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Abstract

Polyploidy or whole genome duplication (WGD) is an evolutionary phenomenon that happened in all
angiosperms multiple times over millions of years. Extensive studies on the model plant Arabidopsis
thaliana genome have revealed that it has undergone five rounds of WGDs followed, in the
Brassicaceae tribe, by a characteristic whole genome triplication (WGT). In addition, small-scale events
such as tandem or segmental duplications and retrotransposition also enable plants to reshape their
genomes. Over the decades, extensive research efforts have been undertaken to understand the
evolutionary significance of polyploidy. On the other hand, much less attention has been paid to
understanding the impact of gene duplication on the diversification of important stress response genes.
The main objective of this review is to discuss key aspects of gene and genome duplications with a
focus on genes primarily regulated by osmotic stresses. The focal family is the Brassicaceae, since it (i)
underwent multiple rounds of WGDs plus WGTs, (ii) hosts many economically important crops and
wild relatives that are tolerant to a range of stresses, and (iii) comprises many species that have already
been sequenced. Diverse molecular mechanisms that lead to structural and regulatory alterations of
duplicated genes are discussed. Examples are drawn from recent literature to elucidate expanded, stress
responsive gene families identified from different Brassica crops. A combined bioinformatic and
transcriptomic method has been proposed and tested on a known stress-responsive gene pair to prove
that stress-responsive duplicated allelic variants can be identified by this method. Finally, future
prospects for engineering these genes into crops to enhance stress tolerance are discussed, and

important resources for Brassica genome research are provided.



1. Introduction

Polyploidy or whole genome duplication (WGD) has been identified as a major driving force behind
the evolution and diversification of all land plants (Jiao et al., 2011, Panchy et al., 2016, Landis et al.,
2018, Oh and Dassanayake, 2019). Extensive phylogenomic analyses have identified the occurrence of
at least five rounds of WGD events leading to the origin of the reference plant Arabidopsis thaliana.
Two of these five WGDs have been shared with other angiosperms. The most ancient polyploidy,
known as paleopolyploidy, happened approximately 340 million years ago (MYA) in the common
ancestors of all seed plants, and was followed by another at 170-235 MYA in the angiosperm lineage
(Fig. 1, Jiao et al., 2011). Subsequently, three additional WGDs known as a/3R, B/2R and y/1R led to
the evolution of Arabidopsis (Bowers et al., 2003, Jiao et al., 2011). Initial studies focusing only on the
Arabidopsis genome estimated that a duplication took place 14.5-20.4 MYA, B 170-235 MYA and vy
300 MYA (Fig. 1, Bowers et al., 2003). However, a recent study involving extensive taxonomic
sampling and sequence data estimated a more accurate timing of duplications. According to this study
the o duplication happened approximately 47 MYA and the B event took place 124 MYA (Fig. 1,
Kagale et al., 2014). The Brassica lineage that includes many important crop species separated from
Arabidopsis approximately 43.2 MYA and from Thellungiella 12 MYA (Oh et al., 2014) and finally
underwent a genome triplication (WGT) approximately 7.9-14.6 MYA (Lysak et al., 2005). Following
this WGT the first diploid Brassica species that arose was B. nigra (BB) 8 MYA, followed by the split
of B. rapa (AA) and B. oleracea (CC) from their shared ancestor 3.75 MYA (Fig.1, Lysak et al., 2005,
Navabi et al., 2013). These diploid Brassicas underwent natural hybridization among themselves and
many new allopolyploids such as B. napus (AACC), B. juncea (AABB) and B. carinata (BBCC)
evolved 0.75 MYA (Fig. 1, Mun et al., 2009). Generation of extensive sequence data from all these
species provided opportunities for comparative genomics to characterize the newly sequenced genomic
blocks by studying synteny and collinearity to the completely sequenced genome of Arabidopsis (Jiao
and Schneeberger, 2020).

Although the repeated occurrence of WGDs remains the primary contributor of the majority of the
duplicated genes, smaller scale sub-genomic duplications such as tandem duplication (Qiao et al.,
2019), transposable element mediated duplication (Vicient and Casacuberta 2017), segmental
duplication (Kuo et al., 2019), and retroduplication (Kim et al., 2017) also significantly enriched the
duplicated gene pool (Panchy et al., 2016). Regardless of the mechanism of duplication, most of these
duplicated genes were lost over time and this loss was correlated with the age of the duplications.
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Therefore, the retention rate of a duplicates is much higher (16.3%) than that of y duplicates (4.4%,
Maere et al., 2005). Only a few duplicates were kept in the genome mainly because they conferred
adoptive advantages, although the evolutionary disadvantages of polyploidy, such as reproductive
isolation and lower fertility rates, have also been pointed out (Ramsey and Ramsey 2014). The existing
duplicated genes can lead to functional innovation via different routes such as neo-functionalization
(acquiring a new gene function), sub-functionalization (splitting ancestral gene functions), genetic
redundancy (sharing gene functions), or, ultimately, loss of gene functions by non-
functionalization/pseudogenization. Studies have been conducted to test whether the mechanism of
gene duplication, i.e. WGD vs. sub-genomic duplications, has any impact on the types of functional
categories of genes that have been retained. Indeed, genes related to signal transduction, transcriptional
regulation and ribosome structures were enriched among WGD categories (Blanc and Wolf 2004,
Maere et al., 2005), whereas tandem (Zhang et al., 2016) and segmental (Dossa et al., 2016) duplicates
were mostly responsive to environmental stresses. For instance, in Arabidopsis 27% of the tandem,
26% of the segmentally duplicated, and 40% of the transposable element-mediated duplicates are
responsive to abiotic stresses (Wu et al., 2012).

