolerance by quantitative
RT-PCR. Overexpression of GmWRKY12 could improve tolerance of soybean to drought and salt.

2. Results

2.1. Identification of GmWRKY's Up-Regulated under Drought/Salt Treatment

The GmWRKYs are distributed in different tissues or located upstream of soybean genes to
bind the W-box consensus (TTGACY) in the promoters of target genes, initiating functions such as
plant development, pathogen defense, insect resistance, response to biotic and abiotic stress and
participating in signal transduction mediated by plant hormones [59,60]. In order to identify the
function of genes or to explore whether GmWRKY mRNA expression goes up under biotic and abiotic
stress, we conducted RNA-Seq (Tables S5 and S6). RNA-Seq data were used to screen GmWRKYs
that are responsive to drought and salt. There were 105 GmWRKYs upregulated after drought
treatment and fifty-three GmWRKYs were selected based on the rule that log, (GH_treat/CK1_treat)
>1 (Table 1). Nine GmWRKYs were selected from salt treatment RNA-Seq data based on the rule that
logy (NaCl_treat/CK2_treat) >1 (Table 2).

Table 1. Annotation of Glycine max WRKY transcription factors responding to drought stress
(up-regulation).

GenelID? Name P Chr CDS (bp) Protein (aa) Group ©
GLYMA_14G103100 GmWRKY40 14 849 282 b
GLYMA_18G056600 GmWRKY62 18 1689 542 b
GLYMA_17G042300 GmWRKY6 17 1173 390 Ile
GLYMA_04G054200 GmWRKY50 4 486 161 Ile
GLYMA_01G222300 GmWRKY?22 1 738 245 IIc
GLYMA_02G293400 GmWRKY31 2 1278 425 ITa
GLYMA_04G218700 GmWRKY21 4 591 196 I
GLYMA_06G147100 GmWRKY51 6 591 196 I
GLYMA_01G224800 GmWRKY12 1 714 237 IIc
GLYMA_11G163300 GmWRKY19 11 1647 548 I
GLYMA_06G061900 GmWRKY17 6 885 294 b
GLYMA_10G011300 GmWRKY54 10 972 323 ITa
GLYMA_04G223300 GmWRKY58 4 954 317 I
GLYMA_18G213200 GmWRKY57 18 900 299 I
GLYMA_06G125600 GmWRKY53 6 1095 364 ITa
GLYMA_19G217800 GmWRKY?23 19 873 290 IId
GLYMA_09G280200 GmWRKY33 9 1632 543 1
GLYMA_03G002300 GmWRKY70 3 747 248 IIc
GLYMA_13G310100 GmWRKY36 13 1845 614 IIc
GLYMA_14G200200 GmWRKY49 14 1728 575 IIc
GLYMA_16G026400 GmWRKY60 16 1122 373 IIc
GLYMA_16G0544001 GmWRKY75 16 588 195 IIb
GLYMA_04G223200 GmWRKY55 4 1020 339 Id
GLYMA_02G232600 GmWRKY39 2 1743 580 I
GLYMA_05G0290001 GmWRKY72 5 1785 594 I
GLYMA_03G220100 GmWRKY41 5 762 253 Ile
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Table 1. Cont.

GeneID? Name P Chr CDS (bp) Protein (aa) Group ©
GLYMA_08G021900 GmWRKY46 8 1080 356 I
GLYMA_15G003300 GmWRKY27 15 921 306 IIb
GLYMA_17G097900 GmWRKY61 17 1803 600 Ilc
GLYMA_01G128100 GmWRKY5 1 1527 508 Id
GLYMA_12G212300 GmWRKY16 12 792 263 IIc
GLYMA_08G082400 GmWRKY28 8 881 293 I
GLYMA_07G227200 GmWRKY3 7 1602 533 IIc
GLYMA_03G256700 GmWRKY43 66 1089 362 Ile
GLYMA_15G168200 GmWRKY42 15 882 293 b
GLYMA_13G289400 GmWRKY52 13 798 265 IIc
GLYMA_08G011300 GmWRKY25 8 444 147 Id
GLYMA_09G061900 GmWRKY47 19 1573 296 IIc
GLYMA_17G222300 GmWRKY30 4 555 184 ITa
GLYMA_01G053800 GmWRKY?9 1 1368 455 Iic
GLYMA_08G118200 GmWRKY48 7 789 262 IIc
GLYMA_01G056800 GmWRKY32 1 894 297 Id
GLYMA_08G218600 GmWRKY56 8 942 313 I
GLYMA_07G262700 GmWRKY34 7 1554 517 b
GLYMA_03G159700 GmWRKY15 1 1017 338 1
GLYMA_11G053100 GmWRKY14 11 963 320 I
GLYMA_05G096500 GmWRKY11 17 1050 334 I
GLYMA_17G222500 GmWRKY63 17 849 278 ITa
GLYMA_08G240800 GmWRKY4 2 1572 523 I
GLYMA_03G176600 GmWRKY29 5 1308 436 Ilc
GLYMA_08G325800 GmWRKY35 8 1734 577 IIc
GLYMA_10G138300 GmWRKY1 14 1449 482 b
GLYMA_06G077400 GmWRKY37 6 903 300 11

2—The annotated GmWRKYs according to NCBI (https://www.ncbi.nlm.nih.gov/pubmed) and. PlantTFDB
(http:/ /planttfdb.cbi.pku.edu.cn/); >—The names of GmWRKYs are given according to SoyDB (http:/ /soykb.org/);
¢—The grouping is according to [30,61].

Table 2. Annotation of Glycine max WRKY transcription factors responding to salt stress (up-regulation).

GeneID ? Name P Chr CDS (pb) Protein (aa)  Group ¢
GLYMA_11G053100 GmWRKY14 9 963 320 I
GLYMA_08G325800 GmWRKY35 8 1734 577 IIc
GLYMA_04G218700 GmWRKY21 10 591 196 I
GLYMA_14G200200 GmWRKY49 18 1728 575 Iic
GLYMA_07G227200 GmWRKY3 18 1602 533 Ilc
GLYMA_02G115200 GmWRKY?28 8 881 293 I
GLYMA_03G256700 GmWRKY43 16 1089 362 I
GLYMA_06G320700 GmWRKY59 6 2331 776 IIc
GLYMA_01G224800 GmWRKY12 7 714 237 IIc

2—The annotated GmWRKYs according to NCBI (https://www.ncbinlm.nih.gov/pubmed) and PlantTFDB (http:
/ /planttfdb.cbi.pku.edu.cn/). >—The names of GmWRKYs are given according to SoyDB (http:/ /soykb.org/).
¢—The grouping is according to [30,61].

2.2. Tissue-Specific Expression Patterns of GmWRKY's

To thoroughly study GmWRKY expression profiles under normal conditions, hierarchical
clustering was conducted using expression levels of fifty-three (drought-responsive) and nine
(salt-responsive) GmWRKY genes in young leaf, flower, one cm pod, pod shell 10 days after flowering
(DAF), pod shell 14 DAF, seed 10 DAF, seed 14 DAF, seed 21 DAE, seed 25 DAF, seed 28 DAF, seed
35 DAF, seed 42 DAF, root and nodule (Figures 1 and 2). Approximately 28% of GmWRKYs from
different tissues were expressed at low levels or unexpressed (GmWRKY3, 5, 6, 21, 22, 25, 29, 30, 31,
47,50, 55, 63, 70 and 72); by contrast, 45% of GmWRKYs were highly expressed in different tissues
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(GmWRKY4, 9,11, 14,16, 17,19, 28, 32, 34, 35, 36, 37, 39, 41, 42, 46, 48, 49, 52, 56, 57, 60 and 61). Among
these GmWRKYs, GmWRKY11 and GmWRKY17 had the highest expression in four different tissues.
GmWRKY?28, 35, 37, 48 and 57 are highly expressed in nodule, seed 10 DAF, seed 42 DAF, root and
flower. Within the nine GmWRKYs related to salt response, GmWRKY3 and GmWRKY21 had low
expression and GmWRKY14, 28, 35, 49 and 59 were highly expressed in at least four different tissues.
The analysis data are available in Tables S1 and S2.

400.80

Figure 1. Expression pattern of fifty-three GmWRKYs in six different tissues (young leaf, flower,
pod shell, seed, root and nodule). The fifty-three GmWRKYs were selected from drought treatment
RNA-Seq data based on the rule that log, (GH_treat/CK1_treat) >1. The tissue expression is from
SoyDB (http://soykb.org/). The color legend refers to the different expression level under normal
condition. “DAF” in the tissue label indicates days after flowering.
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Figure 2. Expression pattern of nine GmWRKYs in six different tissues (young leaf, flower, pod shell,
seed, root and nodule). The nine GmWRKYs were selected from salt treatment RNA-Seq data based on
the rule that logy (NaCl_treat/CK2_treat) >1. The tissue expression is from SoyDB (http:/ /soykb.org/).
The color legend refers to the different expression level under normal condition. “DAF” in the tissue
label indicates days after flowering.
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2.3. GmWRKYs Responsive to Both Drought and Salt Treatments

Based on RNA-Seq data and result of Venn method [62], seven GmWRKY genes were found
to respond to both drought and salt treatments (GmWRKY3, 12, 14, 21, 35, 43 and 49) (Figure S1A).
In order to confirm whether the seven GmWRKY genes are responsive to drought and salt, 10-day-old
soybean seedlings were subjected to stress treatments. For drought treatment, soybean seedlings were
put on filter paper to stimulate drought and then sampled 0.1 g of leaf on different periods (0, 0.5, 1, 2,
5, 8,12 and 24 h); for salt treatment, the roots of soybean were soaked in 100 mM NaCl solution then
sampled 0.1 g of leaf on different periods (0, 0.5, 1, 2, 5, 8, 12 and 24 h), all samples were submerged
immediately in liquid nitrogen and stored at —80 °C for RNA extraction then quantitative real-time
PCR (gqRT-PCR) was conducted. Results confirmed that the seven GnWRKY genes were responsive
to both treatments (Figure 3). Under drought treatment, the expression levels of GmWRKY12 and
GmWRKY43 were gradually increased at 0, 0.5, 1, 2, 5, 8, 12 and 24 h. GmWRKY12 was highly expressed
after 12 h of drought treatment. While GmWRKY14, GmWRKY21 and GmWRKY35 had a tendency
to rise first and then decrease, GmWRKY49 was highly expressed at 2 h. Under drought conditions,
the expression profiles of five GmWRKY genes were little changed at 0 to 5 h and then increased
significantly at 12 h.
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Figure 3. Quantitative RT-PCR of seven GmWRKYs under drought and salt treatment. (A) qRT-PCR of
seven GmWRKYs under drought treatment. (B) gRT-PCR of seven GmWRKYs under salt treatment.
The expression level of GmActin as a loading control. The data represent means + SD of three
biological replications.

Under salt treatment, the expression profile increased first and then decreased, meanwhile, there
was a notable change at 0 to 0.5 h and GmWRKY?3, 12, 14 and 35 were highly expressed. GmWRKY12,
which was 714 bp in length, encoded 237 amino acids and had low expression in different tissues
under normal conditions but was highly expressed under drought and salt treatments was selected for
further investigation (Figure S1B).
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2.4. Multiple Sequence Alignment and Phylogenetic Analysis of GmWRKY12

Although WRKYGQK sequence is a conservative motif of WRKY proteins, WRKY variant
domains, such as WRKYGEK, WRKYGKK, WQKYGQK, WSKYGQK and WRKYGM have been found
in the genomes of Arabidopsis [28], rice [63], grape [64] and tomato [65]. This difference may be a
variation of WRKY TFs developed over long-term evolution. The domain of these variations is unique
and may represent a new type. Therefore, to identify conservation of GmWRKY12, WRKY12 from
20 different species were selected for multiple sequence alignment (Figure 4A). Results showed that
20 species only harbored one WRKY variant WRKYGQK, with amino acid sequence similarity of
75%, which illustrated that GmWRKY12 was highly conserved. To further evaluate the evolutionary
relationship between GmWRKY12 and WRKY12 of 32 different species, a phylogenetic tree was
constructed with the neighbor-joining method [66]. Phylogenetic results showed that the relationship
between GmWRKY12 and VrWRKY12 (XP_014515898.1) was the closest (Figure 4B).
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Figure 4. Multiple alignment and phylogenetic relationship of GmWRKY12 with different
species. (A) Multiple alignment of GmWRKY12 with other WRKY12 proteins from other species.
(B) Phylogenetic relationship of GmWRKY12 in different species. The red dot in (B) means GmWRKY12.
The number of nodes is the bootstrap value and the number on the branch is the evolutionary distance.

Bootstrap replications are 1000.
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2.5. Expression Patterns of GmWRKY12 under Different Treatments

GmWRKY12 was responsive to drought and salt treatments (Figure 3). WRKY proteins are
reported to be involved in signal transductions of plant hormones [39]. In order to identify whether
GmWRKY12 was responsive to other abiotic stresses, expression patterns were identified using
gRT-PCR. Results indicated that GmWRKY12 not only participated in drought and salt response
but was also responsive to ABA and SA. Under low concentrations of SA, the expression profile of
GmWRKY12 was increased about 50-fold (Figure 5).

Drought NaCl
5 4004 5 800+
2 2
= 3004 = i
2 300 8 600
Z F
g z
= 2004 Z 400
g g
2 e
= 1004 Z 2001
K-} =
@ ]
= pl— B o
0 05 1 2
ABA
-3 — 601
5 P
2 9
= =
2 s
z 2 401
= =
; 5 20
” i
S £
= o
= =

=
I

8 12 24h

Figure 5. Expression patterns of GmWRKY12 under drought, NaCl, exogenous ABA and SA.
The ordinates are the relative expression level (fold) of GmWRKY12 compared to non-stressed control.
The horizontal ordinate is treatment time for 0, 0.5, 1, 2, 5, 8, 12 and 24 h. The expression level of
GmActin as a loading control. All experiments were repeated three times. Error bars represent standard
deviations (SDs). All data represent the means + SDs of three independent biological replicates.

2.6. Cis-Acting Elements in Promoter

To further understand the regulatory mechanism of GmWRKY12, we isolated its promoter region.
Cis-elements correlated to stress were present in the promoter region, including the ABA and wound
responsive elements ABER4 and MYC, drought responsive element MYB, salt stress responsive element
GT-1 and wound responsive element W-box. In addition, there was another element that participated
in heat and GA response in the promoter region of GmWRKY12 (Table 3). This analysis suggested that
GmWRKY12 may function in abiotic stress response.

Table 3. Cis-elements analysis of GmWRKY12 promotor.

Cis-Elements = Numbers Target Sequences Functions

MYC 32 CANNTG ABA and wound responsive element
W-box 21 TTGAC/TTTGACY/TGACY SA responsive element
ABER4 18 ACGT ABA responsive element

MYB 14 C/TAACNA/G Drought responsive element

CCAATB 10 CCAAT Heat-responsive element

GT-1 7 GAAAAA Salt stress responsive element
DPBF 6 ACACNNG Dehydration-responsive element
GARE 2 TAACAAR GA-responsive element

“Numbers” corresponds to the number of cis-elements of each type present in the promoter.
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2.7. GmWRKY12 was Located in the Nucleus

To investigate GmWRKY12 subcellular localization, GmWRKY12 were fused to the N-terminus
of the humanized green fluorescent protein (hGFP) and co-transformed into wheat mesophyll
protoplasts with the nucleus marker AT2G03340 (AtWRKY3)-mCherry [67,68]. The 355::GFP vector
was transformed as the control. Fluorescence of GmWRKY12 was specifically detected in the nucleus,
whereas GFP fluorescence was distributed throughout the cell (Figure 6).

GFP Bright frield ChloroplastIl Merged

35S::GFP

GFP Bright frield  AT2G03340-mCherry Merged

GmWRKY12

Figure 6. Co-localization of GmWRKY12. The recombinant plasmid of GmWRKY12-GFP and
At2G03340-mCherry were co-transformed into wheat mesophyll protoplasts under the control of
the CaMV 35S promoter. GmWRKY12 was localized in the nucleus of wheat mesophyll protoplasts
protoplasts. Results were observed by a confocal laser scanning microscope (LSM700; CarlZeiss,
Oberkochen Germany) after incubating in darkness at 22 °C for 18-20 h. Scale bars = 10 um.

2.8. GmWRKY12 Improved Drought and Salt Tolerance of Soybean

We further used transgenic hairy root assays to investigate the roles of GmWRKY12 in abiotic
stress responses. Amplified cDNA sequence of GmWRKY12 was constructed into pCAMBIA3301
to create an overexpression transgenic line and the control was pCAMBIA3301 plant expression
vector with CaMV35S promoter. Two constructs were transferred into Agrobacterium rhizogenes strain
K599 (NCPPB2659) [69] then transformed into soybean hairy roots as previously described [70,71].
After drought treatment for 20 days, both control and over-expression soybean seedlings had leaf
shedding to different degrees, especially the old leaves of the plants (Figure 7A). However, compared
with transgenic soybean seedlings, the control seedlings were severely wilted and almost 99% of the
leaves had serious dehydration and drying. By contrast, there was slight shedding of the old leaves of
transgenic soybean seedlings but the new leaves were still growing vigorously. Results of proline and
malondialdehyde (MDA) content determination showed that overexpression of GmWRKY12 increased
proline content in transgenic lines, while the MDA content was decreased due to drought stress
(Figure 7B,C). Fresh weight and main length of transgenic soybean hair roots under drought treatment
were measured (Figure 8E F), results showed overexpressed GmWRKY12 in soybean roots enhanced
drought tolerance of soybean by increasing the length of transgenic hair roots and the number of
transgenic hair roots.
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Figure 7. Phenotype identification of GmWRKY12 under drought and salt treatments. (A) Images of
drought stress resistance phenotypes of CK and 355::GmWRKY12 soybean seedlings after drought
treatment for 20 days. (B) Proline contents in CK and 35S::GmWRKY12 soybean seedlings under
normal growth conditions and drought treatment. (C) MDA contents in in CK and 355::GmWRKY12
soybean seedlings under normal growth conditions and drought treatment. (D) Images of salt stress
resistance phenotypes of CK and 355::GmWRKY12 soybean seedlings after 200 mM NaCl treatment
for 7 days. (E) Proline contents in CK and 355::GmWRKY12 soybean seedlings under normal growth
conditions and salt treatment. (F) MDA contents in CK and 35S::GmWRKY12 soybean seedlings under
normal growth conditions and salt treatment. All data represent the means + SDs of three independent
biological replicates. ANOVA tests demonstrated that there were significant differences (* p < 0.05,

*p < 0.01).

