© Indian Academy of Sciences

RESEARCH ARTICLE

Rapid cloning and bioinformatic analysis of spinach Y
chromosome-specific EST sequences

CHUAN-LIANG DENG*, WEI-LI ZHANG, YING CAO, SHAO-JING WANG, SHU-FEN LI, WU-JUN GAO
and LONG-DOU LU

College of Life Science, Henan Normal University, Xinxiang 453007, People’s Republic of China

Abstract

The genome of spinach single chromosome complement is about 1000 Mbp, which is the model material to study the molecu-
lar mechanisms of plant sex differentiation. The cytological study showed that the biggest spinach chromosome (chromosome
1) was taken as spinach sex chromosome. It had three alleles of sex-related X, X and Y. Many researchers have been try-
ing to clone the sex-determining genes and investigated the molecular mechanism of spinach sex differentiation. However,
there are no successful cloned reports about these genes. A new technology combining chromosome microdissection with
hybridization-specific amplification (HSA) was adopted. The spinach Y chromosome degenerate oligonucleotide primed-PCR
(DOP-PCR) products were hybridized with cDNA of the male spinach flowers in florescence. The female spinach genome
was taken as blocker and cDNA library specifically expressed in Y chromosome was constructed. Moreover, expressed
sequence tag (EST) sequences in cDNA library were cloned, sequenced and bioinformatics was analysed. There were 63
valid EST sequences obtained in this study. The fragment size was between 53 and 486 bp. BLASTn homologous alignment
indicated that 12 EST sequences had homologous sequences of nucleic acids, the rest were new sequences. BLASTx homol-
ogous alignment indicated that 16 EST sequences had homologous protein-encoding nucleic acid sequence. The spinach
Y chromosome-specific EST sequences laid the foundation for cloning the functional genes, specifically expressed in spinach
Y chromosome. Meanwhile, the establishment of the technology system in the research provided a reference for rapid cloning
of other biological sex chromosome-specific EST sequences.
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Introduction

Spinach belongs to family Chenopodiaceae, and is a kind
of typical XY type sex-determination plants. The composi-
tion of chromosome is 2n = 12 (Bemis and Wilson 1953) in
the second stage of the sex chromosome evolution (Ming ef al.
2007). It has many different sex-expression types including
absolute male plant, nutrition male plant, absolute female
plant and monoecism (Correns 1929). Before the flowers
started to develop, the size of male floral primordium was
consistent with that of female floral primordium. After
the flowers developed, the development speed of male floral
primordia was relatively faster, and no opposite organ in
female and male flowers was started. Therefore, there was
no trace of opposite organ degradation in the mature uni-
sexual flowers (Sherry et al. 1993). Thus, spinach became
an ideal research system to study development of functional
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gene of floral organ. The class B genes APETALA3 and PIS-
TILLATA (Pfent et al. 2005), the class C gene AGAMOUS
(Sather et al. 2005) and API/FUL (Sather and Golenberg
2009) of ABC model in flower development were cloned
successively. With the help of RNAI technology, Sather et
al. (2010) studied the effects of two kinds of MADS box
genes including the class B and class C genes on spinach sex-
ual control. The results showed that when the spinach class
B genes were inhibited, the anthers would be transferred
into the homologous carpel, but the number of perianths in
fourth floral whorl would be affected. The female devel-
opmental state appeared in the SpPI silenced male plants;
when the spinach class C floral organ-determining genes
(SpAG) were inhibited, part of the reproductive organs would
lose the functions, the intermediate type of flower would
appear, but other sex-specific features or structures would
not appear. However, the analysis of genome sequences of
SpAP3 and SpPI showed that there was no difference in the
alleles between female and male. Thus, these genes were
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not spinach sex-determining genes but only related to sex
differentiation.

Spinach has long been used as model material to study
sex determination and differentiation. The cytological study
showed that the short arms of spinach chromosome 1 (the
longest chromosome) had the sex-determining locus (lizuka
and Janick 1962). Lan et al. (2006) carried out the chromo-
some localization analysis on spinach chromosomes using
45S rDNA sequence. There were six 45S rDNA loci on
female plant chromosome and five in male plant. There-
fore, spinach was XY sex-determining mechanism type in
the early period of sex chromosome evolution. The 45S
rDNA fluorescence in situ hybridization (FISH) results of
our research showed that six distinct 45S rDNA hybridiza-
tion signals appeared on the root tip cell chromosomes of
female and male plants. The difference is seen in weak fluo-
rescence signal distribution. In male plants, weak 45S rDNA
hybridization fluorescent signal appeared only on one short
arm of chromosome in spinach chromosome 1. In female
plants, weak 45S rDNA hybridization fluorescent signal
existed on one pair of short arms of chromosome in spinach
chromosome 1. For the first time spinach chromosome 1 was
confirmed as the sex chromosome at the cytological level
(Deng et al. 2012). With the aid of chromosome microdis-
section technique, the microdissection and DOP-PCR ampli-
fication were successfully carried out on the longest chro-
mosome of spinach in our laboratory, and the amplification
products of spinach Y chromosome were successfully iden-
tified using the male-specific marker T11A (Onodera ef al.
2008; Deng et al. 2013).