Over the last few decades extensive research emphasis has been given to understanding the ecological
and evolutionary consequences of gene duplication (see above). New findings indicate a possible link
between polyploidy and enhanced stress tolerance as well as reproductive advantage under stress
conditions (Chao et al., 2013, Ramsey and Ramsey, 2014). For example, the autotetraploid Arabidopsis
thaliana accessions, e.g., Bla-5 (from Blanes, Spain) and Ciste-2 (from Cisterna di Latina, Italy) had
elevated levels of potassium (K) and its analogue rubidium (Rb) in the leaves, and also demonstrated
enhanced salinity tolerance compared to the diploids (Chao et al., 2013). These findings highlight the
potential of duplicated genes as a ‘repository’ for new stress-regulated functions. The main objective of
this review article is to discuss the mechanisms, operating at the gene structural and regulatory levels,
by which duplicated genes can acquire functional divergence. The family Brassicaceae provides a
perfect platform for this discussion, since it bears extensive signatures of large scale WGD and WGT as
well as of local genome duplications and rearrangements. Furthermore, it hosts many economically
important crop species and many wild species/germplasms possessing diverse stress tolerance
properties, and enormous amounts of sequence data as well as gene mutant lines are available.
Therefore, by using examples of known stress-responsive genes in the family Brassicaceae we will
explore how genomic, transcriptomic and genetic methods can be combined to identify new allelic

variants that are responsive to stresses. Finally, important research questions and possibilities that are
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emerging in this area are discussed. Together, this article summarizes our current understanding of
abiotic stress-regulated duplicated genes in the Brassicaceae and renders concepts that can be

implemented for potential crop improvement.

2. Current status of abiotic stress research on Brassica

The genus Brassica comprises approximately 100 species, including major food crops such as rapeseed
(Brassica napus L.), mustard (Brassica juncea L.), turnip rape (Brassica rapa L.), cabbage (B. oleracea
L. var. capitata), cauliflower (B. oleracea var. botrytis), kale (B. oleracea var. acephala), broccoli (B.
oleracea var. italica), brussels sprouts (B. oleracea var. gemmifera) and kohlrabi (B. oleracea var.
gongylodes (Zhang et al., 2014, Beacham et al., 2017). Abiotic stress severely affects agricultural crop
productivity world-wide, and Brassica is no exception (Abou-Hussein, 2012). For instance, drought
and high salinity stresses have been shown to result in reduced biomass, seed germination, and shoot
and root growth in B. napus and B. oleracea (Hadi et al., 2014, Rodriguez et al., 2015). Phenotypic
variations with respect to salt stress sensitivity have been assessed by growing plants under controlled
growth conditions (Siddiqui et al., 2009) with special emphasis on early growth phenotypes such as
seed germination and seedling growth rates (Sharma et al., 2013). However, few studies have been
conducted under field conditions (Zou et al., 2014, Das Laha et al., 2020). Most of these studies
revealed that the germplasms which were predicted to be tolerant in laboratory and greenhouse assays
may not be similarly tolerant in field settings (Zou et al., 2014, Das Laha et al., 2020).

Putatively tolerant species/varieties were assessed at the biochemical (Srivastava et al., 2015%), genome
(Chikkaputtaiah et al., 2017), transcriptome (Bhardwaj, 2015, Srivastava et al., 2015°, Guo et al., 2017)
and proteome levels (Yousuf et al., 2016; Bandehagh et al., 2011), to identify the key determinants
underlying salinity tolerance. In addition, genes encoding well-characterized salt stress pathways, such
as SALT OVERLY SENSITIVE 1 (SOS1), SOS2 and SOS3, have been sequenced and characterized by
their level of induction as a consequence of increasing salt stress treatments, to infer their possible role
in salt tolerance (Chakraborty et al., 2012). Such stress-regulated genes have been identified and
functionally characterized in Brassica rapa (Kim et al., 2015, Krishnamurthy et al., 2019), B. rapa ssp.
oleifera (Mooney et al., 2019), B. rapa ssp. chinensis (Wang et al 2018), B. napus (Zhao et al., 2016,
Lu et al., 2019), B. campestris (Zhu et al., 2018, Zhang et al., 2018) and B. juncea (Nutan et al., 2018),
and subsequently overexpressed in reference plants Arabidopsis, Oryza sativa or Nicotiana tabacum,
(Table 1).



3. Protein coding sequence alterations: exon-intron structure, single nucleotide change,
alternative splicing

Post duplication gene function divergence can be accompanied by structural changes either in protein
coding regions or in regulatory regions such as promoters and small RNA binding sites. A comparative
study of 612 pairs of paralogs and 300 pairs of one-to-one orthologs revealed that changes such as
exon/intron gain/loss, exonization/pseudo-exonization and insertion/deletion indeed occur more
frequently in the duplicated genes than in single copy orthologs (Xu et al., 2012). Large-scale sequence
alterations may affect domain organization or similar sequence features and thereby influence the
ultimate protein functionality (Xu et al., 2012, Wang et al., 2013). There are instances where single
nucleotide substitutions have resulted in enhanced stress responsiveness with one homolog, but not
with the others (Ali et al., 2012). For instance, the HIGH-AFFINITY K* TRANSPORTER 1 (HKT1)
gene homolog Ts.HKT1;2 (Ts6g08730) of the salt tolerant species T. salsuginea underwent two amino
acid changes compared to the susceptible species A. thaliana (D207N, D238N). These changes enabled
Ts.HKT1;2 to perform enhanced ion selectivity and transmembrane transport.

Differential retention of spliced transcript variants are observed for many stress-responsive WGD and
tandem duplicates (Zhang et al., 2010, Ding et al., 2014, Kannan et al., 2018). For instance,
RADIATION SENSITIVE23 RAD23 (AT1G16190, AT1G79650) is a pair of WGD-derived DNA repair
genes where AT1G16190 produced only the intron-retained variant when the plants were exposed to
heat and drought stresses, whereas the non-intron retaining form was obtained under regular growth
conditions. Considering AT1G79650, however, the non-intron retaining form was obtained under heat
and drought stress conditions (Zhang et al., 2010). Such variation in spliced copies was also noticed for
the tandemly duplicated, stress-responsive gene pair AT1G78380 and AT1G78370. There are instances
of tandem duplicates where alternative splicing caused premature insertion of stop codons resulting in
complete or partial loss of important domains. For instance, SULPHATE TRANSPORTER 1 SULTR1;2
(AT1G78000) and SULTR2;2 (AT1G77990) are a pair of tandem genes encoding sulfate transporter
proteins. SULTR1;2 retained the last intron resulting in premature insertion of a stop codon and thereby
causing non-functionalization of the gene. On the other hand, SULTR2;2 maintains regular protein
functionality (Zhang et al., 2010). Such differences in spliced isoforms generated by duplicated genes
can be due to differential gain and loss of splicing related elements such as exonic splicing enhancers
and suppressors in different paralogous gene copies (Zhang et al., 2009). It has been proven that
alternative splicing can aid to combat low- and high-temperature stresses by increasing the splicing
rates of several stress responsive genes such as PASTICCINO2 in B. napus (Zhou et al. 2011) and
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HEAT STRESS-TRANSCRIPTION FACTORs (HSFs) in Boechera depauperata (Kannan et al., 2018).
Stress exposure may regulate alternative splicing by degrading the splicing machinery (Ding et al.
2014, Ling et al. 2017).

