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Abstract Whole genome sequence analyses allow
unravelling such evolutionary consequences of meso-
triplication event in Brassicaceae (~14-20 million years ago
(MYA)) as differential gene fractionation and diversification
in homeologous sub-genomes. This study presents a simple
gene-centric approach involving microsynteny and natural ge-
netic variation analysis for understanding SUPPRESSOR of
OVEREXPRESSION of CONSTANS 1 (SOC1) homeolog evo-
lution in Brassica. Analysis of microsynteny in Brassica rapa
homeologous regions containing SOC! revealed differential
gene fractionation correlating to reported fractionation status
of sub-genomes of origin, viz. least fractionated (LF), moder-
ately fractionated 1 (MF1) and most fractionated (MF2), re-
spectively. Screening 18 cultivars of 6 Brassica species led to
the identification of 8 genomic and 27 transcript variants of
SOCI, including splice-forms. Co-occurrence of both
interrupted and intronless SOC! genes was detected in few
Brassica species. In silico analysis characterised Brassica
SOC1 as MADS intervening, K-box, C-terminal (MIKC®)
transcription factor, with highly conserved MADS and 1
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domains relative to K-box and C-terminal domain. Phyloge-
netic analyses and multiple sequence alignments depicting
shared pattern of silent/non-silent mutations assigned Brassi-
ca SOC1 homologs into groups based on shared diploid base
genome. In addition, a sub-genome structure in
uncharacterised Brassica genomes was inferred. Expression
analysis of putative MF2 and LF (Brassica diploid base ge-
nome A (AA)) sub-genome-specific SOCI homeologs of
Brassica juncea revealed near identical expression pattern.
However, MF2-specific homeolog exhibited significantly
higher expression implying regulatory diversification. In con-
clusion, evidence for polyploidy-induced sequence and regu-
latory evolution in Brassica SOC1 is being presented wherein
differential homeolog expression is implied in functional
diversification.

Keywords SOC! - Gene fractionation - Homeolog
divergence - MIKC transcription factors - Regulatory
evolution

Abbreviations

A. thaliana  Arabidopsis thaliana

AA Brassica diploid base genome A

AGL24 AGAMOUS-LIKE24 gene

Arg Arginine

AtSOC1 Arabidopsis thaliana SOCI
protein

At-R A. thaliana region

B. juncea Brassica juncea

B. napus Brassica napus

B. oleracea  Brassica oleracea

B. rapa Brassica rapa

BB Brassica diploid base genome B
BRAD Brassica database
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CC Brassica diploid base genome C
CDS coding sequence

C, Threshold cycle number

CTD Carboxy-terminal domain

CV. Cultivar

DAS Days after sowing

FLC FLOWERING LOCUS C gene
FT FLOWERING LOCUS T gene
LF Least fractionated

MF1 Moderately fractionated

MEF2 Most fractionated

MIKC MADS, intervening, K-box,
C-terminal

MY Million years

MYA Million years ago

NLS Nuclear localisation signal

Pfi Pyrococcus furiosus-derived
DNA polymerase

qRT Quantitative real-time

RT-PCR Reverse transcriptase-polymerase
chain reaction

SOC1/SOC1  SUPPRESSOR of OVEREXPRESSION
of CONSTANS 1 gene/protein

U Weiss units

ver. Version

WGD Whole genome duplication

YA Years ago

Introduction

SUPPRESSOR of OVEREXPRESSION of CONSTANS 1
(SOC1) is a MADS-box type IT (MIKC®) transcription factor
(Lee and Lee 2010) characterised in plants. In angiosperms,
SOCI plays a crucial role in flowering time control by inte-
grating floral input pathways (Hepworth et al. 2002). Overex-
pression of SOCI hastens progression from vegetative to re-
productive phase in monocots (Papaefthimiou et al. 2012),
dicots (Zhong et al. 2012) and gymnosperms (Katahata et al.
2014), while downregulation of SOC1 reverses the effect (Lee
et al. 2008). SOC! is regulated by FLOWERING LOCUS T
(FT), CONSTANS 1 and FLOWERING LOCUS C (FLC;
Helliwell et al. 2006). SOCI1 is also involved in a cross-
regulatory loop with AGAMOUS-LIKE24 gene (AGL24)
(Liu et al. 2008). Apart from floral transition, SOCI mediates
a variety of other biological processes in angiosperms such as
floral organ senescence (Citrus sinensis, Tan and Swain
2007), floral organ identity and petal development (Gerbera
hybrida, Ruokolainen et al. 2011), pathogen response (G-
cine max, Sa et al. 2012), GA biosynthesis (Fragaria vesca,
Mouhu et al. 2013), seed development (Hordeum vulgare,
Papaefthimiou et al. 2012) and floral meristem development
(Dendrobium Chao Parya Smile, Ding et al. 2013). Till date,
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SOC!I has not been characterised from Brassicaceae, even
though it includes a large number of economically important
species. Members of Brassicaceae demonstrate immense nat-
ural variation in flowering time and other life history traits.

The morphological diversity in Brassicaceae (Redden et al.
2009), comprising circa 330 genera and 3700 species, is at-
tributed to numerous polyploidization events in the course of
evolutionary history (Paterson et al. 2004; Pires and Gaeta
2011). In fact, ancestry of Brassicas traces back to angiosperm
evolution and more specifically to a paleo-hexaploid ancestor
that resulted from an ancient whole genome triplication event
(v) (Lysak and Koch 2011). Subsequently, angiosperm fami-
lies underwent two rounds of whole genome duplications
(WGDs), 3 and «, with the latter specific to Brassicaceae
(Schranz and Mitchell-Olds 2006). The divergence of
Arabidopsis lineage from Brassica circa 20-24 million years
ago (MYA) (Ziolkowski et al. 2006; 14.5-20 MYA, Navabi
et al. 2013) was followed by another whole genome triplica-
tion event, b, specific to Brassiceae (Lysak and Koch 2011).
Repeated rounds of WGDs have caused considerable gene
and genome redundancy in Brassica species (Mun et al.
2009). More recently (~10,000 years ago (YA)), natural hy-
bridizations of diploid species have added another layer of
genome complexity in allotetraploid species (U 1935; Parkin
et al. 2005). Whole genome sequence analysis of plant ge-
nomes provides evidence for differential gene fractionation
within sub-genomes manifested after polyploidisation events.
This evolutionary phenomenon facilitates gross genomes to
re-compress to original size through large-scale gene deletions
in sub-genome equivalents (Jaillon et al. 2009; Sankoff et al.
2010). For instance, recently sequenced Brassica rapa subsp.
pekinensis cultivar (cv.) Chiifu-401 (The Brassica Rapa
Genome Sequencing Project Consortium, Cheng et al. 2011;
Wang et al. 2011) was found to contain three partially dupli-
cated sub-genomes: least fractionated (LF), moderately frac-
tionated (MF1) and most fractionated (MF2) sub-genomes. It
is postulated that optimal gene copy number is determined by
relative fitness conferred (Thomas et al. 2006). Differential
expression levels of homeologous gene copies (Cheng
et al. 2012) and methylation are also implicated in de-
ciding the number of redundant gene copies (Keller and
Soojin 2013).

