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Abstract
S genes  are  the  key  genes  that  cause  plant  self-incompatibility,  to  find  out  the  key S genes  and  understand  molecular  mechanism  of  self-

incompatibility  in  chrysanthemum,  the  stigmas  and  anthers  at  different  developmental  stages  of  'Q10-22-2'—a  self-incompatible

chrysanthemum cultivar,  were used for RNA sequencing. After bioinformatics analysis,  13 candidate pistil S genes and five candidate pollen S
genes were excavated. A potential pistil S gene was cloned and named as CmSRK1. Meanwhile, a potential pollen S gene was cloned and named

as CmPCP1. qRT-PCR revealed that CmSRK1 was specifically expressed in mature stigmas, and CmPCP1 was specifically expressed in anthers 3 d

before  maturation.  Subcellular  localization  showed  that  both  CmSRK1  and  CmPCP1  were  located  in  the  nucleus  and  the  cell  membrane.

Transcriptional  activation activity  analysis  indicated that  both  of  the  two proteins  had no transcriptional  activation activity.  Yeast  two hybrid

assay  showed  that  there  was  no  interaction  between  CmSRK1  and  CmPCP1. CmSRK1 was  constructed  on  the  expression  vector  containing

stigma-specific  promoter,  and CmPCP1 was  constructed  on  the  expression  vector  containing  pollen-specific  promoter,  they  were  then

transformed into Arabidopsis thaliana. Artificial hybridization was performed with transgenic lines containing CmSRK1 as the female parents, and

transgenic lines containing CmPCP1 as the male parents. The hybridization results showed that seed sets of two transgenic lines were 19.62% and

11.64%, respectively, while cross-pollinated seed sets of Col-0 was 84.43%. Therefore, it was speculated that CmSRK1 and CmPCP1 might be pistil

and pollen S genes of chrysanthemum, respectively, and SI of chrysanthemum belonged to SSI.
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INTRODUCTION

Self-incompatibility  (SI)  is  a  complicated  system  which
enables  plants  to  avoid  inbreeding  by  self-pollination  and
promote hybridization[1]. SI is also an ideal model for studying
signal  recognition  and  transduction,  intercellular  interaction,
and  gene  spatiotemporal  expression.  Investigation  of  SI  has
important  theoretical  and  practical  significances  in  plant
reproductive  biology,  cross  breeding  and  utilization  of
heterosis[2]. Therefore, SI research has long been an important
area  of  plant  reproductive  and  developmental  biology,  and
significant progress has been made in recent years.

The majority of SI  systems are regulated by the S-locus[3,4].
S-locus  includes  at  least  two  closely  related  polymorphic
genes,  one  determines  pollen  specificity,  and  the  other
determines  pistil  specificity.  Futhermore,  many  other  genes
associated or not associated with S-locus also play key roles in
SI[5,6].  SI  systems  are  mainly  divided  into  gametophytic  self-
incompatibility  (GSI)  and  sporophytic  self-incompatibility
(SSI).  In  GSI,  there  are  two  main  systems.  One  is  S-RNase-
based  GSI  in  Solanaceae[7,8],  Rosaceae[9,10] and  Plantagina-
ceae[11,12],  the  pistil S gene  is S-RNase,  the  pollen S gene  is
SFB/SLF. The other is Ca2+-dependent GSI in Papaveraceae[13,14],
the  pistil S gene  is PrsS,  and  the  pollen S gene  is PrpS.
However, as far as is known, it is unclear how many different

SSI systems exist in plants. Among them, SSI in Brassicaceae is
the  most  studied,  where  the  pistil S gene  is SRK,  and  the
pollen S gene is SCR/SP11[15,16].  The interaction between SRK
and SCR contributes to the failure of pollen grain germination
on the stigmas, which leads to SI in plants.

In Brassica,  SRK is  a  plant receptor kinase with approxima-
tely  857  amino  acids  and  a  high  degree  of  polymorphism.  It
mainly consists  of  three domains,  containing an extracellular
S  domain,  a  transmembrane  domain,  and  an  intracellular
domain with Ser/Thr kinase activity.  Extracellular S domain is
the  binding  site  of  SCR  and  contains  12  Cys  residues  and
three hypervariable regions[17]. The presence of hypervariable
regions  is  responsible  for  the  polymorphism  of  SRK.  If  SRK
domains are further divided, they can be categorised into the
following domains based on the N-terminal  to C-terminal[18]:
LLD1  (Lectin-like  1)  domain,  DR  (Delectable  Region)  domain,
LLD2  (Lectin-like  2)  domain,  EGF-like  domain,  PAN-APPLE
domain,  TM domain,  JM domain,  Ser/Thr  kinase domain and
C-terminal. LLD1 domain affects the activation of SRK[19,20]. DR
domain  is  a  linker  sequence  with  variable  lengths[18].  LLD2
and EGF-like domains can bind to SCR[21],  they contain three
hypervariable  regions  which  determine  haplotype  specificity
of  SRK[22,23].  PAN-APPLE  domain  determines  homodimeri-
zation and heterodimerization of SRK[18]. The functions of TM
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and JM domains remain unclear,  but SRK lacking JM domain
will  lose  kinase  activity[24].  Kinase  domain  transmits
extracellular  signals  through  catalyzing  phosphorylation  of
Ser/Thr  residues[25,26]. SRK is  specifically  expressed  in  stigma
papilla  cells,  and  its  protein  is  mainly  located  in  the  cell
membrane  of  stigma  papilla  cells.  The  distinct  expression  of
SRK occurs at the early stage of flower bud development, and
the expression level increases gradually as the stigma grows,
the  expression  peak  is  reached  on  the  day  of  flowering[27].
SCR/SP11  is  a  small  alkaline  hydrophilic  protein  in  the
defensin-like  PCP  (pollen  coat  protein)  family  with  about
74−77 amino acids. It is highly polymorphic and has a higher
polymorphism  than  that  of  SRK[28,29]. SCR/SP11 is  specifically
expressed only in the anther tapetum and pollen[30−32].