4. Regulatory sequence alterations: promoters and small RNA binding sites

There is growing evidence that duplicated genes can diverge in expression patterns when differential
regulatory changes between a pair of duplicated genes are produced by alterations in cis elements (Oh
et al., 2014, Arsovski et al., 2015), small RNA binding sites (Wang and Adams 2015), and methylation
patterns (Wang et al., 2014a). Regulatory neofunctionalization occurs if one duplicated copy maintains
the ancestral expression pattern, while the other acquires a new pattern. Gain of diverse cis regulatory
elements in the promoter regions of NUCLEAR FACTOR Y (NF-Y, Xu et al., 2014), LEA (Liang et al.,
2016), SOD (Verma et al., 2019), PYRABACTIN RESISTANCE 1 LIKE (PYL, Cheng et al., 2019),
HOMOLOGOUS TO E6-AP C TERMINUS (HECT, Alam et al., 2019), CYTOKININ RESPONSE
FACTORS (CRFs, Powell et al., 2019), AP2/ERF (Wang et al., 2019), L-myo-inositol 1-phosphate
synthase or D-myo-inositol-3-phosphate synthase (MIPS, Hazra et al., 2019), and LATERAL ORGAN
BOUNDARIES DOMAIN (LBD, Xie et al., 2020) genes resulted in abiotic stress tolerance in different
Brassica species. In yeast a very high number of TATA boxes were gained after duplication and the
TATA-gain duplicates underwent higher expression divergence, particularly under environmental stress
conditions, than the TATA-less (ancestral) genes (Zou et al., 2011%). In the event of regulatory
subfunctionalization, the expression patterns of the two duplicated gene copies are split, e.g. occur in
different organs. Alteration in cis elements and translocation in the upstream region causes sub
functionalization of NHX8, BOR5 and AVP1, SOS1 duplicates, and thereby provide elevated lithium,
boron and salt tolerance in T. salsuginea and T. parvula (Oh et al., 2014).

Apart from promoter divergence, gene expression can be also affected in trans due to the action of
small and non-coding RNAs at the transcriptional or post-transcriptional level. Indeed, duplicated genes
can diverge in their expression and function due to differences in their microRNA binding sites (Wang
and Adams, 2015). Out of a total of 6858 pairs of paralogous A. thaliana genes originating from WGD,
tandem and other duplication mechanisms, 92% were targeted by miRNAs, whereas only 8% of the
singleton genes harbored microRNA target sites. Moreover, the majority of the paralogous genes
undergo divergence in their microRNA binding sites and also demonstrate divergence in their
expression patterns. A similar trend was observed for the WGT-derived genes studied in B. rapa. This
clearly indicates that microRNAs play a very important role in the functional diversification of
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duplicated genes in polyploid genomes. The identification of new microRNAs in Brassica (Sun et al.,
2015) and Thellungiella (Zhang et al., 2013), along with the availability of transcriptome arrays (Lee et
al., 2013, Huang et al., 2014), will facilitate future investigations to characterize stress-regulated
duplicated genes and their possible regulation by miRNAs and siRNAs.

5. Preferential retention of duplicated genes contributes considerably to the extremophilic nature
of wild Brassicaceae

A wide range of tolerance against various stresses exists in the family Brassicaceae. Two such
important plants are the halophytic species Thellungiella salsuginea (= Eutrema salsugineum; Wu et al.
2012) and T. parvula (= Schrenkiella parvula; Dassanayake et al., 2011) as well as the heavy metal
tolerant plant A. halleri (Briskine et al., 2016). T. salsuginea and T. parvula have emerged as model
plants for studying salt tolerance mechanisms in plants. These two species split from A. thaliana
approximately 7-12 MYA (Wu et al., 2012). Although A. thaliana and T. salsuginea share 95%
genomic similarity, they are very different with respect to their sensitivity towards salt stress (Pang et
al., 2010, Mishra and Tanna, 2017). Both Thellungiella species are capable of sustaining very high salt
concentrations, of up to 500 mM (Uzilday et al., 2015). The total number of duplicated genes in T.
salsuginea (38%) is marginally higher than that of A. thaliana, i.e. 36% (Yang et al., 2013). The
frequency of diverse duplication categories in T. salsuginea is quite comparable to that of A. thaliana.
For example, tandem, segmental and transposon mediated duplications in A. thaliana and T. salsuginea
are 9.8% vs. 9.5%, 30% vs. 28% and 3% vs. 4.8%, respectively (Wu et al., 2012). A total of 813 out of
2723 tandemly duplicated genes (30%) and a total of 2551 out of 8713 segmentally duplicated genes
plus transposable elements (30%) that are present in T. salsuginea are responsive to abiotic stresses
(Wu et al., 2012). In A. thaliana the numbers are marginally lower, i.e., 737 out of 2708 tandemly
duplicated genes (27%) and 2301 out of 8782 segmentally duplicated genes plus transposable elements
(26%) are abiotic stress responsive (Wu et al., 2012). Strikingly, the genome of T. salsuginea shows
expansion of important stress-inducible genes and families such as K* EFFLUX ANITIPORTER1
(KEA1), K" UPTAKE PERMEASE9 (KUP9), ARABIDOPSIS VACUOLAR H*PYROPHOSPHATASE1
(AVP1, Oh et al., 2014) CYTOCHROME P450, FAMILY 707, SUBFAMILY A (CYP707A), HIGH-
AFFINITY K" TRANSPORTER 1 (HKT1), CYCLIC NUCLEOTIDE GATED CHANNEL (CNGC),
ALPHA CARBONIC ANHYDRASE (ACA), , BETA GLUCOSIDASE (BGL), CBL- INTERACTING
PROTEIN KINASE (CIPK), CALCIUM DEPENDENT PROTEIN KINASE (CDPK), NUCLEAR
TRANSCRIPTION FACTOR X-BOX BINDING 1 (NF-X1), GIBBERELLIC ACID INSENSITIVE