Gene redundancy permits accumulation of mutations even
in loci conferring functions that are normally conserved. Re-
lieved of functional constraints, duplicated copies tend to un-
dergo neo-functionalization, sub-functionalization or
pseudogenisation (Sankoff et al. 2010; Cheng et al. 2012).
Occasionally, mutations in regulatory sequences result in
functional evolution of homeologs (Hahn 2009; Hughes
et al. 2014). Brassica species are, hence, an interesting model
to study polyploidy-associated genomic changes. In B. rapa,
specific genes may be identified in up to three copy numbers
(Cheng et al. 2011; Shivaraj et al. 2014). For instance, survey
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of the annotated B. rapa genome (Brassica database, BRAD)
reveals three SOC! copies, viz. Bra004928, Bra039324 and
Bra000393, located in LF, MF1 and MF2 sub-genomes, re-
spectively. Despite the criticality of role, genetic variation in
Brassica homologs of SOCI has not been described in
Brassica species. The present study has thus been formulated
to derive insights into SOCI homeolog evolution in Brassicas
in context to sequence and functional diversification.

Materials and methods
Plant growth conditions and nucleic acid isolation

Eighteen cultivars representing six species of Brassica
(B. rapa, Brassica juncea, Brassica nigra, Brassica carinata,
Brassica oleracea and Brassica napus) were grown under
field conditions at TERI Gram, Haryana, India (October
2010-April 2011). Tissue samples were harvested and flash
frozen in liquid nitrogen until further use. Total genomic DNA
was isolated from leaf samples using modified protocol by
Doyle and Doyle (1990). Total RNA from tissue samples
was isolated using TRIzol (Invitrogen, Carlsbad, CA, USA),
as per manufacturers’ recommendations.

Generation of synteny maps

Sequences of three B. rapa SOCI homeologs were retrieved
from BRAD (www.brassicadb.org). In addition, genomic
regions (Br-R1, Br-R2 and Br-R3, ~300 kb) containing three
B. rapa SOCI copies were retrieved (Genome Browse,
BRAD) and globally aligned (AVID, Bray et al. 2003) to
Arabidopsis genome (sequence release March 2004) and
visualised using gVista tool (http://genome.lbl.gov/cgi-bin/
GenomeVista). Arabidopsis thaliana genes present in this
region were listed along with their strandedness. Ab initio
gene prediction on smaller sized genomic regions, cBr-R1
(242 kb), cBr-R2 (151 kb) and cBr-R3 (105 kb) was carried
out using FGENESH (Solovyev et al. 2006; http:/linuxl1.
softberry.com/berry.phtml?topic=index&group=
programs&subgroup=gfindb). Gene identities were assigned
to FGENESH predicted genes by conducting homology
searches (BLASTn 2.0, Altschul et al. 1990) on A4.
thaliana and B. rapa genomes. The predicted genes
were listed maintaining the strandedness, directions and
order. Synteny maps were drawn manually to depict
conservation of gene content and order in cBr-Rl,
cBr-R2 and cBr-R3 and to analyse gene fractionation.
Instances of gene inversions were indicated on synteny
maps by comparing the strandedness of homologs iden-
tified for cBr-R1, c¢Br-R2 and cBr-R3 with At-R1.

Informatics of primer design

Consensus primers were designed based on 4. thaliana SOC1
(AT2g45660) and B. rapa SOCI homologous sequences
aligned using BioEdit version (ver.) 7.0.5.3 (Hall 1999). Oligo-
nucleotides 5-ATGGTGAGGGGCAAAACTCAG-3' and 5'-
TCACTTTCTTGAAGAACAAGG-3' were employed as for-
ward and reverse primers, respectively, for isolation of SOC/
complementary DNA (cDNA) and genomic sequences from
various cultivars of Brassica. For quantification of cumulative
expression levels, forward and reverse primers (5'-
CGAGCAAGAAAGACTCAAGTG-3" and 5'-
CTTGAAGAACAAGGTAACCCAATG-3', respectively)
were designed based on conserved regions of B. juncea
SOCI cDNA homologs. For B. juncea homeolog-specific ex-
pression analysis, oligonucleotides 5'-
GAAGGCATTGGATCATGCTCG-3' and 5'-
ACTGTCCTCGTCACCTCGTCC-3" were used as forward
and reverse primers, respectively, for analysing expression pat-
tern of JQ845925 (MF2-specific SOC! homeolog). Similarly,
oligonucleotides 5'- GGATCGTGTCAGCACCAAACCT-3’
and 5'- TGGGCTACTCTCTTCGTCACC-3', respectively,
were employed as forward and reverse primers to analyse the
expression pattern of JQ845923 representing LF sub-genome.
Oligonucleotides 5-TGAAGATCAAGGTGGTCGCA-3" and
5'- AGAAGGCAGAAACACTTAGAAG-3' served as for-
ward and reverse primers, respectively, for amplification of
internal control (B. juncea Actin) and were designed on Actin
transcript of B. napus (GenBank ID: AF11812.1).

All oligonucleotides were synthesised by Integrated DNA
Technologies (Leuven, Belgium).

Isolation of Brassica SOCI sequences

The designed consensus pair of primers was used to isolate
SOCI homeologs from various cultivars encompassing six
Brassica species through PCR amplification. The reaction
mix included 50 ng of genomic DNA, 2.5 mM MgSO,,
0.2 mM dNTPs, 0.5 uM of primers, 1x reaction buffer and
1 weiss units (U) of Pyrococcus furiosus-derived DNA poly-
merase (Pfir) Turbo (Agilent Technologies, Santa Clara, CA,
USA). Thermocycling parameters were initial denaturation of
3 min at 95 °C, 30 cycles 0f 94 °C for 30 s; 52 °C for 30 s and
72 °C for 2.5 min; final extension was carried out at 72 °C for
7 min. For first-strand cDNA synthesis, 1 pg of DNasel
(Fermentas, Vilnius, Lithuania)-treated RNA was reverse tran-
scribed using RevertAid™ H Minus first-strand cDNA syn-
thesis kit (Fermentas Vilnius, Lithuania). One microlitre of
first-strand cDNA was used for reverse transcriptase-
polymerase chain reaction (RT-PCR) in a 20-ul reaction mix
including reaction buffer to a final concentration of 1x,
2.5 mM MgSO,, 0.2 mM dNTPs, 0.5 uM of each primer
and 1 U Pfu DNA polymerase (Fermentas Vilnius, Lithuania).
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Thermocycling parameters were initial denaturation at 95 °C
for 2 min followed by 35 cycles of 95 °C for 30 s, 54 °C for
1 min, 72 °C for 60 s and a final extension at 72 °C for 5 min.
The amplicons were cloned into pGEMT-Easy vector
(Promega, Madison, WI, USA) and transformed into
Escherichia coli DH5« strain and sequenced (Macrogen,
Seoul, Korea). At least three clones were sequenced to arrive
at a consensus and submitted to GenBank for assignment of
accession numbers. A nomenclature for SOC/ homologs was
assigned. For example, BjuJAG1_SOCI refers to abbreviated
genus and species name followed by abbreviated cultivar
name and the clone number. All sequences were suffixed with
an underscore followed by SOC/ (italics).

