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Background: Wheat 1BL/1RS translocation lines are planted around the world for their disease resistance and
high yield. Most of them are poor in bread making, which is partially caused by w-secalins that are encoded by
the w-secalin gene family, which is located on the short arm of rye chromosome 1R (1RS). However,
information on the structure and evolution of the m-secalin gene family is still limited.

Results: We first generated a physical map of the w-secalin gene family covering 195 kb of the Sec-1 locus based
on sequencing three bacterial artificial chromosome (BAC) clones of the 1BL/1RS translocation wheat cultivar
Shimai 15. A BAC contig was constructed spanning 168 kb of the Sec-1 locus on 1RS. Twelve w-secalin genes
were arranged in a head-to-tail fashion, separated by 8.2-21.6 kb spacers on the contig, whereas six other
o-secalin genes were arranged head-to-tail, separated by 8.2-8.4 kb of spacers on clone BAC125. The 18
m-secalin genes can be classified into six types among which eight w-secalin genes were expressed during
seed development. The w-secalin genes with the 1074-bp open reading frame (ORF) represented the main
population. Except for two pseudogenes, the N-terminal of the ®-secalin gene was conserved, whereas
variations in the C-terminal led to a change in ORF length. The spacers can be sorted into two classes. Class-1
spacers contained conserved and non-conservative sequences.

Conclusion: The m-secalin gene family consisted of at least 18 members in the 1BL/1RS translocation line cv.
Shimai 15. Eight w-secalin genes were expressed during seed development. Eighteen members may originate
from a progenitor with a 1,074-bp ORF. The spacers differed in length and sequence conservation.

© 2016 Pontificia Universidad Catélica de Valparaiso. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

1BL/1RS translocation lines are alien introgressions widely used
in wheat breeding programs throughout the world. They were
introduced in China during early 1970s and have accounted for 38%
of the country's wheat cultivars. 1RS carries several important
disease resistance genes that confer resistance to leaf rust (Lr26),
stem rust (Sr31), stripe rust (Yr9), and powdery mildew (Pm8) [1].
Unfortunately, the benefits associated with 1RS are also accompanied
by quality defects, in particular, sticky dough and a reduction in dough
strength [2,3]. The poor quality of 1BL/1RS translocation lines is
partially caused by w-secalin proteins, which are encoded by the Sec-1
locus on 1RS [4,5].

The w-secalin gene family contains approximately 15 members and
is arranged head-to-tail at the Sec-1 locus [5]. Fiber FISH analysis
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showed that 15 w-secalin genes are arranged in a head-to-tail fashion
and separated by 8 kb spacers, rendering a total length of 145 kb [6].
To date, some m-secalin genes, three from rye cv. Gazelle (GenBank
No. X60294, X60295, and AF000227) [5,7], nine from DRA-1
containing a small interstitial segment from rye cv. Imperial (without
accession numbers) [8], five from wheat 1BL/1RS translocation line cv.
Lankao 906 (without accession numbers) [9], sixteen from Rye cv.
Rogo [10], sixteen from hexaploid triticale cv. AC Ultima [10], fifteen
from octoploid triticale line H93-5305 [10], fifteen from 1BL/1RS
translocation line cv. Bobwhite [10], have been reported. However,
information on the structure and evolution of the w-secalin gene
family is currently limited and imperfect because of the research
methods employed above.

Winter wheat cv. Shimai 15 is a high-yield 1BL/1RS translocation
line deriving from Petkus rye. However, its bread making quality is
poor. The genomic bacterial artificial chromosome (BAC) library of
wheat cv. Shimai 15 was constructed and maintained in our
laboratory. This made it possible to examine the structure and
evolution of the m-secalin family at the genome level. We isolated 18
members of the w-secalin family and characterized any detected
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structural variations and evolutionary features of the ®m-secalins and
spacers. The information is essential and beneficial to manipulate the
expression of w-secalin genes.

2. Materials and methods

2.1. Construction of a BAC library and four subclone libraries of wheat cv.
Shimai 15

The BAC library of wheat cv. Shimai 15 was constructed using the
HindIll site of pCC1BAC vector (Epicentre, Madison, WI, USA). The BAC
library contained more than 1,000,000 clones and preserved in 1,020
pools. The average insert size of the BAC clones was about 85 kb.

Four subclone libraries were constructed using the BamHI site of
the pCC1BAC vectors. The plasmids of four BAC clones, BAC112,
BAC125, BAC356, and BAC736, were partially digested with Sau3Al.
The 10-kb fragments of each BAC clone were extracted separately
using a gel DNA isolation kit (GenStar, Beijing, China), and then the
four fragments were ligated into the BamHI site of pCC1BAC
vectors. Each subclone library was comprised of 384 clones with
more than 20 x coverage of the corresponding BAC plasmid.

2.2. Sequencing of three BAC clones

Screening of the HindlIIl BAC library with primers of the w-secalin
gene (RS1) (Table 1) was performed as described elsewhere [9].
Plasmid DNA was isolated using the standard alkaline-lysis protocol
and used as templates. For the positive BAC clones, BAC112, BAC125,
and BAC356, were selected for sequencing by Chinese National Human
Genome Center (Shanghai, China). The DNA library preparation of BAC
clones followed the Pacific Biosciences Protocol: “10 kb template
preparation and sequencing”. Three libraries were sequenced using
Pacific BioscienceSMRTT with DNA Sequencing Kit 2.0 (Pacific
Biosciences, USA). The sequences produced were assembled by HGAP2,
which is the module of SMRT Analysis Software.

For assembling and validation of the BACs, 10-kb subclone libraries
were also constructed. For each library, primer RS2 designed based on
the w-secalin gene (GenBank No. AF000227) (Table 1) was used to
screen subclones containing m-secalin genes. The members of the
m-secalin gene family in the positive subclones were sorted by
sequencing using primer RS2F (Table 1), and then the sequences of
the inserts in the positive subclones were gained by sequencing with
BigDyeR Terminator v3.1 Cycle Sequencing Kit (ABI) on an ABI 3730XL
DNA Analyzer. The sequences of three BAC clones were determined by
combining the sequencing data of BAC clones and subclones. Sequence
assembly was performed using the Lasergene SeqMan II Module
(DNAStar) (http://www.DNAStar.com).