Chrysanthemum  is  a  representative  species  in  Asteraceae,
and  many  cultivars  are  self-incompatible,  which  provides
abundant materials for the study of SI. However, there are few
reports  on  SI  in  Asteraceae.  The  present  study  was  intended
to  search  and  identify  candidate S genes  in  chrysanthemum
and  pursue  a  better  understanding  of  the  SI  mechanism  in
chrysanthemum.  As  the  expression  of S genes  is  tissue-
specific  and  developmentally  regulated,  the  stigmas  and
anthers  at  different  developmental  stages  of  'Q10-22-2'—a
self-incompatible chrysanthemum cultivar,  were sampled for
RNA  sequencing.  Plants  in  the  Asteraceae  are  considered  to
be  sporophytic  SI.  Thus,  genes  encoding  proteins  homolo-
gous to  SRK and belonging to  PCP family  were selected and
cloned  from  'Q10-22-2',  respectively,  and  the  potential  func-
tions were verified through transformation into A. thaliana. 

RESULTS
 

RNA sequencing and read assembly
To  search  for  differentially  expressed  genes  between

mature stigmas (MS) and immature stigmas (IS) of 'Q10-22-2',
two cDNA libraries constructed from them were subjected to
RNA-Seq.  After  filtering  out  any  low-quality  reads,  each
sample  had  about  44  Mb  clean  reads.  Then,  high-quality
reads were clustered,  98,595 unigenes were finally  obtained,
the  total  length  of  them  was  78,399,181  bp,  the  average
length  was  795  bp,  and  the  percentage  of  GC  was  39.96%
(Supplemental Table 1).

To  investigate  differential  gene  expression  between
mature  anthes  (MA)  and  immature  anthes  (IA)  of  'Q10-22-2',
two cDNA libraries constructed from them were subjected to
RNA-seq.  After  filtering  out  any  low-quality  reads,  each
sample had about 44 Mb clean reads. High-quality reads were
clustered,  100,512  unigenes  were  finally  obtained,  the  total
length  of  them  was  77,001,891  bp,  the  average  length  was
766 bp, and the percentage of GC was 40.08% (Supplemental
Table 2). 

Unigene function annotation
Function  annotation  was  performed  on  all  assembled

unigenes  using  seven  function  databases  to  predict  their
functions  in  stigma.  As  a  result,  55,084  unigenes  were
annotated  in  the  seven  databases  (Supplemental  Table  3).
Firstly,  17,851  unigenes  were  classified  and  annotated  by
COG  database.  In  25  COG  sorts,  the  most  was  'general
function  prediction  only'  (5924,  33.19%),  next  was

'transcription'  (3235,  18.12%),  and  the  least  was  'nuclear
structure' (6, 0.034%) (Fig. 1a). Then, GO annotation was used
to  classify  unigene  function.  Consequently,  21,300  unigenes
were  divided  into  54  function  groups,  which  belonged  to
three main categories: biological process, cellular component,
and  molecular  function.  In  the  biological  process  category,
the  main  function  groups  were  'metabolic  process'  and
'cellular  process'.  In  the  cellular  component  category,  'cell'
and  'cell  part'  were  the  most  abundant  groups.  In  the
molecular  function  category,  'catalytic  activity'  and  'binding'
were remarkable (Fig. 1b). At last, KEGG annotation was used
to authenticate the biological pathways activated in 'Q10-22-
2's  stigmas.  Altogether,  37,674  unigenes  were  clustered  into
135  pathways.  Among  them,  the  three  main  pathways  were
'metabolic  pathways [ko01100]'  (7933,  21.06%),  'biosynthesis
of  secondary  metabolites  [ko01110]'  (4507,  11.96%)  and
'plant-pathogen interaction [ko04626]' (1505, 3.99%).