Sequence analysis of Brassica SOC1

The Brassica SOCI genomic and cDNA sequence dataset was
further enriched by surveying prevalent databases, viz.
Brassica database (BRAD, www.brassicadb.org),
Phytozome v9.1 (www.phytozome.net), The Arabidopsis
Information Resource (TAIR) (The Arabidopsis Genome Ini-
tiative 2000; www.arabidopsis.org) and GenBank (www.ncbi.
nlm.nih.gov/genbank/). The isolated and reported Brassica
SOC1 sequences were aligned using BioEdit ver. 7.0.5.3
(Hall 1999) and Clustal X ver. 2.0.12 (Larkin et al. 2007),
and viewed using GeneDoc ver. 2.7 (Nicholas et al. 1999).
Pair-wise percentage similarities between SOCI gene se-
quences were calculated using BioEdit ver. 7.0.5.3 (Hall
1999). The number of variable sites, parsimony and nucleo-
tide diversity (1 value) was examined using DnaSp v5.10
(Librado and Rozas 2009). In silico translation of cDNA se-
quences were performed using ‘Translate’ tool on ExPASy
server (http://web.expasy.org/translate/).

Phylogenetic analysis of SOC! genes and cDNA sequences
was carried out using Bayesian approach-based analytical pipe-
line available in the ‘BEAST v1.6.2° software package. Se-
quence alignment file in ‘.nex’ format was generated using
Clustal X ver. 2.0.12 (Larkin et al. 2007). This file was used
as input for Bayesian Evolutionary Analysis Utility version
1.6.2 (BEAUti v1.6.2, Drummond and Rambaut 2007) to cre-
ate an “xml’ file, under default parameters, i.e. Hasegawa,
Kishino and Yano (HKY) model of DNA substitution; strict
clock with rate=1.0; coalescent tree: constant size and Markov
chain Monte Carlo chain length=10,000,000. The output from
BEAUti was used as input for Bayesian Evolutionary Analysis
Sampling Trees version 1.6.2 (BEAST v1.6.2, Drummond and
Rambaut 2007) to generate trees. The final phylogram was
generated post analysis through TreeAnnotator ver. 1.6.2 and
was visualised using FigTree ver 1.3.1 (Rambaut 2006).

For domain analysis of Brassica SOCI1, Conserved Do-
main Database (Marchler-Bauer et al. 2013, http://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) was employed.
Synonymous/non-synonymous mutations in aligned cDNA
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sequences were identified using Highlighter for Nucleotide
Sequences v2.2.1 with default parameters (Keele et al. 2008;
http://hcv.lanl.gov/content/sequence/HIGHLIGHT/
highlightertop.html). The dy/ds ratio (Nei and Gojobori 1986)
for all sequence pairs was predicted using the Synonymous
Non-synonymous Analysis Program (Korber 2000; http://hcv.
lanl.gov/content/sequence/SNAP/SNAP.html). Scratch
Protein Predictor (http://scratch.proteomics.ics.uci.edu/) was
used to predict the tertiary structure of the K domain and
cNLS Mapper (Kosugi et al. 2009; http://nls-mapper.iab.
keio.ac.jp/cgi-bin/NLS Mapper form.cgi) was used to
predict the presence and strength of any nuclear localisation
signals in the amino acid sequences.

Expression analysis of Brassica SOC1

For analysis of SOCI expression pattern and levels in
B. juncea cv. Varuna, tissue samples representing various or-
gans (leaf, apical region, floral buds, root and pods) at critical
developmental time points (35, 75 and 110 days after sowing)
were harvested and quantified for SOCI expression in real
time. Quantitative real-time RT-PCR was carried out to mon-
itor expression levels using SYBR green chemistry (SYBR
Fast qPCR Master mix, Kapa Biosystems, Cape Town, South
Africa). Briefly, the reaction mix contained SYBR Fast qPCR
Master Mix (5 pl), forward and reverse primers (0.2 pM) and
total cDNA template (1 pl); volume was made up to 10 pl
with nuclease-free water (Sigma Life Science). The SOCI
primer pair designed on conserved regions was used to assess
the cumulative levels of SOC! across all spatio-temporal do-
mains. Distinguishing primer pairs were used for homeolog-
specific expression analysis of SOC! in B. juncea cv. Varuna.
B. juncea Actin was used as an internal control in all quanti-
tative real-time (qQRT) PCR experiments. PCR amplification
was monitored in real time using ‘realplex’ Mastercycler
(Eppendorf). The thermocycling parameters set for monitor-
ing amplification per cycle were 50 °C for 2 min, 95 °C for
10 min, followed by 30 cycles of denaturation at 95 °C for
15 s, annealing at 58 °C for 30 s, extension at 72 °C for 30 s
preceding and a final extension at 72 °C for 10 min. Melting
curve analysis was performed to ensure the presence of unique
amplification product, with thermocycling parameters as
95 °C for 15 s, 60 °C for 15 s, followed by a 20-min gradient
increase to 95 °C where it was left for 15 s. For data analysis,
expression values from three technical replicates were consid-
ered. The AAC;, values were obtained by normalising with
Actin across all samples, followed by normalisation with min-
ima. Relative expression levels were calculated using the ex-
pression 2-42" (Livak and Schmittgen 2001). However,
272 was also calculated to compare expression levels of
individual homeologs (Carlini et al. 2013). The PCR efficien-
cies of differentiating primer pairs were tested as equal. Stan-
dard deviation was calculated for mean threshold cycle
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number (C,) value of replicates, and expression level differ-
ences were recorded as standard error.

Results
Analysis of microsynteny

To analyse conservation in gene order and content in genomic
regions containing B. rapa SOCI homeologs, three segments
Br-R1, Br-R2 and Br-R3 (~300 kb) containing SOCI
homeologs Bra004928, Bra039324 and Bra000393 (Brassica
database, BRAD) located on chromosome A05, A04 and
A03, respectively, were retrieved for analysis. To compare
gene fractionation status among Br-R1 (A05: 2297000-
2619000), Br-R2 (A04: 18550000-18811500) and Br-R3
(A03: 10855500-11087500), two complementary approaches
were employed. In the first approach, B. rapa homeologous
regions (Br-R1, Br-R2 and Br-R3) were globally aligned to
A. thaliana genome. This approach permitted establishing
orthology of three regions to a common reference stretch
spanning 77 genes (4. thaliana region (At-R); 283.5 kb) in
A. thaliana located on chromosome 2 (TAIR IDs:
At2g45200.t01 to At2g45970.t01; Suppl. Fig. 1) containing
Arabidopsis thaliana SOCI protein (4tSOCI). In addition,
this approach permitted graphical projection (Genome Vista
projections) of orthology and clearly depicted differential re-
tention of gene content in Br-R1, Br-R2 and Br-R3 relative to
Arabidopsis reference genes (Suppl. Fig. la—c, Suppl.
Table 1). Detailed analysis revealed preservation of 53 of the
77 Arabidopsis genes (69 %, Suppl. Table 1) in Br-R1 while
Br-R2 showed preservation of slightly lesser, 47 of the 77
genes (61 %, Suppl. Table 1). In contrast, Br-R3 displayed
extensive gene loss with only 25 of the 77 genes (33 %, Suppl.
Table 1) preserved in B. rapa. In summary, gene fractionation