Using 101 AFLP markers and nine SSR markers, the
genetic map of spinach backcross populations were success-
fully constructed. The genetic map was divided into seven
genetic linkage groups. The total genetic distance was 585 cM.
The region with 1.9 cM distance from SO, microsatel-
lite markers was associated with spinach sex determination
(Khattak et al. 2006). Ten AFLP molecular markers closely
linked to the X/Y locus were identified by separation pop-
ulation grouping analysis. Among them, four markers were
coseparated with Y gene. These AFLP molecular markers and
two known male-specific DNA fragments were located on
13.4 cM region which covered Y locus (Onodera et al. 2011).
These molecular markers laid the foundation for cloning sex-
determination gene. The genetic linkage map of spinach male
sex control area was drawn by the bulked segregant analysis
(BSA) method. The result proved that the linkage of monoe-
cious gene (M) and male sex control gene (Y) were located on
Y chromosome. They were nonallelic genes and the genetic
distance was 12 cM (Yamamoto et al. 2014). The acquisition
of sex control loci closely linked with molecular markers laid
a foundation for cloning sex-determining gene. However, the
spinach genomic library construction and a lot of screening
work are still needed.

The direct alignment method of cloning spinach sex-
determining gene was to directly clone functional genes
on Y chromosome of spinach. At present, the sex-related
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functional gene cloning methods included: (i) the cDNA of
female and male flower buds or total genomic library was
constructed. Then the sex differentiation-related genes were
cloned using the differential display technique or suppressive
subtractive hybridization technique, so as to obtain the sex-
specific markers; (ii) the sex chromosome microdissection
and DOP-PCR amplification were performed. The screening
of cDNA library or FISH identification was performed with
the amplification products as a probe, so as to obtain the spe-
cific function sequence of sex chromosome. The position-
ing analysis was performed in X chromosome; (iii) the sex
differentiation-related specific gene was obtained by molec-
ular marker methods (such as RAPD, AFLP and SRAP etc.)
(Kejnovsky et al. 2001). The spinach sex-determining gene
was not cloned by the above methods. The single chro-
mosome EST sequence rapid cloning method may become
the effective way for cloning spinach sex-determining gene.
It was a new technique combining chromosome microdis-
section with cDNA hybridization-specific amplification. The
technology was first established by Zhou et al. (2008), and
specific expression of 94 EST sequences was successfully
cloned in rye 1R chromosome. However, there was no report
on successful cloning of the sex chromosome-specific EST
sequence.

According to the above issues, the DOP-PCR products of
spinach Y chromosome were hybridized with cDNA male
spinach in florescence in this study based on the successful
acquisition of spinach Y chromosome DOP-PCR amplifi-
cation products. With female genome and transcriptome as
blockage, the cDNA library specifically expressed in Y chro-
mosome was constructed And the cloning, sequencing and
bioinformatic analysis of EST sequence in ¢cDNA library
were performed. The results of this study would be helpful
to clone the functional gene specially expressed in spinach
Y chromosome, and provide an effective way for cloning
spinach sex-determining gene.

Materials and methods

Plant materials

Spinach (Spinicia oleracea L. 2n = 12) was cultivated in the
experimental field of Henan Normal University. The good
growth environment was maintained to avoid the biotic or
abiotic stress. Japanese big leaf spinach with genetic stability
was obtained through selfing.

Microdissection, DOP-PCR amplification and identification of
spinach Y chromosome

Referring to the method of Deng et al. (2012), after the
spinach seeds were germinated in the incubator under the
appropriate conditions, the apical meristem chromosome
sections in cell metaphase were prepared.

According to the method of Deng et al. (2013),
spinach Y chromosome microdissection and DOP-PCR
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M 1 2 3 4

Figure 1. The detection of enzyme digestion efficiency. M, trans
DNA marker II; lanes 1 and 3 represent the DOP-PCR products
of spinach Y chromosome and the cDNA of male spinach at flow-
ering stage before enzyme digestion, respectively; lanes 2 and 4
represent the DOP-PCR products of spinach Y chromosome and the
cDNA of male spinach at flowering stage after enzyme digestion,
respectively.

(primer: 5'-CCGACTGATCNNNNNNATGTGG-3") ampli-
fication were performed to obtain the Y chromosome
DOP-PCR products. The microdissection Y chromosome
amplification products were identified with T11A mark-
ers closely linked with spinach male sex control locus
(Onodera et al. 2008; accession number: E15132; primer
pairs: 5-CCCTAATTAACTCCTCTTTACCCAA-3' and 5'-
TACAAGCCCCATTATCATAACAGTC-3').

Genomic DNA extraction, mRNA isolation and cDNA synthesis

The male and female spinach genomic DNAs in flores-
cence were extracted using the improved 2x CTAB method.
The male plants flower RNA was isolated from spinach
with RNApure ultra pure total rapid extraction kit (Aidlab,
Beijing, China). Its content was determined and its qual-
ity was detected. The male RNA of spinach was reverse-
transcribed into double-stranded cDNA with SMARTer™

M 1 2

(a)

PCR cDNA Synthesis Kit (Clontech, cat. nos. 634925 and
634926).