To  predict  possible  functions  of  unigenes  in  'Q10-22-2's
anthers, function annotation was performed on all assembled
unigenes  using  the  seven  function  databases  mentioned
above.  As  a  result,  56,879  unigenes  were  annotated  in  the
databases  (Supplemental  Table  4).  Firstly,  18,889  unigenes
were  classfied  and  annotated  by  COG  database.  In  25  COG
sorts,  the  most  was  'general  function  prediction  only'  (6251,
33.09%), next was 'transcription' (3399, 17.99%), and the least
was 'nuclear structure' (6, 0.032%) (Fig. 1c). Then, GO annota-
tion  was  used  to  classify  unigene  functions.  Consequently,
22,095 unigenes were divided into 55 function groups, which
belonged  to  the  three  main  categories  mentioned  above.  In
the  biological  process  category,  the  main  function  groups
were 'metabolic process'  and 'cellular process'.  In the cellular
component  category,  'cell'  and  'cell  part'  were  the  most
abundant  groups.  And  in  the  molecular  function  category,
'catalytic  activity'  and  'binding'  were  remarkable  (Fig.  1d).  At
last, KEGG annotation was used to authenticate the biological
pathways activated in 'Q10-22-2's anthers. Altogether, 38,994
unigenes  were  clustered  into  135  pathways.  Among  them,
the  three  main  pathways  were  'metabolic  pathways
[ko01100]'  (8234,  21.12%),  'biosynthesis  of  secondary
metabolites  [ko01110]'  (4635,  11.89%)  and  'plant-pathogen
interaction [ko04626]' (1614, 4.14%). 

Candidate S genes in stigmas and anthers of 'Q10-22-2'
Based on FPKM values, unigene expression levels in MS and

IS  were  studied.  Compared  with  IS,  expression  levels  of  835
unigenes  were  up-regulated,  and  expression  levels  of  614
unigenes  were  down-regulated  in  MS.  To  confirm  possible
functions  of  these  DEGs,  GO  and  KEGG  analyses  were
conducted. Consequently, 1,099 DEGs were annotated to GO
functional  groups,  and  931  DEGs  were  annotated  to  117
KEGG  pathways.  Based  on  FPKM  values,  unigene  expression
levels  in  MA  and  IA  were  studied.  Compared  with  IA,
expression  levels  of 4,105 unigenes  were  up-regulated  and
expression  levels  of 5,430 unigenes  were  down-regulated  in
MA.  To  confirm  possible  functions  of  these  DEGs,  GO  and
KEGG  analyses  were  conducted.  Consequently, 7,834 DEGs
were  annotated  to  GO  functional  groups,  and 6,211 DEGs
were  annotated  to  134  KEGG  pathways.  After  in-depth
analysis  and  screening  of  the  above  unigenes  and  DEGs,  13
candidate pistil S genes (Table 1) and five candidate pollen S
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Fig. 1    (a) COG function annotation of stigma transcriptome. (b) GO function annotation of stigma transcriptome. (c) COG function annotation
of anther transcriptome. (d) GO function annotation of anther transcriptome.

Table 1.    Candidate pistil S genes in 'Q10-22-2's stigmas.

Unigene ID MS-FPKM IS-FPKM Annotation

CL7408.Contig2 72.1 35.61 S-receptor-like serine/threonine-protein kinase RLK1
CL5423.Contig1 6.76 4.03 S-receptor-like serine/threonine-protein kinase At1g11410
Unigene50549 5.71 0 S-receptor-like serine/threonine-protein kinase SD1-1
CL6070.Contig3 5.43 4.42 S-receptor-like serine/threonine-protein kinase At4g27290
CL8545.Contig1 5.38 1.58 S-receptor-like serine/threonine-protein kinase SD1-1
CL9433.Contig3 4.57 1.73 S-receptor-like serine/threonine-protein kinase At2g19130
Unigene17909 3.42 1.6 S-receptor-like serine/threonine-protein kinase At1g34300
Unigene10651 3.37 1.36 S-receptor-like serine/threonine-protein kinase SD3-1
CL1678.Contig13 3.21 1.1 S-receptor-like serine/threonine-protein kinase B120
CL1678.Contig3 3.18 1.49 S-receptor-like serine/threonine-protein kinase At1g67520
Unigene54285 2.97 0 S-receptor-like serine/threonine-protein kinase At4g27290
CL6328.Contig1 2.9 1.25 S-receptor-like serine/threonine-protein kinase RLK1
Unigene5472 2.46 0.82 S-receptor-like serine/threonine-protein kinase At5g24080

CmSRK1 and CmPCP1 might be pistil and pollen S genes
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genes (Table 2) were selected. All the candidate S genes were
in  the  same  family  as  the S genes  in  Brassicaceae  plants,
which belonged to SSI.
 

qRT-PCR validation of transcriptome data
To  detect  the  reliability  of  RNA-Seq  data,  ten  unigenes

were selected from the stigma library for qRT-PCR. The results
showed  that  expression  trends  of  all  unigenes  were
consistent with the sequencing results (Fig. 2a). Most selected
unigenes were associated with pistil S genes of  other plants,

such  as  the  genes  encoding S-receptor  serine  /threonine
protein kinase, ribonuclease T2 family protein and epidermal-
specific secretory glycoprotein.

Similarly,  ten  unigenes  were  selected  from  the  anther
library for qRT-PCR. The results showed that expression trends
of  all  unigenes  were  also  consistent  with  the  sequencing
results  (Fig.  2b).  Selected  unigenes  were  either  associated
with  pollen  germination  and  pollen  development,  or
associated with pollen S genes in other plant families, such as
genes encoding PCP. 

Table 2.    Candidate pollen S genes in 'Q10-22-2's anthers.