status of three B. rapa genomic blocks (Br-R1, Br-R2 and Br-
R3) was found consistent with the reported fractionation status
of respective sub-genomes of origin (LF, MF1 and MF2).
Since the aforementioned strategy failed to provide complete
information, viz. fractionation status of genes unique to
B. rapa but absent from Arabidopsis, an alternative approach
was also employed. This involved analysing synteny among
predicted genes of B. rapa homeologous regions (Br-R1, Br-
R2 and Br-R3) and not merely identifying the status of
Arabidopsis genes in B. rapa genome. To this end, ab initio
predicted genes on Br-R1, Br-R2 and BrR-R3 were assigned
B. rapa gene identities (Suppl. Table 2). Since the three
homeologous regions were only imperfectly overlapping, a
common region was identified that was marked by co-
preserved terminal genes. Here onwards, these smaller sized
homeologous segments, viz. cBr-R1, ¢Br-R2 and cBr-R3, de-
rived from Br-R1, Br-R2 and Br-R3, respectively, were con-
sidered as units of comparison for reliable synteny mapping.
By the same logic, corresponding 4. thaliana reference seg-
ment (At-R1, 58 genes, 215 kb) spanning At2g45220 and
At2g45800 was identified with the said Arabidopsis genes
orthologous to terminal B. rapa genes. A summary of gene
preservation status in cBr-R1, cBr-R2 and cBr-R3 with refer-
ence to 58 A. thaliana genes in At-R1 is presented in Table 1.
Notably, differences observed in sizes of B. rapa
homeologous regions cBr-R1 (242 kb), ¢cBr-R2 (151 kb) and
cBr-R3 (108 kb) symbolised differential gene loss in B. rapa
sub-genomes. As expected, these sizes correlated with the
number of FGENESH predicted genes (62, 45 and 29) in
cBr-R1, cBr-R2 and cBr-R3, respectively (Table 1). Similarly,
the number of genes shared between At-R1 and cBr-R1; At-
R1 and cBr-R2; and At-R1 and cBr-R3 was 41 (70 %), 32
(55 %) and 18 (31 %), respectively, also correlated with the
fractionation status of sub-genome of origin (Table 1). This
analysis further allowed synteny mapping with respect to

Table 1  Status of gene preservation in cBr-R1, ¢cBr-R2 and cBr-R3 with reference to 58 A. thaliana genes in At-R1 (215 kb)

B. rapa chromosomal region cBr-R1 (LF) c¢Br-R2 (MF1) c¢Br-R2 (MF2)
Size of B. rapa homeologous regions (kb) 242 151 108
No. of FGENESH predicted genes in B. rapa homeologs 62 45 29
No. of FGENESH predicted genes annotated in B. rapa 54 39 22
No. of FGENESH predicted genes annotated in 4. thaliana 43 35 18
Shared genes among B. rapa homeologous segments and A. thaliana orthologous segments (At-R1) 41 32 18
Unique genes in B. rapa homeologous segments absent in 4. thaliana orthologous region (At-R1) 11 4 4
Unique genes in 4. thaliana segment but absent in B. rapa homeologous segments 18 26 40
Inverted genes identified in B. rapa homeologous segments® 7 12 12
Duplicated genes identified in B. rapa homeologous segments 2 1

Triplicated genes identified in B. rapa homeologs 0 1

Predicted genes not annotated in B. rapa or A. thaliana genomes 9 7

*Inverted with respect to strandedness in A. thaliana orthologs
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depiction of differential gene fractionation, highlighting
shared and unique genes in 4. thaliana and B. rapa
homeologs. Figure 1 presents the synteny map reflecting pres-
ervation of gene content and order across three B. rapa
homeologous regions (cBr-R1, cBr-R2 and cBr-R3). In addi-
tion, local rearrangements such as inversions and duplications
have also been indicated. Figure 1d is yet another illustration
ofrelative gene content in cBr-R1, ¢cBr-R2 and ¢Br-R3, clearly
depicting differential and biased gene fractionation relative to
gene content of 4. thaliana in 215 kb orthologous region (At-
R1), vis-a-vis hypothetical composite gene content of B. rapa.
The hypothetical composite gene content of B. rapa shows 11
genes unique to B. rapa. While 6 Arabidopsis genes were
found conspicuously absent from three B. rapa homeologous
regions, as many as 7 Arabidopsis genes were found co-
retained within the three B. rapa homeologous regions
(Fig. 1d). Such asymmetric evolution of homeologous sub-
genomes has also been shown in B. oleracea (Liu et al.
2014) and allotetraploid B. napus (Chalhoub et al. 2014).
Overall, our results demonstrate microsyntenic conservation
not only between A. thaliana and B. rapa but also among the
three progressively fractionated sub-genomes within B. rapa
along with highlighting rearrangements other than gene loss.

Isolation and sequence analysis of Brassica SOCI
homologs

In Arabidopsis, SOCI (AT2g45660) is a 2.5-kb sized
interrupted gene comprising 7 exons and 6 introns. Consensus
primers based on Arabidopsis and reported B. rapa SOCI
sequences led to the isolation of a total of 35 SOC! sequences
comprising 8 genomic copies and 27 cDNA SOCI variants
with latter including a splice variant of SOC1 (Source: B. nigra
898 bp), retaining 6th intron. A list of cDNA and genomic
DNA variants and respective GenBank accession numbers is
presented in Suppl. Table 3.1.

The genomic DNA copies isolated in this study are classi-
fied into two types. The first category comprises typical eu-
karyotic interrupted genes, viz. BnaGSC1_SOCI1 (2446 bp,
GenBank ID: JQ845912), BnilC1_SOC1 (2445 bp, GenBank
ID: JQ845911) and BraRAG17_SOCI (2446 bp, GenBank
ID: JQ845910) isolated from B. rapa cv. Ragini, B. nigra cv.
I1C247 and B. napus cv. GSC-1, respectively (Suppl.
Table 3.1). The second category comprises extremely small-
sized (642 bp) intronless gene copies, identified from
B. carinata cv. Pusa Swarnim (GenBank IDs: JQ973096 and
JQ973097), B. oleracea cv. PO5 (GenBank ID: JQ973098),
B. juncea cv. Varuna (GenBank ID: JQ973094) and B. rapa
cv. Ragini (JQ973093). Full-length SOC! gene sequences of
Brassicaceae members retrieved from Brassica database
(BRAD) and NCBI were also included in the data set
(Suppl. Table 3.2).

@ Springer

To analyse average nucleotide polymorphism within SOC/
genomic DNA sequences for comparison of levels of se-
quence divergence within and between introns and exons,
sliding window analysis was carried out. As expected, high
levels of sequence conservation were observed in exons com-
pared to introns (Fig. 2a); the introns displayed significantly
high Pi values and size variation implying the absence of
purifying selection. Interestingly, within the large sized first
intron, two microregions of high conservation (Pi~0.15) were
identified implying regulatory significance.