Hybridization of Y chromosome DNA and male flower cDNA of
spinach

According to the method of Zhou et al. (2008), cDNA
and DOP-PCR products of spinach Y chromosome were
purified before enzyme digestion with DNA coprecipitation
agent. Digestion products, 1 g were taken, 10 U Sau 3Al
enzyme was added to 25 uL system for enzyme digestion
overnight at 37°C. The restriction enzyme activity was
inactivated for 15 min at 70°C. The effect of enzyme diges-
tion was detected. 2.5 uL of Sau 3Al digested Y DNA
or cDNA of spinach, 2 L (10 uM) of adaptor HSA1
or HSA2, 2 nL 10x T4 ligase buffer (TaKaRa, Dalian,
China), 1 uL (3.5 U/ul) T4 ligase and sterile double-
distilled water were supplemented to a final volume of
20 uL, kept overnight at 16°C. The DOP-PCR product of
spinach Y chromosome was linked with HSA1 (A1L, 5'-
GTAATACGACTCACTATAGGGCTCGAGCGGCCGCCC-
GGGCAGGT-3’; A1S, 3'-CCCGTCCACTAG-5'). The total
cDNA double chain products in florescence of male spin-
ach were linked with HSA2 (A2L, 5-TGTAGCGTGAA-
GACGACAGAAAGGGCGTGGTGCGGAGGGCGGT-3;
A2S, 3-CCTCCCGCCACTAG-5"). 1 ug blockage DNA
(boiling DNA fragment of female spinach genomic DNA
which is between 100 and 1000 bp, female genomic DNA
enzyme digested with Sau 3AI and cDNA of female spinach
flowers) was added, alcohol precipitation was performed by
chloroform/phenol extraction.

PCR analysis of the ligation efficiency

According to the method of PCR-Select™ cDNA Subtrac-
tion Kit User Manual (Clontech, cat. no. 637401), the
general housekeeping genes primers actin 01 (5'-CATCAG-

1 2 M

Figure 2. PCR analysis of the ligation efficiency. M, trans DNA marker II; (a) the amplification pattern of the DOP-PCR products of
spinach Y chromosome after digestion and ligation with adaptor HSA1, using the primers: lane 1, actin01 and actin02; lane 2, actin02 and
P1; (b) the amplification pattern of the cDNA of male spinach at flowering stage after digestion and ligation with adaptor HSA2 using the
primers: lane 1: actin01 and actin02; lane 2: actin02 and P2.
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GAAGGACTTGTACGG-3') and actin 02 (5'-GATGGACC-
TGACTCGTCATAC-3') were used. The outside amplifica-
tion primers P1 (5-GTAATACGACTCACTATAGGGC-3')
or P2 (5-TGTAGCGTGAAGACGACAGAA-3’) were used
to detect the lingation efficiency of hybridization.

Hybridized DNA treatment with mismatch-sentitive nucleases
and PCR amplification of hybridized DNA-cDNA

According to the method of Zhou et al. (2008), the male spinach
c¢DNA products in florescence were hybridized with Y chromo-
somes DOP-PCR products. Every 100 ng hybrid products
were treated with 0.1 U mung bean nuclease which digested
single stranded DNA (New England Biolabs, Ipswich, USA)
for 15 min at 37°C. Then 0.01% SDS was added to inacti-
vate the enzyme. The treated sample was purified by phe-
nol/chloroform extraction. The precipitation was dissolved
in 20 L ultra pure water. Two rounds of PCR amplifica-
tions were performed with SSH method. The primers were
changed into PN1 (5'-TCGAGCGGCCGCCCGGGCAGGT-
3) and PN2 (5-AGGGCGTGGTGCGGAGGGCGGT-3)
primers in the second round of amplification. The hybridiza-
tion efficiency was detected.

Cloning of hybrid PCR products and screening of cDNA sequence
specifically expressed in spinach Y chromosome

The second round purified hybridized PCR amplification
products were cloned using pMD19-T vector (TaKaRa, code:
D102A). Bacteria liquid PCR amplification was performed
with M 13 forward and reverse primers after blue-white selec-
tion. The monoclones above 300 bp were selected and trans-
ferred on the new LB ampicillin plate. The inner primer
PN1 and PN2 were used to identify the inserts. The inserted
fragments above 200 bp were selected. The dot blot
hybridization method was used for identifying the source of
monoclonal amplification products with DIG-labeled Y chro-
mosome secondary DOP-PCR product, cDNA of male flow-
ers, cDNA of female flowers and spinach female genomic
DNA. Meanwhile, cDNA sequence specifically expressed in
male spinach sex chromosome was also screened.

1 2 3

Figure 4. Sampled PCR products released from recombinant
clones using PN1 and PN2 as the primers.