2.3. Physical mapping of the 168-kb contig spanning Sec-1 locus on 1RS
Plasmids of four BAC clones were purified using MIDI-PREP columns

(Qiagen, Hamburg, Germany). Sequences generated through BAC
end-sequencing were employed to develop BAC-end markers. Three

Table 1
Specific primers used in the study of the m-secalin gene family.

Primer name  Upstream primer (5’ — 3’) Downstream primer (5’ — 3)
RS1 ACCTTCCTCATCTTTGTCCT CCGATGCCTATACCACTACT

RS2 CTTCCTCATCTTTGTCCTCGC TGTGGTTGTTGTGGGAATGG
RS2F CTTCCTCATCTTTGTCCTCGC

RS3 ATCATCCAAACTTCACGCACC CGTTACATTGAACACTCCATTGAC
RS4 GAAACATCAATTCCAAGCAAGC  TGACTAAACAACGATGATCCACC
5'UTRP-1 GAGGACAAAGATGAGGAAGGTC
5'UTRP-2 GCGTGAAGTTTGGATGATGG
3'UTRP-1 CCCCAGCAAACACAACAAC

3'UTRP-1 CACAACAACCATTTTCCCAG

BAC clones, BAC112, BAC356, and BAC736, were assembled into a
contig that was identified by polymerase chain reaction (PCR) method
using the BAC end markers. Fifty clones of the 10-kb subclone libraries
of BAC736 were randomly picked for sequencing. Based on the
sequence data of BAC112, BAC356, and BAC736, physical mapping of
the 168-kb contig spanning Sec-1 locus on 1RS was constructed.

2.4. o-Secalin gene expression in seed development

Winter wheat cv. Shimai 15 was grown in a farmland and the
developing seeds from 7 to 28 d after pollination (DAP) were
collected. Total RNA was isolated from developing seeds using a
total RNA extraction kit (Bioteke, Beijing, China). Messenger RNA
(mRNA) was isolated using the polyATract mRNA isolation system
III (Promega). One microgram of mRNA was reverse transcribed
using PrimerScript™ 1st strand cDNA synthesis kit (TaKaRa, Dalian,
China). One microliter of a 10-fold dilution of cDNA mixture was
used as template for PCR amplification using PrimeSTAR HS DNA
Polymerase (TaKaRa, Dalian, China) with three specific primers
(RS1, RS3, and RS4). The 5’ UTR and 3’ UTR of the w-secalin genes
were identified using the 5’/3’ rapid amplification of cDNA ends
(RACE) kit with primers 5" UTRP and 3’ UTRP (Roche). The PCR
products were cloned into the pMD18-T vectors (TaKaRa, Dalian,
China). Sixty cDNA clones were randomly picked and sequenced
with a BigDyeR Terminator v3.1 cycle sequencing kit (ABI) on an
ABI 3730XL DNA Analyzer. Primers used in ®-secalin gene cloning
are provided in Table 1.

2.5. cDNA, genomic DNA, and protein sequence analysis of the w-secalin
genes

Sequence analysis of the w-secalin genes and spacers was performed
using Lasergene SeqMan Il Module (DNAStar) (http://www.DNAStar.
com), which included the coding sequence, amino acid sequence,
molecular weight, and isoelectric point (pl). Multiple sequence
alignments were analyzed using ClustalW 1.83 software (http://www.
ch.embnet.org/software/ClustalW.html) and shaded using BoxShade
server (http://www.ch.embnet.org/software/BOX_form.html).

3. Results
3.1. Isolating BAC clones containing the w-secalin genes

Based on published primers of the ®m-secalin gene (RS1; Table 1),
six positive BAC pools, pool 112, pool 125, pool 356, pool 457, pool
484, and pool 736, were identified by three-round PCR screening
using 1,020 BAC-pool plasmids of cv. Shimai 15 BAC library as
templates. Then, only one type of positive BAC clone was isolated
from each positive BAC pool as confirmed by restriction enzyme
digestion (BamHlI, EcoRI, and Sacl) and BAC-end sequencing. Two
pairs, BAC112/484 and BAC125/457, were overlapping BAC clones
that were separately confirmed by restriction enzyme digestion
and BAC end-sequencing. Restriction enzyme digestion fragment
analysis (Sacl) showed that four BAC clones, BAC112, BAC125,
BAC356, and BAC736, displayed different restriction maps (Fig. 1a).
PCR cloning and sequencing illustrated that the four BAC clones
contained more than three members of the w-secalin gene family
by using specific primers [9].

3.2. Sequencing of the three BAC clones

Pulsed-field gel electrophoresis (PFGE) showed that the inserts of
three BAC clones, BAC112, BAC125, and BAC356, were about 80 kb
long. Then, three BAC clones were sequenced using Pacific
BioscienceSMRTT (Pacific Biosciences, USA). The sequencing data of
BAC112, BAC125, and BAC356 were assembled into 72-kb, 52-kb,
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Fig. 1. Physical map of the o-secalin gene family of wheat cv. Shimai 15. a: Restriction enzyme digestion analysis of BAC clones; b: BAC125; c: Physical mapping of BAC112, BAC356, and

BAC736; d: Schematic representation of the three BAC clones contigs.

and 82-kb sequences, respectively. Because of high similarities of the
m-secalin genes and repeat sequences in the BAC clones, it was very
difficult to accurately assemble the BAC sequences. To correct the
assembled sequences of the three BAC clones, three 10-kb subclone
libraries were screened by using PCR primers (RS2; Table 1). The
types of w-secalin genes in positive subclones were identified using
sequence primer RS2F (Table 1). Seven, six, and five w-secalin
genes were identified in BAC112, BAC125, and BAC356, respectively
(Table 2). The inserts of these positive subclones were sequenced

Table 2
Features of the 18 members of the ®-secalin gene family of wheat cv. Shimai 15.

by primer walking. Then, the physical maps of three BAC clones
were generated by performing sequence data analysis (Fig. 1b and c).