Genetic relationships between Brassica SOCI homologs

The isolated SOCI cDNA sequences were sequence
characterised along with the intronless gene copies. An addi-
tional set of 29 Brassica SOCI coding sequence (CDS) re-
trieved from various databases, viz. BRAD, and GenBank,
TAIR and Phytozome v9.1 were also included for sequence
analysis (Suppl. Table 3.2). Multiple alignments of these se-
quences revealed high sequence identity ranging from 91 to
100 % (Suppl. Table 4.1). In contrast, SOCI gene sequences
exhibit a low sequence identity, ranging between 25 and 64 %
mainly due to divergence in introns. As an exception, homo-
log pairs including sequences derived from B. rapa and
B. napus SOC1 were found to share a very high sequence
identity of 95 and 99 % (Suppl. Table 4.2).

To trace ancestry and derive evolutionary relationships
among Brassica SOC1 homologs, phylograms were generated
using gene (Fig. 3a) as well as cDNA (Fig. 3b) sequences.
Since the homeologs from B. rapa (LF, MF1 and MF2) and
B. oleracea (LF, MF1 and MF2) sub-genomes were known a
priori, the phylograms allowed us to infer the relationship of
homeologs from hitherto uncharacterised Brassica genomes.
The separation of SOC! sequences (Bra004928, Bra039324
and Bra000393) from the three sub-genomes of B. rapa
(Brassica diploid base genome A (AA); LF, MF1 and MF2)
and SOC1 sequences (Bol030200 and Bol021742) from two
sub-genomes of B. oleracea (Brassica diploid base genome C
(CC); LF and MF1) into separate clades, and their grouping
with corresponding putative homeologs of other Brassica spe-
cies is indicative of existence of similar sub-genomes in
Brassica diploid base genome B (BB) and CC base genomes.
Such groupings may be reflective of shared ancestry of
homeologous blocks that may have existed in the last com-
mon ancestor to Brassica lineage. In other words, it is possible
to deduce orthologous relationships between homeologs of
diploid base genomes merely through phylogenetic studies if
the homolog sampling is adequately representative.

For instance, the phylogram based on genomic sequences
categorises Brassica SOCI sequences into three major clades
(Fig. 3a). The first clade (I) consists of sequences isolated
from B. rapa (AA), B. oleracea (CC) and B. napus (AACC).
We infer that this clade represents respective MF1 sub-
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specific clade (II.A) further splits into sub-clades which rep-
resent sequences derived from AA and CC genomes. A puta-
tively MF2-specific clade (I1.B) is observed to branch out into
two sub-clades comprising sequences from AA genome. A
B. nigra-specific sequence was found to diverge out as a clade
suggesting its origin from MF2 sub-genome of BB diploid
genome. Remarkably, divergence of sequences derived from
BB diploid genome in all major clades was marked well
before the divergence of AA and CC diploid base ge-
nomes. SOCI sequences from A. thaliana, Arabidopsis
lyrata and Capsella rubella diverged out clearly from
Brassica sequences while Thellungiella halophila
SOCI sequence was found to be evolutionarily closer
to Brassica sequences.

The phylogenetic tree based on coding sequences of Bras-
sica SOCI (Fig. 3b) recapitulated evolutionary relationships
depicted in genomic DNA-based phylogram in a more robust
manner. Using the earlier logic, MF1 sub-genome derivatives
of AA and CC genomes were found to constitute clade I
which was phylogenetically distant to their MF2 and LF coun-
terparts in clades II.A and II.B. Within clade I1.A representing
putatively MF2-derived SOC! sequences, clades specific to
AA and CC base genomes could be discerned. A minor clade
specific to BB diploid genome was also observed within II.A.
The clade I1.B comprised AA-LF- and CC-LF-derived homo-
logs assorted into sub-clades. However, two B. juncea
(BjuSOC1 _JQ906706.1 and BjuRH8 SOCI JO845919) and
two B. carinata SOC1 (BcaPS10_IntronlessSOC1_JQ973096
and BcaNCPI12 SOCI _JQ845941) did not belong to
any major clade and were marked as sub-clades X and
Y (Fig. 3b) since the ancestry of these clades could not
be inferred clearly from phylogeny. T. halophila,
A. thaliana, A. lyrata and C. rubella SOCI cDNA se-
quences were included as out-groups (O) even as
T. halophila was found to group along with Brassica
sequences (I.B, Fig. 3b).

To clarify ambiguous phylogenetic relationships, an-
other criterion was employed. The cDNA sequences
were aligned on the basis of total number of silent
and non-silent mutations (Highlighter for Nucleotide Se-
quences v2.2.1, HCV). The highlighter output arranged
the sequences in an ascending order of divergence rela-
tive to B. rapa cv. YTS151 (GenBank ID: JQ845914)
master sequence (Suppl. Fig. 2). Groupings emerging
from pattern of shared mutations between aligned se-
quences recapitulated groupings observed in the
phylograms and provided additional information on
sub-clades and sequences with ambiguous ancestry as
observed in the phylogram.

Figure 4 represents manual rearrangement of sequences
highlighting groups based on the pattern of shared mutations.
Nine groups could be clearly discerned marked as AALF,
AAMF2, AAMF1, CCLF, CCMF2, CCMF1, BBMF2, BBLF

@ Springer

Fig. 2 Sequence conservation in genes and predicted proteins of SOC/ P>
homologs. a Nucleotide polymorphism between Brassica SOCI genomic
DNA sequences. Pi values (Dnasp v5.10.01) plotted along the length of
gene (consensus sequence). The window and step-size were taken as 100
and 25 nt, respectively. Low Pi values correspond to 7 exons of SOC1I.
The first intron showed regions with unusually low Pi values (asterisk).
The MIKC domains of predicted SOC1 protein are presented. b
Alignment of Brassica SOCI proteins predicted from cDNA homologs.
The MADS-box, intervening, K-box and C-terminal domains of proteins
predicted isolated from SOCI homologs are underscored. A conserved
MADS-box (57 aa) domain includes a conserved arginine (marked with
arrow) at position 24 across in all homologs. The predicted nuclear
localisation signal (NLS) is marked in the MADS domain. The three -
helices, K1, K2 and K3 in K-box region of Brassica SOC1, are indicated
with brackets

and BB* based on inferred ancestry from the phylograms.
These groups were highlighted near identical pattern of poly-
morphism within members belonging to a particular group but
were remarkably distinct between members of different
groups. For example, sequences derived from AA and CC
base genomes can be easily categorised into three sub-
groups based on sub-genome of origin of the sequences (LF,
MF1 and MF2) in accordance with the clustering observed in
phylogram. Interestingly, the ambiguities relating to homolog
ancestry prevailing in the phylograms were easily resolved
based on this criterion involving analysis of shared pattern
of silent and non-silent mutations. For example, B. juncea
sequences (BjuSOCI_JQ906706.1 and BjuRHS SOCI -
JO845919, indicated as clade X in Fig. 3b) were found to have
obvious similarity in mutation pattern with sequences belong-
ing to AALF-specific group, whereas this inference was not
apparent in the phylograms. Further, the sequences derived
from BB base genome were seen to resolve into three sub-
groups in the highlighter output even though these appeared
monophyletic in dendrogram. The group marked BB-MF2 in
highlighter output corresponds to the cluster in the cDNA
phylogram that was putatively inferred to be of MF2 origin
thereby resolving the ancestry of these homologs. Given the
distinctness of mutation pattern of B. carinata sequences
(BcaPS10 IntronlessSOC1_JQ973096 and BcaNCPI2 -
SOC1 JO845941, indicated as sub-clade Y in Fig. 3b), we
speculate that these represent BBLF-specific clade. Another
pair of BB-derived sequences (BcaPS5 SOCI -
JO845939 and BnilC4_SOCI JO845933) was seen to
form a distinct group (BB*). In the absence of whole
genome information for BB, it may at best be inferred
that such BB-genome-specific orthologs are not derived
from MF2 or LF sub-genomes. The AA and CC ge-
nomes show existence of three homeologous sub-ge-
nomes, while only two were determined in BB base
genome. Overall, both phylogram and highlighter plot
reveals sub-genomic organisation in the three Brassica
base genomes with the presence of multiple homeologs
of SOCI.
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Structure analysis of SOC1