Unigene ID MA-FPKM IA-FPKM Annotation

CL12121.Contig1 0.33 262.6 S locus-related glycoprotein 1 binding pollen coat protein
CL12224.Contig1 29.61 589.34 pollen coat-like protein
CL12224.Contig2 12.22 156.65 pollen coat-like protein
CL12493.Contig1 2.06 621.99 S locus-related glycoprotein 1 binding pollen coat protein
CL12896.Contig1 113.15 816.33 pollen coat-like protein
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Fig.  2    (a)  qRT-PCR  verification  of  RNA-Seq  results  of  stigma  transcriptome.  (b)  qRT-PCR  verification  of  RNA-Seq  results  of  anther
transcriptome.
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Sequence analysis of CmSRK1 and CmPCP1
A potential pistil S gene, CmSRK1,  was cloned according to

the sequence of CL5423.Contig1, which was annotated as SRK
in  'Q10-22-2'  stigma  library.  The  ORF  length  of CmSRK1 was
2,568 bp,  and  the  gene  was  predicted  to  encode  855  amino
acid residues,  96.24 kDa peptide with a  pI  of  5.36.  When the
amino acid sequence was aligned on NCBI (National Center of
Biotechnology  Information),  it  was  found  that  CmSRK1
contained  classic  domains  of  SRK,  such  as  Lectin, S-locus
glycoprotein, PAN-APPLE and protein kinase domain (Fig. 3a),
this indicated that CmSRK1 was a homologous protein of SRK.
Meanwhile,  a  potential  pollen S gene, CmPCP1,  was  cloned
according  to  the  sequence  of  CL12224.Contig1,  which  was
annotated as PCP in 'Q10-22-2' anther library. The ORF length
of CmPCP1 was  201  bp,  and  the  gene  was  predicted  to
encode 66 amino acid residues, 6.82 kDa peptide with a pI of
4.88.  The  amino  acid  sequence  was  aligned  on  NCBI  and  it
was  found  that  CmPCP1  did  not  contain  any  conserved
domains. 

Tissue expression characteristics of CmSRK1 and
CmPCP1

The  expression  of CmSRK1 was  tissue-specific,  it  was
specifically  expressed  in  stigmas,  especially  in  mature
stigmas.  However,  its  expression  levels  in  anthers,  flower
buds  and  leaves  were  very  low  (Fig.  3b).  Similarly,  the
expression  of CmPCP1 was  also  tissue-specific,  it  was
specifically  expressed  in  anthers,  especially  in  anthers  3  d
before maturation. But its expression in stigmas, flower buds
and leaves were very low (Fig. 3b). 

Subcellular localization and transactivation activity of
CmSRK1 and CmPCP1

In  transiently  transformed  onion  epidermal  cells,  GFP
signals  of  pMDC43 empty  vector  distributed throughout  the
cells,  but  GFP  signals  induced  by  the 35S::GFP-CmSRK1 and
35S::GFP-CmPCP1 were  located  in  the  nucleus  and  the  cell
membrane  (Fig.  3c),  indicating  that  both  CmSRK1  and
CmPCP1  proteins  localized  to  the  nucleus  and  the  cell
membrane.  With  the  transactivation  activity  assay,  neither
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Fig.  3    (a)  Blast  result  of  CmSRK1.  (b)  Expression  profiles  of CmSRK1 and CmPCP1 in  different  tissues  of  'Q10-22-2'.  MS:  mature  stigmas;  IS:
immature  stigmas;  MA:  mature  anthers;  IA:  immature  anthers;  B:  flower  buds;  L:  leaves.  (c)  Subcellular  localization  of  CmSRK1  and  CmPCP1.
Bar=100 μm. (d) Transcriptional activation activity of CmSRK1 and CmPCP1. (e) Yeast two hybrid between CmSRK1 and CmPCP1.
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pGBKT7-CmSRK1 nor  pGBKT7-CmPCP1 raised  well  on  SD/His-

Ade- medium  with  X-α-gal  and  lacking  X-α-gal.  Negative
control  pGBKT7  was  also  unable  to  grow  on  the  two  media,
while the positive control pCL1 was able to grow on the two
media (Fig. 3d). The above results indicate that both CmSRK1
and CmPCP1 had no transactivation activity. 

Yeast interaction verification between CmSRK1 and
CmPCP1

To  verify  the  interaction  between  CmSRK1  and  CmPCP1,
yeast  cells  co-expressing  pGADT7-CmPCP1 and  pGBKT7-
CmSRK1 were  unable  to  grow  on  the  SD-Leu/-Ade/-His/-Trp/
screening medium with X-α-gal and lacking X-α-gal. Negative
control pGBKT7-lam + pGADT7-T was also unable to grow on
the  two  media,  while  the  positive  control  pGBKT7-53 +
pGADT7-T was able to grow on the two media (Fig. 3e). These
results  showed  that  there  was  no  interaction  between
CmSRK1 and CmPCP1. 

Positive seedling identification of transgenic
Arabidopsis

To verify whether the stigma-specific promoter SLR1 could
initiate  the  expression  of CmSRK1 in  Arabidopsis  stigmas,
stigmas  of  Col-0  and  T1 generation  were  observed  under  a
confocal  laser  scanning microscope.  The results  showed that
it  was  difficult  to  determine whether  there  were  GFP signals
in  the  stigmas  of  the  transgenic  Arabidopsis  due  to  strong
autofluorescence of the stigmas (Fig. 4a).