Meanwhile, under NaCl (200 mM) treatment, control and overexpression soybean seedlings
had different degrees of leaf shedding (Figure 7D). Compared with the control, transgenic soybean
seedlings were slightly wilted and slowly drying out, while the control seedlings were almost dry due
to the osmotic stress. Results of Pro and MDA content in transgenic lines (Figure 7E,F) fresh weight
and main length of transgenic soybean hair roots (Figure 8H,I) also showed that GmWRKY12 improved
salt tolerance of soybean. These results demonstrated that GmWRKY12 confers stress tolerance in

transgenic hairy roots.
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Figure 8. Different growth stage of transgenic soybean seedlings and phenotypes of transgenic soybean
hair roots. (A) Images of different growth stage of transgenic soybean seedlings cultivated in flowerpot
before any treatment. (A1) Soybean seedlings of 5-days-old without injected A. rhizogenes carrying
GmWRKY12. (A2) Soybean seedlings which have injected A. rhizogenes carrying GmWRKY12 for 7 days.
(A3) Soybean seedlings which have injected A. rhizogenes carrying GmWRKY12 for 14 days (The original
main roots were removed by cutting from 1 cm below the infection site and the hairy roots of the
seedlings were cultivated in nutritious soil with full water and grown with 16 h light (100 uM photons
m~2.s71)/8 h dark at 25 °C). (B) Images of different growth stage of signal transgenic soybean seedling
before any treatment. (B1) Soybean seedling of 5-days-old without injected A. rhizogenes carrying
GmWRKY12 and the red circle shows the inject site of A. rhizogenes. (B2) Soybean seedling which have
injected A. rhizogenes carrying GmWRKY12 for 7 days and new hair roots have generated. (B3) Soybean
seedling which have injected A. rhizogenes carrying GmWRKY12 for 14 days. (B4) Soybean seedling that
have salt treatment for 7days. (C) Relative expression of CK and 355::GmWRKY12 transgenic soybean
hair roots under normal growth conditions. (D) Images of drought stress resistance phenotypes of
CK and 35S::GmWRKY12 transgenic soybean hair roots after drought treatment for 20 days. (E) Fresh
weight in CK and 355::GmWRKY12 transgenic soybean hair roots under normal growth conditions

and drought treatment. (F) Length in CK and 355::GmWRKY12 transgenic soybean hair roots under

normal growth conditions and drought treatment. (G) Images of salt stress resistance phenotypes

of CK and 355::GmWRKY12 transgenic soybean hair roots after 200 mM NaCl treatment for 7 days.
(H) Fresh weight in CK and 355::GmWRKY12 transgenic soybean hair roots under normal growth

conditions and salt treatment. (I) Length in CK and 355::GmWRKY12 transgenic soybean hair roots

under normal growth condition and salt treatment. All data represent the means + SDs of three

independent biological replicates. ANOVA tests demonstrated that there were significant differences

(*p <0.05,*p<0.01).
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3. Discussion

The WRKY transcription factor superfamily, as a recently described member of the TF family,
has been studied by many researchers due to its numerous and diverse biological functions. Since the
first reports of WRKY TFs [72], research conducted in different species [4,52,57,73,74] has shown that
WRKY TFs play significant roles in plant development and stress responses. Recently, many studies
of GmWRKY TFs have been based on biotechnological and RNA-Seq approaches [30,57]. However,
these studies mainly reported genome-wide annotation of the WRKYs and structure analysis of some
genes involved in response to abiotic and biotic stresses. Although these genes have been identified
through biochemistry and bioinformatics approaches, knowledge about soybean stress tolerance was
limited. In this study, based on qRT-PCR and RNA-Seq data, GmWRKY12 was selected for investigation
of stress tolerance in soybean (Figure S1).

According to classifications in the WRKY family [18,28,75], WRKY12 belongs to Group IIc and
contains a single WRKY domain and a CX4-5CX22-23HXH zinc-finger motif. Recent studies have
shown that the WRKYGQK heptapeptide, which can specifically recognize and bind to the W-box
consensus sequence (TTGACY) in the promoters of target genes, can be replaced by WRKYGKK,
WRKYGEK, WKKYEDK, or WKKYCEDK; variations of the WRKYGQK motif might change the
DNA binding specificities to downstream target genes [75]. However, multiple sequence alignment
results showed that WRKY12 in different species only harbor the same WRKYGQK heptapeptide,
demonstrating that WRKY12 protein is evolutionarily conserved and can recognize and bind to
downstream target genes (Figure 4A). The result was consistent with the results observed in other
species [54,57,65,76,77]. Structural conservation determines functional specificity: in rice, OsWRKY12
was related to normal plant growth and expression of OsWRKY12 was low at the seedling stage
but increased gradually with growth [78]; similar results were found in specific tissues in our study.
GmWRKY12 has low expression in young leaf, flower, one cm pod, pod shell 10 DAF, seed 10 DAF,
seed 14 DAF seed 21 DAF, seed 25 DAF, seed 28 DAF, seed 35 DAF, seed 42 DAF and root under
normal conditions. At the pod shell 14 DAF and nodule stages, the expression levels gradually
increase (Table S2), which may be because genes are differentially expressed at different growth stages,
or may perform different activities, such as metabolism, nutrient absorption or material transformation.
For example, at the nodule stage, plants are primarily vegetative, while at seed 42 DAF, plants are
accumulating nutrients [57]. In addition, WRKY12 was related to plant flowering time: Arabidopsis
plants overexpressing MIWRKY12 showed early flowering phenotype [79]. WRKY12 and WRKY13
have opposite effects on flowering time in the action of GA [80]. Overexpression of three Triticum genes,
TaWRKY12, TaWRKY18 and TaZFP2 induced the expression of some genes related to Pi absorption and
transportation, enhancing the abilities of Pi uptake and Pi use efficiency in plants under low-P4i stress
conditions [81]. Thus, GmWRKY12, like other WRKYsS, is involved in plant growth and development.

There are many cis-acting elements in the GmWRKY12 promoter region, such as MYC (ABA
and wound responsive element), W-box (SA responsive element), ABER4 (ABA responsive element),
MYB (drought responsive element), CCAATB (heat-responsive element), GT-1 (salt stress responsive
element), DPBF (dehydration-responsive element) and GARE (GA-responsive element) (Table 3).
The presence of these elements indicates that GmWRKY12 may take part in various biotic and abiotic
responses except for growth and development of plants. Research of tobacco transcription factors
NtWRKY12 and TGA2.2 found that Nt\WRKY12 alone was able to induce PR-1a::GUS expression to
high levels, the PR-1a gene was salicylic acid-inducible to activate the expression of SA-inducible
genes [82]. SA is an important endogenous molecule that activates plant hypersensitive response and
systemic acquired resistance, which are often involved in disease resistance of plants [83]. As the
closest orthologue of AtWRKY12, BriWRKY12 from Chinese cabbage conferred enhanced resistance to
Pectobacterium carotovorum ssp. carotovorum (Pcc) through transcriptional activation of defense-related
genes [84]. Furthermore, LrIWRKY12 were responsive to SA and methyl jasmonate (MeJA) treatments
and conferred more resistance to B. cinerea than in wild-type plants [85]. These results show that
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WRKY12 plays an important role in disease defense of plants, mainly because WRKYGQK specifically
binds to the W-box to induce expression of downstream target genes.

In addition to the significant roles of WRKY12 identified in development and disease defense of
plants, WRKY12 also functions in plant stress responses. Under treatment with NaCl and PEG,
the expression level of THWRKY12 in Tamarix tissues was increased, the expression pattern of
THWRKY12 after ABA treatment was approximately the same as the expression level changes under
NaCl and PEG treatment, showing that the gene may participate in regulating salt and drought
tolerance through the signaling pathway regulated by ABA [86]. In our study, GmWRKY12 was first
screened following both drought and salt treatment using RNA-Seq. In order to confirm whether it was
responsive to salt and drought stress, qRT-PCR was conducted and further showed that GmWRKY12
was highly expressed under drought and salt treatment, which indicated that the gene was related
to drought and salt tolerance (Figure 3). Cis-acting elements and expression pattern analysis of
GmWRKY12 also showed that it may participate in the ABA signaling pathway (Table 3 and Figure 5).
However, compared to the high expression level under drought and salt treatment, on the condition of
ABA, GmWRKY12 had low expression. Resistance identification of GmWRKY12 using a soybean hairy
root assay further showed that GmWRKY12 may be involved in regulating salt and drought tolerance
by promoting the combination of cis-acting elements with drought and salt-related genes, thereby
enhancing plant resistance (Figure 7). Similar results were also found in other studies [87-89].

4. Materials and Methods

4.1. Identification and Annotation of GmWRKY's Response to Drought/Salt Stress

Identification of the response of GmWRKYs to drought/salt stress was based on RNA-seq
data collected from a set of drought and salt stress experiments (Tables S5 and S6). Seeds of
Williams 82 were cultivated in a 10 x 10 cm flowerpot (vermiculite: nutritious soil is 1:3), fresh
leaf of 10-day-old soybean seedlings were used for RNA-Seq.CK1_treat-Expression represented
two independent replicates of plants sampled before any treatment; GH_treat-Expression related
to drought treatment for 5 h (put on the filter paper to simulate drought) of soybean plants at room
temperature; CK2_treat-Expression without NaCl treatment; and NaCl_treat-Expression salt treatment
that soaking soybean roots with 100 mM NaCl solution for 1 h and then sampled for RNA-seq [57,68].
Both log, (GH_treat/CK1_treat) >1, log, (NaCl_treat/CK2_treat) >1 and up-regulated were treated
as the rule to select GmWRKYs responding to drought/salt stress. Several databases: NCBI
(https:/ /www.ncbinlm.nih.gov/pubmed), PlantTFDB (http:/ / planttfdb.cbi.pku.edu.cn/), Phytozome
(https:/ /phytozome.jgi.doe.gov/pz/portal.html) and SoyDB (http://soykb.org/), were used to
annotate Gene ID, Name, Chromosomal localization, CDS, Protein and Group.

4.2. Tissue-Specific Expression Patterns of GmWRKY's

Data of six different tissues (young leaf, flower, pod shell, seed, root and nodule) from different
growth periods was available from SoyBase (https://www.soybase.org/soyseq/). Heml1.0 software
(http:/ /www.patrick-wied.at/static/heatmapjs/) was used to perform hierarchical clustering of
fifty-three and nine GmWRKYs under normal conditions. The analysis data are available in Tables S1
and S2.

4.3. RNA Extraction and gRT-PCR

Seeds of Williams 82 was cultivated in a 10 x 10 cm flowerpot (vermiculite: nutritious soil is
1:3), fresh leaf tissue of 10-day-old soybean seedlings were used for RNA extraction of different stress
treatment. For drought treatment, soybean seedlings were dried on filter paper then sampled 0.1 g of
leaf on different periods (0, 0.5, 1, 2, 5, 8, 12 and 24 h), for salt, ABA and SA treatment, the roots of
soybean seedlings were soaked in 100 mM NaCl, 100 pumol-L.~! ABA and 100 pmol-L~! SA solution,
respectively [68]. Then sampled 0.1 g of leaf on different periods (0, 0.5, 1, 2, 5, 8, 12 and 24 h),
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all samples were submerged immediately in liquid nitrogen and stored at —80 °C for RNA extraction
using RNA prep plant kit (TTANGEN, Beijing, China); cDNA was synthesized using a Prime Script
First-Strand cDNA Synthesis Kit (TransGen, Beijing, China) following the manufacturer’s instructions.
cDNA of treatment for 0 h was used for screen one highly expressed gene from seven GmWRKYs that
response to both drought and salt treatment (Figure S1B). qRT-PCR was performed with Super Real
PreMix Plus (TransGen, Beijing, China) on an ABI Prism 7500 system (Applied Biosystems, Foster City,
CA, USA). Specific primers of GmWRKY3, 12, 14, 21, 28, 35, 43, 49 and soybean actin primers are listed
in Table S4. Three biological replicates were used for qRT-PCR analysis. The 2~*A¢t method was used
for quantification.

4.4. Gene Isolation and Phylogenetic Analysis of GmWRKY12

Venn2.0 (http:/ /bioinfogp.cnb.csic.es/tools/venny /index.html) was used to screen GmWRKYs
that respond to both drought and salt treatment, then qRT-PCR was used to find genes highly expressed
under stresses. Full-length GmWRKY12 was amplified by PCR with specific primers from soybean
cDNA (Williams 82); primers of GmWRKY12 are available in Table S4. PCR products were cloned into
pLB vector (TTANGEN, Beijing, China) and sequenced for further study. The amino acid sequence of
WRKY12 in different species were searched for in the NCBI database on account of the amino acid
similarity between GmWRKY12 and WRKY12 in different species is more than 50%. DNAMAN was
applied for multiple sequence alignment on the basis of the amino acid similarity between GmWRKY12
and WRKY12 in different species is more than 60%. Phylogenetic trees were constructed using MEGA
6.0 with the neighbor-joining method [66] and 1000 bootstrap replications. Information of WRKY12 in
different species is listed in Table S3.

4.5. Co-Localization of GmWRKY

Seeds of Kenong199 were cultivated in a 10 x 10 cm flowerpot (vermiculite: nutritious soil is
1:3), fresh leaf tissue of 7-day-old wheat seedlings were used for preparation of wheat protoplasts.
Amplified cDNA sequence of GmWRKY12 was cloned into the N-terminus hGFP protein driven
by the CaM V35S promoter. The cDNA coding sequences of AT2G03340 (AtWRKY3) which located
in the nucleus [67] were fused to the N-terminus of the mCherry protein (WRKY25-RFP) under
the control of the CaMV 35S promoter [68]. The recombinant plasmid of GmWRKY12-GFP and
AtWRKY3-mCherry were co-transformed into wheat mesophyll protoplasts via the PEG4000-mediated
method. The 355::GFP vector was transformed as the control. Fluorescence was observed using a
confocal laser scanning microscope (LSM700; CarlZeiss, Oberkochen, Germany) after incubating in
darkness at 22 °C for 18-20 h. Primers are available in Table 54.

4.6. Cis-acting Elements in Promoter

The 2.0 kb promoter region upstream of the ATG start codon in the promoter of GmWRKY12
was obtained from soybean genomic DNA in the Ensembl Plants website, cis-acting elements were
analyzed by PLACE (http:/ /www.dna.affrc.go.jp/PLACE/).

4.7. A. rhizogenes-mediated Drought and Salt Stress Assays

To generate a transgenic line of soybean the amplified cDNA sequence of GmWRKY12 was
constructed into pCAMBIA3301 for an overexpression transgenic line (355::GmWRLY12) and the
control was pCAMBIA3301 plant vector with CaMV35S promoter (CK) and two constructs transferred
into A. rhizogenes strain K599 (NCPPB2659) [69]. Primers are available in Table S4. Williams 82
was cultivated in a 10 x 10 cm flowerpot (vermiculite: nutritious soil is 1:3) for stress experiments
(Figure 8A1), soybean seeds were grown under a photoperiod of 16 h light (100 uM photons
m~2.571)/8 h dark at 25 °C. When plants displayed two cotyledons (Figure 8A1), A. rhizogenes
strain K599 harboring pCAMBIA3301 (CK) and K599 harboring 355::GmWRLY12 were injected at the
cotyledonary node and/or hypocotyl (Figure 8B1). A plastic cup was used to surround the inoculated
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soybean seedlings to provide high humidity conditions. After 3 days, nutritious soil was prepared and
used to fill the gaps in the plastic cup so that soybean seedlings could grow new roots (Figure 8A2);
plants typically need two weeks to generate new roots (2-10 cm) at the infection site (Figure 8B2,B3).
The original main roots were removed by cutting from 1 cm below the infection site and the hairy
roots of the seedlings were cultivated in nutritious soil with full water and grown with 16 h light
(100 uM photons m~2-s~1)/8 h dark at 25 °C for 5 days [70,71]. Each flowerpot cultivated 5 transgenic
soybean seedlings and 5 replications of each stress treatment (Figure 8A3). Afterward, the transgenic
soybean seedlings were subjected to natural dehydration and 200 mM NaCl for drought and salt
stress assays [19,68]. For drought stress assay, both CK and transgenic soybean seedlings were grown
without water for 20 days. For salt stress assay, CK and transgenic soybean seedlings were treated
with 200 mM NacCl solution for 7 days. There are some Supplement Materials need to prepare for
culturing A. rhizogenes strain K599 that harbored (355::GmWRLY12) and the control (CK)., eg: Solidified
LB medium with streptomycin sulfate (100 mg/L) and Kanamycin solution(100 mg/L) (10 g tryptone,
5 g yeast extract, 10 g NaCl, 15 g agar per liter), Liquid LB medium containing streptomycin sulfate
(100 mg/L) and Kanamycin solution (100 mg/L) [69].

4.8. Measurements of Proline and MDA Contents

Both proline and MDA content were measured with the Pro and MDA assay kit (Comin, Beijing,
China) based on the manufacturer’s protocols; all measurements were from three biological replicates.

4.9. Measurements of Fresh Weight and Main Length

Transgenic soybean hair roots were used to measure the fresh weight and main length. All data
represent the means + SDs of three independent biological replicates.