Bioinformatic analysis of specific cDNA sequence from male
spinach sex chromosome

The positive clones of male spinach sex chromosome specific
cDNA sequences were sequenced. Using DNAstar software
and Seqman software, the vector and adaptors were removed,
and EST sequences with lengths of less than 50 bp were also
processed.

Homology searches of all sequences were queried in the
GenBank database with BLASTx (homology) and tBLASTx
(translation homology) available at the NCBI network ser-
vice (http://www.ncbi.nlm.nih.gov/BLAST). The sequences
of E>1e-10 were taken as the effective alignment sequences.
Meanwhile, GO functional annotation was performed on the
obtained sequence using Blast2GO software (http:/www.
blast2go.com/b2ghome).

Results

Detection of enzyme digestion efficiency

The spinach Y chromosome DOP-PCR products and male
spinach cDNA purified products in florescence were digested
respectively by Sau 3AI enzyme overnight. Its enzyme diges-
tion efficiency was detected (figure 1). It can be seen clearly
that the main bright band region significantly shifted down

5 6 7

Figure 3. PCR analysis of subtraction efficiency. Electrophoretic patterns of two
rounds of suppression PCR with the negative control (water), the hybridized Y
chromosome DNA / male flower cDNA, the positive control (the hybridized male
genomic DNA / male flower cDNA), as template. Lanes 1, 2 and 3, the primary ampli-
fication with double primers P1 and P2; lane 4, molecular weight marker —DL 2000;
lanes 5, 6 and 7, the secondary amplification with double primers PN1 and PN2.
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after the enzyme digestion and the distribution of bands
was more dispersed, suggesting that the samples had been
digested into fragments with different sizes by Sau 3AI
enzyme. The enzyme digestion efficiency was good.

PCR analysis of the ligation efficiency

The spinach Y chromosome DOP-PCR products were linked
with the adaptor HSA 1. The spinach male flower cDNA was
linked with the adaptor HSA2. The primer pair actin 02 and
P1 were used to amplify the spinach Y chromosome DNA-
linked products. The spinach male flowers cDNA-linked
products were amplified using primers actin 02 and P2. The
PCR amplification products were compared with that ampli-
fied using actin primer (figure 2). The result showed that the
brightness of PCR amplification products was significantly
higher than that of housekeeping gene, suggesting that the
joint efficiency was higher than 25% and the joint efficiency
of the connector was higher.

PCR analysis of subtraction efficiency

To detect the subtraction efficiency of spinach Y chromo-
some DNA and male spinach ¢cDNA, the negative control
experiment (hybridization experiment of water and male
cDNA) and the positive control experiment (hybridiza-
tion experiment of male genomic DNA and male cDNA)

2 |'.AI.|._;';!i ! . ‘Iﬁ

(a)

()

were established in this study. All through two rounds of
PCR amplifications were done (figure 3), the amplification
products did not appear in two rounds in negative control exper-
iments, while the amplification products of positive con-
trol and the hybridization products with spinach Y chromo-
some and male cDNA were similar. Therefore, the hybridiza-
tion and suppression amplification technique can effectively
isolate homologous sequences between spinach Y chro-
mosome and male cDNA. The chromosome microdissec-
tion technique combined with specific hybridization can
effectively obtain the spinach Y chromosome-specific EST
sequences.

Cloning and screening of EST sequences specially expressed in
spinach Y chromosome

The homologous PCR products after spinach Y chromo-
some and male spinach cDNA hybridization-specific ampli-
fication were linked with pMD19-T vector and transformed
into Escherichia coli DH5«a competent cells. White bacte-
rial colonies 2208 were randomly selected through blue—
white selection. The recombinant clones were amplified and
screened with adaptor inside primers PN1 and PN2. Frag-
ments 278 with the length of 150 bp and the above single
clones were picked out as shown in figure 4. The fragment
size was between 150 and 400 bp.

(b)

. (d)

Figure 5. Characterization of a part of selected recombinant clones by dot blot
hybridization. Characterization of partially selected recombinant clones by dot blot
hybridization with DIG-labelled Y chromosome secondary DOP-PCR product (a),
c¢DNA of male flowers (b), cDNA of female flowers (c) and spinach female genomic

DNA (d).
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Characterization of recombinant clones by dot blot hybridization

Recombinant plasmid DNAs of randomly selected recom-
binant clones 278 were hybridized with DIG (digoxigenin)-
labelled spinach Y chromosome secondary DOP-PCR products,
cDNA of male spinach flower, cDNA of female spinach
flower and female genomic DNA, respectively. Nearly all
(99%) recombinant plasmid DNAs could be hybridized
with Y chromosome DOP-PCR product and cDNA of male
spinach flower (figure 5, a&b), indicating that the inserts
in recombinant plasmids DNAs are homologous with Y
chromosome DNA. Whereas, there were only weak and/or
no hybridization signals when the recombinant clones were
hybridized with cDNA of female spinach flower and female
genomic DNA (figure 5, c&d). The results indicate that
the EST sequences especially expressed in spinach Y chro-
mosome were selected. Recombinant clones 150 of EST
sequences especially expressed in spinach Y chromosome
were obtained and sequencing was performed.