3.3. Physical mapping of the 168-kb contig spanning the Sec-1 locus on 1RS

BAC end sequence analysis showed that the three BAC clones, BAC112,
BAC356, and BAC736, assembled into a contig (Fig. 1d). The end
sequences of 50 subclones in the BAC736 subclone library also
confirmed the contiguous sequences of the three BAC clones. The

Gene Location (bp) Accession ORF (bp) Deduced protein MWa (kD?) Calculated pI”

Precursor Mature Precursor Mature
Se01 BAC125/5090...6196 KR051725 1,107 422 40.1 8.00 7.20
Se02 BAC125/14,345...15,418 KR051732 1,074 41.6 39.5 8.57 7.16
Se03 BAC125/23,596...24,669 KR051731 1,074 415 394 8.53 7.16
Se04 BAC125/32,851...33,918 KR051733 1,068 41.5 394 9.31 8.63
Se05 BAC125/42,109...42,942 KR051737 834 323 30.2 10.04 9.88
Se06 BAC125/51,369...52,442 KR051730 1,074 414 393 10.04 9.93
Se07 Contig/18,592...19,665 KR051728 1,074 41.5 39.5 9.66 9.38
Se08 Contig/32,250...33,035 KR051738 786 30.5 29.5 9.76 10.06
Se09 Contig/41,492...42,564 KR824045¢ 1,073 / / / /
Se10 Contig/50,739...51,203 KR051739 465 17.9 15.8 9.29 8.97
Sell Contig/72,806...73,879 KR051729 1,074 41.6 39.5 5.87 5.27
Se12 Contig/94,665...95,738 KR824046 1,074 41.5 394 9.74 9.57
Se13 Contig/103,929...104,831 KR051736 903 35.0 329 9.76 9.49
Sel4 Contig/113,808...114,955 KR824044°¢ 1,148 / / / /
Sel5 Contig/129,400...130,401 KR051735 1,002 38.7 36.6 9.38 8.66
Se16 Contig/138,554...139,627 KR051727 1,074 41.6 394 8.61 7.16
Sel7 Contig/156,189...157,238 KR051734 1,050 40.6 38.5 9.38 8.66
Se18 Contig/165,597...166,670 KR051726 1,074 41.6 39.5 7.16 5.86

4 MW, molecular weight.
b pl, isoelectric point.
¢ Predicted pseudogene.
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168-kb contig consisted of 12 members of the w-secalin family, including
2 pseudogenes. The w-secalin genes were arranged in a head-to-tail
fashion with intergenic spacers ranging from 8.2 kb to 21.6 kb in the
BAC contig (Fig. 1c). The w-secalin genes on BAC125 were also arranged
head-to-tail with 8.2-8.4 kb intergenic spacers (Fig. 1b). The 18
w-secalin genes covered a total of 195 kb of the Sec-1 locus on 1RS.

3.4. Sequence analysis of 18 members of the w-secalin gene family
Two pseudogenes and the open reading frame (ORF) of 16 ®-secalin

genes were confirmed by PCR cloning and sequencing using subclone
plasmids as template. The deduced ORF length of the ®-secalin genes

ranged from 1,107 bp to 465 bp (Table 2). The ORF length changes
were mainly the result of sequence variations within the ORF of the
m-secalin genes (Fig. 2). The sequence variations can be classified into
the following six types:

(1) »-Secalin genes with a 1,107-bp ORF. Se01 with a frame shift was
caused by 1-bp insertion at nucleotide 1,019, which resulted in 2
cysteine residues. The cysteine residues were not normally
present in the m-secalin proteins [8]. Se01 was consistent with
clone 123 from DRA-1 [8].

(2) »-Secalin genes with a 1,074-bp ORF. Eight ®-secalin genes with
a 1,074-bp ORF were individually isolated from BAC112, BAC125,
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Fig. 2. Deduced protein sequence comparison of the m-secalin genes. Signal peptide, N-terminal, and C-terminal regions are labeled above the aligned sequences. An asterisk (*) denotes a
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FRRPOQPFPOQPGR LI HEQ POQP SELOPQQP FSQQPQR POQPF POQ POQI T POQPQOP FRLOPQOP VP CREFGQQPEQIISY 2]
Repetitive domain
LQPOQPFSQPQQRT POQRGQT IPQOPOQ PRP L PO PF POOPEQI T SOQPOUPFTLORO0RS
LQPQQPFSQRQQPF POQPGOL IPQQPOQPFPLO POQPF PO FEQI IFOQPOQPFPLOPOQP SPOOPOL PEPQPQOPEVVVV == == === == =m
LQPOCRIFSQPQQPT POQPGQI IPQOPQQ PFPLY POQ PF POQ PEQI T SOQPQQP FPLOPQQP SPQQRQL PFPQRRQR FVVVY - = —= == == ==
LQPQQPFSQPQOPF POQPGQT IPQOPOQ PFPLO POCHEF POQPEQII SQOPCOPFPLOPQQP SPOQPOL PFPQPQQPEVVVV == = mmm e e
LQPQQPFSQPQQPE POQPGQI IPQOPQQPFPLAPOQPTPOQPEQIT PEPLOPQQP SPQQPQL PEPQPQOP EVVAVV = == === == ==
LQPOOPFSQPCOHEPQQPGAT IPQOPCQ PFPLA POQ PF POCEIQI TROOPOOP FPLOPQQP SPOQPAL PFPQPQQR FVVVY = = mmm e mm
LOPQOPFSQRQOPT POQPGAT IPQOPOQ PFP L PO PE POQ PEQI T EEIPOOP FPLOP Q0P SPOQPOL PEPQPQQP VIV == = mmm e e
LQPQQPFSQPQQPT POQPGQI IPQOPOQ PFPLY POQ PF PO PEQI I S00POQP FPLOPOQR SPOQPQL PFPQPQQR EVVVY - - ——— ———
LQPEOPFSQRQQPF POQPGQI IPQOPOQ PFPLY POQ PF POQ PEQII SOQPOOP FPLOPQQP SHO0PQL PFPOPQQP EVVVY == == mmm mm mm
LQPQQPFSQPQQ PGOI IPQOPQQPFPLA POQ T POQPEQIIfOCPQUPFPLOPQOR SPQUPQLPFRPOPQORFVVE]-
Lo PGOIIPQOPQOPFPLO POC PF POQPEQII SOOPOOP FPLOP Q0P SPOOPOL PEPQPQOREVVVV == == mmm e e
w POUPFRQQPGQI IPY-— = ——— —— ——— — —— —— —— — QPP FPLQP QAP SPOUPQL PFPQPQQR FVVVV -- == ——= ==~
LQPQQOPFSQPQQPFPQQPGQIT PEPLQPOQPF POQFEQII SOQPQOP FRPLOPQUPSPOQPOL PFPQPQOPEVVVY == == = e = e
LJPaQP FSQPQQPF POCRGAT TPOGPOQ PFPLA POQ PF POQPEQT I foOROOR FRLAPQOP SPAQPOL PEPOPQQREVVVY == == =mm mm =
LQPOQPFSQ QAP POQRGAT IPCERCCEFPLO PO PFIAQ PEQT I SQQPOQR FPLOPOQR SPOQPQL PFRPOPQOP VIV -- == === == ==