5. Conclusions

In this study, using RNA-Seq, we identified 62 GmWRKY genes in the soybean genome that were
differently expressed in six different tissues under normal condition. Seven GmWRKYs responded to
both drought and salt treatment. Based on the qRT-PCR, GmWRKY12, a nucleus protein of 237 amino
acids, belonging to WRKY Group II was identified. It was responsive to salt, drought and exogenous
hormones ABA and SA. Results of Agrobacterium rhizogenes-mediated hairy roots assay showed
that overexpressing GmWRKY12 may improve tolerance to drought and salt in soybean. These results
provided new insight into the roles of soybean WRKY genes in abiotic stress responses.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/19/12/
4087/s1.
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Abbreviations

ABA abscisic acid

ABRE ABA-responsive element

JA jasmonic acid

SA salicylic acid

MeJA methyl jasmonate

qRT-PCR quantitative real-time PCR

Pro proline

MDA malondialdehyde

DAF days after flowering

GFP green fluorescent protein
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Abstract: Trihelix transcription factors play a role in plant growth, development and various
stress responses. Here, we identified 41 trihelix family genes in the rice genome. These OsMSLs
(Myb/SANT-LIKE) were located on twelve chromosomes. Synteny analysis indicated only six
duplicated gene pairs in the rice trihelix family. Phylogenetic analysis of these OsMSLs and the
trihelix genes from other species divided them into five clusters. OsMSLs from different groups
significantly diverged in terms of gene structure and conserved functional domains. However,
all OsMSLs contained the same five cis-elements. Some of these were responsive to light and
dehydration stress. All OsMSLs expressed in four tissues and six developmental stages of rice but
with different expression patterns. Quantitative real-time PCR analysis revealed that the OsMSLs
responded to abiotic stresses including drought and high salt stress and stress signal molecule
including ABA (abscisic acid), hydrogen peroxide. OsMSL39 were simultaneously expressed under
all treatments, while OsMSL28 showed high expression under hydrogen peroxide, drought, and high
salt treatments. Moreover, OsMSL16/27/33 displayed significant expression under ABA and drought
treatments. Nevertheless, their responses were regulated by light. The expression levels of the
12 chosen OsMSLs differed between light and dark conditions. In conclusion, our results helped
elucidate the biological functions of rice trihelix genes and provided a theoretical basis for further
characterizing their biological roles in responding to abiotic stresses.

Keywords: rice; trihelix transcription factor; phylogenetic analysis; stress response; light

1. Introduction

Transcription factors are ubiquitous in plants. They play crucial roles in various growth and
development processes and respond to abiotic stresses [1]. Previous studies reported more than
60 transcription factor families in plants [2,3]. However, little is known about several important
transcription factor families. Trihelix transcription factors occur only in plants. They were first
identified and isolated from pea (Pisum sativum) in the 1990s. They bind to the core sequence of
5-G-Pu-(T/A)-A-A-(T/A)-3’ of the promoter region of rbcS-3A gene to regulate light-dependent
expression [4]. They were initially called GT factors because they bind to light-responsive GT elements.
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The DNA-binding domain of the GT factors has a typical tandem trihelix (helix-loop-helix-loop-helix)
structure which was later renamed the trihelix transcription factor. Subsequent research revealed
that the trihelix structure of the GT factors resembles the solution structure of the Myb/SANT-LIKE
DNA-binding domain [5]. GT factors evolved from Myb/SANT-LIKE proteins in plants. Gaps
between helix pairs created different recognition sequences between GT factors and Myb/SANT-LIKE
proteins [5,6]. According to databases like Pfam, the Myb/SANT-LIKE domain represents the trihelix
conserved domain.

Trihelix is a family of transcription factors that have only recently received attention. However,
the trihelix genes have been systematically studied mainly in dicotyledonous plants such as
Arabidopsis, tomato and chrysanthemum, while almost no research has been carefully carried out
in a monocotyledonous plant. In Arabidopsis, 30 GT family members were identified and divided into
the GT-1, GT-2, GTy, SH4, and SIP1 subfamilies named after their founding members [7]. The 96
trihelix proteins of tomato (Solanum lycopersicum) were classified into six subfamilies (clades GT-1,
GT-2, SH4, SIP1, GTy, and GT$6). The GTo subfamily is apparently missing in Arabidopsis [8]. Most of
the trihelix gene subfamily structures vary substantially, especially at the C-terminus. The exceptions
are GT1 and GT2.

Earlier studies identified the trihelix family genes as a class of light regulators. Nevertheless,
the roles of GT factors in light regulation must be systematically established. In Arabidopsis, the GT1
subfamily genes may participate in salt stress and pathogen responses and their expression was
induced by light in 3-d seedlings [9]. In contrast, the rice GT-1 gene RML1 (OsMSL21 in the present
study) was repressed by light in etiolated seedlings [10]. The trihelix transcription factors in soybean,
GmGT-2A and GmGT-2B, were induced by ABA (abscisic acid), drought, high salt levels, and cold
in soybean seedlings [11]. Loss-of-function analysis of GTL1 revealed that gt/1 mutants had fewer
stomata than wild type plants. In this way, the former had comparatively lower water loss and
higher drought tolerance than the latter [12]. The expression of the rice GTy clade gene OsGT+y-1
increased 2.5 to 10 times in response to salt stress and was also upregulated by ABA treatment [13].
On the other hand, the expression of several trihelix genes in Chrysanthemum was downregulated
by ABA [14]. Trihelix transcription factors are also associated with plant morphogenesis. The trihelix
transcription factor PETAL LOSS (PTL) determines the number of petals per flower and sepal fusion in
Arabidopsis. The rice SH4 clade gene (SH4) promotes the abscission layer development and function
in mature seed peduncles [15]. However, the function of the SH4 clade has not yet been investigated.
The Arabidopsis SIP1 genes ASIL1 and ASIL2 downregulated the LEA (Late Embryogenesis Abundant)
genes in Arabidopsis seedlings [7]. The trihelix genes also have multiple functions throughout plant
development. The molecular mechanisms of their stress responses and their involvement in the
signaling pathway require elucidation.

Rice (Oryza sativa L.) is both a major global cereal crop and an important tool in plant
research. In this study, we identified 41 rice trihelix genes by the Myb/SANT-LIKE domain using
HMM-search in silico. We analyzed their chromosomal distributions, gene synteny, phylogenetic
analysis, gene structures, motif compositions, cis-elements, and expression patterns in different tissues,
developmental stages, and environmental stress responses. The aim of this study was to analyze the
structure and function of rice trihelix genes and phylogenetic relationship between rice trihelix proteins
and other species including dicotyledonous and monocotyledonous plant. To establish the role of
the trihelix genes’ response to stress, we evaluated their response to abiotic stress factors including
drought and high salt, and to stress signal molecules, such as abscisic acid and hydrogen peroxide.
Our results provide a theoretical basis for the functional analysis of the rice trihelix family genes
especially in abiotic stress responses.
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2. Results

2.1. Identification of Trihelix Genes in Rice

The HMM (Hidden Markov Model) for the Myb/SANT-LIKE domain identified 117 gene
candidates and a rice-specific Myb/SANT-LIKE domain was built using them. The HMM profile
search was performed on the whole rice genome with the rice-specific Myb/SANT-LIKE domain and
79 new candidate genes were found. Only genes with E-value < 0.01 were classified in the trihelix
family. Putative genes were verified in the Pfam and InterPro databases to confirm the existence of the
complete Myb/SANT-LIKE domains. Finally, 41 trihelix genes were identified.

All trihelix genes mapped onto the rice chromosomes, they were named OsMSL01-OsMSL41
according to the gene distribution order on the chromosomes. OsMSL25 and OsMSL34 have two
alternative splicing. “MSL” stands for “Myb/SANT-LIKE”. The characteristics of OsMSLs including
the gene MSU_Locus ID, the chromosomes locations, the lengths of the CDS (coding sequence) and
amino acid sequences, the number of exons, the protein sizes, and the isoelectric points are summarized
in Table 1. OsMSL19 was the smallest protein with 266 amino acids, whereas OsMSL12 was the largest
with 882 amino acids. The protein MW (Molecular Weight) ranged from 28.62 kDa to 97.37 kDa.
Their predicted isoelectric points varied from 4.45 (OsMSL09) to 11.38 (OsMSL17). Twenty-nine of
the trihelix transcription factors were localized in the nucleus, ten in the chloroplast, and two in the
peroxisome (OsMSL04 and OsMSL29).
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2.2. Chromosomal Distributions and Synteny Analysis of Rice Trihelix Genes

The extraction of the chromosomal information of the OsMSLs identified their chromosomal
locations. As shown in Figure 1, all OsMSLs had precise positions in the chromosomes. Each rice
chromosome contains >1 OsMSL. The OsMSLs are unevenly and non-randomly distributed on
12 chromosomes. Chr2 (chromosomal 2) contains the largest number of OsMSLs (eight) whereas
Chr6 contains only one. The first four chromosomes contain 23 trihelix genes while chromosomes 5-12
have on average only 2-3 genes per chromosome. Therefore, OsMSLs are distributed mainly on the
first four rice chromosomes. Although Chr?2 is relatively short, it contains the most OsMSLs. Chrl is
the longest in rice and also contains numerous OsMSLs. Chr10, the shortest chromosome, contains two
OsMSLs. In contrast, Chr6 is longer than Chr10 but contains only one OsMSL. There is no apparent
correlation between the chromosome length and OsMSL gene distribution. Moreover, only OsMSL12
and OsMSL13 form gene clusters on Chr2.

OsChrl  OsChr2 OsChr3  OsChr4 OsChr5 OsChré6
0~ MSL
OsMSLO8 OsMSL24
- OsMSL09
OsMSL01 e
OsMSLI8
- OsMSL02
OsMSL19
r 0OsMSL03 gmg}:}} * OsMSL26
OsM51.04 OsMSLI3 QsMSL20
- OsMSL14 OsMSL16 s
OsMSLI15
S OsMSL17 OsMSL22 OsMSL25
OsMSL05
- OsMSL06
OsMSL23
OsMSL07
45 Mb
OsChr7 OsChr8 OsChr9 OsChr10 OsChrll OsChril2

OsMSL27
OsMSL29
OsMSL28 OsMSL30
OsMSL31
OsMSL32

OsMSL33
OsMSL34

OsMSL35
OsMSL36

OsMSL37 OsMSL40
OsMSL41

OsMSL38

OsMSL39

Figure 1. Chromosomal locations of rice trihelix genes. Black bars represent the chromosomes.
Chromosome numbers are shown at the tops of the bar. Trihelix genes are labeled at the right of
the chromosomes. Scale bar on the left indicates the chromosome lengths (Mb).

Synteny was also used to analyze rice trihelix gene duplication. Chromosomal region within
200 kb containing two or more genes is defined as a tandem duplication event [16]. As shown in
Figure 1, four rice trihelix genes (OsMSL09/10 and OsMSL12/13) were clustered into two tandem
duplication event regions on rice chromosomal 2. Besides the tandem duplication events, segmental
duplications were also investigated by BLASTP and MCScanX methods [17]. Four segmental
duplication events with eight rice trihelix genes were also identified, which are located on duplicated

199



Int. J. Mol. Sci. 2019, 20, 251

segments on chromosomes 1, 2, 4, 5, and 11 (Figure 2). This finding is consistent with the highly
divergent, non-conservative evolution of OsMSLs.

Chr9
Chr3

o .
Fa = C\;Ys

Chre

Figure 2. Schematic representations of segmental duplications of rice trihelix genes. Different color
lines indicate all synteny blocks in rice genome between each chromosome, and the thick red lines
indicate duplicated trihelix gene pairs. The chromosome number is indicated at the bottom of each
chromosome. Scale bar marked on the chromosome indicating chromosome lengths (Mb).

To further understand the gene duplication mechanisms of the rice trihelix family, we constructed
four comparative syntenic maps of rice associated with four representative species, including one dicots
(Arabidopsis) (Figure 3A) and three monocots (Brachypodium distachyon, wheat and maize) (Figure 3B).
A total of 23 rice trihelix genes showed a syntenic relationship with those in maize, followed by
wheat (21), Brachypodium distachyon (19) and Arabidopsis (2), indicating that in comparison with
monocotyledonous plants, rice trihelix genes show a high evolution divergence with dicotyledonous
plants. Congruously, previous research reported that 14 pairs of orthologous trihelix genes were
found between tomato and Arabidopsis [8]. Some OsMSLs were found to be associated with at
least three syntenic gene pairs, such as OsMSL14, OsMSL17, and OsMSL21. These genes may
have played a crucial role in the trihelix gene family during evolution. To better understand the
evolutionary constraints acting on the trihelix gene family, the Ka/Ks ratios of the trihelix gene pairs
were calculated (Tables S1-55). All segmental and tandem duplicated OsMSL gene pairs, and the
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majority of orthologous trihelix gene pairs had Ka/Ks < 1, suggesting that the rice trihelix gene family
might have experienced a strong purifying selective pressure during evolution.

A A.thaliana

O.sativa —_— —_— e =

O.sativa

B.distachyon

O.sativa

Taestivum

O.sativa

Z.mays

Figure 3. Synteny analysis of trihelix genes between rice and (A) dicotyledonous plant Arabidopsi
thaliana, (B) monocotyledonous plant Brachypodium distachyon, wheat and maize. Gray lines in
the background indicate the collinear blocks within rice and other plant genomes, while the red
lines highlight the syntenic trihelix gene pairs. The species names with the prefixes ‘A. thaliana’,
‘B. distachyon’, ‘T. aestivum’, *Z. mays’ and ‘O. sativa’ indicate Arabidopsi thaliana, Brachypodium distachyon,
Triticum aestivum, Zea mays and Oryza sativa, respectively. Red or green bars represent the chromosomes.
The chromosome number is labeled at the top or bottom of each chromosome.

2.3. Phylogenetic Analysis, Gene Structure, and Motif Composition of Trihelix Genes

To better understand the phylogenetic relationships of trihelix genes, a maximum likelihood
phylogenetic tree was built based on the multiple sequence alignment of Myb/SANT-LIKE domains
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among rice and other species which include dicotyledonous plants such as Arabidopsis, soybean,
tomato, chrysanthemum and monocotyledonous plant such as maize, wheat, wild rice, Brachypodium
distachyon. As shown in Figure 4, OsMSLs were divided into five subfamilies named SIP1, GTy, GT,
SH4, and GT6 according to the characteristics of their trihelix DNA binding domains. Some genes
that have been classified previously such as SIGT-4/7/12/18/36 in tomato [8], CmTH2/6/12/17/19/20 in
chrysanthemum [14], GmGT-2A and GmG1-2B in soybean [11] was as a classified marker. The GT
clade was the largest subfamily, containing 28 trihelix genes, whereas the SH4 clade was the smallest,
consisting of 13 members, indicating that trihelix genes were distributed unevenly in the different
clades. All clades consisted of genes both from dicot and monocot species. There is a similar
classification in rice which was previously named GT$¢ in tomato and two tomato trihelix genes
SIGT-4 and SIGT-12 have been found in this subfamily. To demonstrate the evolutionary relationships
among OsMSLs, we constructed an unrooted phylogenetic tree using the full-length amino acid
sequences of the OsMSLs. Of the 43 transcripts of the 41 rice trihelix genes, nine belonged to SIP1,
10 belonged to GTv, 11 belonged to GT, five belonged to SH4, and eight belonged to GT6 (Figure 5A).
Most of the duplicated genes were present in the GT? classification. The phylogenetic tree of the all
MSLs between rice and Arabidopsis was constructed and is shown in Figure S1. However, we found
that the GT6 subfamily does not contain Arabidopsis trihelix genes.

Figure 4. Phylogenetic relationships among 105 trihelix proteins in rice, Arabidopsis, soybean, maize,
tomato, wheat, chrysanthemum, wild rice and Brachypodium distachyon. The maximum likelihood tree
was created using MEGA v. 7.0 (bootstrap value = 1000) and the bootstrap value of each branch is
displayed. Forty-three OsMSL proteins are marked with black circles and other species are marked
with white circles. The phylogenetic tree was clustered into SIP1, GTy, GT, SH4, and GTb.
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Figure 5. Phylogenetic analysis and gene structure of the rice trihelix family. (A) Phylogenetic analysis
of the rice trihelix family. The phylogenetic tree was constructed based on the full-length amino
acid sequences of the rice trihelix proteins by using MEGA v. 7.0 with the maximum-likelihood
method. Bootstrap = 1,000. SIP1, GTy, GT, SH4, and GT? are marked with different colors. (B) Gene
structures of the rice trihelix family. These were analyzed by the Gene Structure Display Server (GSDS
v. 2.0). Exons, introns, and untranslated regions are marked by round red rectangles, black lines, and
blue rectangles, respectively. The scale bar at the bottom estimates the lengths of the exons, introns,
and untranslated regions.

To identify the differences between the rice trihelix family genes, we analyzed the OsMSL gene
structure by comparing each coding sequence with its corresponding genomic sequence. As shown in
Figure 5B, the number of OsMSL exons is discontinuously distributed from 1 through 18. Combining
the gene structure with the phylogenetic tree, we found that the OsMSL exon-intron distribution
is related to its classification. Closely related genes usually have homologs. Therefore, their gene
structures are similar. For example, the OsMSL genome sequences in the SIP1 subfamily have no
introns and only one exon. Therefore, the evolution of this gene subfamily is relatively conservative.
The genes in the GT6 subfamily have no UTR region and only exons and introns except for OsMSL16
and OsMSL41. In contrast, the structures of the various genes in the GTy, GT, and SH4 subfamilies are
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relatively different. These results indicate that although the OsMSLs are subdivided into five families,
their genes are relatively conservative.

To determine the functions of the trihelix family genes, the OsMSL motif composition was
analyzed by amino acid sequence in the MEME program. Ten motifs with E < 1.8 x 10~® were identified.
These resemble the MSLs in chrysanthemum. The genes for each subfamily were classified [14].
As shown in Figure 6, except for OsMSL01 and OsMSL09, most trihelix family genes contain motif 1
(Myb-type DNA-binding domain) located at the N-terminus of the amino acid sequence. Motifs 2, 6,
and 8 are various trihelix DNA binding domains (WWW, WWEF, and WWI). These determine OsMSL
classification, structure, and function [18]. As the gene structure analysis indicated, the gene motifs
and distribution patterns are closely related to their subfamilies. SIP1 contains motif 8, GTy contains
motif 6, and only OsMSL06 contains an extra motif 8. Both GT and SH4 contain motif 2 but that in SH4
is longer than that in GT. OsMSL09 and OsMSL12 in SH4 also contain an additional motif 8. OsMSL02,
OsMSL03, OsMSL04, OsMSL26, OsMSL29, and OsMSL38 in the GT subfamily also contain motif 6.
Motif 2 with other functional domains and conservative sequences are contained in the rice-specific
GT56 subfamily. Although their functions have yet to be elucidated, they may indicate that the GTb
gene in rice has multiple functions.
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Figure 6. Motif composition of rice trihelix proteins. Motif analysis was performed using the MEME
program as described in the methods section. The trihelix proteins are listed on the left. Boxes
of different colors represent the various motifs. Their location in each sequence is marked. Motif
sequences are shown in Figure S2. The scale bar at the bottom indicates the lengths of the trihelix
protein sequences.
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2.4. Cis-Element Analysis of Rice Trihelix Genes

To understand the genetic functions, metabolic networks, and regulatory mechanisms of rice
trihelix genes, the shared cis-elements in the promoter regions of the OsMSLs were analyzed.
The 1500-bp upstream OsMSL sequence was obtained and identified as a hypothetical promoter.
The potential shared OsMSL cis-element was scanned and screened out and its distribution and
function were analyzed. Two dehydration-responsive- and three light-responsive cis-elements common
to all OsMSLs were identified and labeled by different colors in the promoter sequence (Figure 7).
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Figure 7. Predicted cis-elements in the promoter regions of the rice trihelix genes. All promoter
sequences (—1500 bp) were analyzed. The trihelix genes are shown on the left side of the figure.
The scale bar at the bottom indicates the length of promoter sequence. Green bar (GB): GATABOX
element; purple bar (A): ACGTATERDI element; red bar (GC): GTICONSENSUS element; gray bar (I):
INRNTPSADB element; blue bar (M): GTIGMSCAM4 element.