8



REPRESSOR OF GA1-3 — RGA LIKE 1-SCARECROW (GRAS), HSF, RELATED TO ABI3/ VP1
(RAV) and SALT TOLERANCE 32 (SAT32). Similarly, many important stress genes such as HKT1,
CALCINEURIN B-LIKE 10 (CBL10), Na*/H* EXCHANGER 8 (NHX8) and MYB DOMAIN PROTEIN
47 (MYB47) have been multiplicated in T. parvula (Dassanayake et al., 2011), but not in A. thaliana.

Arabidopsis halleri is a heavy metal hyperaccumulator for cadmium and zinc (Briskine et al., 2016). A.
halleri and A. lyrata evolved from a common ancestor approximately 8 MYA (Schlaeppi et al., 2014).
Molecular breeding studies in these plants have highlighted two proteins HEAVY METAL ATPASE 4
(HMA4) and METAL TOLERANCE PROTEIN 1 (MTP1) that control metal tolerance (Courbot et al.,
2007, Willems et al., 2007). The genes encoding these proteins are multiplicated in the A. halleri
genome: four copies of HMA4 (Hanikenne et al., 2008) and five copies of MTP1 gene have been
identified (Shahzad et al., 2010). Such copy number expansion combined with cis regulatory
modifications resulted in elevated transcriptional expression of AhHMA4, a possible mechanism for A.

halleri metal hyper accumulation.

6. Genome duplication and triplication contributes to the diversification of stress genes in
Brassica crops

The enrichment of stress-responsive, tandemly duplicated genes is much lower in Brassica than in
Thellungiella. Approximately 3% and 4% of tandemly duplicated genes are responsive to abiotic
stresses in B. rapa and B. oleracea, respectively (Liu et al., 2014). However, the occurrence of WGT in
Brassica species added extra leverage for generating new allelic variations. Indeed, genes that respond
to environmental stresses were preferentially retained after WGT in B. rapa (Fang et al., 2012). The
Gene Ontology annotation classes of over-represented genes in the sequenced B. rapa genome show
strong bias towards various abiotic and biotic stresses that include salt, cold, and pathogen stresses
(Wang et al., 2011). In addition, recent studies demonstrated that the amphidiploid species B. juncea, B.
napus, and B. carinata are more tolerant to stresses than diploids such as B. oleracea, B. nigra, and B.
rapa (Purty et al., 2008). As a result of WGD, WGT, and tandem and segmental duplications, the
number of members of many multigene families increased in different Brassica crops and were
responsive to diverse osmotic stresses (Table 2). Some, such as DEHYDRATION RESPONSE
ELEMENT BINDING PROTEIN (DREB1, Lee et al.,, 2012), TRANSCRIPTION FACTORS OF
CONSERVED MOTIF (TIF[F/Y]XG, (TIFY, Saha et al., 2016) LATE EMBRYOGENESIS ABUNDANT
(LEA, Liang et al., 2016), SUPEROXIDE DISMUTASE (SOD, Verma et al., 2019), ANNEXIN (ANN,
Yadav et al., 2015), SALT OVERLY SENSITIVE (SOS, Cheng et al., 2019), and PHOSPHOLIPASE D
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(PLD, Lu et al., 2019), were already known to be stress-regulated, whereas new candidates such as
HOMOLOGOUS TO E6-AP C TERMINUS (HECT, Alam et al., 2019), LIN-11, ISL-1 AND MEC-3
DOMAIN GENE (LIM, Park et al., 2014), CCCH ZINC FINGER FAMILY (CCCH, Pi et al., 2018),
SET DOMAIN GROUP (SDG, Dong et al., 2015), and SUGARS WILL EVENTUALLY BE EXPORTED
TRANSPORTER (SWEET, Wei et al., 2019) have also emerged in recent years. Eight of these studies
were done on B. rapa, three on B. juncea and two on B. napus (Table 2). Most were published within
the last two years, which indicates that the release of additional Brassica genome sequences will foster

more such findings in the near future.

7. Future strategies to identify potential stress-regulated allelic variants

New allelic variants relating to diverse stresses are important for the engineering of stress-tolerant
plants. One potential avenue is to characterize stress-responsive genes that are retained as multiple
copies in tolerant species such as Thellungiella or A. halleri, while present only as a single copy in the
susceptible A. thaliana. Bioinformatics tools such as OrthoMCL (Li et al., 2003) can be implemented to
compare susceptible and tolerant genomes to identify such cases, in which one Arabidopsis gene relates
to multiple Thellungiella genes. Even though OrthoMCL employs a very conservative reciprocal best
BLAST hit (RBH) search, each query gene from Arabidopsis will return multiple Thellungiella genes,
resulting in hundreds of gene matches in total (Wu et al., 2012). In a comparative study between
Arabidopsis thaliana and its close relative A. lyrata, 2850 gene clusters were found where either one-
to-many or many-to-many situations exist (Das et al., 2016). To identify the best possible A. lyrata
homolog to the queried A. thaliana gene, overall promoter divergence scores (dSM) were calculated
between the A. thaliana and all A. lyrata homologs present in one Ortho MCL cluster. In 78% of the
cases such an analysis could correctly predict one A. thaliana - A. lyrata gene pair that maintained a
conserved expression pattern, whereas the other member/s of the same gene cluster did not (Das et al.,
2016). Thus, the other member(s) might have lost their function and/or adopted novel one(s), and could
be of interest in terms of different stress resistance.