stop codon, whereas different amino acids are shaded.
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and BAC356. The eight genes ranged from 97.6% to 99.6%
nucleotide sequence identity and 94.4% to 99.2% deduced
protein sequence identity. A total of 51 substitutions were
detected within the 1,074-bp ORFs of the w-secalin genes,
which resulted in a 38-amino-acid change. The 1,074-bp ORF of
the w-secalin genes represented the main population in the
m-secalin gene family of cv. Shimai 15.

o-Secalin genes with 1,068-bp, 1,050-bp, and 1,002-bp ORFs. The
three m-secalin genes, Se04, Se17, and Sel5, harbored 6-bp,
24-bp, and 72-bp deletions at nucleotides 1,066, 412, and 921,
respectively. Se15 and Se17 were consistent with DNA1004-1
and DNA1052-1 from wheat cv. Lankao906 [9]. The 6-bp
deletion of Se04 occurred in the conserved C-terminal region
of the m-secalin gene.

®-Secalin genes with 903-bp, 834-bp, and 786-bp ORFs. The
point mutations at nucleotides 901, 832, and 814 led to
premature termination of the three ®m-secalin genes, Se13, Se05,
and Se08. The point mutation (A — G) of Se08 at nucleotide 1
led to a 10-amino acid deletion in the signal peptide of the
o-secalin gene. Se08 was consistent with clone 8 from DRA-1 [8].
®-Secalin gene with a 465-bp ORF. Se10 was a special »-secalin
gene. The C-terminal of Se10 from amino acid 129-154 was
distinct from those of the other ®m-secalin genes. Two cysteine
residues were detected within the region.

FROS1726 1 ATGRAGRCCTICCTICATCTTIGICCTOSCCATGRCG mca:.\:c!:ma:s:m.amm:cm:mmmmwcumm 11
KR824045 1 ATGAAGACCTICCTCATCITIGICCTCACCATGACHgRAGCATCOTCACTACCGCTAGGCAS AR CCTAGCGANCAAGASTTGEART CACCACARCAACCAGTTC!
KRE24044 1 ATGAAGACCTICCTCATCTTIGTCCTCaCCATGRCGATGAG AT CoT CACTACCGCTAGGCAGC TARAC CCTASC GANC AAGAG TRIGCAATCACCACAR CARCCAGTTC

(6) Two pseudogenes. The pseudogene Se14 resulted from a point
mutation at nucleotide 86 (TTG to TAG), two deletions of 1-bp
and 24-bp in size at nucleotides 709 and 909, and a 99-bp
insertion at nucleotide 1,049 (Fig. 3). Se14 was similar to clone
182 from DRA-1 [8] and consistent with DNA1150 from wheat
cv. Lankao906 [9]. Pseudogene Se09, which harbored a 1-bp
deletion at nucleotide 37, resulted in a frame shift that was
consistent with DNA1075-1 from wheat cv. Lankao906 [9].

3.5. Sequence analysis of the spacers

The 20 spacers were named as SP1-SP20 in BAC125 and contig,
ranging in length from 1,579 bp to 21,602 bp including 16 intergenic
spacers (Fig. 1b, c). The 16 intergenic spacers can be sorted into two
classes, class-1 and class-2. Class-1 spacers consisted of conserved and
non-conservative sequences while class-2 spacers only contained
conserved sequences (Fig. 4). A sequence comparison showed that the
conserved sequences of the spacers displayed more than 97% nucleotide
sequence identity. The 5 intergenic spacers in BAC125 all belonged to
class-2. Contrary to BAC125, 7 of 11 intergenic spacers in the contig
were class-1 spacers. The 7 class-1 spacers in the contig can be further
divided into 3 subclasses. The conserved sequences were replaced by
non-conservative sequences in 4 subclass-1 spacers including SP09,

s Xz Nx]

FROS1726 111 RARAGRRCAATCATAT OO G RGN AT ATCCCT AR CCRA L ORI TT COCACA S G AR AR TAT T CC OO TATCAR CCRCAGCRACCAT TTCODCARCCCCARCRAC
HRE24045 110 ARRRGRACARTCATATCCGCAGCARCCATATCCCTCRCRCCARCCATTTCOCACAOCGCARCRRTAITCCCD ;AT‘MC&C&GG‘:C&.’TTCOCCMCMC
KREZ4044 111 RARAGARCARTCATATCCGCNSCARC AT AT o T CACE CAAC CAT T T COCACA OO G AR AR TAT TOC SO U TATCARC CAC AGCARC CAT TTCODCARCCCCARCAAC

FROS1726 221
KRE24045 220 cu:cxarx\mmmmi:mccxmmcc*'
TRI24044 22

KROS1726

AR O AT A CAA O CAR CA R L CAT T OO T CA G CAA L e AR CAR O T T OO LT A G O CAR CA R CAAT TACCCTT GCAACCACAR CAR COATTTCCOCAGCCCCAR

T T oA G OrCAR AR CAAT TACCCTTGOARCORCAR AR CCATTIO :mﬁ:::cu

1 CARCCCCCATACARCCACAR AR CCAT T OO0 TR G CRA L OO AR CAR LT T (L OO A G OO CAR AR CAAT TACCCTT GERACCACAR CAR CCATT TCCOCRGCCD