As shown in Figure 7, A (ACGTATERD1) and M (GTIGMSCAM4) element are two
dehydration-responsive elements and M is a core element. Therefore, OsMSLs probably participate
in dehydration (including drought and salt) stress responses. GB (GATABOX element), GC
(GT1ICONSENSUS), and I (INRNTPSADB) are three light-responsive elements. They indicate that
the OsMSLs family potentially consists of light-inducible/repressible genes. Light responsiveness is
typical of the GT factor (now known as the trihelix family gene) and was confirmed in our cis-element
study. To verify whether OsMSLs are regulated by light under both normal- and stress conditions,
a dark treatment was added to the OsMSL expression analysis.

2.5. Expression Profiles of Trihelix Genes in Rice Tissues and Developmental Stages

The expression profiles of the various rice tissues including the root, stem, leaf, and sheath of
four-leaf rice seedlings were investigated (Figure 8). As shown in Figure 8A, all 43 transcripts expressed
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in all tissues but their expression levels varied greatly in each tissue. Particularly, there are more highly
expressing trihelix genes in the leaves and sheaths than the other organs. There are almost no genes
with low expression levels and most of the genes remained at high expression levels in the leaves.
In contrast, comparatively fewer genes with extremely high expression exist in the stems and none of
them express at an extremely high level in the roots.
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Figure 8. Expression of the rice trihelix gene family in various tissues (R: Root; St: Stem; L: Leaf; Sh:

Sheath). (A) Numbers of expressed genes in each tissue. Expression data of the rice trihelix gene

family were retrieved from the Expression Atlas database. Extremely high: Expression value > 6,

high: 6 > expression value > 4, medium: 4 > expression value > 2, low: 2 > expression value > 0;

(B) Expression patterns of the trihelix genes in various rice tissues. Heatmaps were created in HemlI

v.1.0 and based on the expression data. Expression levels are depicted by different colors on the scale.

Green and red represent low and high expression levels, respectively.
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The OsMSLs were clustered into groups I to V according to their expression characteristics
in different tissues (Figure 8B). OsMSLs in groups I and II expressed at lower levels in all tissues,
but members in group I displayed relatively higher expression in root tissue. For instance, although
OsMSL19 maintained very low expression levels in most tissues, its expression displayed a distinct
enrichment in root. In contrast, the genes in group II, especially OsMSL02, OsMSL08, and OsMSL12,
remained low in the various tissues. On the other hand, in Arabidopsis, the At5g63420 gene,
the orthology of OsMSL12, is highly expressed specifically in the seeds, suggesting that also OsMSL12
could show a dominant expression level in seeds rather than in any of these four tissues [19]. Contrary
to the group I, most of the genes in group III expressed at higher levels in the stems or leaves and at
lower levels in the roots. However, the transcription levels of OsMSL34a and OsMSL34b in group IV
were high in all four tissues. Group V members also displayed tissue specific expression, but expressed
at higher levels than group I and III. Besides, the genes in group V, especially OsMSL16, OsMSL27,
OsMSL28, OsMSL35, and OsMSL39, expressed extremely highly in the leaves and sheaths, whereas
their expression levels in the roots and stems were lower than those of genes in group I and III,
respectively. In conclusion, OsMSLs displayed tissue expression specificity, indicating their potential
roles in different mechanisms.

We also investigated the OsMSL expression profiles at different rice developmental stages
including 7 (S1), 20 (S2), 40 (S3), 80 (S4), 100(S5), and 140(S6) days after sowing. As shown in
Figure 9A, the numbers of genes with high- and extremely high expression levels are greater in 52
and S3 than in the other stages. In contrast, no genes expressed at high levels during S4, S5, or S6.
The genes were subdivided into five groups according to their expression characteristics at different
stages (Figure 9B). OsMSLs in group I, were at comparatively higher transcription levels during the
S2 and S3 stages except for OsMSL28, which displayed high expression levels at S1 stage as well.
In general, the expression levels of the genes in groups II and III were similar to those in group I,
but their expression levels in 52 and S3 were lower than in group I. Notably, the group IV genes had
lower expression levels than the other four clusters at almost all developmental stages. Contrary to
groups Il and III, high gene expression levels were observed mainly at S1 in group V. Besides, with the
exception of OsMSL35 and OsMSL06, all other genes in group V expressed at significantly lower levels
by S2. In conclusion, OsMSLs play a potential role at early developmental stages.

2.6. Quantitative Real-Time PCR Analysis of Rice Trihelix Genes in Responses to Different Treatments under
Normal and Dark Conditions

A prediction of the cis-elements of the OsMSLs suggested that they may participate in rice
dehydration stress tolerance and light-mediated signaling pathways. To verify this hypothesis,
we subjected rice seedlings to ABA, hydrogen peroxide, drought, and high salt then carefully selected
12 genes expressing positively in the leaves (Figures 10 and 11). On the whole, although trihelix
genes were induced by multiple treatments, their expression levels under one treatment were much
higher than other treatments. For instance, six OsMSLs (OsMSL25a, OsMSL25b, OsMSL28, OsMSL34a,
OsMSL34b, and OsMSL35) were induced by multiple treatments, but the transcript levels significantly
increased under hydrogen peroxide treatment compared to other treatments. Several genes were
induced after being repressed, such as OsMSL41, which remained downregulated up until 12 h of ABA
treatment. Some trihelix genes showed high transcript levels under multiple treatments. For example,
OsMSL39 simultaneously responded to all treatments. OsMSL28 was significantly induced by three
tested treatments except ABA treatment. In conclusion, all 12 genes are induced by various abiotic
stress or stress signaling molecules, but the expression levels are different and there was no significant
correlation between gene expression and its classification.
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after sowing; S6: 140 days after sowing). (A) Numbers of expressed genes in various developmental
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4 > expression value > 2, low: 2 > expression value > 0; (B) Expression patterns of trihelix genes in
various rice developmental stages. Heatmaps were created in HemlI v.1.0 and based on the expression
data. Expression levels are depicted by different colors on the scale. Blue and red represent low and
high expression levels, respectively.
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Figure 10. Expression profiles of 12 selected OsMSLs in response to (A) ABA (abscisic acid),
(B) hydrogen peroxide treatments. Data were normalized to the (-actin gene. Vertical bars
indicate standard deviations. Asterisks indicate corresponding genes significantly upregulated or
downregulated compared with the control. (* p < 0.05; ** p < 0.01; Student’s t-test).
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To determine whether light influences trihelix genes expression, the expression levels of
12 OsMSLs from each treatment group under light and dark conditions were investigated (Figures 10
and 11). Overall, some OsMSLs were induced under normal conditions. For example, at 0 h, OsMSL01,
OsMSL25b, OsMSL33, OsMSL39, and OsMSL41 expression levels significantly differed between the
two conditions. Several genes began to be light-regulated expressed under different treatments.
For instance, after ABA exposure, the expression levels of OsMSL16, OsMSL25a, OsMSL25b, OsMSL28,
OsMSL34a, and OsMSL39 at different time points under normal conditions were significantly higher
than those at the same intervals under dark conditions. In contrast, some genes were repressed by light
at different points, such as the expression levels of OsMSL41 at 2 h under ABA treatment, OsMSL28
at 6 h under hydrogen peroxide treatment, OsMSL34b at 12 h under drought stress and OsMSL16
at 12 h under high salty stress were higher in the dark than under normal conditions. Therefore,
the relationship between trihelix genes and light is complex and trihelix gene expression is not directly
regulated by light but may be controlled by multiple regulatory mechanisms.

3. Discussion

The trihelix DNA binding domain is usually associated with that of Myb/SANT LIKE. There
are three strongly conserved, regularly spaced tryptophan (W) residues in each repeating Myb
a-helix. The residues of the Myb a-helix regions are also strongly conserved between the GT factors
and the Myb/SANT-LIKE proteins. Individual helices are longer, so the trihelix domains of the
GT factors and the Myb/SANT LIKE proteins are related [20]. In contrast, other amino acids at
this location have longer Myb repeat sequences than the helix-turn-helix structure formed by the
Myb-type DNA-binding domain. Therefore, the trihelix family genes have functions and target gene
sequences differing from those of the MYB transcription factor family [20]. In the present study,
41 rice trihelix genes were identified using the Myb-type (Myb/SANT-LIKE) DNA-binding domain.
However, in a previous study, only 31 rice trihelix genes were identified [21]. Because the repeated
search method was performed in the present study, the trihelix gene could be identified in the rice
genome more comprehensively. Based on the wide ranges of OsMSL protein MW, isoelectric point,
and subcellular localization, we speculated that OsMSLs are not conservatively evolved. Besides,
in Arabidopsis, the chimeric trihelix gene At4g17060 was misannotated in the genome [22]. Its ortholog
LOC_0Os10g41460 (OsMSL36), was identified in this study.

In general, gene families expand by tandem and segmental duplications [23]. Evolutionary
conservatism increased with the number of duplicated genes in a gene family [16]. Chromosomal
distribution and gene duplication analyses indicated that there are six pairs of duplicated genes in rice
among total 41 trihelix gene, including two pairs of tandem genes and four pairs of segmental genes.
However, in Arabidopsis, fifteen pairs of duplicated trihelix genes were previously detected among
34 trihelix genes [24]. These results suggested that OsMSLs are less conserved, and most genes may
not originate from the same ancestor. On the other hand, these results demonstrate that the rice trihelix
family has a high degree of evolutionary divergence and is non-conservative. These properties may
account for the substantial differences among the rice trihelix proteins.

We conducted a phylogenetic analysis to elucidate the evolutionary relationships within the
rice and other species trihelix gene family. In a previous study, no GT$ was designated for rice or
Arabidopsis [18] because the Arabidopsis family Myb/SANT-LIKE DNA-binding domain or protein
sequence was aligned with the rice genome in the attempt to identify the potential rice trihelix gene.
However, there is a relatively long evolutionary distance between rice and Arabidopsis. Therefore,
this method may overlook the specific trihelix genes in rice. Misclassification may have resulted in
deviations because of the influence of the Arabidopsis trihelix genes. In the present study, a class of
rice trihelix genes and some tomato trihelix genes previously assigned to this subfamily have been
found in the GT? clade. Subsequent investigation revealed that this subfamily has a high structure
similarity. For this reason, the evolutionary relationships of its members are more conservative
than those in other subgroups. In previous studies, the GT clade was divided into the GT1 and
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GT2 subfamilies cited [13,14,24]. According to our evolutionary analysis, there are two GT subfamily
clusters (Figure 3A). The difference between GT1 and GT2 is smaller than those among SIP1, SH4,
GTy, and GT9. The genes in GT1 each have one trihelix DNA binding domain with three conserved
tryptophans. Those in GT2 each have an additional trihelix DNA binding domain with two tryptophans
and one phenylalanine [25]. Consequently, we classified both the GT1 and GT2 clades in the
GT subfamily.

Although the evolution of the trihelix family was not conservative, our gene structure and
conservative functional domain analyses indicated that the genes within the same subfamilies
(especially SIP1 and GT?) were still relatively conserved. In fact, most duplicated genes occurred
in GT6. The MEME analysis revealed that the functional domain distribution of each OsMSL was
related to its classification (Figure 4). Therefore, these conserved functional domains play central
roles in group-specific functions. In contrast, the gene structures among the various groups differed
greatly from the conserved functional domains. For this reason, they may have different downstream
regulatory genes and participate in different signaling pathways.

The distribution and type of cis-elements on the gene promoter may determine OsMSL functions.
In this study, we identified five cis-elements shared by all genes out of a large number among
41 OsMSLs. The results showed that OsMSLs were mainly involved in abiotic stress and light-induced
responses. To date, little functional analysis has been conducted on the trihelix transcription factors
in plants. Previous studies showed that they participate in responses to pathogens and abiotic stress,
light induction, and nitrogen metabolism [18]. The light-induced process is a major feature of the
trihelix genes. Light induces massive reprogramming of the plant transcriptome and upregulates
or downregulates gene expression and its corresponding signaling pathway [26]. Light signaling
coordinates the induction or repression of specific downstream genes like bHLH [27], bZIP [28],
R2R3-MYB [29], FAR1 [30], and FHY3 [31]. Studies on light regulatory mechanisms in plants focused
on the long-term effects of light exposure. However, little attention has been paid to the transient
light-responsive processes of transcription factors in plant stress reactions. In the present study,
the OsMSL expression profiles disclosed that their responses to light are transient and change with
the processing time. Therefore, OsMSLs may be regulated by light in response to abiotic stress in
the same way that phototropism, chloroplast movement, and stomatal opening participate in rapid
light-responsive processes and are not under extensive transcriptional regulation. This mechanism
substantially differs from that observed in relation to gene expression changes in response to the
long-term effects of light on photoperiod.

Gene expression specificity in plant tissues and developmental stages may indicate possible
gene functions. Previous studies showed that certain trihelix genes in tomato and chrysanthemum
exhibited stable expression levels in all tissues [8,14]. However, most OsMSLs do not maintain stable
expression levels in different tissues. OsMSL expression levels may vary substantially among tissues.
For example, the expression levels of OsMSL16, OsMSL27, OsMSL28, OsMSL35, and OsMSL39 were
extremely high in the leaves and sheaths but comparatively low in the roots and stems. Subcellular
localization revealed that these genes are expressed in the chloroplasts, and these are present only
in the rice leaves and sheaths. The expression patterns of OsMSL16, OsMSL27, OsMSL28, OsMSL35,
and OsMSL39 in GT$ were similar. Therefore, the different OsMSLs within the same group explain
the parallel functions of the rice trihelix family. OsMSL02, OsMSL08, and OsMSL14 in Group II were
expressed at low levels in all four tissues. Either they are inducible or they are only upregulated under
special conditions [32].

High OsMSL expression was observed mainly in 7-40 days seedlings (from germination to
early tillering). Therefore, they indicate that OsMSLs contribute primarily to the early stages of
rice growth, as do many other genes. For example, ZFP182 overexpression enhanced salt, drought,
and cold tolerance in transgenic rice seedlings [33]. Loss of the ABA transporter OsPM1 in 35 days
rice seedlings conferred greater drought sensitivity than that seen in the WT [34]. The expression
patterns of OsMSL34a and OsMSL34b disclosed that they were, in fact, different variable splicing forms
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of the same gene with very different expression levels. Since OsMSL34b might be the primary variable
splicing form of the gene, OsMSL34a was downregulated to some extent.

In the previous study on rice trihelix genes, their responses to various plant hormones were
highlighted [21], and the present study focused on abiotic stress and stress signaling molecules.
Other than plant growth and development, MSLs participate in stress responses [18]. Although
no cis-elements related to the ABA signaling pathway were found in the OsMSL promoter region,
ABA nonetheless, induced the rice trihelix genes. ABA accumulates when plants are subjected to a
water deficit. It regulates the expression of drought stress-related genes and modulates the molecular,
cellular, and physiological mechanisms for adaptation to environmental stress [35]. In chrysanthemum,
however, ABA downregulated the trihelix genes but others were upregulated after prolonged ABA
exposure [14]. In contrast, GmGT-2A and GmGT-2B in soybean were upregulated by ABA [11]. In the
present study, twelve OsMSLs from all subfamilies have been induced by ABA. These results suggest
that the signaling mechanisms of the trihelix family genes vary with species. Whether the ABA
presence has a negative regulation on the trihelix gene requires further experimental verification.

ROS (reactive oxygen species) are produced in response to most environmental stress. Excessive
ROS accumulation may irreversibly damage cells [36,37]. In previous studies, trihelix family genes had
at least one response during plant osmotic stress defense [18]. It follows that trihelix family genes may
also participate in ROS scavenging and enhance plant tolerance to various stresses. However, little is
known about the mechanism of the peroxide reaction mediated by the trihelix family. We performed a
quantitative PCR analysis on 12 OsMSLs subjected to hydrogen peroxide. All 12 OsMSLs responded to
hydrogen peroxide stress. Therefore, they may help improve the permeation tolerance by increasing
the ROS scavenging capacity in rice.

The trihelix transcription factors bind to GT elements on the light-regulating genes [25].
In darkness, photo regulatory genes are repressed and their associated trihelix family genes are also
affected. Nevertheless, certain trihelix family genes are downregulated in response to light exposure,
apparently because they must be repressed to be able to downregulate target whose expression is
light-dependent. Certain constitutively expressed trihelix genes occur in Arabidopsis. Their expression
is ubiquitous and indifferent to the light regime. They are concentrated mainly in GT1 and GT2 [38].
In the present study, however, the expression of the 12 rice trihelix genes changed direction at least
once after light or dark treatment. Therefore, they may be inducible rather than constitutive. It remains
to be determined whether OsMSLs are regulated by one wavelength or a wide light spectrum. Further
investigation of the light path and its components is necessary. The results of our study have helped
initiate the research of the rice trihelix transcription factors. In future research, the relationships among
the OsMSLs, ABA-mediated dehydration stress tolerance, and ROS scavenging ability under light
regulation should be explored.