Similarly,  to  verify  whether  the  pollen-specific  promoter
LAT52 could initiate the expression of CmPCP1 in Arabidopsis
pollens,  pollen  grains  of  Col-0  and  T1 generation  were  also
observed  under  a  confocal  laser  scanning  microscope.  It
was  found  that  there  was  no  GFP  signal  in  pollen  grains  of
Col-0,  while  GFP  signals  were  observed  in  pollen  grains
of  transgenic  Arabidopsis  (Fig.  4b),  indicating  that LAT52
could  initiate  the  expression  of CmPCP1 in  Arabidopsis
pollens.

The  T3 generation  homozygous  transgenic  lines  were

sampled,  the  inflorescence  RNA  was  extracted,  and  semi-
quantitative  analysis  was  carried  out.  It  was  found  that  all
transgenic  lines  had  targeted  bands  (Fig.  4c−d),  indicating
that  the  promoters  initiated  the  expression  of  genes.
According  to  the  results  of  the  expression  assay,  two
independent transgenic lines of each gene were selected for
the following artificial hybridization.
 

Hybridization fertility characteristics of transgenic
Arabidopsis

Before artificial hybridization of A. thaliana, floral organs of
Col-0  and  transgenic  lines  were  observed.  It  was  found  that
both  Col-0  and  transgenic  Arabidopsis  had  tetradynamous
stamens, the pistils and stamens grew normally (Fig. 5), which
could ensure normal occurrence of pollination.

As  shown  in Table  3,  the  self-pollinated  seed  set  of  Col-0
was 93.58 ± 2.17%, while the cross-pollinated seed set of Col-
0  was  slightly  lower,  which  was  84.43  ±  5.01%.  The  self-
pollinated seed set  of  the female  parent CmSRK1 #1  and the
male  parent CmPCP1 #1  were  84.89  ±  3.85%  and  94.87  ±
2.25%,  respectively,  but  their  cross-pollinated  seed  set  was
significantly  reduced  to  19.62  ±  6.70%,  and  some  fruit  pods
even had no seed (Fig. 6h).  Likewise, the self-pollinated seed
set  of  the  female  parent CmSRK1 #2  and  the  male  parent
CmPCP1 #2 were 78.26 ± 7.12% and 50.51 ± 6.60%, respectively,
but  their  cross-pollinated  seed  set  was  significantly  reduced
to 11.64 ± 3.68%, and some fruit pods also had no seed (Fig. 6l).
These results  indicated that  when artificial  hybridization was
conducted  with  transgenic  lines  containing CmSRK1 as  the
female  parents,  and  transgenic  lines  containing CmPCP1 as
the  male  parents,  seed  sets  were  significantly  reduced,  and
some even had no seeds. Thus, it was possible that there was
an  interaction  between  CmSRK1  and  CmPCP1,  resulting  in
low  cross-pollinated  seed  sets. CmSRK1 and CmPCP1 were
likely  to  be  pistil  and  pollen S genes,  respectively,  which
determined the SI of chrysanthemum. 
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Col-0

SLR1::GFP-CmSRK1

#1 #2 Col-0

Col-0

LAT52::GFP-CmPCP1

a b

c d

CmSRK1

Actin2

#1 #2 Col-0

CmPCP1

Actin2

 
Fig. 4    a,b GFP signals in stigmas and pollens of Arabidopsis. (a) GFP signal in stigmas of Arabidopsis; (b) GFP signals in pollens of Arabidopsis.
Bar = 20 μm. (c) RT-PCR identification of CmSRK1 in Arabidopsis; (d) RT-PCR identification of CmPCP1 in Arabidopsis. #1 and #2: two transgenic
lines.
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DISCUSSION

To  date,  SSI  has  been  found  mainly  in  Brassicaceae,

Convolvulaceae  and  Asteraceae[3],  of  which  Brassicaceae  has

been  the  most  extensively  researched.  In  Brassicaceae,  the
female S determinant  is  SRK,  and  the  male S determinant  is
SCR/SP11—a  kind  of  pollen  coating  protein  (PCP)[33],  such
information provides a crucial clue for the analysis of chrysan-
themum SI. During the analysis of stigma transcriptome data,
we  found  that  the  expression  levels  of  some  unigenes
encoding  SRK  were  up-regulated  in  MS,  such  as
CL7408.Contig2 (MS 72.1, IS 35.61), Unigene17909 (MS 3.42, IS
1.6),  and  CL1678.Contig13  (MS  3.21,  IS  1.1).  The  analysis  of
anther transcriptome data found that the expression levels of
some  unigenes  encoding  PCP  were  down-regulated  in  MA,
such  as  CL12121.Contig1  (MA  0.33,  IA  262.6),
CL12224.Contig1 (MA 29.61, IA 589.34), and CL12493.Contig1
(MA  2.06,  IA  621.99).  Expression  levels  of  these  unigenes  in
MA were  lower  than those  in  IA,  a  possible  reason might  be
that pollen grains had been fully mature in MA, the content of
PCP had reached the highest, and the PCP did not need to be
expressed.  Therefore,  we  proposed  that  SSI  system  of

Col-0

CmSRK1 #1

CmSRK1 #2

CmPCP1 #1

CmPCP1 #2

 
Fig.  5    Floral  organ  observation  of  Arabidopsis  after  transformation  of CmSRK1 and CmPCP1.  The  first  column  was  the  whole  flowers,
the second was  the pistils  and stamens,  and the third  column was the pistils.  The arabidopsis  used for  observation was  30 d  after  planting.
Bar = 1 mm.