CAGCCARTTCCCCAGCARCCA 'm:mcmmmc:mwca&ammnmcmm:mm ATTOCCCAGCARACACARCARD

3
KRE24045 330 CA&,’TIMECCCCAGCMCMA%:%@CCCEMCMCCCWWCACE%N’EW:AW TTCCCCAGTARRCACRRCAACC
331 G

KRE24044

CAGCCARTTCCOCAGCARCCACAACA ICGITC:C?MCMCCWW‘CCACA’}WE co A CCACARCAARTARTTOCCCAGTAAACACARCRALE

FRO51726 441 ATTTCOCCTGCRRCCTCARCARCCATTCOTACRA AR ACARA A CAT TCECCoAGCRAO CAGAA CARAT ART TT COCAAC AR CCAT TOCCTCTOEAGOTACARCAAC
KRE24045 440 ATTTCCRCTGCARCCTCARCARCCATTCOCACRRCAACCACRAR A CA T TCGCCRGCRAC CAGH CARAT AR T TT COCARCRA OCATTOCCTCTIGCAGOCACARCRAC
KR824044 441 ATTTCOCCTGCARCCTCARCANCCATTRCCA AR CARCCACAAN A CAT TCCCCAGCRACCAGAA CARAT AXT TT COCAACARCCAT TCCCTCTOCAGHRIA CAACAAC

KRO51726 $51 CATTTTROCAGO0GCARCAACTATTTOCTCAGCANOCGGGACARATAAT TODCCAGCARCOO AR CAACCATO000CCTGCANCORCANCANCCATTCTCGEAGCARCS
TRE24045 350 ATTTTCOCAGO0GCANCANC AT T TOCTCASCANOCGGGACAR AT T CAGCANC OO AR ANCCATR OO0 CTGCANC OGCANCANCCATTCTCRAGCANCCS
TRE24044 351 CATTTCOCAGOCGCANCAN AT T TOCTCAS AR CCGGGACAR TAAT O GCANC OO AR CAACCATCCO0CCTGCAMC OCARCARCCATTCICAGCARCCS

FROS1726 661 CAGRGRCCACARCARCCATTICCOCARCARCCACARIARATARTTCC
FREZ4045 660 CAGAGACCACAACAACCATTTCCOCAGCARCCACARCARATAATTCC
KRE24044 661 CAGAGACCACAACAXCCATTTORGCARCCACANCANATAATTCR

KA A CCAT TCCCCTOCARC OGCARCARCCAGT COCOCARCARCCACARAG

AR C A CAR AR CCAT TOCCOCTGCRACOSCARCARCCAGT COCOTAACARCCRCARAG
CGmCCJI?CC:‘TGMCCGCMCMCCAGTC COCARCAACCRCARAG

TRO51726 771 ROCATICGGCCAGCARCCACARCARAT AR T TTCOCRECEACCOCAR AR AT TCOCTCT GLRGCCRCARCARCCRT TT TOCCREOCCCRRCARCCATTTCCTCRECARC

KRE24045 770 :.cc;:rc@.@:m:;mmu:ncm&x:cum TTCOCTCTGIRECCACRRCRRCCAT

CCCRGOCCCRRCARCCRTTICCIC

FRE2404% 770 ACCATICGGCCAGCA GSAAMR?HEICKSCSRICCMACG; TOOCTCT L AGCCRCAR AR CCATTTTCCCAGOCCORRCARCCRTTTICOTCAGCARC

ZRO51726 g8l
KRE24045 880 CTGGRCAARTAATTCCCCAGCARCC
KR824044 280 crmmm:‘:c#:.mc: AL ===ememennmenanes

FROS1726 591 CCTCTGCARCCACAACARCCHICCCCCCARCARCCACARCTRCCATTTCCOCAGCOCCA
KRE824045 990 CCTCG’J&CCACM'M*CCCCCCHNCCMCHCCA:TCWCCCCA

TG AR T AR T TCC A G CAA S0 AR CCATT OO0 0s TG C AR DS AR CARCCAT TOC L CRGCARC SO G CAART AR T T CCAGCARCOCCANCARC AT
e AACEACCATTCCO0CTGCRNOCGEARCAROCAT TOCORGCARCCEGRALAARTAR T T CfPGRARCCCCANCARCEATTC

------- AR CRTTCCCCCAGCARCCEGRARCARRT RRT T CCCAGCARCCCCARCARCARTT

FR324044 266 COTCTGoARCCACARCAR ORI COC oo CAR AR CCAC AR CTRCCA T TCCOCAGC oD CAR CAR G AT T L COCRARAA G CIGAR CARAT AT TCCOTAGTGRACCCCARCR

RROS1726  =esesseecsssscsesssssssessesssessssenssemnenses
FRIZHS  meeeeseeesssssesesssssseseesessseseessseeeesees

==GRACCRITIGIAGTAGTGOIATAG
==GCRACCRTTIGIAGTAGIGOIATAG

FRE24044 1076 ACCATTICOCTCTGCAGCCACAC AR CCTCAGCARCCTTAT CCACAGCAGCAACCATTIGIAGTAGTGOIATAG

Fig. 3. Nucleotide sequence alignment of two pseudogenes with the w-secalin gene. The different nucleotides are shaded.
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Fig. 4. Analysis on sequence conservation of the spacers.

SP15, SP18 and SP19 and separated by non-conservative sequences in 2
subclass-2 spacers including SP13 and SP16. The non-conservative
sequence of subclass-3 spacer, SP12, located at the 5’ end of the spacer.
There were 4 putative genes, phosphatidylinositol 3-kinase, zinc finger
MYM-type protein 1-like, GTP pyrophosphokinase, disease resistance
RPP13-like protein 3, identified in the conserved sequences of the
spacers by sequence annotation using blastx tool in NCBI database.
Meanwhile, 5 genes were found in non-conservative sequences of 7
class-1 spacers in the contig including 3 retrotransposon genes,
Ty3-gypsy retrotransposon protein (SP12), gag-polypeptide of
copia-type (SP13), and Opie4 pol protein (SP18). Besides, a
retrotransposon gene, Ty1-copia retrotransposon protein, existed
in non-conservative sequences of SP07.

3.6. Genomic organization of the w-secalin genes

The members of the w-secalin gene family expressing during seed
development were investigated by RT-PCR by using three primers
(RS1, RS3, and RS4) (Table 1). Fifty seven full-length cDNAs were
gained by sequencing. Forty-eight cDNAs had corresponding
genomic DNAs from three BAC clones, including eight members of
the w-secalin gene family, Se03, Se06, Se07, Sel1, Se12, Sel5, Se16
and Sel7. No genomic DNAs corresponding to the other nine
o-secalin cDNAs were detected. This indicated that some other
w-secalin genes may lay outside the three BACs. Comparison of
genomic DNAs with their corresponding cDNAs showed no intron
in the eight w-secalin genes.