The Brassica SOC1 cDNA sequences, upon in silico transla-
tion, predicted 213 aa protein differing with 4tSOC1 with
respect to the absence of a threonine residue at the 187th
position. Domain analysis of in silico-translated cDNA se-
quences revealed a characteristic MIKC® type of organisation
with clearly discernible MADS, I, K-box and C-terminal do-
mains in Brassica cDNA homologs (Suppl. Table. 5). A
higher sequence conservation was observed in MADS and 1
domains compared to the K-box and C-terminal domains
(Suppl. Table. 6).

The domain structure of Brassica SOC1 is reminiscent of
type II (MIKC) MADS-box transcription factors with MADS-
box, intervening region, K-box and C-terminal domains com-
prising 57, 16, 97 and 43 aa, respectively (Suppl. Table 5).
Further, Brassica SOCI was inferred to belong to MIKC®
type MADS-box family since MADS domain was encoded
by first exon, while the I domain was encoded partly by the
first exon in addition to exons 2 to 3. Exons 4, 5 and 6 encoded
K-box while the C-terminal domain was encoded by exon 7
(Fig. 2a).

Protein sequence alignment (Fig. 2b) revealed a 99 % se-
quence conservation in «-helices of MADS and I domains
across all Brassica homologs. There was a strong illustration
of a nuclear localization signal of moderate strength in the
MADS domain. The amino acid signatures imparting DNA-
binding propensities such as an invariant arginine (position
24th; cited by Lee et al. 2010) were identified within MADS
domain (Fig. 2b). A 33 aa-sized nuclear localization signal
was also found conserved within the MADS domain. The
characteristic heptad repeat pattern was distinctly visible in
the three «-helices in K-box (K1, K2 and K3; Fig. 2b). The
MADS domain was found devoid of any variation in sequence
(Fig. 2b) and exhibited over 99 % sequence conservation,
while the K-box was found to be divergent with sequence
conservation ranging from 86.5 to 95 %. The C-terminal do-
main was even more divergent (5 to 23.5 % dissimilarity).
Interestingly, the intron-retaining B. nigra transcript
(JQ845937), a putative splice variant, encoded a truncated
protein (175 aa) due to a premature stop codon. The predicted
protein was found to contain 5 aa peptide following a K-box,
as opposed to the 43 aa C-terminal extension.

Expression analysis of SOCI paralogs

In order to analyse expression domain and cumulative expres-
sion levels of SOC! in B. juncea, quantitative real-time ex-
pression analysis was carried out using consensus primers
targeting SOCI homologs isolated in the present study.
SOC1 expression was detected across all tissues and develop-
mental stages (Fig. 5a). The highest expression levels were
observed in apical buds (post-flowering) with 2700-fold
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Fig. 3 Phylogram based on BEAST derived from SOCI sequences. a P>
Phylogram based on gene sequences. Three major clades are indicated (I,
ILLA and II.B), representing homeologous groups of SOC! sequences
drawn from MF1, LF and MF2 sub-genomes, respectively. Identity of
each clade has been determined on the basis of prior known sequences
marked with an asterisk (*). Sub-clades of I and II.A represent divergence
of AA and CC base genomes. Clade I1.B contains an obvious AA-MF2
sub-clade, a B. napus sequence (BnaSOCI-Cnn_random) of unknown
origin and a single divergent B. nigra sequence (BB base genome).
Orthologs appear to be closely related in comparison to paralogs. Out-
group (O) consists of A. thaliana, A. lyrata and C. rubella SOCI gene
sequences, while 7. halophila SOCI is not a part of the out-group. b
Phylogram based on cDNA sequences. Two major clades are indicated
(I and II). Clade I contains MF1-derived Brassica SOCI coding
sequences (IA) from AA (AA-MF1) and CC (CC-MF1) base genomes,
along with distantly related 7 halophila SOCI. Clade II splits into LF-
derived (II.A) and MF2-derived (I1.B) sub-clades. Within II.A, sequences
show base genome-specific grouping apparent as AA-LF, CC-LF and
BB-LF sub-clades. Within II.B, the AA and CC orthologous clades
have been marked clearly. Dotted sub-clades diverging from this clade
contain B. juncea and B. carinata sequences with unresolved ancestry (X
and Y). Homeologs appear more divergent than orthologs. Out-group (O)
consists of A. thaliana, A. lyrata and C. rubella SOCI cDNA sequences.
Annotated B. rapa cv. Chiifu-401 and B. oleracea sequences present in
each clade have been marked (asterisk)

higher relative expression compared to the floral buds, where
least expression was observed. In leaf and root samples drawn
at post-flowering stage, SOC! transcript accumulation was
563-fold and 111-fold higher, respectively, than correspond-
ing pre-flowering stages. SOCI levels, however, declined as
the plant reached maturity. For instance, tissue samples har-
vested at 110 days after sowing (DAS) demonstrated lower
levels of SOC1 accumulation. Significantly high SOCI levels
(1054-fold) were, however, detected in pods implying addi-
tional role of SOC/ in Brassicas (Fig. 5a).

To examine the possibility of differential expression pattern
of transcripts originating from distinct SOC/ homeologs of
B. juncea, specific primers were designed for Brassica
SOCI sequences (GenBank IDs: JQ845925 and JQ845923)
inferred as representing sub-clades AAMF2 and AALF, re-
spectively, through phylogenetics. The PCR efficiencies of
the primer pairs were validated as equal. For unbiased com-
parison of homeolog expression levels, relative expressions of
both were also calculated as a function of AC; (Cisoc—Cracrin)
(Suppl. Table 7). Relative expression levels of the two tran-
scripts were quantified across the tissue sample set. The two
transcripts displayed quantitative differences in expression
levels. Our analyses established predominant expression of
JQ845925 (MF2) over the JQ845923 (LF) (Fig. 5b) with
JQB845925 exhibiting 560-fold higher than minima (30-day-
old root samples) and JQ845923 displaying only 43-fold
higher expression than minima (Fig. 5b). Our results indicate
a greater functional relevance of the former. Also, JQ845925
and not JQ845923 recapitulated the expression patterns ob-
served for cumulative SOC! levels. Besides, JQ845925
(MF2) exhibited significant expression (21-fold) in pods.
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Discussion