Table 3.    Self-pollinated and cross-pollinated seed sets of Arabidopsis.

Self-pollination/cross-pollination Seed set (%)

Col-0 93.58 ± 2.17a

Col-0 × Col-0 84.43 ± 5.01a

CmSRK1 #1 84.89 ± 3.85a

CmPCP1 #1 94.87 ± 2.25a

CmSRK1 #1 × CmPCP1 #1 19.62 ± 6.70c

CmSRK1 #2 78.26 ± 7.12a

CmPCP1 #2 50.51 ± 6.60b

CmSRK1 #2 × CmPCP1 #2 11.64 ± 3.68c

Values  given  were  mean  ±  standard  error.  Values  with  different
superscript  indicated  significant  differences  at p ≤ 0.05  according  to
Tukey’s test.
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Brassicaceae also played a role in chrysanthemum.
In  the  stigma  transcriptome,  some  unigenes  involved  in

pollen  recognition  were  discovered,  such  as  CL8785.Contig1
and  Unigene19117.  Some  unigenes  encoding  definite
proteins  that  had  been  reported  in  other  plants'  stigma
transcriptome  were  also  found[34,35].  For  example,  CL8779.
Contig1  and  CL9665.Contig3  which  encode  the  stigma-
specific  peroxidase,  Unigene41728  and  CL1151.Contig2
encode the pistil-specific extensin-like protein. In reference to
previous  research[36,37],  the  analysis  of  anther  transcriptome
identified  some  unigenes  involved  in  pollen  germination,
pollen  exine  formation,  and  pollen  tube  reception  and
growth.  For  instance,  Unigene5436  and  Unigene10201
participated  in  pollen  germination,  Unigene15286  and
CL12901.Contig1  were  implicated  in  pollen  exine  formation,
CL4167.Contig1  and  Unigene22620  took  part  in  pollen  tube
reception,  Unigene1360 and CL10302.Contig1 were involved
in pollen tube growth. Taken together, this may suggest that
these unigenes might play a vital part in chrysanthemum SI.

CmSRK1 was  the  gene  annotated  as  'S-receptor-like
serine/threonine-protein kinase'  in the stigma transcriptome.
Because  CmSRK1  had  classic  domains  of  SRK,  CmSRK1  and
SRK  in  Brassicaceae  were  considered  to  be  homologous
proteins.  Tissue  quantification  revealed  that CmSRK1 was
specifically  expressed  in  MS,  which  was  consistent  with  the
expression characteristic  of  stigma S genes. CmPCP1 was the
gene  annotated  as  'pollen  coat-like  protein'  in  the  anther
transcriptome. CmPCP1 did not have any conserved domain,
and  SCR  in  Brassicaceae  also  did  not  have  any  conserved
domain  with  high  sequence  polymorphism.  Tissue
quantification  revealed  that CmPCP1 was  specifically
expressed  in  IA,  which  was  consistent  with  the  expression

characteristic of pollen S genes.
The  interaction  between  SRK  and  SCR  in  the  same

haplotype  causes  SI  in  Brassicaceae.  When  yeast  two  hybrid
assay was performed between SCRB3 and eSRKB3 (extracellular
domain  of  SRKB3)  carrying  complete  signal  peptides  from
Brassica oleracea L. B3, no blue positive clone was found, this
might  be  because  the  signal  peptides  carried  by  the  two
proteins  affected  the  secretion  of  mature  peptides[38].  A
previous  study  proved  that  SCR  and  eSRK  could  recognize
and interact  with each other[31].  However,  when the tobacco
expression  system  and  pull-down  method  were  used  for
interaction  detection,  it  was  found  that  only  the  full-length
SRK8 and  mSRK8 (extracellular  domain  and  transmembrane
domain of  SRK8)  could  interact  with  SCR8,  while  eSRK8 could
not  interact  with  SCR8

[39].  These  different  results  might  be
related to S haplotype specificity of the SCR-SRK complex, and
might also be related to the spatial structures of SCR and SRK
in  different  detection  systems.  In  our  study,  we  found
CmSRK1 and CmPCP1 did not interact with each other in the
pGBKT7-pGADT7  yeast  system,  and  this  result  might  also  be
affected  by  the  signal  peptides  or  the  protein  spatial
structures.