To obtain the full-length cDNAs of the w-secalin genes, 5’ RACE
and 3’-RACE were performed. The 5’ and 3’ untranslated regions
(UTRs) were aligned with the genomic DNA sequences of the
w-secalin genes. The transcription start sites (CCTTCCATCATCC)
were all located 71 bp upstream of the translation start codon. The
length of the 3’ UTR with two polyadenylation signal sequences
(AATAAA) ranged from 171 bp to 188 bp. The poly(A) tails were
added at 171 bp, 173 bp, 177 bp, and 188 bp downstream of the
termination codon (CACAAGGACATTGCTGGT).

3.7. Promoter analysis of the w-secalin genes

The cis-elements in the promoter sequences of the w-secalin genes
were searched by the plantCARE online tool. Many cis-acting

regulatory elements involved in light responsiveness and enhancer
elements were predicted (data not shown). The 1,125-bp sequences
upstream from the transcription start site in the w-secalin genes were
highly conserved among m-secalin genes except for Se08.

A comparison of the promoter sequences of 18 m-secalin genes at
300 bp upstream from the transcription start site identified 24
substitutions and 1 insertion over the whole regions (8.3%), except
for Se08 promoter sequence (Fig. 5). Se08 promoter sequence was
relatively different from those of the other w-secalin genes. The
pseudogenes Se09 and Sel4, had two substitutions, T — C and
G — T, within the conserved GCN 4 motif (TGAGTCA to TGAGCCA,
TGAGTCA to TTAGTCA) of the — 300 elements. No mutation in the
highly conserved promoter motif in the other w-secalin genes was
detected, indicating that the two pseudogenes may be not actively
transcribed.

4. Discussion

Omega-secalins have a negative impact on dough quality of the
1BL/1RS translocation lines. Less information on the w-secalin gene
family is available, which was obtained by lambda clone enzyme
cutting and sequencing [5,8], PCR analysis [9,10], or Fiber FISH [6].
However, it is difficult to accurately analyze the structure and
evolution of the m-secalin gene family using these methods above.

Southern blotting showed that there were about 40-60 m-secalin
gene copies at Sec-1 in the wheat/rye addition lines [11] and 10-20
copies in wheat line DRA-1 which contains a small interstitial 1RS
segment from rye cv. Imperial on 1DS [5]. Hybridization with DNA
probe from pSec1clone identified a 145 kb fragment which contained
approximately 15 m-secalin genes and also showed that some gene
units lay outside the 145 kb fragment [5]. Fiber FISH analysis of rye
support the model that the w-secalin genes are arranged in a
head-to-tail fashion separated by 8 kb of spacer sequences [8]. In this
study, we assembled BAC contig of 195 kb and identified totally 18
o-secalin genes in wheat cv. Shimai 15. We also found another 9
w-secalin genes by sequencing PCR product from cDNA mixture of
developing seeds (data not shown). These results we achieved were
not consistent with those of previous reports [5,6,9]. The first reason is
that it's more efficient and accurate to isolate w-secalin genes with the
BAC library compared to PCR cloning. The second reason is that the
Sec-1 loci analyzed in different studies are from rye cv. Imperial [5,6]
and rye cv. Petkus respectively.

For the m-secalin genes identified in wheat cv. Shimai 15, their 5’
ends were much more conserved than the 3’ end which suggested that
the 5’ end was under strong selection pressure. Among them, the 8
members with a 1,074-bp ORF represent the main population. The
Se10 was very unique since its nucleotide sequence from 385 bp to
465 bp was not conserved to other members. The base insertions,
deletions and point mutations in the 1,074-bp ORF resulted in frame
shifts, stop codons, and amino acid deletions as shown in other 9
m-secalin genes. Sequence comparison indicated that the members of
the w-secalin gene family may originate from a 1,074-bp ORF progenitor.

Previous studies suggested that the w-secalin genes were separated
by 8 kb spacers [5,6]. Similar results were obtained in the BAC125.
However, only 4 spacers were around 8 kb in the contig. The
intergenic class-1 spacers all located in the contig. Two pseudogenes,
Se09 and Se14, were identified in the contig. The Se08 was also a
special gene. These results above suggested that the members of the
m-secalin gene family on the BAC125 and contig were produced by
different mechanism. There were 4 retrotransposon genes found in
non-conservative sequences of the spacers in the BAC125 and contig
which indicated that retrotransposon genes involved in the evolution
of the w-secalin gene family.

The cDNA sequences corresponding to 8 members were cloned by
PCR using mRNA of different developing seeds as template. The
number of expressed members showed no difference during seed
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GONS mond
GO TRAT TCOMAGAGGOMATCIA G TCALGET CTCT AS IO TAMGT QAT QA CT CATCAST OS TTAT COAS O - TGOCTT ACAL OCAGAT A