4. Materials and Methods

4.1. Identification and Sequence Analysis of Trihelix Transcription Factor Family in Rice

The rice trihelix transcription factors were identified according to a previously described method
with minor changes [39]. The Hidden Markov Model of Myb/SANT-LIKE domain (PF13837) was
downloaded from the Pfam database (http:/ /pfam.xfam.org/) [40]. The entire rice amino acid, genome,
and CDS sequence assembly and corresponding annotation were downloaded from the EnsemblPlants
database (http:/ /plants.ensembl.org/index.html) [41]. The candidate proteins were sought by the
HMMSEARCH program (https://www.ebi.ac.uk/Tools/hmmer/search/hmmsearch) base on the
Bio-Linux system (Dr Tracey Timms-Wilson, Centre for Ecology & Hydrology (CEH), Oxfordshire,
UK). The domain sequences of these candidate proteins were extracted and used to build a rice-specific
Hidden Markov Model. All rice proteins were detected by the rice-specific Hidden Markov Model.
Those with E-value < 0.01 were selected. The trihelix proteins were verified using the Pfam and
InterPro databases (http://www.ebi.ac.uk/interpro/) [42]. Proteins obtained by the domain and
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database screening confirmation were considered trihelix family members. The corresponding CDS
and gene sequences were extracted according to their protein identifications.

The MEME program (http://meme-suite.org/) identified conserved motifs of the trihelix family
proteins with the following parameters: Any number of repetitions; minimum seven motifs; maximum
49 motifs; optimum 10-200 amino acids; expected E-value < 1 x 107#8. The trihelix family gene
structures were displayed by comparing the coding and genomic sequences with the Gene Structure
Display Server tools (http:/ /gsds.cbi.pku.edu.cn/) [43]. The chromosomal locations of the trihelix
family genes were mapped onto the rice linkage map with an online tool according to their TIGR
numbers [44]. The isoelectric points and molecular weights of trihelix family proteins were estimated
with ExPASy (http:/ /expasy.org/) [45].

4.2. Phylogenetic Analysis

A multiple alignment was performed with the full-length amino acid sequences of the rice
trihelix family proteins using MEGA v. 7.0 (https://www.megasoftware.net/) [46]. Unrooted trees
were constructed by the maximume-likelihood (ML) method with the following parameters: Poisson
correction; pairwise deletion; 1000 bootstrap replicates.

4.3. Gene Duplication and Ka/Ks Analysis

Synteny blocks of the rice genome were downloaded from the Plant Genome Duplication Database
(PGDD, http://chibba.agtec.uga.edu/duplication/) [47]. Duplicated OsMSLs pairs were connected by
solid lines.

4.4. Cis-Element Analysis of Trihelix Transcription Factor Family

Promoters of the trihelix family genes were downloaded from the Phytozome database (https:
/ /phytozome.jgi.doe.gov/pz/portal.html#) [48]. The PLACE database (https://sogo.dna.affrc.go.jp/)
was used to analyze the cis-regulatory elements of the trihelix family gene promoters [49].

4.5. Plant Growth Conditions and Treatments

Nipponbare rice seeds (O. sativa L. ssp. japonica) were surface-sterilized with 10% sodium
hypochlorite solution for 30 min then sown on 1/2 MS (Murashige & Skoog) solid medium and
cultured in a light incubator. After 2 weeks, the seedlings were at the two true leaf stage. They were
transplanted into Hoagland’s nutrient solution and cultured in an artificial climate chamber under
controlled conditions (14 h light at 28 °C/10 h dark at 22 °C; relative humidity 70%). The rice seedlings
were subjected to various stresses at the three-leaf stage (4 weeks) [50].

For the drought, salt, and hydrogen peroxide stress treatments, the rice seedlings were transferred
to Hoagland’s nutrient solution containing 20% polyethylene glycol (PEG)-6000 (w/v), 150 mM NaCl,
or 2% hydrogen peroxide (v/v), respectively. For the ABA treatment, the rice seedlings were cultured
on 1/2 MS solid medium containing 10 puM ABA. The control group was maintained on normal
nutrient solution or medium. All other culture conditions were the same as described above. Treated
rice tissues were harvested at 0h, 1h,2h,4h, 6 h, 12 h, 24 h, and 48 h. The samples were immediately
placed in liquid nitrogen and stored at —80 °C until use. Untreated material was used as a control.
The experimental procedure was repeated at least three times.

4.6. Expression Analysis of Trihelix Transcription Factor Family

Total RNA was extracted from rice tissues by the TRIzol method (Thermo Fisher Scientific,
Waltham, MA, USA) and treated with DNase to eliminate any DNA contamination. RNA quality
was assessed by electrophoresis and stored at —80 °C until use. First-strand cDNA (10 uL) was
synthesized according to the instructions for the PrimeScript™ RT Master Mix (Takara Biomedical
Technology (Beijing) Co., Ltd., Beijing, China). Primers were designed with Primer Premier v. 5.0
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(PREMIER Biosoft International, Palo Alto, CA, USA) and were based on the trihelix gene family
transcript sequences. Gene specific primers for quantitative real-time PCR are listed in Table Sé.
Primer amplification specificity was verified in the rice genome database using Blast from NCBI
(https:/ /www.ncbi.nlm.nih.gov/) [51]. Rice B-actin was the internal reference gene. Quantitative
real-time PCR was performed in the ABI 7300 Real Time PCR System (Applied Biosystems, Foster City,
CA, USA) using SYBR Green chemistry and reaction mix consists of 10 uL SYBR qPCR Master Mix
(Vazyme Biotech Co.,Ltd., Nanjing, China), 0.4 uL upstream and downstream primers respectively,
0.4 uL ROX, 2 pL cDNA (10 times dilution) and 6.8 pL ddH,O to 20 uL. The PCR reaction protocol
was 95 °C for 5 min; 95 °C for 10 s; 60 °C for 20 s; 72 °C for 20 s; 45 cycles. Gene expression levels
were calculated by the 2-8ACT method: AACT = (CTtarget — CTactin) at time x — (CTrarget — CTactin) at
time 0 [52]. The test was repeated three times. Expression data for the rice trihelix family genes were
retrieved from the Expression Atlas database (https://www.ebi.ac.uk/gxa/home) [53]. Heatmaps
were created in Heml v.1.0 (The CUCKOO Workgroup, Hubei, China) and based on the expression
data [54].

5. Conclusions

Trihelix transcription factors participate in many plant biological processes but have not been
systematically studied. Here, 41 rice trihelix transcription factors were identified by bioinformatics
analysis. Gene synteny analysis showed that OsMSLs are less conserved, and most genes may
not originate from the same ancestor. Phylogenetic analysis categorized them into five subfamilies.
The gene structures and conserved functional domains of the rice trihelix transcription factors varied
greatly but they shared five cis-elements governing light dehydration stress responses. Expression
pattern analysis revealed that the trihelix transcription factors had the highest expression levels in
the early rice growth stages and most of the strongly upregulated genes were localized in the leaves
and sheaths. Real-time quantitative PCR analysis of the trihelix family genes subjected to various
stressors or ABA revealed that they were induced in response to drought, high salt, hydrogen peroxide,
and ABA. However, these responses were also regulated by light and individual OsMSL expressions
differed with the presence or absence of light. Our study helped elucidate the biological functions of
the trihelix transcription factors in rice.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/20/2/
251/s1.
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Abstract: The TEOSINTE BRANCHED 1, CYCLOIDEA, and PROLIFERATING CELL FACTORS
(TCP) gene family is a group of plant-specific transcription factors that have versatile functions
in developmental processes and stress responses. In this study, a total of 73 TCP genes in
upland cotton were identified and characterizated. Phylogenetic analysis classified them into
three subgroups: 50 belonged to PCF, 16 to CIN, and 7 to CYC/TB1. GhTCP genes are randomly
distributed in 22 of the 26 chromosomes in cotton. Expression patterns of GhTCPs were analyzed in
10 tissues, including different developmental stages of ovule and fiber, as well as under heat, salt,
and drought stresses. Transcriptome analysis showed that 44 GhTCP genes exhibited varied transcript
accumulation patterns in the tested tissues and 41 GhTCP genes were differentially expressed in
response to heat, salt, and drought stresses. Furthermore, three GHTCP genes of the CIN clade were
found to contain miR319-binding sites. An anti-correlation expression of GhTCP21 and GhTCP54 was
analyzed with miR319 under salt and drought stress. Our results lay the foundation for understanding
the complex mechanisms of GhTCP-mediated developmental processes and abiotic stress-signaling
transduction pathways in cotton.

Keywords: upland cotton; TCP genes; abiotic stress; miR319; target genes

1. Introduction

Transcription factors are essential for the control of gene expression. Gene expression can be
regulated by transcription factors that either activate or repress transcription, so they are vital for
many cell biological process [1]. The TEOSINTE BRANCHED 1, CYCLOIDEA, and PROLIFERATING
CELL FACTORS (TCP) gene family is a small group of transcription factors exclusive to higher
plants [2]. This class of transcription factors has many functions in regulating diverse plant growth
and development processes by controlling cell proliferation [3]. They are characterized by a highly
conserved 59-amino-acid basic helix-loop-helix (P HLH) motif at the N-terminus designated as the
TCP domain [4]. This domain is responsible for DNA binding, nuclear targeting, and is involved
in protein—protein interactions [5]. Based on variation in the TCP domain, TCP family members
can be classified into two classes: Class I (also known as the PCF or TCP-P class) and class II (also
known as the TCP-C class) [6,7]. Class II is further subdivided into the CINCINNATA (CIN) and
CYC/TB1 subgroups. In addition to the TCP domain, several class II members possess an 18-20-residue
arginine-rich motif [8]. This so-called R domain was predicted to form a hydrophilic a-helix or a
coiled-coil structure that mediates protein—protein interactions [2].
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It has been reported that many TCP transcription factors participate in the regulation of
diverse physiological and biological processes, such as phytohormone biosynthesis and signal
transduction, branching, leaf morphogenesis flower development and senescence, pollen development,
and regulation of the circadian clock in various plants [9-11]. In Arabidopsis thaliana seeds, TCP14 was
expressed in the vascular tissues of embryos. It promotes germination through antagonism of abscisic
acid signaling [12]. TCP1 is expressed in restricted areas of the flower meristem, leaf vasculature,
and at the junctions of roots and hypocotyls. It mediates the expression of a key brassinosteroid
(BR) biosynthetic gene by directly associating with the two GGNCCC motifs in the promoter
region of DWARF4 (DWF4) [13]. DWF4 encodes a 22-hydroxylase and is responsible for multiple
22-hydroxylation steps during BR biosynthesis [14]. The expression levels of DWF4 were positively
correlated with TCP1 abundance in planta. In Arabidopsis flowers, the gynoecium and silique
development was modulated by TCP15 through partly regulating auxin biosynthesis. The ectopic
expression of Arabidopsis TCP15 represses style and stigma development, thus producing gynoecia
with decreased stigmatic tissue and/or carpel fusion defects in apical parts [15]. TCP17 and its two
closely related homologs, TCP5 and TCP13, play an important role in mediating shade-induced
hypocotyl elongation by up-regulating auxin biosynthesis via a PHYTOCHROME INTERACTING
FACTORS (PIF)-dependent and a PIF-independent pathway [16]. In rice (Oryza sativa), OsTCP19 was
upregulated under salt and water-deficit stress. Overexpression of OsTCP19 in Arabidopsis caused
upregulation of INDOLE-3-ACETIC ACID3(IAA3), ABSCISIC ACID INSENSITIVE 3(ABI3), and ABI4,
and downregulation of LIPOXYGENASE?2 (LOX2), thus leading to developmental abnormalities,
such as less lateral roots [17]. MicroRNAs (miRNAs) are a class of smallnon-coding RNAs
generated from single-strand hairpin RNA precursors. They regulate gene expression by binding
to complementary sequences within target mRNAs [18]. Considerable progress has been made in
identifying the targets of plant miRNAs. In Arabidopsis, five CIN-like TCP genes (T'CP2, TCP3,
TCP4, TCP10, and TCP24) were targeted by miR319 and have been implicated in regulating leaf
morphogenesis [19]. Knockdown of a subset of Class II TCP transcription factors by overexpression of
miR319 increases tolerance to dehydration and salinity stress in bentgrass (Agrostis stolonifera) [20].
Accumulated functional characterization of TCPs indicated their diverse function in a developmental-,
tissue-, and signal-dependent context. In addition to their importance as transcriptional regulators
of cell-cycle genes, TCPs have other functions with comparable impact on plant development.
Characterization of TCPs and their signaling pathway will be beneficial to unravel their exact role in
the control of plant development and evolution.

Allotetraploid upland cotton (Gossypiumhirsutum L.) accounts for more than 90% of cultivated
cotton worldwide, is the main source of renewable textile fibers, and is also grown to produce
oilseed. It has proven to be difficult to sequence, owing to its complex allotetraploid (A{Dy)
genome [21]. Recently, its whole genome was sequenced by integrating whole-genome shotgun reads,
bacterial artificial chromosome-end sequences, and genotype-by-sequencing genetic maps [22,23].
Repeated sequences account for 67.2% of the A{D; genome, and transposable elements originating
from Dy were more active than those from A [23]. Availability of the genome information can provide
a great opportunity to identify and characterize TCP genes in this plant species for the first time. In this
study, we identified and characterized 73 non-redundant TCP transcription factors in the G. hirsutum
genome. Detailed information regarding their genomic structures, chromosomal locations, and a
phylogenetic tree were also provided. Using RNA-seq data, we investigated their transcript profiles in
different tissues, including different developmental stages of ovule and fiber, as well as their response
to heat, drought, and salt stress. Furthermore, the miR319-targeted TCP genes were characterized.
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2. Results

2.1. Identification and Characterization of TCP Proteins in G. hirsutum

To identify the TCP genes in the G. hirsutum genome, protein sequences of Arabidopsis and rice
TCPs serve as BLAST search queries, and multiple-alignment was performed. A total of 73 TCP genes
were identified. All candidate TCP genes were confirmed to encode the conserved TCP domain using
the InterProScan database and NCBI’'s CDD, the Conserved Domain Database [24]. Seven GhTCP
genes were found to possess the R domain. These characteristic features suggested that they were
members of the TCP gene family. Detailed characteristics of the TCP transcription factors in G. hirsutum
are offered in Table S1. The GhTCP proteins are different in their length, molecular weight (Mw),
and theoretical isoelectric point (pI). The mean length and Mw of these proteins was 347 amino acids
and 37.58 kDa, respectively. The pl varied from pH 5.80 (GhTCP9) to 10.07 (GhTCP38) with an average
of pH 8.09. All the GhTCP proteins were predicted to localize in the nucleus. Proteins were localized
at their appropriate subcellular compartment to perform their desired function [3,25].

Unrooted phylogenetic trees were constructed based on the multiple sequence alignment of
73 GhTCP protein sequences and their Arabidopsis and rice homologs. The TCP transcription factors
from the three species were distributed in almost all clades, indicating that the TCP family diversified
before divergence of these plants. The phylogenetic tree placed the GhTCPs into two classes (Figure 1),
as was also found for all species so far. Class I was named the TCP-P or PCF class, and class II was
named the TCP-C class. The class II genes were further divided into two groups: CYC/TB1 and
CIN. In G. hirsutum, CYC/TB1 and CIN were a larger family: For CYC/TB1, approximately twice the
size of those of Arabidopsis and rice; and for CIN, approximately five times the size. Seven GhTCP
genes belonged to the CYC/TB1 group—in Arabidopsis and rice, three of 24 AtTCPs and three of 21
OsTCPs were grouped into this subfamily. Fifty GhTCPs belonged to the PCF group, and13 AtTCPs
and10 OsTCPs were also grouped into this subfamily. CYC/TB-type proteins were divided into two
subgroups. One group contained four G. hirsutum TCPs, but only one Arabidopsis TCP and none from
rice, which indicated that this group was either acquired after the divergence of monocots and dicots
or was lost in rice. In G. hirsutum, the number of TCP genes was significantly higher than those in
tomato, Citrullus lanatus, Arabidopsis, rice, and Prunus mume (Figure 2).
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Figure 1. Phylogenetic analysis of TCP proteins from G. hirsutum, Arabidopsis, and rice. The deduced
full-length amino acid sequences were aligned using ClustalX 2.0 and the phylogenetic tree was
constructed using MEGA 6.0 by the Neighbor-Joining (NJ) method with 1000 bootstrap replicates.
The three subclasses are indicated with different colors.
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Figure 2. TCP family members of G. hirsutum, G. raimondii, G. arboretum, tomato, Citrullus lanatus,
Arabidopsis, rice, and Prunus mume. Different colors represent the different subclasses, and the number
of genes in each subclass is shown. Green: CYC/TB1 genes; Red: CIN genes; Blue: PCF genes.

2.2. Genomic Distribution, Gene Structural Organization, and Domain Analysis of GhTCP Genes

The complete genome sequences provided an overview of the chromosomal distribution of these
TCP genes. Among the 73 G. hirsutum TCPs, 67 members were located on the 22 chromosomes,
and the other six were located at six unmapped scaffolds. GhTCP genes were unevenly distributed
on 22 of the 26 G. hirsutum chromosomes, with the number of TCP genes per chromosome in the
range of 0-8 (Figure S1). Chromosomes, A12 and D11, contained eight and seven genes, respectively,
while chromosomes A02, A06, D03, D06, and D13 had no TCP genes.

To better understand the gene structures of GhTCP family genes, we analyzed their exon—intron
organization. Overall, 88% of the GhTCPs contained only one exon (Figure S2). Seven GhTCP genes
contained one intron and two exons: GhTCP3, GhTCP23, GhTCP26, GhTCP56, GhTCP64, and GhTCP66.
Only GhTCP33 in the CYC/TB1 group possessed four introns and five exons. Losses or gains of
exons were identified during the evolution of the PCF group genes. GhTCP19 comprised seven
introns and eight exons, whereas GhTCP13 consisted of four introns and five exons. Comparing their
structural patterns showed the loss of an exon in the middle of the GhTCP13 sequence. Two PCF class
genes contained one intron and two exons, and the remaining PCF class genes contained only one
exon. Analysis of the pattern of exon—intron junctions can provide important understanding into the
evolution of gene families. Our results suggested that TCP genes maintained a relatively constant
exon-intron composition during evolution of the G. hirsutum genome.