Self-pollinated seed sets  in  Col-0  were  93.58  ±  2.17%,  and
the  cross-pollinated  seed  set  was  slightly  lower,  which  was
84.43 ± 5.01%, but their difference was small,  indicating that
artificial  hybridization  was  successful.  Self-pollinated  seed
sets  of CmSRK1 #1  and CmPCP1 #1  were  84.89  ±  3.85%  and
94.87  ±  2.25%,  respectively,  and  their  cross-pollinated  seed
set  was  19.62  ±  6.70%,  indicating  that  the  stigmas  of  the
female parent and the pollens of the male parent developed
normally, and the low cross-pollinated seed set was probably
due  to  protein  interaction in  vivo.  Likewise,  self-pollinated
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Fig. 6    Anatomical observation of self-pollinated and cross-pollinated fruit pods of Arabidopsis. (a, b) Col-0⊗; (c, d) Col-0 × Col-0; (e) CmSRK1
#1⊗; (f) CmPCP1 #1⊗; (g, h) CmSRK1 #1 × CmPCP1 #1; (i) CmSRK1 #2⊗; (j) CmPCP1 #2⊗; (k, l) CmSRK1 #2 × CmPCP1 #2. The white arrows identify
the defected position in transgenic Arabidopsis. Bar = 2 mm.
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seed sets  of CmSRK1 #2  and CmPCP1 #2  were  78.26  ±  7.12%
and  50.51  ±  6.60%,  respectively,  and  their  cross-pollinated
seed  set  was  11.64  ±  3.68%,  this  result  confirmed  the  above
hypothesis. It was likely that CmSRK1 and CmPCP1 were pistil
and pollen S proteins with the same haplotype, and there was
an  interaction  between  them,  resulting  in  low  cross-
pollinated  seed  sets  of  transgenic  lines.  Furthermore,  self-
pollinated seed sets of CmSRK1 #2 and CmPCP1 #2 were lower
than  those  of CmSRK1 #1  and CmPCP1 #1,  respectively,  and
cross-pollinated seed sets of CmSRK1 #2 and CmPCP1 #2 were
lower than that of CmSRK1 #1 and CmPCP1 #1, indicating that
to some extent, developmental state of parents had an effect
on  cross-pollinated  seed  sets.  Notably,  although  cross-
pollinated  seed  sets  of  transgenic  lines  were  very  low,  there
were  still  seeds  in  the  fruit  pods.  It  was  speculated  that  not
only CmSRK1 and CmPCP1 played a role in chrysanthemum SI,
but there were other genes controlling chrysanthemum SI. 

MATERIALS AND METHODS
 

Plant materials and growing conditions
Spray cut chrysanthemum 'Q10-22-2' is a self-incompatible

cultivar  with  great  ornamental  traits[40].  Uniform  rooted
cuttings of 'Q10-22-2' were planted into a 1:1 (v/v) mixture of
soilrite  and  vermiculite  and  grown  in  a  greenhouse  with  an
8  h  light  period  under  controlled  conditions  (day/night
temperature 25°C/18°C) with a relative humidity of 70%.

The expression of S genes  is  tissue-specific  and controlled
by development. As a consequence, mature stigmas (MS) and
stigmas 3 d before maturation (IS) were collected from 'Q10-
22-2'  as  a  pair  of  comparable  samples.  Meanwhile,  mature
anthers  (MA)  instead  of  pollen  and  anthers  3  d  before
maturation (IA) of 'Q10-22-2' were collected as another pair of
comparable  samples.  The  four  samples  were  frozen  in  liquid
nitrogen and stored at −80 °C. 

RNA extraction, sequencing (RNA-Seq) and de novo
assembly

Total  RNA  was  extracted  as  described  previously[41].  RNA
sequencing was performed on the BGISEQ-500 platform (BGI,
Shenzhen,  China)  to  yield  150  bp  paired-end  reads.  Each
cDNA  library  was  established  with  a  mixture  of  RNA  from
three  biological  replicates.  Before  downstream  analysis,  the
raw  reads  were  filtered,  and  clean  reads  were  obtained[36].
Then,  the  clean  reads  were  assembled  with  the  Trinity
program[42],  after  which  Tgicl  was  used  to  cluster  them
according  to  their  redundancy,  finally,  the  unigenes  were
obtained[43]. 

Unigene function annotation and screening of DEGs
Unigene  sequences  were  aligned  using  blastn  to  NT,  and

aligned by blastx to protein databases such as NR, Swiss-Prot,
COG and KEGG with a cutoff e-value < 10−5[44].  Moreover, we
used  Blast2  GO[45] and  WEGO[46] software  to  obtain  GO
annotation  and  GO  function  classification  of  unigenes.  The
unigenes were annotated against the KEGG database.

To determine the expression levels of unigenes in different
samples, we used the method of fragments per kb per million
fragments[47], which could eliminate the influence of different
gene  lengths  and  sequencing  levels.  Next,  referring  to  the
method  of  Audic  and  Claverie[48],  DEGs  (differentially

expressed genes) between two samples were identified. DEGs
need to meet two criteria,  namely FDR (false discovery rates)
< 0.001 and an absolute value of log2 ratio ≥ 1. Finally, GO and
KEGG enrichment analysis were performed on DEGs. 

qRT-PCR validation
To identify the quality of RNA-Seq data, ten unigenes were

chosen  from  each  library  for  qRT-PCR  validation.  Gene-
specific  primers  (Supplemental  Table  5 and Supplemental
Table 6) were designed using Primer Premier 5.0 software and
the Elongation Factor 1α (CmEF1α) gene (KF305681) was used
as a normalization control[49]. 