mos1728 1
ROS1737 1 AN TRAT TCAAASGRAGCOA M TCAAG TCAAGET CT CT AS T TAA GT GAA M AA AT GAGT CATCAST G TTAT CRAGCA - TGOCTTACAACCAGAT A
R081782 1 GANGOAATRAT TCARAMASGGCOAM TCAAG TCAAGET CTCT AS T TAMGT GAA MMM AT GAGT AR CGTTATCGAGCA-TGOCTTACAACCAGATA
R081732 1 GANGCA A TRAT TCRAASGAGGOA M TCAAGA TCAAGET GTGT AS TG TAAAGT GAA MM MM AT GAGT QR CGTTATCGAGCA-TGOCTTACAACCAGATA
FROS1726 1 GOIGOAACTRAT TCRAAASGAGGOAMA TCAAGA TCAAGCT CTCT AS TG TAMGT GAAMIAAT GAGT QA CETTATCGASOA-TGOCTTACAACCAGATA
FROS1727 1 GCATCACAAACTGAAT TCCAAMAGGAGGCAAM TCAAGA TCALGET GTGT AG TG TAMAGT GAA A AT GAGT CA’ CGTTATOGAGCA-TGOCTTACAACCAGATA
FRO5173% 1 GATGOAATRAT TCAAMAZRASGIAN TCAA R TCAAGT CTCT A TOTAMGT GAAMAMAAT GAGT O CETTAICGASCA-TCCCTTACAACCAGATA
FROS1734 1 GG TRAT TCAAMAGRAGG A TC AR TCAAGET CICT ACTC TAMGT GAAMMAAT GACT QA Qe TTATICCAGCA-TCOCTTACAACCAGATA
FROS1731 1 GATGCAAM TERAT TCCAMAGGAGGCAAA TCAAGA TC AL GET GTGT AG TG TAM GT GAA M AAAT GAGT CA’ CGTTATOGAGCA-TGCCTTACALCCAGATA
FRE24046 1 TCAMASGAGCOAMTCIAGATCAAGET CTCT AS T TAMGT AT GACT CATCAST OO TTAT OGAGCA - TGCCTTACAACCAGAT A
¥ROS1728 1 TCCAMASGAGCOAIATCIAGATCALGET T T ASTE TAMAGT GAAMAIAAT GAGT CATCAST OG TT AT COAGCA - TGOCTTACAACCAGAT A
ROS1738 1 GG TR TCAMASASCOA TC G TC A T CT ST AS T TAMGT QA ML GACT A TCAST O TT AT MG QA -TCOCTTACAACCAGAT A
FROS1736 1 GAATCACMAACTGAAT TCCAMMAGGAGGCAAIATCAAGATCALGET GTCT ASTE TAMAGT GAAMAMAAT GAGT CATCAST OO TT AT G A6 CA - TGOCTTACAL OCAGATA
¥RO81730 1 GATGOIALTGAT GG TC A GATCAAGET GT T AG TG TAM GT GAAM M AT GAGT CATCAST G TT AT G AGCA - TGOCTTACAL ATA
RosL72e 1 GAIGOAALTRATTC mmnamuwraaummmmacrcncmqnnmm-mmnm ATA
FREZ4048 1
FREZ4044 i
FROS1738 1
FROS1725 110 AATAATCCAAMATGACACAA -G TAMA GTT GT GCCATCAA -ACACAACATACCAA DA CT ATT AG TT QR AAAAGC TTATGAGCA
FROS1737 110 AT A TC A A ATGAC AL A -G TA A CTT CT G A TCAA - ACACAACATACC AA A CT ATT AGTT COAAAAGCTTATGAS A
KROS1732 110 AATCCAAATGACAC A -G TA A GCTT TG A TCAA - ACACACA TACCAA AA CT ATT AGTT CGAAMA GCTTATGAGCA
081732 110 AATCAAATGACAC A -G TA A GTIGTGCAA TCAA-ACACACA TACCAA A CTATT AGTT COAAMAGCTTATGAGCA
ROS1726 110 AATCGAMATGACACAA -G TAMGTTGTGCCATCAA -ACACAACATACCAAMACT ATT A TT COAALAAGCTTATGASCA
Wmos1727 110 AATCOAAATGACACAA -G TAMGTTGTGCAATCAA -ACACA A TACCAAMACT ATT ASTTCOALAAGCTT ATGAS A
¥ROS1738 110 MATCOMAIGACACIA -G TAMGTIGIGCAATCAL -AAOACATACCAAM CT ATT ASTT COALMGCTTATGAS A
FROS1734 110 MTCAMATIGACASAA <G TAMGTI CTGCCATCAA ~-ACA A CATACCAAM CT ATT AS TT COAMMALGCTT ATGASOA
FROSL73L 110 MATCAMATIGACASAA -G TAMGTT T TCAA-AQACQAQATACCAAMCT ATTACTICC MMM GCTTATGASOA
FRE24046 110 AATCCAMATGACACAA -G TAMAGTT GTGCCATCAA -ACACAACATACCAAAACT ATT AG TT COALAAGC TTATGAGCA
FROS1729 110 AATCCAMATGACACAA -G TAMAGTT GTGCCATCAA -ACACAACATACCAAAACT ATT AG TT COALAA GC TTATGAGCA
051738 110 AATCQAMATCACACAA -G TAMGTTCTGCAATCAA-AQQACATACC A CTATT ASTT OO MMM GCTTATGAG A
FROS1736 110 MATCCAMAIGACAC I -G TAMGTTGTGCAATCAA -ACA A A TACCAAMACT ATT A TT COALMGCTTATGASCA
FROS1730 110 MATCCAMAIGACACAA -G TAMAGTT GTGCCATCAA ~-ACACAACATACCAAMACT ATT AG TT! GCTTATGASCA
mos172e 110 AATCQAATCACACAL -G TAMGTT ATCAL-AQCQAATACAMCTAITASTTCCALMGCTTATCASCA
IRE24048 110 AATCQAATGACACAA -G TAMGTT CATCAL-AQCQAGTACCLMMCTAITASTTCCALMGCTTAIGAS O
RAZ4044 110 AATCOAATGACACAL -GTAMAGTT CATCAL- aamanocuncrmmnesnnscnmm
WROS1738 104 it B (v § 2 2 AA
TR box