The strategy used by Das et al. (2016) could be further developed and refined. Instead of taking into
account the sequence similarity over the entire promoter length, we focussed on specific regions of
promoters, i.e. stress-linked cis elements that primarily contribute to a gene’s response towards stress.
We hypothesized that the enrichment of stress-responsive cis elements could be used as a criterion to
predict Thellungiella homologs that are highly stress-responsive as compared to the homologous
Arabidopsis gene (Fig. 2). To test this hypothesis, we selected examples of A. thaliana (At4g10310)
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and T. salsuginea (TsHKT1;1- Ts6¢g08650, TsHKT1;2- Ts6g08730, TsHKT1;3- Ts6g08740) genes. We
analyzed 1000 bp upstream regions of these four genes for the detection of putative stress-responsive
cis elements by using the New PLACE database

(https://www.dna.affrc.go.jp/PLACE/?action=newplace). Plant— care— database
(Bt e RO /DA Al. The TsHKT1;2 allele contains forty
BBIE osmotic (salt/drought/heat/cold) stress-responsive cis elements, which are members of seven
different cis elements families. ICH G B eSpORSIve ClCreH B R Rt SHoCk elareRES
S N B iR S VIBS NG TCFICANaRgaEs This enrichment is much higher than that of A.

thaliana, which has thirty f8B elements, and TsHKT1;1 and TsHKT1;3, which have twenty and
seventeen, respectively Biigmeaen (Fig. 2, Supplementary Fig. 1). In order to obtain further significance

of these elements in osmotic stress, all available literature were mined to identify candidates, which
could be functionally associated with stress responses by mutational analyses (Supplementary Table 1).

Again, this analysis supports the hypothesis of enhanced stress sensitivity of TSHKT1;2 in comparison

to the other two homologs. Therefore, we predict that TSHKT1;2 could be a potential allelic variant

possessing an enhanced stress-responsive property. [ ESEBEEREPICVICHSIfOUNC At e posHIORand

8. In planta assay to assess the utility of the identified allelic variants in crop improvement
programs

To complement predictions based on cis elements, transcriptomic studies need to be performed to
identify homologs that are upregulated or downregulated by stress applications in the tolerant species,
but not in the susceptible species. The tissue-specific and stress-induced gene expression similarities
between A. thaliana and A. lyrata homologs were successfully used to predict their possible functional
fate (Das et al., 2016). The homologs that shared similar expression patterns were called ‘expressologs’
and those that differed in their expression were called ‘non-expressologs’ (Patel et al., 2012). The
complementation of A. thaliana loss-of-function mutants with A. lyrata homologs could experimentally
prove that expressologs are indeed functional orthologs, whereas non-expressologs are not (Das et al.,
2016). In order to identify potential stress tolerance-related genes one could particularly focus on those

stress-induced non-expressologs, which are enriched with stress-responsive cis elements in their
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promoters and also show upregulation after stress application (Fig. 3). Thus TsHKT1;2, for example,
emerged as a tentative candidate from the cis element prediction (see above). Indeed, the transcriptional
expression of TsHKT1;2 as a result of exposure to salt stress is much higher than those of the A.
thaliana or two other T. salsuginea homologs (Wu et al., 2012). Even its basal level of expression in
shoots and roots are much higher than the other three homologs studied. Although this is a clear
indication, it needs further verification by the expression of the gene to be tested under the control of its
native promoter in the susceptible model plant A. thaliana (Fig., 3). Such a strategy should refrain from
constitutive over-expression, since this would eliminate the regulatory aspect. If the tested gene variant
is indeed responsible for a monogenic trait, a gain-of-function should be identified; otherwise further
experiments have to be conducted to decipher whether this particular gene is not conferring the tested
stress resistance or whether a polygenic effect is involved. Clearly, the method proposed here will
identify primary candidates for genetic engineering of crops such as Brassicas to enhance their stress

tolerance.

9. Functional genomic resources available for future research in this area

While this article primarily discusses the potential advantages of having multiple copies of a stress
response gene in the genome, multiple copies may also create problems with obtaining visible
phenotypes due to genetic redundancy. Therefore, in spite of the development of TILLING resources
for B. rapa (Stephenson et al., 2010, Table 3), B. napus (Wang et al., 2008), and B. juncea (Himelblau
et al., 2009), more targeted gene-centric methods are warranted to save time and to increase the success
rate. Recent improvements in the CRISPR-Cas9 mutagenesis method extended its successful
application not only to the model plant Arabidopsis (Fauser et al., 2014; Feng et al., 2014; Table 3), but
also to polyploid crops like wheat (Wang et al., 2014b), rape (Braatz et al., 2017), and B. oleracea
(Lawrenson et al., 2015). Targeted mutagenesis of four alleles of a pair of BnALC homologs was
recently demonstrated in rapeseed without any off-target effects (Braatz et al., 2017). Availability of
such precise, genome editing technology will be beneficial for functional analysis of genes in the
complex, polyploidy genomes (Lu et al., 2019). However, identification of neo-functionalized, stress-
related genes and their mobilization via transgenesis to susceptible crops having high yield potential (as
discussed above) can be implemented in crop improvement programs in future. Suitable plant
transformation methods in Brassicas, which limited progress even a few years ago, is not a limitation
today with standardized transformation protocols established for different Brassica species (Bhalla and
Singh, 2008, Baskar et al., 2016; Table 3).
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10. Conclusions

Considerable variability with respect to stress sensitivity exists in the family Brassicaceae at the species
and also at the variety level. Although Thellungiella has already emerged as a model halophytic plant,
there are additional Brassica species (Lepidium virginicum, L. densiflorum, Cakile maritima, Lobularia
maritima, Caulanthus amplexicaulis, Thlaspi arvense) that show promise, since they cover different
stress resistance phenotypes (Orsini et al., 2010). Extensive use of high-throughput phenotyping
platforms will enable researchers to efficiently screen more germplasms in order to unveil additional

useful genes for crop plant engineering (Singh et al., 2016, IPPN: http://www.plant-phenotyping.org/,