Bioinformatics analysis of spinach Y chromosome-specific EST
sequences

The comparison results of BLASTx showed that 48 of 63
EST sequences had no homologous alignment, suggesting
that they were new series, while 16 sequences had homolo-
gous alignment results (table 1 in electronic supplementary
material at http://www.ias.ac.in/jgenet/). The homologous

Cellular component
Cell part

Protein complex
Non-membrane-bounded organelle
Menbrane-bounded organelle
Organelle part

Biological process

Metabolic process

. Cellular process

. Biologica] regulation
Single-organism process

o Localization

Component organization or béogen 1S
ignaling

Reproduction

Response o stimulus

Developmental %roccss

th
Multicellular organismal lzirr(?c.}ie\:fss1

Molecular function
Hydrolase activity
Organic cyclic compound binding
Heterocyclic compound binding
Transferase activity
Small molecule binding
Protein binding

—

o 2

Signal transducer activity

alignment of BLASTn indicated that 12 EST sequences had
homologous sequences of nucleic acids (table 2 in electronic
supplementary material).

The term association information analysis of GO level
2 (figure 6) showed that there were 33 GO terms above
level 2 in cellular component C. They were cell part
(36.37%), protein complex (27.27%), nonmembrane-
bounded organelle (21.21%), membrane-bounded organelle
(12.12%) and organelle part (3.03%), respectively. There
were 60 GO terms above level 2 in the biological process
P. Among them, the proportions of metabolic process and
cellular process were higher, 23.33 and 18.33%, respectively.
There were 50 GO terms above level 2 in molecular func-
tion F. Among them, the proportion of associated GO terms
which was combined with organic cyclic compound binding,
heterocyclic compound binding, small molecule binding and
protein binding was the largest i.e. 62.00%. The proportion
of enzyme activity associated GO terms which were related
with transferase activity and hydrolase activity accounted
for 36.00%, while GO terms related to signal transducer
activity accounted for 2.00%.

Discussion

Compared with other research methods, a new technical
method that combined spinach Y chromosome microdissection

14

4 6 8 10 12

Figure 6. Classification of the ESTs according to Gene Ontology criteria. The Arabic numerals represent the number of GO term at each
step of the classification process. The biological process combined graph was made based on ontology level 2.
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with HSA technology to study specific EST sequences of
spinach Y chromosome was first constructed in this study.
HSA technology has been applied in the study of human,
animal and plant (Lecerf er al. 2001). A large number of
valuable EST sequences were obtained. The ESTs of spe-
cific chromosome were obtained with chromosome microdis-
section combined with HSA technology. The specificity
of the technology was stronger, the application value was
higher and the application scope was wider. Based on
spinach Y chromosome DOP-PCR amplification and identi-
fication, HSA technical method for rapidly cloning spinach Y
chromosome-specific EST sequences was successfully con-
structed in this study. The establishment of the technical
system can lay the foundation for successfully cloning the
functional genes of spinach Y chromosome, also provide
the reference for cloning specific EST sequences of sex
chromosome of other organisms.

Of the 63 EST sequences obtained in this study, BLASTx
alignment results showed that 48 sequences had no homol-
ogous alignment results, they were newly cloned sequences.
The acquisition of these sequences laid the foundation for
us to further understand the genomic structure of spinach Y
chromosome. Meanwhile, these sequences also helped us to
clone the new functional genes. The homologous sequence
alignment in nucleic acid database showed that there was
98.60% of similarity between the ESTs SP;_gp and perox-
idase mRNA gene of spinach, suggesting that the obtained
EST sequences did come from spinach species, the synthe-
sis of peroxidase played a certain role in the sex differ-
entiation of male plants, and EST sequence might be the
regulation factor related to sex-determining genes. The sim-
ilarity of SPi_¢2, SP20—2¢ and microRNA of Amborella tri-
chopoda was higher. The microRNA played a decisive role
in sex determination of persimmon tree (Takashi et al. 2014).
Therefore, the function of these microRNAs has to be further
studied.

The homologous alignment results of BLASTx and
BLASTn showed that EST sequences SP;_s», SP3_i2,
SPy4_47, SP5s_13 and SPs_g; had the alignment results in
nucleic acid and protein databases. Both data results showed
that the similarity between EST SP,_s, and mRNA sequence
encoding Arabidopsis mitochondrial half-ABC transfer-
related proteins was 98.96%. The similarity between EST
SP5_1; and mRNA sequence encoding Betula pendula histi-
dine kinase was 87.64%. The similarity between EST SP4_4,
and eDmc1 mRNA sequence in Japanese eel encoding RecA
family DMC1 was up to 96.58%. The similarity between
EST SPs_;3 and mRNA sequence encoding castor iron trans-
port protein was up to 99.80%. The similarity between EST
SPs_¢; and AnSAMS4 mRNA sequence encoding Oceania
Atriplex S-adenosyl-L-methionine synthase 4 was 81.88%.
It was speculated that five EST sequences might have similar
function with its homologous sequence.