FRO51725 218 C-=-TTTIT-CAGAAAGCGAGT GATGAATGAATCCAT ACCATANSAACT ATAMA TA CACATGCACCATT AT AG TCACCT TCCAT CATCCAAACT TCACGCACT AL
FROS1737 218 C---TTTTT-CAGAMAGCGAGT GATGAATGAATCCAT ACCATAACAACT ATAMA TACACATGCAQCATT AT AG TCACCT TCCAT CATCCAAACT TCACGCACC AL
FR0S1732 218 C---TITIT-CAGAAAGCGAGT TOAATGATGIATCAATCCAT ACCATAMC AACTATAMATACACATGCACCATT AT AS TCACCT TCCAT CATCCAAACT TCACGCACCAA
FROS1733 218 C---TTTIT-CAGAAAGCGAGT TOAATGATGAATGAATCCAT ACCATAMC AACTATAMATACACATGCACCATT AT AS TCACCT TCCAT CATCCAAACT TCACGCACCAA
FROS172€6 218 C---TTTTT-CAGAAGCAACT TOATR TG A TG A TC AT ACCATAM M CTATA LA TACA CATCCACCATT AT AS TCALCT TC AT CATCCAMACT TCALGEACC AL
FROS1727 218 Ce--TTTTT-CAGAAAGCGAGT TCAATGATGAATGAATCCAT ACCATAMC AACT ATAATACA CATGCACCATT AT AS TCACCT TCCAT CATCCAAA CT TCACGCACC AL
FROS1738 218 C---TTITI-CAGAAAGCGAGT TOAIGATGAA TG AATCAAT ACA TAM A CTATA M TACA A TCAACCATT AT AS TCACCT ICAAT CATCAAAA CT TCACGEA LT AL
RO81734 218 Co--TITIT-CAGAAGCGAGT QAT GATCAATCAATCAT ACA TAM M CTATAM TAG G TCACCAITAT ASTCACCT ICAT QAT TCACGOACCAA
R081781 218 Ce=eTTTIT- amxmc:mamnmnﬁccumnacncrnmrxnammmnmmmummammﬂxmocn
FRE2404€ 218 Ce=-TTTTT-CHGAAAGCGAGT TOUTGATGAATGAATCOT ACATAMEACTATAM TAQ A TCAACCATT AT AS TCACCT TCOAT A TCAAACT TCACGCACC AL
FROS172§ 218 C-=-TTTIT-CAGAAAGCGAGT TCAAT GATGAATGAATCCAT ACCATAACAACT ATAMA TACA CATGCACCATT AT AG TCACCT TCCAT CATCCAAACT TCACGCAQTAA
FROS173§ 218 C--~TTTTT-CAGAAAGCGAGT TCAAT GATGAATGAATCCAT ACCATAM AA CT ATAMA TA CACA TGCACCART AT AG TCACCT TCCAT CATCCAAA CT TCACGCACT AL
FRO51736 218 C---TITIT-BPARMGCGACI TQATGATCAATCAATCAT ACCATAAC A CT ATAMA TACACATGCACCAITAT AC TCACCT TCAAT CATCCAAA CT TCACGCACCAL
FRO51730 218 C---TTTIT-CAGRAAGCGACT TOATGATCAATCAA TCAAT ACA TAMC A CTATA M TACACATCGCACCATTAT AS TCACCT ICAAT CATCQAMA CT TCACGAACCAL
FROS1728 218 C--- GAAAGCGAGT GATGAATG. ACCATAMCAACTATAZATACACATGCA ATASTCACCTICAATCATCQAMCT TCACGAACCAL
FR824048 218 C---TTTTT-CAGAAAGCGAGT GATGAATS. AATAACACTATAMTACACATG A nmmmaxmammn
WRA24044 218 C---TTTTT-CAGAAAGCGHGT TCAATGATGAATG. ACCATAMCAACTATAMA TACA A TGCACCATT AT AS TCACCT TCCAT CATC CAAAS AL
081738 214 EERNETTIRCAGAAAGCGAGT TCAATGATGAATS. mmcncrumnaamccmnmrcmctrcm.amancrmmccn

Seart code Seat code
FROSL72S 324 GATOGMACAT QAT TCOAMSOAGCAI TAGT ALCCACMATCQUALAT G _—
FROSL7YT 324 GATOGMACAT QAT TCOAMOAGCAI TACT AACCACMATCCAM AT G-
FROS1732 324 GATOAGMACATCAAT TCCAMGCAAGCAT TACT AACCACMATCCAMAT G-
FROS1733 324 GATCOAGMMACATCAAT TCCAMGCAAGCAT TAGT AACCACAMATCCAMCAT G-
FROS1726 324 GATCAGMMACATCAAT TCCAMGCAAGCAT TAGT AACCACAMATCCAMCAT G
FROS1727 224 TCCAASCAAGCAT TAGT AACCACAAARC CAMCAT G-
FROS1735 324 GATCAGAAACATCAATTCCAMGCAAGCATTAGTAACCACAMATCCAMCATG
ROS1734 324 muwmxunﬁuxmxﬁxﬂ:
RO81731 324 ATCAAT TCCAAGCAAGCAT TAGT AACCAC A TCOAACATG
RAZ2404€ 324 GATOSAACATOATTCOAASCAIAGCATTAGT AACCACAAMA TCCAACAT G~
FROS1729 324 GATGASAMCAT QAT TCCAASCAGCAT TAGT AACCACAM TCOANCAT G-
FROS173§ 324 GATCAGAAACAT CAAT TCCAAGCAAGCAT TAGT AACCACAM TCCAMCAT G-
FROS1736 32§ mummwunwu&mmmﬁcﬂc
FRO51730 324 GATOAGMACAT QAT TCCAMGCAAGCAI TAGT AACCACMATCCAACAT G-
FROS1728 325 GATCAGAAACATCAAT TCCAMGCAAGCAT TAGTAACCACAMATCCAMCATG-
FRE24045 324 AT CAAT TCCAMGCAAGCAT TAGT AACCACAMA TCCAMCAT 6~
FRE24044 224 ATCAAT TCCAMGCAAGCAT TAGT AACCACAMA TCCAMCATG-
ROS1738 324 nwmxn:;an&xmmpummnnnmmmnc

Fig. 5. Nucleotide sequence alignment of the promoter regions from the w-secalin genes. GCN motif, TATA box, and Start codon are labeled above the aligned sequences. An asterisk (*)

denotes the transcription start site, whereas different amino acids are shaded.

development (data not shown). Six of the eight expressed members
belonged to the 1,074-bp ORF w-secalin gene, which may play a
similar function. Cloning of two expressed members with 1,050-bp
and 1,002-bp ORFs supports the results of Chai et al. [9], which was
generated by PCR analysis. Compared to the 1,074-bp ORF member,
the two members with a 1,050-bp ORF and 1,002-bp ORF were caused
by the deletion of the repetitive domain in the w-secalin gene. The
result indicated that the deletion had no effect on the function of the
o-secalin gene.

In summary, 18 members of the w-secalin gene family were
isolated by sequencing three BAC clones with spacers ranging from
8.2 kb to 21.6 kb. Except for two pseudogenes, the N-terminal of
the o-secalin gene was conserved, whereas variations in the
C-terminal led to a change in ORF length. Members with the
1,074-bp ORF predominated. Eight members were expressed
during seed development. Whether -secalins have other
functions other than its negative impact on dough quality in 1BL/
1RS translocation lines have yet to be determined.



8 M. Li et al. / Electronic Journal of Biotechnology 21 (2016) 1-8

Accession codes

Sequence data can be found in the GenBank under accession numbers
KU051382(BAC112), KU051383(BAC125) and KU051384(BAC356).
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