EPPN: www.plant-phenotyping-network.eu/, DPPN: www.dppn.de/). The rapid reduction of
sequencing costs will accelerate genome-sequencing efforts of many of these germplasms by
community-driven  initiatives such as the Brassicales Map  Alignment  Project
(http://www.brassica.info/resource/sequencing/bmap.php). The release of new genome sequences
enables experimental plant biologists to address individual stress gene families, to study gene family
expansion, and to identify novel allelic variants suitable for crop improvements. The proposed method
of combining bioinformatic analyses along with transcriptomic methods to identify stress-regulated
genes and to further confirm this prediction by in planta transgenic technology render a framework for
multi-genome analyses in the future. Thus, studying stress-regulated duplicated genes can offer more
than just basic understanding about gene function and evolution, as it enhances prospects for genetic

engineering of crops resilient to stresses.
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Legend of Figures
Fig. 1 Origin of different Brassicaceae species, time of occurrences of 3 WGDs, 1 WGT and frequency
of genes derived from these as well as tandem and segmental duplication events. Abbreviations used-
WGD: whole-genome duplications, WGT: whole-genome triplication, SD: segmental duplication, TD:

Tandem duplication, MY A: million years ago, na: not available, NA: not applicable.

Fig. 2 Comparison of A. thaliana (At4g10310) and T. salsuginea HKT 1 (TsHKT1;1- Ts6g08650,
TsHKT1;2- Ts6g08730, TsHKT1;3- Ts6g08740) genes to identify stress specific cis elements in the
1000 bp upstream regions of the respective gene copies. Different stress responsive cis elements were
predicted by new PLACE database (https://www.dna.affrc.go.jp/PLACE/?action=newplace, August,
2020). They are marked with separate colours and those which have been functionally characterized are
marked by asterisks. Each number indicated below each cis element represent total number of that
element present in a particular position. The actual positions of these cis elements on the DNA strands

have been described in Supplementary Fig. 1.
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Fig. 3 Transcriptome analysis for predicting novel allelic variants with respect to stress responses and
analysis of transgenic expression of the gene in the susceptible model plant A. thaliana to confirm their
usefulness in crop improvement programs. The gene expression data was obtained from Wu et al
(2012).

Supplementary Fig. 1. Detailed comparison of 1000 bp upstream regions of A. thaliana (At4g10310)
and T. salsuginea HKT 1 (TsHKT1;1- Ts6g08650, TsHKT1;2- Ts6908730, TsHKT1;3-Ts6g08740)
genes to identify stress specific cis elements. Different stress responsive cis elements have been
predicted by new PLACE database (https://www.dna.affrc.go.jp/PLACE/?action=newplace, August,
2020). They are marked with separate patterns and those which have been functionally characterized
are marked by asterisks. Numbers below indicate number of stress elements that have been identified
within 500 bp and 1000 bp upstream of the respective homologs. Positions of the elements were cited
above each element. The (+) and (-) signs indicate their locations in the positive and negative DNA

strands respectively.
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Table 1

Table 1. Stress responsive genes, which were identified in crop species of Brassicas and were functionally characterized by transgenic manipulation.
Abbreviation- NA: not applicable, -: not reported.

Brassica . . Mode of Tolerance | Tolerance | Tolerance to
. Genes Accession | Evolutionary | Heterologous ;
species _ : transgene Promoter to to Low/High References
numbers origin expression : .
manipulation NaCl Drought | Temperature
B. rapa Expansin like . Over - PEG6000 .
(Chiifu-401- B1 Bra040107 Tar_ldem A. thaliana expression | CaMV35S (4%) - Krishnamurthy
duplication (Col-0) etal., 2019
42) (BrEXLB1) P .
Apetala2.4/ Over 150 mM -
B. rapa ssp. | Wound Induced . expression
oleifera var. | Dedifferentiati | Bra003659 dsueglr;;zz[g:] A'(?;I_IS; a CaMV35S i} Moog(e){ ;t al.,
R-0-18 on1l P
(BrRAP2.4-1)
. Triple Stress . Over 100 mM -
Brr"";s;‘:a Resistance53 sBoFE)/?)Szgﬁgé - Log’lzaDsj‘rt]"’.?n expression | caMv35s - Kim et al., 2015
P (BrTSR53) - Cv- ong)
B. napus . Bna 200 mM -
cultivar Phospholipase BnaC05g3 Allotetra B. napus PLDal- ;
D S cultivar Luetal., 2019
Zhongshuang (BnPLDalC5) 7540D ploidization Westar CRISPR N
11 /Cas9
ABRE Binding A thaliana 300 mM Water
B. napus L. Factors HE616526 - .(CoI-O) Over AtUBQ10 deprivation - Zhao et al., 2016
(BnABF2) expression (2 weeks)
B. campestris Heat Shock
(éuzhou ing) FactorAl - - N. tabacum Over CaMV35S 42°C Zhu et al., 2018
aing (BcHsfAl) expression
B. campestris Inducer of CBF Nicotiana 200 mM PEG6000 Zhan et al
(Lon pou 6) expression 1 - - tabacum Over CaMV35S (20%) 4°0C 2818 N
9y (BcICE1) (NC89) expression
B.iuncea var. | Salt Overly A. thaliana 100mM | ABA (25 Nutan et al
] | Sensitive3 | DQ248965 . (4dis0s3- Over | camvass | _and uM) . ;




Table 2

Table 2. Important gene families arisen through WGD or WGT in Brassicas and their responses to diverse osmotic stresses.
Abbreviations WGD: whole genome duplication, WGT: whole genome triplication, TD: tandem duplication, SD: segmental duplication.