The conserved motif of TCP proteins in G. hirsutum was investigated using Clustal X.
The sequences were found to encode a putative TCP-domain protein that contained a bHLH-type
motif at the N-terminus (Figure S3). The components of the loop, and helixes I and II, were quite
different between class I and II proteins. Within the TCP domain, several putative residues involved
in DNA binding were located in the basic region and several putative hydrophobic residues located
in helixes I and II. In the basic region, the CIN and CYC/TB1 type proteins contained an insertion of
four amino acids. The R domain, an arginine-rich motif of 18-20 residues, was absent from all class I
proteins and was mainly present in CYC/TB1 group proteins.

2.3. Expression Analysis of GhTCP Genes in Different Tissues and under Various Stress Conditions

To provide reliable information on the growth and developmental functions of TCP genes in G.
hirsutum, their transcript accumulation patterns in mature leaves, stem, root, torus, petal, stamen,
pistil, cylycle, ovules, and fibers of G. hirsutum was investigated (Figure 3). We obtained transcriptome
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data from the NCBI Sequence Read Archive (accession number RJNA248163). Some TCP genes with
close phylogenetic relationships showed similar or divergent expression patterns. For instance,
the paralogous pair, GhTCP2 and GhTCP5, was expressed highly in both the torus and petal,
at moderate levels in the ovules at 20 days post anthesis (DPA), and at low levels in mature leaves.
Most CYC/TBI1-type genes were only weakly or not expressed in all tissues, suggesting that they were
primarily expressed in other organs not tested or under special conditions. In contrast, GA'TCP31,
GhTCP40, and GhTCP47 were constitutively expressed at very high levels in all tissues tested,
indicating that these genes played regulatory roles during multiple development stages. Some TCP
genes exhibited tissue-specific expression. GhTCP31 and GhTCP40 were highly expressed only in
reproductive organs: Torus, petal, stamen, pistil, and calycles.
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Figure 3. Heat map representation of GhTCP gene expression in different tissues. The tissues used for
expression profiling are indicated at the top. The genes are shown on the left of the expression bars and
the phylogenetic relationship is shown. The —3 to 20 days post anthesis (DPA) indicate —3, —1,0, 1, 3,
5,10, and 20 days after pollination.

To predict possible functions of TCP genes in environmental adaptation, we investigated the
transcriptional profile of TCP genes under various stress conditions, including heat, salt, and drought
stresses. In total, 41 genes exhibited variations in expression (Figure 4). Of the three treatments,
heat stress caused relatively more fluctuations in the transcript abundance of TCPs than did salt or
drought stress. Under heat stress conditions, 18 TCP genes were downregulated and eight were
upregulated. In response to salt treatment, the expression of five GhTCPs (TCP7, 14, 25, 33, and 35)
increased instantly, and then decreased slowly during continued salt stress. Six GhTCP genes were
selected at random for quantitative RT-PCR (qRT-PCR) analysis to determine the relative expression
under salt and drought stresses (Figure 5). The qRT-PCR results indicated that these GETCP genes
showed similar expression patterns to the transcriptome sequencing results.
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analyses were performed using RNA generated from cotton leaves after NaCl and Polyethylene Glycol
(PEG) treatment. Error bars represent standard error of the mean.

2.4. Target Sites of miR319 in GhTCP Genes

The miRNAs can cause endonucleolytic cleavage of mRNA by extension, which often perfect
complementarity to mRNAs. In plants, miR319 was one of the first characterized and conserved
miRNA families, which has been demonstrated to target TCP genes. In G. hirsutum, miR319 had only
1-nt mismatch compared with sequences in Arabidopsis (Figure 6). The predicted hairpin structures of
the miR319 precursor had 191 nt. The miR319 sequence was located at the 3’-end of the pre-miRNAs
and began with a 5'-uridine. Using a set of strict standards, Gi'TCP21, GhTCP31, and GhTCP54
were predicted as targets of miR319. These three miR319 target sites were all located in the coding
regions, and all miR319-targeted genes belonged to the CIN clade. Similarly, there were five and three
TCP genes containing miR319-binding sites in Arabidopsis and P. mume, respectively, and they also
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belonged to the CIN group [26]. This suggests that miR319 held homologous target interactions during
the evolution and diversification of plants.
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Figure 6. Mature and predicted fold-back structures of miR319 precursors in G. hirsutum. Sequences of
mature miR319 are underlined.

Degradome sequencing had been widely used to identify plant miRNA cleavage sites. In this
study, the GA'TCP mRNA degradation sites were determined by BLASTing the sequenced degraded
fragments against the G. hirsutum TCP genes. The degradome sequencing data are available at Gene
Expression Omnibus (GEO accession number GSE69820). Using PairFinder software, miR319 was
found to cleave GhTCP21 and GhTCP54 mRNA transcripts (Figure 7). The miR319-mRNA pair was at
the cleavage site of the two TCP genes. There were both 67 raw reads at the position, with abundance
at the position equal to the maximum on the transcript, and with only one maximum on the transcript.
The 5'-ends of the mRNA fragments mapped to the nucleotide that paired to the tenth nucleotide of the
miR319 sequence. To research the biological function of miR319, a negative-correlation expression test
was undertaken for miR319 and its target GhTCP21 and GhTCP54 mRNAs using qRT-PCR. In response
to salt and drought treatments, miR319 showed different degrees of upregulation. The transcriptome
sequencing analysis showed that expression of GhTCP21 and GhTCP54 was downregulated.
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Figure 7. miR319 and its target genes, G'TCP21 and GhTCP54, in G. hirsutum. (A) Target plot (t-plot) for
GhTCP21 and GhTCP54, which were targeted by miR319. Arrows indicate the signatures corresponding
to the miRNA cleavage site. Partial mRNA sequences of target genes aligned with the miRNAs show
perfect matches (straight lines) and G-U wobbles (circles). (B) Relative expression levels of miR319,
GhTCP21, and GhTCP54 under salt and drought stresses. QRT-PCR analyses were performed using
RNA generated from cotton leaves after NaCl and Polyethylene Glycol (PEG) treatment. Error bars
represent standard error of the mean.
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3. Discussion

A number of TCP proteins had been recently identified in various plants due to completion of their
whole-genome sequence, including Arabidopsis, rice, tomato (Solanum lycopersicum), and watermelon
(Citrullus lanatus), Orchis italica, and Populus euphratica [27-31]. The allotetraploid, G. hirsutum, is not
only the world’s most important fiber crop, but is also a model polyploid crop. Despite being among
the largest and most diverse gene families, the TCP gene family has not been systematically identified
in the G. hirsutum genome. In this study, we identified 73 TCP genes in the sequenced genome of
G. hirsutum. We analyzed their phylogenetic relationship, genomic distribution, conserved protein
motif, and exon-intron organization. Over 80% of GhTCP genes were intronless, which was quite
similar to the structure of G. raimondii and G. arboretum TCP genes [32,33]. Generally speaking,
most GhTCPs within the same subclade showed similar gene structure in terms of numbers and lengths
of introns and exons. Furthermore, similar to the exon-intron organization, members of the same
subclade also showed similar motif composition, indicating their functional similarities. Additionally,
some motifs were only present at specific subclades, such as the R domain, suggesting that they can
have subclade-specific functions.

The GhTCP genes possessed an expanded family, with approximately three-fold size compared
with Arabidopsis, tomato, and rice, and approximately two-fold compared with G. arboreum and G.
raimondii. This suggests that although plant TCP genes may derive from a common ancestor, many had
undergone distinct patterns of differentiation with the divergence of different lineages. Based mainly on
amino acid sequence differences, especially in the basic region of the TCP domain, the TCP transcription
factors are divided into three groups. There were 50 GhTCP genes in the PCF group, 16 in the CIN group,
and seven in the CYC/TB1 group. The numbers of genes in each group were approximately twice those
in G. arboretum and G. raimondii. According to a recent study, all tetraploid cotton species (A;Dy) evolved
from A-genome diploid, G. arboretum, and D-genome diploid, G. raimondii, at around 1-2 Mya [34].
In addition, previous studies indicated that gene duplication contributed to increasing the number
of gene family members on various scales, including whole-genome duplication [35]. The expansion
of regulatory genes is rarely achieved simply through single gene duplication alone, implying that
genome duplication contributed to the amplification of the TCP gene family in G. hirsutum.

TCP transcription factors was involved in the regulation of cell growth and proliferation,
which performed diverse functions in multiple aspects of plant growth and development [3].
We determined the spatial and temporal expression profiles of G. hirsutum TCP genes in 10 tissues,
which included different developmental stages of ovule and fiber, using transcriptome analysis.
The expression in different tissues varied widely among GhTCP genes and different organs for
individual TCP genes. This implies functional divergence of GWTCP genes during different plant
developmental processes. Gh'TCP15 and GhTCP71 were relatively highly expressed in ovules and
fibers at 10 DPA. Previous study demonstrated that GBTCP was preferentially expressed in elongating
G. barbadense fiber during5 to 15 DPA [36]. Overexpression of GhTCP enhanced root hair initiation
and elongation in Arabidopsis and regulated branching. Both GbTCP in G. barbadense and GhTCP71 are
orthologs of AT1G69690 in Arabidopsis (named AtTCP15), compared with which they had only one
amino acid difference within the TCP domain [37]. AtTCP15 was expressed in trichomes and rapidly
dividing tissues and vascular tissue, and the protein promoted mitotic cell division, but inhibited
endo-reduplication by modulating the expression of several key cell-cycle genes [15,38]. In our
study, GhTCP14 was also expressed predominantly in fiber cells, especially at the initiation and
elongation stages of development as previously reported. Induced expression of GhTCP14 can
increases the density and length of root hairs and trichomes and affects gravitropism of Arabidopsis [39].
These results suggested that cotton fiber and Arabidopsis root hair elongation may have a similar
regulatory mechanism for TCP genes.

Many Arabidopsis TCP genes with similar functions tended to cluster in the same clade,
implying that TCP genes within the same clade may have similar functions in G. hirsutum.
In Arabidopsis, some angiosperm members of the CIN-like clade involved in leaf and flower
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morphogenesis are targeted by miR319—for example, AtTCP2, 3, 4, 10, and 24 [40]. Loss of function
of these genes results in enlarged leaves, due to an excess of cells that are smaller in size, while their
gain of function leads to smaller leaves [41,42]. The miR319, previously known as “miR-JAW”,
was first described in Arabidopsis because its involvement in the control of leaf morphogenesis [43].
Several studies had reported the involvement of miR319 in plants in response to stress conditions
via downregulation of its target genes [44]. Transgenic creeping bentgrass overexpressing a rice
miR319, Osa-miR319a, exhibited enhanced salt and drought tolerance [45]. In this study, we observed
upregulation of miR319 and downregulation of the targets in both salt and drought treatments.
To understand the responses of GWTCP genes to stresses, the expression profiles were investigated in
response to abiotic stresses, such as heat, salinity, and drought. In total, 40 GhTCP genes exhibited
variations in expression. It is noteworthy that some genes showed instantaneous upregulation,
and decreased slowly during continued stress. For example, GhTCP6, 14, 35, and 51 exhibited their
highest expression at 3 h of dehydration and salinity treatment. However, no significantly upregulated
expression was found at late time points. It is plausible to postulate that these genes might be the part
of a stress-signaling system. The functions of these stress-responsive GhTCP genes in abiotic stress
resistance will be further characterized in future work.

In this study, a total of 73 non-redundant TCP encoding genes were identified in G. hirsutum.
Our results provided evidence for the relationship between structure and function in the G. hirsutum
TCP gene family, and laid the foundation for further identification of the functions of the GhTCP gene
family and their relationship with miR319.

4. Materials and Methods

4.1. Plant Materials and Treatments

The G. hirsutum L. accession TM-1 was used in this study. The seeds were provided by the
National Mid-term Genebank of the Institute of Cotton Research in China. Cotton seeds were sterilized,
and germinated in vermiculite under greenhouse conditions: 30/22 °C day/night temperature,
55-70% relative humidity, and a 14/10 h light/dark cycle under 450 umol m~2-s~! light intensity.
At the two-leaf stage, healthy seedlings were placed in pots containing aerated nutrient solution.
Plants were cultured under normal conditions for 10 d to ensure full establishment before starting the
drought and salt stress treatments. The pH was maintained close to 6.9 by adding H,SO4 or KOH as
required. The roots of cotton seedlings were irrigated with 20% PEG to test the response to drought.
The seedlings were treated with 150 Mm NaCl solution to test the response to salt. After exposing the
seedlings to drought and salt stress for 24 h, leaves were harvested directly into liquid nitrogen and
stored at —80 °C for subsequent use.

4.2. Sequence Retrieval and TCP Gene Identification

To identify TCPs in G. hirsutum, multiple database searches were performed. The completed
genome sequence and protein sequences of this species were downloaded from the CottonGen
database (http://www.cottongen.org) and the Cotton Genome Project (http://cgp.genomics.org.
cn/page/species/index.jsp). A local protein database was constructed using the protein sequences.
The TCP proteins from Arabidopsis and rice were used as query sequences, and were collected from
published literature and downloaded from The Arabidopsis Information Resource (TAIR release 10,
http:/ /www.arabidopsis.org) and the Rice Genome Annotation Project (ftp://ftp.plantbiology.msu.
edu), respectively. The BLASTP (http://cgp.genomics.org.cn/) was used to do the BLAST search.
The e-value was set at 1e-10. The candidate TCP genes were further aligned to remove redundant
sequences. To verify the reliability of the initial results, all non-redundant candidate TCP sequences
were analyzed to confirm the presence of the conserved TCP domain using the InterProScan database
(https:/ /www.ebi.ac.uk/) and the NCBI's CDD (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.
shtml). Based on the results, the sequences that did not include the TCP domain were eliminated.
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4.3. Analysis of Protein Features and Chromosomal Locations

The Mw and pl of each TCP protein were obtained using the online ExPASy program (http://
web.expasy.org/compute_pi/). Protein pl was calculated using pK values of amino acids. Protein Mw
was calculated by the addition of average isotopic masses of amino acids in the protein and the
average isotopic mass of one water molecule. The subcellular localization of each GhTCP protein
was analyzed using the CELLO v2.5 server (http://cello.life.nctu.edu.tw/). Through BLASTN (http:
//cgp.genomics.org.cn/) searches against the G. hirsutum whole genome, some information was
obtained about the physical locations of each GhTCP genes on chromosomes.

4.4. Phylogenetic Analysis and Gene Structure

To analyzethe phylogenetic relationships between TCP genes in G. hirsutum and other species,
the protein sequences of the identified GhTCP genes, Arabidopsis TCP genes, and rice TCP genes,
were used to generate aphylogenetic tree. The ClustalX program was used to align the TCP
domains. Phylogenetic trees were constructed by MEGAG6.0 using the NJ and Minimal Evolution (ME)
methods. For both methods, the bootstrap test of phylogeny was performed with 1000 replications.
The exon/intron structures for each GhTCP gene was determined by aligning the CDS sequences to
their corresponding genomic DNA sequences. The structures were shown using the Gene Structure
Display Server 2.0 (http://gsds.cbi.pku.edu.cn/).

4.5. Expression Analyses of the TCP Genes and Search for miR319 Targets

Expression data for GhTCP genes were obtained from transcriptome data. RNA-seq data were
obtained from the NCBI Sequence Read Archive (SRA: PRJNA248163). The expression pattern of
GHhTCP genes was analyzed in leaves, roots, and stems of 2-week-old plants; petals, torus, pistils,
stamens, and lower sepals dissected from whole mature flowers; ovules from -3, —1,0, 1, 3, 5, 10,
and 20 days after pollination; fibers from 5, 10, 20, and 25 days; and true leaves of seedlings treated
with salt, PEG, and heat. Gene expression levels were calculated according to Fragments Per Kilobase
Million (FPKM) values and the default empirical abundance threshold of FPKM > 1 was used to
identify the expressed gene.

Degradome sequencing data were used to find miR319 that caused TCP transcript degradation
(GEO: GSE69820). We matched the degraded fragments to the GhTCP gene sequences, identified the
cDNA sequences expressed, and then calculated normalized expression numbers of each degraded
site along every cDNA, blast with miR319 sequences. A t-plot figure was constructed to show the tag
distributions. PairFinder software was used to identify the sliced targets for miRNAs.

4.6. RNA Extraction and gRT-PCR Analysis

Total RNA was extracted with TRIzol Reagent (Invitrogen, 15596-026, Dalian, China) according to
the manufacturer’s instructions. For the first-strand cDNA synthesis experiment of miR319, a One
Step PrimeScript® miRNA cDNASynthesis Kit (Takara, Dalian, China) was used. For each sample,
4 ng of total RNA was converted to cDNA in a 20-uL reaction system, which contained 10 pL of
2x miRNA reaction buffer mix, 2 puL of 0.1% BSA, and 2 uL of miRNA PrimeScript®RT Enzyme Mix.
qRT-PCR was performed using SYBR® Premix Ex TaqTM II (Takara) and undertaken with a 7500 Fast
Real-Time PCR system (Applied Biosystems Inc., Foster City, CA, USA). The specific miR319 and
TCP genes primers used are given in Table S2. The reactions were incubated in a 96-well plate at
95 °C at 30 s, followed by 40 cycles of 95 °C at 15 s and 60 °C at 30 s. The 25-uL reaction solutions
contained 12.5 uL of SYBR®Premix Ex Taq™II (2x), 1 uL of PCR forward primer (10 uM), 1 uL of PCR
reverse primer (10 uM) and 2 pL of five fold diluted cDNA template. All reactions were performed
with three replicates. Relative expression levels were calculated by the comparative threshold cycle
(2~ 2AT) method.
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Abstract: Plant growth and development depends on its ability to maintain optimal cellular
homeostasis during abiotic and biotic stresses. Cleistogenes songorica, a xerophyte desert plant,
is known to have novel drought stress adaptation strategies and contains rich pools of stress
tolerance genes. Proteins encoded by Late Embryogenesis Abundant (LEA) family genes promote
cellular activities by functioning as disordered molecules, or by limiting collisions between enzymes
during stresses. To date, functions of the LEA family genes have been heavily investigated in
many plant species except perennial monocotyledonous species. In this study, 44 putative LEA
genes were identified in the C. songorica genome and were grouped into eight subfamilies, based
on their conserved protein domains and domain organizations. Phylogenetic analyses indicated
that C. songorica Dehydrin and LEA_2 subfamily proteins shared high sequence homology with
stress responsive Dehydrin proteins from Arabidopsis. Additionally, promoter regions of CsLEA_2
or CsDehydrin subfamily genes were rich in G-box, drought responsive (MBS), and/or Abscisic acid
responsive (ABRE) cis-regulatory elements. In addition, gene expression analyses indicated that genes
from these two subfamilies were highly responsive to heat stress and ABA treatment, in both leaves
and roots. In summary, the results from this study provided a comprehensive view of C. songorica
LEA genes and the potential applications of these genes for the improvement of crop tolerance to
abiotic stresses.