ABC transporter was one of the largest protein families
discovered in all organisms at present (Henikoff ef al. 1997).
It was derived by the hydrolysis of ATP and it had the out-
put and input functions. The plant genomic encodings were
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up to 100 ABC transporters. Among them, the correspond-
ing function analysis was performed on 22 of 130 Arabidop-
sis ABC transporters (Verrier et al. 2008). ABC transporter
was localized in most membrane structures of plant cells,
such as plasma membrane, tonoplast, chloroplast, mitochon-
dria and peroxidase, and showed diverse functions. It was
initially discovered to participate in the later detoxification
period, namely, vacuolar deposition (Martinoia ef al. 1993).
It was found to play a certain role in tissue growth, plant
nutrition, plant development, abiotic stress resistance, resis-
tance to pathogen invasion and interactions with the envi-
ronment later. To exert this effect, they exhibited different
basic behaviours, such as depositing lipid on the surface, col-
lecting phytic acid in the seeds and transporting auxin and
abscisic acid (Kang et al. 2011). Arabidopsis gene STARIK
mutation can alter the morphologies of leaves and nuclei to
cause short stature and plant chlorosis. STARIK gene encoded
Arabidopsis half-ABC transporter subfamily mitochondrial
ABC transporter Stal (Kushnir et al. 2001). Therefore, it
was speculated that the EST SP,_s, sequence of spinach Y
chromosome might be involved in the physiological growth,
resistance and other related processes, and might play an
assistant role in spinach male sex expression process.

DMCI is a RecA interacting protein and it is an essen-
tial interacting protein in meiotic homologous recombi-
nation of multiple organisms. It was already detected in
protists, fungi, animal and plants so far (Petersen and Seberg
2002). The biochemical and structural analyses showed that
RADS51 and DMCI had homologous DNA pairing and sin-
gle strand exchange, and had a similar effect (Sung 1994;
Li et al. 1997; Hong et al. 2001; Masson and West 2001;
Sheridan et al. 2008). However, DMC1 only played a role
in meiosis stage, RADS51 played a certain role both in
mitosis and meiosis recombination processes (Aboussekhra
et al. 1992; Bishop et al. 1992; Shinohara et al. 1992; Neale
and Keeney 2006). Deletion of RAD51 can cause the obsta-
cles in homologous chromosome pairing and synapsis in
meiosis process and the appearance of a large number of
chromosome fragments in meiotic pachytene; a distinctly
different meiotic phenotype emerged on dmc/ mutant, chro-
mosome synapsis could lead to the random degradation of
single chromosome. Thus, DMCI played a major role in the
process of Arabidopsis meiotic recombination, and RADS5 1
played a supplementary role (Da Ines ef al. 2013). The gener-
ation of DMC1I homologous gene played an important role in
occurrence of wheat polyploidy (Wang et al. 2012). The male
sterile loci of Dmcl—DmcI™é!! | encoded a missense muta-
tion fragment in DNA-binding site of L2, to eliminate the
influence of the invasion fragments. The male heterozygote
can interfere in the smooth proceeding of meiotic pachytene
so as to cause infertility. Its character was that it is incom-
plete chromosome synapsis without chiasma. Most female
oocytes can repair the crossing process of DMC1 defect type,
and formed the complete gametes (Bannister et al. 2007).
Dmcl expressed in the initial forming stage of spermato-
cytes, before meiosis and mitotic phase (Kajiura-Kobayashi
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et al. 2005). Thus, Dmcl played a very important role in the
development process of animal male sex. However, DMCl1
was only observed in plants that the DMC1 was closely
related with meiosis of plant body, and was an essential inter-
acting protein in the process of meiotic homologous recom-
bination. Whether it was related to sex development has to
be verified. It is speculated that EST SP,_4, sequences were
closely related to meiotic homologous recombination in the
formation process of spinach gametophyte, and may also be
associated with spinach male sex development. This has to
be verified in the later researches.

In plants, trace metal transport of developmental organ is
mainly mediated by sieve tube. The ligand composed the
complex with the free ions to prevent cell damage. In the
castor bean seedlings, all iron ions were basically combined
on the proteins of phloem exudate in seedling stage. Inside
the sieve tube, TTP in the form of combined iron also com-
bined the free iron ions. This protein which was formed by
the bonding of 96 amino acids had the higher similarity with
late embryogenesis enriched protein family (Kruger et al.
2002). The iron transport protein in rice mitochondria played
an essential role in the growth of plants (Bashir ez al. 2011).
Thus, the iron transport protein played a very important role
in the growth of plants and embryonic development. The
EST SPs_;3 sequence may play a certain role in the pro-
cess of growth and development of spinach seedlings and
development of embryo. However, whether it was directly
related to sex determination has to be proved in the later
experimental studies.

In conclusion, the EST sequences especially expressed
in spinach Y chromosome were obtained by combining
chromosome microdissection and HSA technology in the
research. The bioinformatics analysis showed that sequences
EST SP,_s5, SP4_4p and SPs_;3 might be related to spinach
male sex development. However, the function of the EST
sequences still needed to be proved in the future studies.