Beverage Plant Research
Based  on  the  sequence  of  CL5423.Contig1  in  stigma

transcriptome,  specific  primers  (CmSRK1-ORF-F  and  -R,
Supplemental  Table  7)  were  designed  to  amplify  the  ORF
(open  reading  frame)  of CmSRK1.  Based  on  the  sequence  of
CL12224.Contig1  in  anther  transcriptome,  specific  primers
(CmPCP1-ORF-F and -R, Supplemental Table 7) were designed
to  amplify  the  ORF  of CmPCP1.  High-fidelity  PCR  was
conducted  with  stigma  and  anther  cDNA  as  templates,
respectively,  they  were  then  sub-cloned  into  pMD19-T
(TaKaRa, Tokyo, Japan) for sequencing. 

qRT-PCR of CmSRK1 and CmPCP1
To  determine  the  tissue  expression  characteristics  of

CmSRK1 and CmPCP1,  RNA  was  isolated  from  flower  buds,
leaves, stigmas and anthers at different developmental stages
using  RNAiso  reagent.  Quantitative  primers  (CmSRK1-Q-F,  -R
and  CmPCP1-Q-F,  -R, Supplemental  Table  7)  were  designed
on the basis of CmSRK1 and CmPCP1 sequences, and qRT-PCR
was processed. The reference gene was CmEF1α. 

Subcellular localization of CmSRK1 and CmPCP1
According  to  the  sequences  of CmSRK1 and CmPCP1,

primers containing restriction sites (CmSRK1-BamH I-F, -Not I-
R and CmPCP1-BamH I-F, -Not I-R, Supplemental Table 7) were
designed.  High-fidelity  PCR  was  conducted  to  amplify  the
ORF of CmSRK1 and CmPCP1 and the fragments were inserted
into  pMDC43  vector  carrying 35S::GFP,  respectively[50].  A
transient  assay  was  then  performed  to  determine  the
subcellular  localization  of  CmSRK1  and  CmPCP1,  by
transforming the construct into onion (Allium cepa) epidermal
cells as previously described[51]. 

Transactivation activity assay of CmSRK1 and
CmPCP1

LR Clonase™ II enzyme mix was used to insert CmSRK1 and
CmPCP1 ORF fragments into yeast expression vector pGBKT7.
The two constructs were transformed into yeast strain Y2H. In
parallel,  the  yeast  cells  transformed  with  pCL1  and  pGBKT7
separately  served  as  positive  and  negative  controls.
Transactivation  activity  assay  was  performed  by  growing
yeast  cells  on  two  media  SD/His−Ade− added  X-α-gal  and
lacking  X-α-gal.  All  operations  were  performed  as  per  the
manufacturer's protocol (Clontech, Mountain View, CA, USA). 

Yeast two hybrid assay between CmSRK1 and
CmPCP1

Using  LR  Clonase™  II  enzyme  mix, CmPCP1 ORF  fragment
was inserted into pGADT7 vector. pGADT7-CmPCP1 construct
and  pGBKT7-CmSRK1 construct  were  co-transformed  into
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yeast  strain Y2H.  Then  a  yeast  two-hybrid  (Y2H)  assay  was
performed as previously described[52]. 

Construction of expression vectors containing tissue-
specific promoters

The  DNA  of  Arabidopsis  and  tomato  was  extracted  using
the  CTAB  method.  To  clone  the  stigma-specific  promoter
SLR1[53],  high-fidelity  PCR  was  performed  using  Arabidopsis
DNA as  the template.  At  the same time,  to  clone the pollen-
specific  promoter LAT52[54],  high-fidelity  PCR  was  performed
using  tomato  DNA  as  the  template.  The  primer  sequences
required  for  promoters  cloning  (SLR1-F,  -R  and  LAT52-F,  -R)
and  containing  restriction  sites  (SLR1-Pme  I-F,  -Kpn  I-R  and
LAT52-Hind III-F, -Kpn I-R) were listed in Supplemental Table 8.
To  construct  expression  vectors  containing  both  tissue-
specific  promoters  and  target  genes, 2×35S promoter  in
pMDC43-CmSRK1 construct  was  replaced  by SLR1 promoter
using  restriction  enzymes Pme I  and Kpn I,  and 2×35S
promoter  in  pMDC43-CmPCP1 construct  was  replaced  by
LAT52 promoter using restriction enzymes Hind III and Kpn I. 

Arabidopsis transformation
The SLR1::CmSRK1 and LAT52::CmPCP1 constructs  were

separately transformed into A. thaliana Col-0 by the floral dip
method  mediated  by Agrobacterium  tumefaciens  EHA105.  To
detect whether the promoters could initate the expression of
genes in specific tissues, the stigmas and pollen grains of the
T1 generation were observed under a confocal laser scanning
microscope for GFP signals, and the inflorescence RNA of the
T3 generation  was  extracted  for  RT-PCR.  The  primers  for  RT-
PCR were CmSRK1-Q-F, -R and CmPCP1-Q-F, -R (Supplemental
Table 7), and the reference gene was Actin2. 

Hybridization of transgenic lines
When  the  T3 generation  was  obtained,  aritifical

hybridization was performed with transgenic lines containing
CmSRK1 as  the  female  parents,  and  transgenic  lines
containing CmPCP1 as the male parents. In parallel, to exclude
the  effects  of  human  manipulation,  artificial  hybridization
between wild type Col-0 was performed as the control.  After
7  d,  the  seed  sets  of  hybridization  were  calculated.  In
addition,  self  seed sets  of  the female and male parents  were
also calculated to exclude the effects of their own factors. For
each combination, seed sets of 15−20 fruit pods were counted.
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