Number
Brassi . Number of | Number of Modes of . of stress .
rassica Gene family h l0aS | h | ltiolicati Responsive to induced Accession numbers Ref
species omologsin | homologs | multiplication Stresses induce eferences
A. thaliana | in Brassica in Brassica Brassica
genes
Salt: NaCl (200 8 Bra000779, Bra005748, Bra021231, Bra022201,
Brassica H?A\rgocl:ogous fco E6- , 0 VYI_GDT mM) Bra027850, Bra028860, Bra029461, Bra038022 Alam etal.,
rapa (HE‘B(;%'““S D Drought: 5 Bra000779, Bra005748, Bra021231, Bra028860, 2019
PEG6000 (20%) Bra029461
Salt: NaCl (200 7 G-IV (Bra034065), G-1V (Bra036913), G-V
mM) (Bra017368), G-V (Bra017370), G-VI
(Bra009300), G-VII (Bra027880), G-VII
(Bra015936) .
B. rapa Sulfotransferases 21 56 WGD, WGT, 3 Jinetal,
(SOTS) D Drought: ABA G-1 (Bra005876), G-1V (Bra034065), G-V 2019
(50uM) (Bra017370), G-VI (Bra009300), G-VI
PEGG000 (2’5%) (Bra028711), G-VII (Bra027880), G-VII
(Bra015936), G-VII (Bra015935)
Salt: NaCl (250 3 DREB1B2 (Bra022770), DREBID (Bra028290),
mM) DREB1F1 (Bra026963)
Dehydration Drought: Air 8 DREB1A (Bra010461), DREB1B1 (Bra010460),
Responsive drying, ABA DREB1B2 (Bra022770), DREB1CI (Bra010463), | | ..,
B. rapa Element Binding 6 10 WGT, TD (100 uM) DREB1C2 (Bra019162), DREB1D (Bra028290), 2012 "
Transcription DREB1F1 (Bra026963), DREB1F3 (Bra016763)
Factor 1 (DREB1) Low 6 DREBIA (Bra010461), DREB1B1 (Bra010460),
temperature: DREB1B2 (Bra022770), DREB1C1 (Bra010463),
4°C DREB1D (Bra028290), DREB1F1 (Bra026963)
LIN-11, ISL-1 and 4
: . H:5,7 WLIM1a (Bra019956), WLIM1b (Bra018454), Park et al.,
B.rapa | MEC-3 Domain 13 22 WGT, TD P WLIM2b((Bra007586)), WLIM2¢ ((Bra033233)) 2014

Gene (LIM)




Drought: ABA

WLIMZa (Bra019956), WLIM1b (Bra018454),
WLIM2a (Bra014447), WLIM2b (Bra007586),

(100 pM) WLIM2¢ (Bra033233), WLIM2d (Bra032650),
LIM14 (Bra016514)
Low WLIM1a (Bra019956), WLIM1b (Bra018454),
temperature: WLIMZ2c (Bra033233), WLIM2d (Bra032650),
4°C WLIM2e (KJ686594b), LIM14 (Bra016514)
Salt: NaCl (250 BraA10g029760, BraA05g005940,
mM) BraA08g035210, BraA05g005940
CCCH Zinc Finger WGD, WGT, Pietal
B. rapa : 68 103 TD, Drought: ABA BraA07g001000, BraA01g008400, v
Family (CCCH) A 2018
tetraploidization (100 uM), BraA03g054960, BraA09 g046730,
300mM mannitol BraA09g020370
Drought: FSD3b (Scaffold000004.555), CSD1a
Superoxide ; (BraA06001242), CSD1b (BraA09006623) Vermaetal.,
B. rapa . 7 18 WGD 0 ' !
P& | Dismutase (SOD) PEGB000 (20%) CSD2a (BraA04002032), CSD3 (BraA10001953) | 2019
Salt: NaCl (200 SWEET1-LF (Bra017916), SWEET1-MF1
mM) (Bra016421), SWEET11-MF1 (Bra029914)
Sugars Will Low
B. rapa SWEET1-LF (Bra017916), SWEET1-MF1
. Eventually Be : .
cultivar venua’ly WGD, WGT, | temperature: (Bra016421), SWEET11-MF1 (Bra029914) Wei et al.,
.. Exported 17 34 D 4°C
Chiifu- 2019
Transporter
401-42 (SWEET) High
e eragt’ure_ 28 SWEET11-MF1 (Bra029914), SWEET11-MF2
per: o (Bra019560)
salt r':i/?)' (100 Bra034402, Bra024346, Bra000090, Bra008892
B. rapa Drought: ABA
cultivar Annexin (ANN) 8 13 WGT, TD, SD (100 M) Bra034402, Bra017102, Bra009048 Yad;gle; al.,
YID-1

Oxidative: H,O,
(10 mm)

Bra034402, Bra024346, Bra017102, Bra000090




Salt: NaCl (100

TIFY3a (Bra002338), TIFY6a (Bra021281),
TIFY6b (Bra022254), TIFY7b (Bra007937),
TIFY7c (Bra016193), TIFY9a (Bra006190),

16 TIFY9b (Bra008846), TIFY9c (Bra023399),
mM) TIFY10c (Bra015880), TIFY10d (Bra016520),
TIFY10e (Bra031065), TIFY10f (Bra025713),
TIFY11a (Bra008033), TIFY11b (Bra016056),
TIFY11c (Bra016604), TIFY1le (Bra030986)
TIFY3a (Bra002338), TIFY3b (Bra020135),
TIFY6b (Bra022254), TIFY9a
Drought: ABA 11 (Bra006190), TIFY9b (Bra008846), TIFY9c
B. rapa TIFY 18 36 WGD, SD (100 pM) (Bra023399), TIFY10b (Bra008172), TIFY10c | Sahaetal,
(Bra015880), TIFY10f (Bra025713), TIFY11e 2016
(Bra030986)
TIFY1a (Bra013805), TIFY1b (Bra019227),
TIFY1c (Bra031379), TIFY4a (Bra036885),
TIFY4b (Bra039720), TIFY6a (Bra021281),
Low TIFY6b (Bra022254), TIFY7a (Bra003947),
temperature: 18 TIFY8a (Bra011357), TIFY8b (Bra040086),
4°C TIFY9c (Bra023399), TIFY10b (Bra008172),
TIFY10c (Bra015880), TIFY10f (Bra025713),
TIFY1la (Bra008033), TIFY11b (Bra016056),
TIFY11d (Bra025977), TIFY1le (Bra030986)
Salt: NaCl (200 6 SOSI-1 (A002024), SOS1-2 (B027801), SOS2
mM) (B024452), SOS3-1 (B038085I), SOS3-2
(A046788), SOS3-3 (A033133)
B. juncea Drought: ABA 2 SOS3-1 (B038085), SOS4-1 (A015607)
Salt Overly WGD, allotetra (50uM) Cheng et al.,
var. Sensitive (SOS) 6 12 ploidization 2019
tumida Low 7 SOS3-1 (B038085), SOS4-1 (A015607), SOS4-2
temperature: (B048173), SOS5-1 (B019581), SOS5-2
e (A022634), SOS6-1 (A037683), SOS6-1