Acknowledgements

This work was supported by the National Natural Science Funds
(31000165) and Foundation of Henan Education Committee
(2007180028).

References

Aboussekhra A., Chanet R., Adjiri A. and Fabre F. 1992 Semidom-
inant suppressors of Srs2 helicase mutations of Saccharomyces
cerevisiae map in the RADS51 gene, whose sequence predicts a
protein with similarities to procaryotic RecA proteins. Mol. Cell.
Biol. 12, 3224-3234.

Bannister L. A., Pezza R. J., Donaldson J. R., de Rooij D. G.,
Schimenti K. J., Camerini-Otero R. D. and Schimentil J. C. 2007
A dominant, recombination-defective allele of DMC1 causing
male-specific sterility. PLoS Biol. 5, e105.

Bashir K., Ishimaru Y., Shimo H., Nagasaka S., Fujimoto M.,
Takanashi H. et al. 2011 The rice mitochondrial iron transporter
is essential for plant growth. Nat. Commun. 2, 322.

712

Bemis W. P. and Wilson G. B. 1953 A new hypothesis explain-
ing the genetics of sex determination in Spinacia oleracea L. J.
Hered. 44, 91-95.

Bishop D. K., Park D., Xu L. and Kleckner N. 1992 DMC1:
a meiosis-specific yeast homolog of E. coli recA required for
recombination, synaptonemal complex formation, and cell cycle
progression. Cell 69, 439—456.

Correns C. 1929 Bestimmung, Vererbung und Verteilung des
Geschlechts bei den hoheren Pflanzen. Mol. Gen. Genet. 49, 168.

Da Ines O., Degroote F., Goubely C., Amiard S., Gallego M. E.
and White C. 1. 2013 Meiotic recombination in Arabidopsis is
catalysed by DMC1, with RAD5 I playing a supporting role. PLoS
Genet. 9, e1003787.

Deng C. L., QinR. Y., Cao Y., Gao J., Gao W. J. and Lu L. D. 2013
Microdissection and painting of the Y chromosome in spinach
(Spinacia oleracea). J. Plant Res. 126, 549-556.

Deng C., Qin R., Gao J., Cao Y., Ren Y. X., Gao W. J. and Lu
L. D. 2012 Identification of sex chromosome of spinach by
physical mapping of 45s rtDNAs by FISH. Caryologia 65, 322—
327.

Henikoff S., Greene E. A., Pietrokovski S., Bork P., Attwood
T. K. and Hood L. 1997 Gene families: the taxonomy of protein
paralogs and chimeras. Science 278, 609—614.

Hong E. L., Shinohara A. and Bishop D. K. 2001 Saccharomyces
cerevisiae DMC1 protein promotes renaturation of single-strand
DNA (ssDNA) and assimilation of ssDNA into homologous
super-coiled duplex DNA. J. Biol. Chem. 276, 41906—41912.

lizuka M. and Janick J. 1962 Cytogenetic analysis of sex determi-
nation in Spinacia oleracea. Genetics 47, 1225-1241.

Kajiura-Kobayashi H., Kobayashi T. and Nagahama Y. 2005
Cloning of ¢cDNAs and the differential expression of A-type
cyclins and Dmc1 during spermatogenesis in the Japanese eel, a
teleost fish. Dev. Dynam. 232, 1115-1123.

Kang J., Park J., Choi H., Burla B., Kretzschmar T., Lee Y. and
Martinoia E. 2011 Plant ABC transporters. Arabidopsis Book 9,
e0153.

Kejnovsky E., Vrana J., Matsunaga S., Soucek P., Siroky J.,
Dolezel J. and Vyskot B. 2001 Localization of male-specifically
expressed MROS genes of Silene latifolia by PCR on flow-sorted
sex chromosomes and autosomes. Genetics 158, 1269-1277.

Khattak J. Z., Torp A. M. and Andersen S. B. 2006 A genetic
linkage map of Spinacia oleracea and localization of a sex
determination locus. Euphytica 148, 311-318.

Kruger C., Berkowitz O., Stephan U. W. and Hell R. 2002 A metal-
binding member of the late embryogenesis abundant protein fam-
ily transports iron in the phloem of Ricinus communis L. J. Biol.
Chem. 277, 25062-250609.

Kushnir S., Babiychuk E., Storozhenko S., Davey M. W.,
Papenbrock J., De Rycke R. ef al. 2001 A mutation of the mito-
chondrial ABC transporter Stal leads to dwarfism and chlorosis
in the Arabidopsis mutant starik. Plant Cell 13, 89—-100.

Lan T., Zhang S., Liu B., Li X., Chen R. and Song W. 2006 Differ-
entiating sex chromosomes of the dioecious Spinacia oleracea L.
(spinach) by FISH of 45S rDNA. Cytogenet. Genome Res. 114,
175-177.

Lecerf F., Foggia L., Mulsant P., Bonnet A. and Hatey F. 2001 A
novel method to isolate the common fraction of two DNA sam-
ples: hybrid specific amplification (HSA). Nucleic Acids Res. 29,
e87.