Keywords: Cleistogenes songorica; LEA proteins; gene expression analysis; abiotic stresses

1. Introduction

Abiotic stresses from increasing temperature or salinity can disrupt optimal plant performance
and cause significant crop yield losses [1]. To maintain proper homeostasis for normal growth, plants
have evolved multiple ways to combat harsh environments by mobilizing a wide spectrum of stress
responsive genes [2]. For example, proteins encoded by the late embryogenesis abundant (LEA) family
genes are known to play defensive roles in plants during abiotic stresses [3,4]. The LEA family genes
were first studied in cotton seed at the late phases of seed development [4]. The LEA family genes were
later identified in various tissues of many other plant species and the proteins encoded by these genes
were shown to be important during cold, drought and/or high salinity stresses [5,6]. LEA proteins
are not plant specific, they are also found in invertebrates, fungi and bacteria [7,8]. Typical LEA
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proteins are highly hydrophilic due to high contents of charged amino acid residues, as well as
amino acids like threonine, serine and alanine residues in their sequences [9]. It was suggested that
LEA proteins have molecular shield functions [10] and are capable of abating protein aggregation
and preventing enzyme degradation [11], thereby promoting proper cellular homeostasis during
stresses [8,12]. LEA proteins are also flexible proteins which can undergo conformational changes
and interact with other macromolecules including proteins, membranes and/or nucleic acids during
different adverse stress conditions [10].

LEA proteins are divided into at least eight distinct subfamilies, based on their conserved
protein domains in the Pfam database: LEA (1-6), Dehydrin and Seed Maturation Protein (SMP) [13].
Motif structures within subfamily genes are mostly conserved, except the genes in the LEA_2/LEA5C
subfamily [9]. In addition, proteins in the LEA_2/LEA5C subfamily are known to have other
non-canonical LEA protein properties like high hydrophobicity and at least one atypical LEA domain
known as Water stress and Hypersensitive response (WHy) domain. The presence of atypical LEA
domain(s) in LEA proteins indicate that these proteins may function differently from typical LEA
proteins [14-16]. Proteins in the Dehydrin subfamily are featured with at least one K-segment,
a 15 amino acid residue rich in lysine (i.e., EKKGIMDKIKEKLPG) and can function like chaperones to
protect peripheral membrane and proteins during dehydration [2,17-20]. Numerous earlier studies
have demonstrated that the LEA family genes are potential abiotic stress responsive genes, important
for enhancing plant stress tolerance. For instance, transgenic Arabidopsis [21,22], maize [23], alfalfa [24]
bacteria [25], yeast and tobacco [26] expressing different LEA genes exhibited improved abiotic stress
tolerance compared with their respective wild-type plant, bacteria or yeast.

C. songorica is a xerophyte C4 desert plant distributed widely in the wild lands in the northwest
part of China, with an annual precipitation of about 100 mm [27]. Previous genome-wide surveys of
LEA family genes were done for multiple plant species except perennial monocotyledonous species.
In this study, we investigated the LEA family genes in C. songorica and analyzed the responses
of four selected LEA genes to heat stress or abscisic acid (ABA) treatment in leaves and shoots.
Results from this study provide new information on the evolution of the LEA family proteins, protein
structures and potential applications of these genes for the improvement of crop tolerance against
abiotic stresses.

2. Results

2.1. Identification of CsSLEA Genes and Phylogenetic Analysis

A total of 44 putative C. songorica LEA proteins were identified in this study (Table SI).
These proteins were named from CsLEA1 to CsLEA44 and grouped into eight different subfamilies
(Figure 1): CsLEA_1, CsLEA_2/LEA5C (Battaglia classification), CsLEA_3, CsLEA_4, CsLEA_5,
CsLEA_6, SMP and Dehydrin, based on their Pfam conserved protein domains and their homology
with the published LEA proteins of A. thaliana [28]. Two atypical LEA stress related domains, Water
Stress and Hypersensitive response (WHy) and LEA14-like desiccation related protein (COG5608),
were detected in the proteins from CsLEA_2 subfamily (Figure S1).

2.2. Structures, Physiochemical Properties and Subcellular Localizations of CsSLEA Proteins

Most proteins within the same family exhibited similar structures and properties (Table S1).
Over one third of the CsLEA proteins were classified as unstable proteins with an instability index
value higher than 40. Furthermore, this property varied significantly among the proteins within the
Dehydrin subfamily, ranging from 3.83 to 56.11. All the proteins in the LEA_5 subfamily showed
instability index values greater than 47 and were considered as the most unstable and/or potentially
disordered proteins [29-31]. The GRAVY (grand average of hydropathicity index) values of more than
90% CsLEA proteins were below 0, stressing that CsLEA proteins are likely to have low hydrophobicity
features. CsLEA_2 subfamily proteins were the most hydrophobic proteins, while Cs_LEA5 proteins
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were the highest hydrophilic proteins. These results are consistent with previous studies [28,32] and
reinforce the structural disordered properties of LEA proteins by which they are capable of interacting
with other molecules and mitigating the collision of enzymes during plant stress conditions [11]

LEA 5

DEHYDRIN 4«::"1/ 2
Ay S NNA

LEA_6 pnea\®
M\,ca\

LEA 4

Figure 1. Phylogenetic analysis of C. songorica LEA proteins. Full-length amino acid sequences of the
44 CsLEA proteins were analyzed using the unrooted method in the ClustalW software.

2.3. Gene and Motif Structure Analyses

LEA genes within the same subfamily showed similar exon and intron architectures (Figure 2,
right panel). Further investigation of structures of paired genes at the short-end branches in the
phylogenetic tree revealed that six of them (e.g., CsLEA 43-37, 35-25, 2-3, 8-9, 23-34 and 6—7) might
have experienced exon-intron gain/loss events during their evolutionary history. Similar situations
have been reported for Brassica LEA genes [21,33]. In total, 18 motifs were identified in 43 CsLEA
proteins (Figure 2, left panel). No motif was found in CsLEA28 protein. Except for LEA_2 and LEA_3
subfamily proteins, motif structures and compositions were nearly identical among the proteins in
the same subfamily, but differed significantly between the proteins belonging to different subfamilies,
implying functional specificities of different CSLEA subfamily proteins [14,34].
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Figure 2. Motif structure and exon—intron organizations of the 44 CsLEA genes. The 18 motifs
discovered in this study are shown on these CsLEA genes (left). The blue boxes represent exons and
the blue lines represent introns (right).
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2.4. Sequence Alignment of C. Songorica and Arabidopsis Dehydrin Proteins

Multiple sequence alignment using C. songorica Dehydrin protein sequences and their Arabidopsis
counterparts revealed the conservation stress response related segments including Y, K and S segments
(YKS) in C. songorica Dehydrin proteins (Figure 3).
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Figure 3. Multiple sequence alignment using C. songorica and Arabidopsis Dehydrin protein sequences.
The identified Y segment, K segment and S segment are indicated by different colors. Y segment = red,
K segment = green and S segment = purple.

2.5. Cis-Regqulatory Element in C. Songorica LEA Gene Promoters

Cis-regulatory elements control expression patterns of stress responsive genes in various tissues
and organs. These elements are located upstream of gene coding sequences and provide binding
sites for transcription factors (TFs) [35]. More than three G-box cis-elements were recorded for each
Dehydrin, LEA_2 and SMP genes and nearly more than two MBS elements were detected for each
Dehydrin and LEA_2 subfamily gene (Table 1).
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Table 1. Stress-related cis-regulatory elements in 44 C. songorica LEA gene promoters.

Functional cis-Element Names and Sequences

G-Box ABRE

CsLEA Gene Names MBS (CGGTO) (GTGCAT/CACGAC)  (GACACGTACGT) CGTCA Motif
Subfamilies
Functions
Drought Responsive . . Abscisic .
(MYB Binding Site) Light Responsive Acid Responsive MeJA Responsive

CsLEA29 3 1 1 0
CsLEA30 2 3 1 4
LEA_1 CsLEA31 4 1 1 0
CsLEA32 2 2 1 0
CsLEA36 4 5 2 2
CsLEA2 2 1 0 3
CsLEA3 0 3 2 2
CsLEA14 2 6 1 0
LEA 2 CsLEA17 3 9 3 0
CsLEA19 5 0 0 1
CsLEA44 0 0 0 2
CsLEA1 4 2 0 2
CsLEA16 1 2 0 3
CsLEA22 1 3 1 3
LEA_3 CsLEAIS 8 3 3 0
CsLEAS 0 7 1 2
CsLEA9 3 0 0 0
LEA_4 CsLEAS 1 5 4 1
CsLEA10 0 2 0 1
CsLEA11 0 3 0 3
LEA5 CsLEAI2 2 7 1 1
CsLEA13 2 1 3 5
LEA_6 CsLEA28 0 9 5 3
CsLEA24 0 4 1 0
CsLEAG6 2 0 2 0
CsLEA7 2 6 0 0
CsLEA26 1 5 1 1
CsLEA33 0 5 1 4
SMP CsLEA4 2 1 0 0
CsLEA23 2 1 0 0
CsLEA34 1 4 0 1
CsLEA42 0 3 1 2
CsLEA43 0 0 1 5
CsLEA20 4 5 0 0
CsLEA25 4 2 0 1
CsLEA35 3 8 2 1
CsLEA37 0 6 3 4
. CsLEA38 2 10 2 3
Dehydrin CsLEA39 3 1 0 1
CsLEA41 2 0 1 2
CsLEA40 0 2 0 1
CsLEA42 0 3 1 2
CsLEA43 0 0 1 5

2.6. Chromosomal Mapping of CsSLEA Genes

C. songorica genome has in total twenty chromosomes. Positions of the 44 CsLEA genes on
15 different C. songorica chromosomes were estimated (Figure 4). Genes from the same subfamily were
mostly found on different chromosomes, suggesting a strategy to exert their functions across the whole
C. songorica genome. However, genes in the LEA_5 and Dehydrin subfamily were mostly found in
clusters on the 14th, 15th and 18th chromosome.

2.7. Gene Expression Analysis gRT-PCR Validation

The expression levels of the CsLEA 14, CsLEA 19, CsLEA 37 and CsLEA 38 genes were induced after
24 h of ABA or heat treatment but were not tissue specific (Figure 5). To validate results from expression
profile analysis, qRT-PCR was carried out for CsLEA 14, CsLEA 19 (from the LEA_2 subfamily) and for
CsLEA37 and CsLEA 38 (from the Dehydrin subfamily) as these genes showed a relatively high number
of stress related cis acting elements and motifs.
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We carried out gqRT-PCR analyses using CsSLEA14 and CsLEA19 (LEA_2 subfamily), and CsLEA37 and
CsLEA 38 (Dehydrin family). Results showed that after 24 h heat treatment the expression levels of these
four genes up-regulated by 156.5 (CsLEA 19), 95.8 (CsLEA14), 52.6 (CsLEA38) and 14.6 fold (CsLEA37)
in C. songorica leaves compared with the untreated plant leaf samples. The expression levels of these
four genes were slightly up-regulated after the ABA treatment, especially CsLEA 38 (14.6 fold, Figure 6).
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Figure 4. Locations of the 44 CsLEA genes on 15 chromosomes of C. songorica.
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Figure 5. Hierarchical clustering of CsSLEA gene expression profiles in root and shoot tissues after 24 h
heat or ABA treatment. The log transformed values for the relative expressions of CsLEA genes were
used for the hierarchical clustering analysis. The blue scale means low transcript expression and the
red scale means high transcript expression.
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Figure 6. Hierarchical clustering of CsSLEA gene expression profiles in root and shoot tissues after 24 h
heat or ABA treatment. The log transformed values for the relative expressions of CsLEA genes were

used for the hierarchical clustering analysis. The blue scale means low transcript expression and the
red scale means high transcript expression.

3. Discussion

3.1. Phylogeny Analysis and Protein Sequence Analysis

Genome surveys of LEA subfamily proteins (e.g., LEA_1 to LEA_6, SMP and DEHYDRIN) were
done for A. thaliana [28], rice [36] and maize [37]. C. songorica is a perennial monocotyledonous
desert plant with a high tolerance for drought stress. Investigation of stress responsive proteins
encoded by LEA family genes in a desert plant should benefit crop improvement for drought and other
abiotic stresses. Phylogenetic analysis grouped the CsLEA proteins into eight different subfamilies.
Several C. songorica and Arabidopsis Dehydrin subfamily proteins were clustered together with high
bootstrap values, which implied potential significant functional similarities between C. songorica
and Arabidopsis DEHYDRIN proteins. Many of the Arabidopsis Dehydrin proteins are known as
stress regulatory proteins such as RAB18 (AtLea51) and COR47 (AtLea4), two ABA and cold inducible
proteins [38,39], ERD14 (AtLea4) and ERD10 (AtLea5), two disordered chaperon proteins [40] and
Dehydrin Xero2 (AtLea33), a disordered cold responsive protein with membrane binding activity [41].

Sequence alignment using CsDehydrin proteins and their Arabidopsis counterparts revealed
that all C. songorica Dehydrin proteins contained YKS segments but lacked the lysine rich segment.
The K segment is critical for the formation of structural disordered alpha-helical compounds that
can enhance bindings between proteins and their targeted molecules [10,42]. The presence of
the K segment in C.songorica DEHYDRIN proteins emphasizes their role in limiting aggregation
of molecules and thence promoting proper cellular homeostasis during dehydration stresses [11].
Additionally, the detection of the S segment in the C. songorica DEHYDRIN protein also suggests their
implication in enhancing plant tolerance against abiotic stresses through protein phosphorylation,
as previous studies indicated that the S segment participates in calcium binding through protein

phosphorylation [43]. The findings above support the fact that disordered LEA proteins are flexible
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proteins, capable of adjusting their conformation to maintain proper cellular homeostasis during
detrimental stress conditions [43,44].

3.2. Protein Domain Analysis

Two additional non-LEA conserved protein domains that are associated with stress response
were detected in the CsLEA_2 subfamily proteins (Supplementary Figure S1). At least one WHYy
(Water stress and Hypersensitive response) [15,16] and one COG5608 domain (LEA14-like desiccation
related protein) was spotted within each single protein sequence from the CsLEA_2 subfamily.
The COG5608 domain was previously detected in the Arabidopsis LEA14 protein, a well characterized
abiotic stress marker protein, which suggests that the CsLEA_2 subfamily proteins may function
similarly to Arabidopsis LEA14 protein (Atleal). On the other hand, a thorough functional
characterization of the WHy domain has only been elucidated in a few bacterial genes, dwhy1 [15]
and drwh [45]. Studies in vivo indicated that dwhyl confers cold and freeze damage resistance.
Furthermore, in E. coli, the function of drwh is related to oxidative stress tolerance and salinity stresses.
Silencing this gene triggered reduced activity of antioxidant enzymes such as lactate dehydrogenase
(LDH) malate dehydrogenase (MDH) [15,45]. All the CsLea_2 subfamily genes contained the WHy
domain which could explain the functional importance of this domain during low water availability in
a typical desert grass, C. songorica.

3.3. C. songorica Gene Promoter and Gene Expression Analysis

ABA and stress responsive cis-regulatory elements, such as ABRE, MBS/MYB and G-Box were
found to be abundant in the promoters of C. songorica Dehydrin and the LEA_2 subfamilies genes.
These regulatory elements are known to provide binding sites for transcription factors like ABEF
(a member of the bZIPTFs family), BHLH and ERF for the transcription of downstream stress
responsive genes [46]. Expression analysis of CsSLEA37 and CsLEA38 (DEHYDRIN genes), and CsLEA14
and CsLEA19 (LEA_2 subfamily genes) with qRT-PCR indicated that the expression levels of these
four genes in root and shoot tissues were significantly up-regulated after the drought or ABA treatment.

The relevant role of DEHYDRIN or the LEA_2 subfamily proteins during plant stress tolerance
has been reported in earlier studies using various transgenic plants. For example, transgenic tobacco
plant overexpressing the CaLEA6 gene showed an enhanced dehydration and salt tolerance [47].
Additionally, sweet potato plants overexpressing the IhLEA14 gene exhibited an improved salinity
and dehydration tolerance [48]. A Foxtail millet plant overexpressing the SiILEA4 gene displayed
salt and drought resilience [49]. For DEHYDRIN proteins, transgenic Arabidopsis plant expressing
a Dehydrin gene from an olive showed an enhanced osmotic stress tolerance [50]. Similarly, a wheat
Dhn-5 gene increased salinity and dehydration stress tolerance in transgenic Arabidopsis plants [51].
C. songorica DEHYDRIN and LEA_2 gene transcripts accumulation during water deficit and ABA
treatment, reinforcestheir functional importance under detrimental stress conditions.

4. Materials and Methods

4.1. Mining LEA Genes in the C. Songorica Genome

C. songorica LEA genes were mined based on their protein sequence homology with the previously
published A. thaliana [28], Oryza sativa (rice) [36] and Zea mays (maize) [37] LEA protein sequences.
The published full length A. thaliana, rice and maize LEA protein sequences or coding sequences were
retrieved from (https://phytozome.jgi.doe.gov/pz/portal.html) [28,32]. The obtained LEA protein
sequences were used as queries to blast search the whole C. songorica genome sequence retrieved from
the BMK cloud: http://www.biocloud.net/ using a local blast tool [52,53].

The resulting non-redundant sequences were further examined with the Hidden Markov Model
available in the Pfam database (http://pfam.sanger.ac.uk/search) [13] and then submitted to the
SMART database (http:/ /smart.embl-heidelberg.de/) [54] and the NCBI Conserved Domain Search
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database (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) [55], respectively, to confirm
CsLEA Pfam domain families. The obtained LEA nucleotide and protein sequences were then
submitted to the Genbank to obtain respective accession numbers (Table S1).