(B043857)




B. juncea

Pyrabactin

Salt: NaCl (200
mM)

PYL5-4 (BjuB040841), PYL5-5 (BjuA040927),
PYL6-2 (BjuB042092), PYL8-3 (BjuA006960),
PYL8-4 (BjuA015299)

Drought: ABA
(50pM)

PYL4-1 (BjuB020198), PYL5-4 (BjuB040841),
PYL5-5 (BjuA040927), PYL6-1 (BjuA010539),

var. Resiotance 1 Like 14 ’c WGD, allotetra PYL6-2 (BjuB042092), PYL6-3 (BjuB042125), | Cheng etal.,
tumida PYL) ploidization PYL7-3 (BjuB017238), PYL8-3 (BjuA006960) 2019
Low PYL3 (BjuB025977), PYL4-1 (BjuB020198),
temperature: PYLS5-5 (BjuA040927), PYL6-1 (BjuA010539),
e PYL7-3 (BjuB017238), PYL8-3 (BjuA006960),
PYL8-4 (BjuA015299)
Drought: ACSD4 (BjuA031027), AFSD3b (BjuA032504),
PEGS000 (26%) AFSD3d (BjuA023518), AFSD2a (BjuA010212),
. BCSDS8 (BjuB033224)
B. juncea . Superoxide 7 29 WGE_), gllqtetra _ Vermaetal.,
Dismutase (SOD) ploidization tem;‘g;ure_ AFSD3d (BjuA023518), BCSDS (BjuB033224), 2019
. ) ACSD4 (BjuA031027)
40°C
Salt: NaCl (200 PLDalA1 (BnaA01g28530D), PLDalAS
mM) (BnaA05¢23740D), PLDaICI
(BnaC01g35830D), PLDa1C5
(BnaC05g37540D), PLDSC7 (BnaC07g45790D)
PLDa1C1 (BnaC01g35830D), PLDAnn
Drought: ABA (BnaAnng08250D), PLDS1A410
B. napus Phospholipase D 12 32 TD, allotetra (25 uM) (BnaA10g00160D), PLDBICS Luetal.,
' (PLD) ploidization (BnaC05g00230D), PLD(1AS5 2019
(BnaA05¢23110D), PLD{IC5 (BnaC05g36550D)
PLDGSC7 (BnaC07g45790D), PLDIAnn
Low (BnaAnng08250D), PLDf1A410
temperature: (BnaA10g00160D), PLDBICS
4°C (BnaC05g00230D), PLD{1A45

(BnaA05g23110D), PLDICS (BnaC05g36550D)




B. napus

Nuclear Factor Y
(NF-Y)

10

33

Not known

Salt: NaCl (150

17

NF-YAL, NF-YA2, NF-YA4, NF-YA5, NF-YA7,

mMm) NF-YA8, NF-YA9, NF-YA10, NF-YA11, NF-
YB10, NF-YB13, NF-YB3, NF-YB7, NF-YBS, NF-

YB9, NF-YB10, NF-YB14
Drought: 13 NF-YA8, NFYA9, NF-YA10, NF-YA11, NF-Y12,

PEG6000 (15%),
ABA (100 pM)

NF-YA13, NF-YB7, NF-YB10, NF-YB14, NF-
YC1, NF-YC2, NF-YC4, NF-YC5

Xu et al.,
2014




Table 3

Table 3. Important resources useful for Brassica genome research.

Purpose

Brassicaceae species

Resource

Genome database

Arabidopsis thaliana, A. lyrata , Aethionema arabicum , Brassica rapa, B. oleracea , B.
napus , B. juncea Camelina sativa, Capsella rubella , Leavenworthia alabamica ,
Sisymbrium irio, Schrenkiella parvula , Thellungiella halophile, T. salsuginea

Brassica Database
(http://brassicadb.org/brad/)

Genome database

B. rapa

Brassica rapa genome database
(http://www.plantgdb.org/BrGDB/)

Genome database

B. napus

Brassica napus genome browser
(http://www.genoscope.cns.fr/brassic

anapus/)
Bol base

Genome database

B. oleracea

(http://ocri-genomics.org/bolbase/)

Agrobacterium mediated

transformation B
-rapa http://agris.fao.org/aqgris-
B. juncea search/search.do?recordID=CN2014
001141
Bai et al., 2013

B. napus, B. oleracea

Bhalla and Singh 2008
Baskar et al., 2016

Vernalization-infiltration method of in
planta transformation

B. rapa, B. napus

EMS TILLING resource B. rapa Stephenson et al., 2010
EMS TILLING resources B. napus Wang et al., 2008
B. oleracea Himelblau et al., 2009

EMS TILLING resources

RevGen

TILLING of mutagenized
Brassicaceae populations, targeted

Brassica napus, Brassica oleracea

(https://www.jic.ac.uk/technologies/



http://www.plantgdb.org/BrGDB/
http://www.genoscope.cns.fr/brassicanapus/
http://www.genoscope.cns.fr/brassicanapus/

gene knockouts using RNA-guided
Cas9, transformation

genomic-services/revgenuk-tilling-

reverse-genetics/)

Site-directed mutagenesis by B. carinata Kirchner et al., 2017
CRISPR/Cas9 method
RNA-guided Cas9 mediated genome B. oleracea Lawrenson et al., 2015
editing
CRISPR/Cas9 mediated genome B. napus Yang et al., 2017
editing
Germplasms B. cretica (Heldr. & Halacsy) Snogerup & al. https://brassibase.cos.uni-

B. gravinae Ten.
B. oleracea L.
B. oxyrrhina Cossin
B. souliei (Batt.) Batt.

heidelberg.de/

Oligonucleotide array B. napus Huang et al., 2014
B. juncea Srivastava et al., 2015b
SNP array platform B. napus Dalton-Morgan et al., 2014
Carbohydrate microarray B. napus Wood et al., 2017