Polyploid genomes of Brassica provide a lucid understanding
on sequence and functional diversification of duplicated genes
as a consequence of genome redundancy. In fact, the meso-

triplication event specific to Brassiceae, post Arabidopsis—
Brassica divergence (14.5-20 MYA, Mun et al. 2009; Navabi
et al. 2013), underpins the evolutionary bases for observed
natural variation in Brassicas. Extensive gene fractionation
events that followed WGDs have resulted in partially
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Fig. 4 Distribution and pattern of silent and non-silent mutations
highlighted on aligned SOCI cDNA homologs. Highlighter v.2.2.3
output (modified) of SOCI/ ¢cDNA homologs showing divergence
relative to reference master sequence (B. rapa YTS151 SOCI,
JQ845913). The original output has been rearranged to highlight 9
groups of orthologous based on the extent of shared pattern of silent/

redundant sub-genomes within Brassica. With this perspec-
tive, the current study was framed to understand evolution of
sub-genomes and its gene components within a species using
SOCI as a case in point. To this end, we mapped conservation
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non-silent mutations. Groups coded in green are suggestive SOCI
homologs originating from MF2, LF and MF1 sub-genomes specific to
base genome AA. Similarly, groups coded in red suggest paralogous
groups specific to BB while groups coded in blue suggest sub-genomes
(CC-MF2, CC-LF and putative CC-MF1) specific to CC

in gene content and order in three microsyntenic homeologous
blocks (300 kb) of B. rapa (Br-R1, Br-R2 and Br-R3) contain-
ing SOCI to demonstrate evolutionary changes defining ge-
nome divergence in the two genera. Subsequently, SOC/
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Fig. 5 Expression pattern of Brassica juncea SOCI. a Real-time
monitored cumulative expression levels of SOCI quantified with
consensus primers in various tissue samples representing vegetative
stages 30 DAS (days after sowing), post-flowering stages (75 DAS)
and maturity (110 DAS). Error bars represent standard deviation in

sequences from diverse species of Brassica were isolated and
characterised to understand dynamics of sequence and func-
tional diversification in gene copies after WGD and gene frac-
tionation events specific to Brassicas.

Since the genome structure of ancestral Brassicaceae ge-
nome, the true reference remains unknown; the extensively
annotated member of Brassicaceae (A. thaliana) genome
was taken as a reference. Since A. thaliana did not undergo
meso-hexaploidization (b), it was expected to display sem-
blance to the last common ancestor of Brassiceae and
Arabidae.

Two complementary comparative genomics-based ap-
proaches were employed to deduce robust inferences. The first
approach exploited availability of A. thaliana whole genome
sequence to establish orthology between three genomic seg-
ments of B. rapa carrying SOCI homologs to a common seg-
ment in A. thaliana, thus providing evidence for existence of
three SOCI homeologs in AA (B. rapa) base genome, and
amphidiploid Brassica species (B. napus, B. juncea) that con-
tain AA base genome. Establishment of homeology among
the three B. rapa regions allowed studying the extent of pres-
ervation of gene content and order. In addition, conformation
of gene fractionation status of individual homeologous B. rapa
fragments with respective sub-genomes of origin was
established. The second approach was more refined as it in-
volved studying fate of the entire predicted gene list in B. rapa
homeologs rather than analysing only a subset found co-
preserved in A. thaliana, as was the case in previous analysis.
Secondly, synteny analysis was undertaken after establishing

technical replicates for each sample. b Differential expression pattern of
B. juncea SOCI homeologs (GenBank accession nos. JQ845925 and
JQB845923) representing MF2 (black bars) and LF (shaded bars) sub-
genomes, respectively, of base genome ‘AA’

a priori and precise correspondence between the three B. rapa
homeologous regions (¢cBr-R1, ¢cBr-R2 and c¢Br-R3) and
A. thaliana ortholog. Broad findings of these two approaches
were consolidated as synteny maps which clearly illustrated
differential gene loss in triplicated sub-genomes in B. rapa.
Biased and differential nature of gene fractionation was ob-
served in ¢cBr-R1, ¢Br-R2 and ¢Br-R3, in accordance with the
overall status of respective sub-genome of origin (LF, MF and
MF2, respectively) corroborating the findings of Sankoff et al.
(2010) and Cheng et al. (2012). Despite widespread gene frac-
tionation, at least 7 genes in the homeologous regions were
found co-retained as three homeologs in B. rapa, B. rapa
SOC1 being one of these. The decision on retention of gene
copies, as opposed to fractionation, is influenced by relative
fitness or sensitivity conferred to the species (Birchler and
Veitia 2010; Thomas et al. 2006). Therefore, maintenance or
deletion of all three homeologs of a few particular genes is an
indicator of selection. Comparative mapping also revealed
conspicuous absence of 6 distinct 4. thaliana genes from the
three homeologs of B. rapa syntenic regions, while 11 genes
in B. rapa did not have orthologs in A. thaliana. However, it is
difficult to ascertain if the apparent deletion in one of the
genera is reflective of gene insertion in the other subsequent
to split of Arabidopsis—Brassica lincages.

To understand the extent of gene diversification as a con-
sequence of polyploidy, genomic and cDNA sequences of
Brassica SOC1 were isolated and characterised from diverse
species. Full-length genomic SOC! copies showed expected
divergence and conservation in sequences of introns and

@ Springer



300

Dev Genes Evol (2015) 225:287-303

exons, respectively. However, the presence of conserved
regions in the first intron of SOC/ implied a regulatory
function.

Interestingly, our study also led to the discovery of
intronless SOC! gene sequences from at least four Brassica
species. Similar intronless FLOWERING LOCUS C (FLC)
gene copies have also been discovered by our group in
Brassicas (Shivaraj and Tyagi, personal communications).
Co-occurrence of intronless gene copies along with full-
length genes may be attributed to retroposition events (Long
et al. 2003), though the presence of conserved UTRs, direct
repeats and poly-adenosine tail (Kaessmann 2010) is required
to be sequence validated. Surprisingly, neither SOC/ nor FLC
intronless gene copies could be identified through in silico
screen of whole genome sequence of B. rapa cv. Chiifu-401
(BRAD). The detection of intronless Brassica SOCI in eu-
karyotic genomes provides important insights into the evolu-
tion of gene structure as well as retroposition (Yan et al. 2014).

The coding sequences of SOCI homologs were largely
conserved and a low dy/ds ratio (=0.21) was indicative of
purifying selection (Yang and Bielawski 2000). However,
small but detectable variation provided important insights into
phylogeny and function.

Phylogenetic analysis illustrated ancestry of SOC/ se-
quences in concert with the evolution of diploid and amphi-
diploid species of Brassica. The phylogram depicted
ortholog-specific groupings with paralogs separating out as
major clades. Similar inferences have been made by phyloge-
netic analysis of genomic sequences from Brassicas (Kumari
et al. 2013; Shivaraj et al. 2014). Most importantly, our study
showed the application of simple phylogenetics as a tool for
identification of sub-genome-specific copies in polyploid ge-
nomes of Brassicas for the first time. Until now, sub-genome-
specific copies in polyploids have only been studied in the
context of whole genome sequence (Krasileva et al. 2013;
Hughes et al. 2014).