4.2. Multiple Sequence Alignment and Phylogenetic Analysis of CSLEA Family Proteins.

The alignment of the C. songorica and Arabidopsis LEA protein sequences was performed using
the ClustalW software [56] in the MEGA 6 program with a default parameter setting. After sequence
alignment and pair-wise deletion of gaps as previously described [57], a phylogenetic tree was
constructed using the Neighbor Joining (NJ) algorithm with bootstrap analysis of 1000 trials [57,58].
Multiple sequence alignment and sequence homology analysis of C. songorica and Arabidopsis
Dehydrin proteins were performed using the ClustalW algorithm embedded in the DNAMAN version
6 program as instructed (Lynnon Corporation, Quebec, Canada).

4.3. In Silico Analyses of CsSLEA Proteins.

Determination of GRAVY (grand average of hydropathicity index) values and pl (theoretical
isoelectric point) were carried out by the ProtParam Tool (web.expasy.org/protparam/) [59].
Protein Prowler Subcellular Localization Predictor version 1.2 (http://bioinf.scmb.uq.edu.au/
pprowler_webapp_1--2/) 53 and TargetP1.1 (http:/ /www.cbs.dtu.dk/services/TargetP/) servers [60]
were used to predict the subcellular locations of C. songorica LEA proteins. All of the prediction servers
were run under the default settings. To determine the conserved motifs in different C. songorica
and Arabidopsis LEA proteins, protein sequences were analyzed using MEME (The Multiple
Expectation Maximization for Motif Elicitation) platform (http://alternate.meme-suite.org/) [61].
MEME parameters were then customized to detect a maximum of 40 motifs with a width covering 6 to
50 amino acid residues.

4.4. Analysis of Cis-Regulatory Elements and Motifs

Sequences of 2000 bp from promoters of the 44 identified C. songorica LEA genes were analyzed for
potential cis-regulatory elements and motifs by querying them through the PlantCARE database (http:
/ /bioinformatics.psb.ugent.be/webtools/plantcare/html/) [62]. Stress- and ABA-related cis-regulatory
elements, including MYB binding site (drought responsive) [63], G-box (light inducible) [64], ABRE
(Abscisic acid responsive) [65] and CGTCA-motif (Methyl jasmonate responsive) [66] were recorded.

4.5. Plant Material Preparation and Transcriptomic Data Analysis

C. songorica seeds were sown in vermiculite medium supplied with 1/4 diluted Hoagland’s
nutrient solution, pH 5.8. Growth chamber conditions were set at 75-80% relative humidity, 30/28 °C
(day/night), and 16/8 h (day/night) light at 200 mmol photons m~2 s~!. One-month old seedlings
were treated with 40 °C or with 100 uM ABA. Root and shoot tissue samples were collected at 0 and 24 h
post the treatment and kept at —80 °C till RNA extraction. Three root and shoot samples were collected
from each treatment. Total RNA was isolated from the samples using the Shengong RNA isolation
kit as instructed (Shengong Ltd., Shanghai, China). RNA pools were constructed following Illumina
sequencing guidelines and then sequenced conferring to RNA-seq procedure. In total 24 million
250-bp raw reads were produced from the 12 samples. To eliminate adapter sequences from raw reads,
the FASTX version 0.0.13 toolkit (http:/ /hannonlab.cshl.edu/fastxtoolkit/) was used. Additionally,
the FastQC server tool (http:/ /www.bioinformatics.babraham.ac.uk/projects/fastqc/) was utilized to
assess the quality of sequences. The resulting clean reads were aligned with the C. songorica genome
by means of Tophat v.2.0.10 server (http:/ /tophat.cbcb.umd.edu/) [67] and the produced alignment
files were used as Cufflinks inputs to create transcriptome assemblies [68]. The C. songorica gene
expression levels were estimated based on fragments per kilobase of exon model per million mapped
reads (FPKM) for root and shoot tissues. Following this, a random sampling model built on read count
for each individual gene was applied to determine differentially expressed [69]. Gene expression levels
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were normalized with Pearson coefficients to generate hierarchical clustering with average linkage
using Heml toolkit [70].

4.6. Gene Expressions Analysis.

The isolated RNA was then used to synthesize first strand cDNAs using an oligo dT primer
and the cDNA synthesis kit (Shengong Ltd, Shanghai, China). The resulting cDNA samples were
individually diluted to 100 ng/pL prior to qPCR using gene specific primers (Table S2). For each PCR
reaction, three biological replicates with three technical replicates were each used. qPCR reactions were
40 cycles of 95 °C for 5 s, 60 °C for 15 s, and 72 °C for 34 s using a SYBR Green Master (Shengong Ltd,
Shanghai, China). The relative gene expression levels were determined using the comparative AACt
method [71]. The expression level of the C. songorica GADPH gene was used as an internal control.
Two-way analysis of variance and Duncan’s multiple range test (DMRT) were used for multiple mean
comparisons. SPSS (IBM Corp. 2013, IBM SPSS Statistics for Windows, Version 21.0, Armonk, NY, USA)
was used to determine the significant differences between means (p < 0.005).

5. Conclusions

At a glance, this study methodically investigated at a genome wide level LEA proteins from a
monocot perennial desert plant, Cleistogenes songorica. A total of 44 genes discovered were classified
into eight different subfamilies and were found to be patchily spread over the C. songorica chromosomes.
Analysis of the physio-chemical properties, motif and gene structure, homology and phylogenetic
relationships detected that they were mostly similar within the same groups, but greatly differed
among different subfamilies. Our study particularly explored CsLEA_2 and CsDEHYDRIN subfamilies
proteins and elucidated their striking links with the regulatory mechanisms of plant abiotic stress
tolerance. This study delivers a comprehensive summary of the evolution of the C. songorica LEA
genes and some groundbreaking insights to the functional roles of this family that can be a critical
foundation for crop abiotic tolerance improvement.
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Abstract: Soil salinization is a matter of concern worldwide. It can eventually lead to the
desertification of land and severely damage local agricultural production and the ecological
environment. Betula halophila is a tree with high salt tolerance, so it is of importance to understand
and discover the salt responsive genes of B. halophila for breeding salinity resistant varieties of
trees. However, there is no report on the transcriptome in response to salt stress in B. halophila.
Using Illumina sequencing platform, approximately 460 M raw reads were generated and assembled
into 117,091 unigenes. Among these unigenes, 64,551 unigenes (55.12%) were annotated with gene
descriptions, while the other 44.88% were unknown. 168 up-regulated genes and 351 down-regulated
genes were identified, respectively. These Differentially Expressed Genes (DEGs) involved in multiple
pathways including the Salt Overly Sensitive (SOS) pathway, ion transport and uptake, antioxidant
enzyme, ABA signal pathway and so on. The gene ontology (GO) enrichments suggested that
the DEGs were mainly involved in a plant-type cell wall organization biological process, cell wall
cellular component, and structural constituent of cell wall molecular function. Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment showed that the top-four enriched pathways
were ‘Fatty acid elongation’, ‘Ribosome’, ‘Sphingolipid metabolism” and ‘Flavonoid biosynthesis’.
The expression patterns of sixteen DEGs were analyzed by qRT-PCR to verify the RNA-seq data.
Among them, the transcription factor AT-Hook Motif Nuclear Localized gene and dehydrins might
play an important role in response to salt stress in B. halophila. Our results provide an important gene
resource to breed salt tolerant plants and useful information for further elucidation of the molecular
mechanism of salt tolerance in B. halophila.

Keywords: Betula halophile; salt stress; transcriptomes

1. Introduction

Soil salinization is worldwide problem that can alter the soil osmotic potential to the point where
it inhibits the uptake of water by plants, severely impacting agricultural production and the ecological
environment. It has been reported that more than 6% of the world’s land is affected by salt [1-3], and
increased salinization may lead to the loss of 30% arable land in the next 25 years. It has been reported
that more than 6% of the world’s land is affected by salt [1-3], and increased salinization may lead to
the loss of 30% arable land in the next 25 years and up to 50% by 2050 [1-3]. Therefore, soil salinization
is a serious threat to the growth and development of plants. At present, it is particularly urgent to
search for salinity resistant varieties of plants and screen for salt tolerant gene alleles or transform
them genetically to enable plants to grow and reproduce with increasing salinity stress [4]. Moreover,
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understanding the mechanism of salt tolerance in plants can provide valuable information for effective
engineering strategies.

In plants, the salt resistance mechanism is very complicated and involves a complex of
processes at the molecular, cellular, metabolic, physiological, and whole-plant levels. Once the
plant is under salt stress, multiple signal transduction pathways are activated to cope with salt
stress [2,4-6]. In recent years, although extensive studies among ion uptake and transport, osmotic
regulation, hormone metabolism, antioxidant metabolism, and stress signaling have made significant
progress [4-11], the molecular mechanisms involved in salt tolerance remain to be elucidated.
In addition, next-generation high-throughput sequencing based RNA-seq analysis has been widely
used to uncover expression patterns under abiotic stress, and it provides a comprehensive means of
identifying and studying the differential expression genes [12-15].

Betula halophila is a haloduric species in China, belonging to the family Betulaceae. It was first
discovered in a swamp with extremely high salinity in Xinjiang province [16] in 1956 by Professor
Renchang Qin. B. halophila is a critically endangered plant, which has high salt tolerance, and high
ecological and economic value in promoting the afforestation of saline soil in arid and semi-arid areas16.
Thus B. halophila is a potent source of salt tolerant genes. However, to the best of our knowledge,
there is no published information on genes associated with salt tolerance in B. halophila. Understanding
the molecular mechanisms of salt tolerance are potentially important for breeding salt tolerant varieties.
With the aim of identifying the genes in response to increasing salt concentration and potentially the
molecular mechanisms of salt tolerance in B. halophila, we constructed transcriptome libraries from
the leaves of control B. halophila plants and plants subjected to salt treatment. The aims were to detect
salt responsive genes from B. halophila and explore their roles in response to salt stress. Our results
provide insight into the molecular mechanisms of salt tolerance in B. halophila. A better understanding
of these tolerance mechanisms can be used to breed crops with improved yield performance under
salinity stress.

2. Results

2.1. Transcriptome Sequencing and Assembly

In order to explore the salt tolerant genes of B. halophila, six cDNA libraries were constructed from
leaves of eight-months-old control plants (untreated) and plants treated with 200 mM of NaCl for
24 h, and sequenced using the Illumina deep sequencing platform. A total of 68,348,352, 75,684,144,
70,510,750, 86,101,536, 77,402,824, and 84,837,142 raw reads were generated by Illumina sequencing,
respectively, after adapter sequence and low quality sequences had been removed, a total of 66,834,236,
73,359,338, 69,082,978, 84,155,542, 75,577,004, and 82,931,756 clean reads were obtained, and the Q20
percentage (proportion of nucleotides with a quality value larger than 20) for each data was 96.5%,
96.48%, 96.25%, 96.54%, 96.49%, and 96.45%, respectively. The GC (%) ratio for each library was 46.88%,
47.4%, 47.29%, 47.28%, 47.33% and 47.29% (Table 1). Transcriptome assembly was accomplished
based on the left.fq and right.fq using Trinity with the min_kmer_cov set to 2 by default and all
other parameters set to default [17]. As a result, a total of 117,091 unigenes with lengths ranging
from 201 bp to 15,762 bp were obtained. The size distribution of the unigenes is shown in Figure 1.
The size distribution showed that the unigenes ranged from 200 bp to 1 kbp was the majority (Figure 1).
The average length, median length, and N50 of the assembled unigenes were 956 bp, 631 bp and 1408
bp, separately. The total length of 117,091 unigenes was 110 Mb, which suggests that most of the
sequencing data had been successfully assembled into relatively long unigenes.
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Table 1. Summary of the sequencing data of the Betula halophila transcriptome.

Sample Raw Reads Clean Reads Clean Bases Error (%) Q20 (%) Q30 (%) GC Content(%)
CK_1 68,348,352 66,834,236 10.03G 0.03 96.5 94.17 46.88
CK_2 75,684,144 73,359,338 11G 0.03 96.48 94.14 474
CK_3 70,510,750 69,082,978 10.36G 0.03 96.25 93.83 47.29
SC_1 86,101,536 84,155,542 12.62G 0.03 96.54 94.23 47.28
SC_2 77,402,824 75,577,004 11.34G 0.03 96.49 94.16 47.33
SC_3 84,837,142 82,931,756 12.44G 0.03 96.45 94.12 47.29
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Figure 1. Length distribution of the assembled unigenes. (A) The number of contigs with same length.
(B) The number of contigs with length 200-500 bp, 500 bp—1 kb, 1-2 kb and larger than 2 kb are shown.

2.2. Functional Annotation and Classification of the Unigenes

Functional annotation of unigenes were performed to search for homologues against the NCBI
non-redundant protein sequence database (Nr), NCBI nucleotide sequences (Nt), Pfam (Protein family),
Kyoto Encyclopedia of Genes and Genomes (KEGG), swiss-prot sequence databases (SwissProt),
Gene ontology (GO), and Eukaryotic Orthologous Groups (KOG) using the Basic Local Alignment
Search Tool (BLAST) [18]. An e-value cut-off of 107> was applied to the homologue recognition.
The results were shown in Table 2. 64551 (55.12%) total unigenes were annotated in at least one
database and 8973 unigenes (7.66%) were annotated in all databases. 51,105 (43.64%) total unigenes
were annotated in the Nr protein database.

Table 2. Summary of function annotation of the Betula halophila transcriptome.

Number of Unigenes Percentage (%)

Annotated in NR 51,105 43.64
Annotated in NT 45,933 39.22
Annotated in KO 18,876 16.12
Annotated in SwissProt 40,624 34.69
Annotated in PFAM 40,661 34.72
Annotated in GO 41,116 35.11
Annotated in KOG 15,572 13.29
Annotated in all Databases 8973 7.66
Annotated in at least one Database 64,551 55.12
Total Unigenes 117,091 100

The GO analysis indicated that a total of 41,116 unigenes were summarized into the three main
GO categories (biological process, cellular component, and molecular function) and 56 sub-categories
(Figure 2). In the biological process category, genes involved in cellular process, metabolic process, and
single-organism process were dominant. As for the cellular component category, genes involved in cell,
cell part, and organelle were highly represented. The molecular function category mainly included
genes involved in binding and catalytic activity.
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Figure 2. Gene ontology (GO) classification of unigenes. The GO terms are summarized into three
main categories: biological process, cellular component, and molecular function.

The KOG analysis showed that all of the 15,572 unigenes were divided into 26 different functional
classes, which were represented by A to Z (Figure 3). Among the 26 categories, the largest group
was ‘Post-translational modification, protein turnover, chaperon’ (2104, 13.51%) followed by ‘General
function prediction” (1906, 12.24%), ‘Translation, ribosomal structure, and biogenesis’ (1552, 9.97%),
‘RNA processing and modification’ (1272, 8.17%) and ‘Signal Transduction” (1248, 8.01%). The smallest
group was ‘Cell motility” (7, 0.04%) and ‘Unnamed protein” (2, 0.01%).
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Figure 3. Eukaryotic Orthologous Groups (KOG) classification of the unigenes.

The KEGG pathway analysis revealed that 18876 (16.12%) of the unigenes could be mapped
to the KEGG database and referred to 129 pathways (Figure 4). The pathway involved the highest
number of unigenes was ‘Translation’ (1915, 10.14%), followed by ‘Folding, sorting, and degradation’
(1465, 7.76%), ‘Carbohydrate metabolism” (1388, 7.35%) and ‘Overview’ (1012, 5.36%). These results
are very important for studying the mechanism in B. halophila response to salt.
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Figure 4. Kyoto Encyclopedia of Genes and Genomes (KEGG) classification of KO annotated unigenes.

2.3. Differential Expression Genes in B. halophila Response to Salt

To obtain the differential expression genes’ response to salt in B. halophila, we compared the
differentially expressed tags of two libraries. As a results, a total of 519 differentially expressed genes
(DEGs) with g value < 0.05 and |log2 (fold change) | >1 were identified in the two libraries (Table S1).
As shown in Figure 5a, there were more down-regulated genes (351) than up-regulated genes (168).
Among these DEGs, 332 DEGs were present in both libraries, (Figure 5b). 66 DEGs were only detected
in the salt stress library (Figure 5b) and 121 DEGs were only detected in the control library. In this
study, the transcription factor AT-Hook Motif Nuclear Localized gene (AHL) was the most up-regulate
gene in leaves after the salt stress. Conversely, a dehydrin (DHNs) was the most down-regulated gene.
These results suggest that the two genes may have a high correlation with salt resistance of B. halophila.
The GO and KEGG classification of the 519 DEGs were analyzed (Figure S1). GO enrichment and
KEGG enrichment were performed for further analysis of the functions of 519 DEGs.
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Figure 5. A. Up-regulated and down-regulated differentially expressed genes in SC vs. CK; B. Venn
diagrams showing unique and shared differentially expressed genes (DEGs) in SC (green) vs. CK
(purple); C. Scatterplot of GO category enrichment of DEGs in SC vs. CK; D. Scatterplot of enriched
KEGG pathways for DEGs in SC vs. CK. Rich factor is the ratio of the differentially expressed gene
number to the total gene number in a certain pathway. The size and color of dot represent the gene
number and the range of the q value, respectively.

2.4. GO category Enrichment of DEGs Under Salt Stress

To characterize the function of the DEGs under salt stress, the GO category enrichment analysis
was performed using Fisher’s exact test with p value <0.05 as the cutoff. GO category enrichment
analysis for 519 DEGs under salt stress showed that these DEGs were mainly involved in a plant-type
cell wall organization biological process, plant-type cell wall organization or biogenesis biological
process, cell wall cellular component and structural constituent of cell wall molecular function
(Figure 5c, Table S2). For the up-regulated DEGs, metalloendopeptidase activity molecular function was
most highly enriched (Table S3). For down-regulated DEGs (Figure 5c), in the BP category, ‘plant-type
cell wall organization biological process’, “plant-type cell wall organization or biogenesis biological
process’, ‘cell wall organization biological process’, and ‘external encapsulating structure organization
biological process” were most highly enriched. In the CC category, ‘cell wall cellular component’,
‘c