Li Z., Golub E. I., Gupta R. and Radding C. M. 1997 Recom-
bination activities of HsDMCI1 protein, the meiotic human
homolog of RecA protein. Proc. Natl. Acad. Sci. USA 94, 11221—
11226.

Martinoia E., Grill E., Tommasini R., Kreuz R. and Amrhein N.
1993 ATP-dependent glutathione S-conjugate ‘export’ pump
in the vacuolar membrane of plants. Nature 364, 247—
249.

Journal of Genetics, Vol. 94, No. 4, December 2015



Analysis of spinach Y chromosome EST sequences

Masson J. and West S. C. 2001 The Rad51 and DMCI recombi-
nases: a non-identical twin relationship. Trends Biochem. Sci. 26,
131-136.

Ming R., Wang J. P,, Moore P. H. and Paterson A. H. 2007 Sex
chromosomes in flowering plants. Am. J. Bot. 94, 141-150.

Neale M. J. and Keeney S. 2006 Clarifying the mechanics of DNA
strand exchange in meiotic recombination. Nature 442, 153—158.

Onodera Y., Yonaha 1., Masumo H., Tanaka A., Niikura S.,
Yamazaki S. and Mikami T. 2011 Mapping of the genes for dioe-
cism and monoecism in Spinacia oleracea L.: evidence that both
genes are closely linked. Plant Cell Rep. 30, 965-971.

Onodera Y., Yonaha I., Niikura S., Yamazaki S. and Mikami T. 2008
Monoecy and gynomonoecy in Spinacia oleracea L.: morpho-
logical and genetic analyses. Sci. Hortic-Amsterdam 118, 266—
269.

Petersen G. and Seberg O. 2002 Molecular evolution and phylo-
genetic application of DMCI. Mol. Phylogenet. Evol. 22, 43—
50.

Pfent C., Pobursky K. J., Sather D. N. and Golenberg E. M. 2005
Characterization of SpAPETALA3 and SpPISTILLATA, B class
floral identity genes in Spinacia oleracea, and their relationship
to sexual dimorphism. Dev. Genes Evol. 215, 132-142.

Sather D. N. and Golenberg E. M. 2009 Duplication of AP1 within
the Spinacia oleracea L. AP1/FUL clade is followed by rapid
amino acid and regulatory evolution. Planta 229, 507-521.

Sather D. N., Jovanovic M. and Golenberg E. M. 2010 Functional
analysis of B and C class floral organ genes in spinach demon-
strates their role in sexual dimorphism. BMC Plant Biol. 10,
46.

Sather D. N., York A., Pobursky K. J. and Golenberg E. M. 2005
Sequence evolution and sex-specific expression patterns of the C

class floral identity gene, SpAGAMOUS, in dioecious Spinacia
oleracea L. Planta 222, 284-292.

Sheridan S. D., Yu X., Roth R., Heuser J. E., Sehorn M. G., Sung
P. et al. 2008 A comparative analysis of Dmcl and Rad51
nucleoprotein filaments. Nucleic Acids Res. 36, 4057-4066.

Sherry R. A., Eckard K. J. and Lord E. M. 1993 Flower develop-
ment in dioecious Spinacia oleracea (Chenopodiaceae). Am. J.
Bot. 80, 283-291.

Shinohara A., Ogawa H. and Ogawa T. 1992 Rad51 protein
involved in repair and recombination in S. cerevisiae is a RecA-
like protein. Cell 69, 457-470.

Sung P. 1994 Catalysis of ATP-dependent homologous DNA pair-
ing and strand exchange by yeast RADS51 protein. Science 265,
1241-1243.

Takashi A., Henry I. M., Tao R. and Comail L. 2014 A Y-
chromosome-encoded small RNA acts as a sex determinant in
persimmons. Science 346, 646.

Verrier P. J., Bird D., Burla B., Dassa E., Forestier C., Geisler M.
et al. 2008 Plant ABC proteins—a unified nomenclature and
updated inventory. Trends Plant Sci. 13, 151-159.

Wang X., Fan X., Zeng J., Sha L. N., Zhang H. Q., Kang H. Y.
et al. 2012 Phylogeny and molecular evolution of the DMC1 gene
within the StH genome species in Triticeae (Poaceae). Genes
Genome 34, 237-244.

Yamamoto K., Oda Y., Haseda A., Fujito S., Mikami T. and Onodera
Y. 2014 Molecular evidence that the genes for dioecism and
monoecism in Spinacia oleracea L. are located at different loci
in a chromosomal region. Heredity (Edinb) 112, 317-324.

Zhou R. N., Shi R., Jiang S. M., Yin W. B., Wang H. H., Chen
Y. H. et al. 2008 Rapid EST isolation from chromosome 1R of
rye. BMC Plant Boil. 8, 28.

Received 23 December 2014, in revised form 4 May 2015; accepted 26 May 2015
Unedited version published online: 5 June 2015
Final version published online: 13 November 2015

Journal of Genetics, Vol. 94, No. 4, December 2015 713