The major clades in the dendrogram of SOC/ sequences
isolated from diverse species of Brassica represented
homeolog diversification after meso-hexaploidy event.
Within each clade, groupings were reminiscent of lineages
that diversified after the speciation of B. rapa (AA), B. nigra
(BB) and B. oleracea (CC) base genomes with variation
retained in the allotetraploids. Based on grouping of se-
quences observed in phylogram, evidence could be obtain-
ed for the presence of three sub-genomes in CC similar to
three sub-genomes in AA, viz. LF, MF1 and MF2. Our
analysis shows that all three base genomes are likely to
contain three sub-genome equivalents indicating a hexa-
ploid ancestor before they diverged recently (Navabi et al.
2013). This sub-genome structure is also possibly main-
tained in allotetraploid Brassicas, as is the case of B. napus
(Chalhoub et al. 2014). Phylogenetic analysis also provided
molecular evidence for early divergence of B. nigra (B
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genome)-specific lineage from B. rapa (A) and B. oleracea
(C) lineages. Navabi et al. (2013) have timed the split of
B. nigra lineage from B. rapa (A) and B. oleracea (C) lin-
eages (6.2 MYA), based on physical mapping of B. nigra
BACs against B. rapa and B. oleracea genomes. SOCI
sequences from other members of Brassicaceae
(4. thaliana, A. lyrata, C. rubella, T. halophila) which did
not undergo the whole genome triplication (b) in Brassica
are obviously divergent from Brassica SOCI. T. halophila
SOC1 is relatively closer owing to the phylogenetic prox-
imity of tribes Brassicaceae and Eutremeae (Franzke et al.
2011). Groupings emerging from the pattern of shared mu-
tations (Highlighter for Nucleotide Sequences v2.2.1,
HCYV) between aligned sequences provided additional in-
formation on sub-clades and sequences with ambiguous
ancestry observed in phylogram.

Analysis of predicted protein sequences classified Brassica
SOCI as MADS-box type II transcription factor. These were
further classified as MIKCS and not MIKC*following the
criteria proposed by Gramzow and Theissen (2010). Since
the I domain of Brassica SOC1 was found encoded by the
second exon only, Brassica SOCI proteins were classified
as MIKC® type transcription factor. The four domains of
Brassica SOC1 (MIKC) were differentially conserved imply-
ing distinct selection pressure correlated to criticality of func-
tion. While MADS and I domains (DNA site recognition,
DNA binding and nuclear localisation) were found highly
conserved, K and C domains were slightly divergent. It has
been reported earlier that K-box of MIKC type II transcription
factors mediates protein—protein interactions and hetero-
dimerisation (Yang et al. 2003). However, the MADS-box
and I domains of SOCI1 have been shown to be necessary
and sufficient for interaction with AGL24, the only known
interacting partner of SOC1 in 4. thaliana (Lee et al. 2008).
It may thus be hypothesised that K-box and C-terminal do-
mains of Brassica SOC1 homeologs in polyploid Brassicas
may have undergone sequence divergence on being re-
lieved of their conventional function of mediating pro-
tein—protein interactions. Nevertheless, tertiary structure
of K-box containing three characteristic «-helices still
indicates possibility of protein—protein interaction via
K-box of Brassica.

Another interesting aspect of the study was the discovery of
a SOCI splice variant from B. nigra that was found to retain
the 6th intron. The in silico translated polypeptide of Brassica
SOC1 splice-form obtained from B. nigra cv. SRB98 is pre-
dicted to retain MADS, I and K-box domains but lack C-
terminal domain. Functional characterisation of splice variants
is anticipated to provide comprehensive insights. Alternative
splicing is common in plant genomes (Reddy et al. 2013;
Rosloski et al. 2013). Partially spliced transcript of SOCI
has been reported in mutant background of A. thaliana eco-
type Wassilewskija (Song et al. 2009).
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While sequence conservation among SOC! homologs im-
plied functional conservation, expression pattern of Brassica
SOC! was analysed to understand possible novel roles im-
plied in expression domains. Expression analysis was also
undertaken for two inferred SOCI homeologs of B. juncea.
Cumulative expression levels of SOCI were quantified in the
genetic background of B. juncea in diverse tissue and devel-
opmental samples. Elevated Brassica SOC1 expression in di-
verse tissue samples harvested post-flowering implicated the
role of SOCI in flowering. Interestingly, the detection of sig-
nificant expression levels in pods suggested the expansion of
expression domains via regulatory sub-functionalisation.
Such observations have been made in several plant species
wherein SOC1 expression has been detected in tissue samples
other than flowering (Tan and Swain 2007; Ruokolainen et al.
2011; Papaefthimiou et al. 2012). Homeolog-specific expres-
sion analysis revealed that AA-MF2-specific homeolog was
found to be expressed in pods. More importantly, this
homeolog consistently displayed higher expression levels
compared to JQ845923 (AA-LF homeolog) indicating its sig-
nificant contribution to cumulative SOC! expression levels
across all the expression domains analysed. Epistatic dynam-
ics and sub-genome dominance has been reported in paralogs
of B. rapa (Cheng et al. 2012). However, our results are in
contradiction with Cheng and co-workers who showed dom-
inant expression of genes present in LF sub-genome relative to
homeologs from more fractionated sub-genomes. This dis-
crepancy may be attributed to complex regulatory evolution
occurring in allotetraploids such as B. juncea. Sub-genome
dominance could also have been obscured by genome
fusion events.

Conclusion

In this study, we have demonstrated sub-genome evolution
and biased gene fractionation in B. rapa and discussed the
significance of differential selection of retained homeologs.
Taking SOCI as an example, we have analysed sequence
and functional conservation among homeologous genes. We
have introduced a novel approach to determine the lineages of
homologous sequences, which involves phylogenetic analysis
combined with analysis of shared pattern of mutations (silent/
non-silent). Our results depict sub-genomic organisation in
Brassica genomes. Further, we have shown evidence for reg-
ulatory evolution in SOC! that may contribute to functional
divergence among homeologs. Our results highlight that
B. rapa microsyntenic regions containing SOC/ homeologs
show differential gene fractionation in accordance with re-
spective sub-genomes of origin. Also, while most genes have
lost at least one of the homeologs to genome fractionation,
maintenance or deletion of all three homeologs indicates se-
lection. High level of sequence conservation is present within

coding regions in B. rapa SOC1 homeologs implying func-
tional conservation. Further, it was observed that phylogenetic
reconstruction of Brassica species using SOCI se-
quences retraces the occurrence of major events during
Brassica evolution, which include meso-
hexaploidization, early B base genome divergence and
A/C base genome split. In addition, ancestry of all iso-
lated SOCI homolog sequences could be ascertained.
Shared patterns of silent and non-silent mutations re-
vealed the base genome origins of homologs from allo-
tetraploid species. Identification of respective ancestries
of SOC! homologs indicated the presence of three
groups of homeologs in each diploid genome.

Hence, we conclude that while homeologous gene copies
are present in all Brassica genomes, B. juncea SOCI
homeologs have undergone expression domain evolution,
most likely via regulatory diversification. This was apparent
as their differential contribution to overall molecular

phenotype.
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