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Abstract
Nuclear factor Y (NF-Y) transcription factors are important regulators of plant growth, development, and stress responses. However, the functions of NF-Ys in

bermudagrass (Cynodon dactylon L.), a warm-season turfgrass species with wide applications and great value, have not yet been elucidated. In this study, 88

CdNF-Y genes, including 32 CdNF-YAs, 31 CdNF-YBs, and 25 CdNF-YCs, were successfully identified in the bermudagrass genome. Sequence analyses revealed

that  three  subfamilies  of CdNF-Y genes  exhibited  different  gene  structure  and  protein  domain  characteristics.  Expression  profiling  indicated  that  eight

CdNF-Y genes were constitutively expressed in all samples, whereas other CdNF-Y genes were preferentially expressed in a few organs or induced by specific

stresses. RT-qPCR indicated that three CdNF-Y genes, CdNF-YA-1A1, CdNF-YB-7B2, and CdNF-YC-1A2, have similar tissue expression profiles. Moreover, their

expression  abundances  were  all  reduced  under  heat  stress  treatment.  Subcellular  localization  analysis  indicated  that  CdNF-YA-1A1  was  located  in  the

nucleus, while CdNF-YB-7B2 and CdNF-YC-1A2 were both simultaneously located in the nucleus and cytoplasm. Yeast two-hybrid assay, yeast three-hybrid

assay,  and  bimolecular  fluorescence  complementation  assay  collectively  indicated  that  CdNF-YB-7B2  and  CdNF-YC-1A2  could  interact  to  form  a

heterodimer, which then interacts with CdNF-YA-1A1 to form a heterotrimer. Results of this study greatly expanded our understanding of NF-Y genes and

NF-Y protein complexes in bermudagrass.
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 Introduction
Nuclear  factor  Y  (NF-Y),  also  known  as  heme  activator  protein

(HAP) or CCAAT-binding factor (CBF), is a highly conserved transcrip-
tion factor (TF) in all eukaryotes[1]. Functional NF-Ys are comprised of
three  distinct  subunits:  NF-YA  (HAP2/CBF-B),  NF-YB  (HAP3/CBF-A),
and NF-YC (HAP5/CBF-C).  The core region of NF-YA protein is  com-
posed of  two conserved α-helix  domains,  whereas three conserved
α-helix collectively form a histone-fold domain (HFD) in both NF-YB
and NF-YC proteins[2]. To perform their regulatory functions, NF-YBs
and NF-YCs firstly form heterodimers in the cytoplasm and enter the
nucleus  to  further  form  heterotrimers  with  NF-YAs[3].  The  resulting
heterotrimeric NF-Ys can bind to the CCAAT-box cis-element in the
promoter  of  target  genes  to  regulate  their  expression.  In  some
cases,  the  heterodimers  of  NF-YBs  and  NF-YCs  could  also  interact
with other classes of TFs rather than NF-YAs to function as transcrip-
tion regulators[3].

In yeast and animals, each subunit of NF-Y is encoded by a single
gene. In contrast,  the three subunits of NF-Y are encoded by multi-
ple  genes  in  plants[4].  For  example,  the  model  plant  Arabidopsis
(Arabidopsis thaliana) has ten AtNF-YA, ten AtNF-YB, and ten AtNF-YC
genes, whereas rice (Oryza sativa) has ten OsNF-YA, 11 OsNF-YB, and
12 OsNF-YC genes[5].  Different  heterotrimeric  NF-Ys  can  be  formed
from these subunits with different tissue and stress-induced expres-
sion  specificities,  thus  playing  essential  regulatory  roles  in  the
growth, development, and stress response of plants[6].  In Arabidop-
sis,  two  NF-YA  proteins  (AtNF-YA2  and  AtNF-YA6),  associated  with
AtNF-YB2  and  AtNF-YC3,  could  bind  to  the  CCAAT-box  in  the
promoter sequence of Flowering Locus T gene to regulate its expres-
sion, which in turn controls the flowering time[7]. The heterotrimeric
NF-Y  composed  of  AtNF-YA2,  AtNF-YB3,  and  AtNF-YC10,  could

enhance the expression of many heat stress-inducible genes and is
required  for  the  proper  heat  stress  response[8].  In  rice,  aleurone
layer-specific  OsNF-YB1  could  interact  with  OsNF-YC11  and  OsNF-
YC12  to  regulate  the  expression  of  downstream  genes,  thus  con-
tributing to the grain filling and endosperm development[9].

As  an  important  warm-season  turfgrass  species  that  originated
from Africa, bermudagrass (Cynodon dactylon L.) has great economic
value[10,11]. Elite bermudagrass cultivars are widely planted in sports
fields,  public parks,  and home lawns to produce uniform and high-
quality turfs in tropical and subtropical areas around the world[12,13].
The usage of bermudagrass as a turfgrass species is mainly derived
from  its  fast  propagation  rate,  perennial  growth  mode,  and  strong
tolerance  to  multiple  stresses[14].  Elucidation  of  the  mechanisms
regulating  the  growth,  development,  and  stress  response  of
bermudagrass is vital for breeding new bermudagrass cultivars. Two
previous studies reported the isolation of an OsNF-YC4 homologous
gene from hybrid bermudagrass (C. dactylon × C. transvaalensis) and
found  that  the CdtNF-YC1 gene  could  increase  the  drought  and
salinity  tolerance  of  both  transgenic  rice  and  seashore  paspalum
(Paspalum  vaginatum)[15,16].  However,  systematic  analysis  of  the
NF-YC gene family is still deficient in bermudagrass, which impedes
the application of NF-YC genes in the molecular breeding studies of
bermudagrass.

In this study, we performed a comprehensive genome-wide anal-
ysis of the NF-Y gene family in bermudagrass. The phylogenetic rela-
tionships,  gene  structure  characteristics,  protein  domains,  and
expression patterns of the identified CdNF-Y genes were all analyzed
to  understand  their  functional  divergence.  Furthermore,  the  NF-Y
heterotrimer  consisting  of  CdNF-YA-1A1,  CdNF-YB-7B2,  and  CdNF-
YC-1A2  was  also  identified  using  the  combination  of  yeast  two-
hybrid (Y2H) assay, yeast three-hybrid (Y3H) assay, and bimolecular
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fluorescence  complementation  (BiFC)  assay.  Results  of  this  study
established a solid foundation to further characterize the function of
NF-Y genes in bermudagrass.

 Materials and methods

 Plant materials and growth conditions
C.  dactylon cultivar  Yangjiang  and Nicotiana  benthamiana acces-

sion LAB were  used in  this  study.  The C.  dactylon plants  were  ordi-
narily  grown  at  turfgrass  plots  of  the  Yangzhou  University  (longi-
tude  and  latitude：32°35'  N,  119°40'  E;  soil  type:  80%  river  sand,
20%  peat  soil)  under  standard  turf  management  conditions.  For
heat stress treatment, the C. dactylon plants were grown in a growth
chamber with a 16/8 h light/dark cycle at  25 °C for one week,  then
transferred  into  a  growth  chamber  of  42  °C  for  12  h[17].  The N.
benthamiana plants were grown in a growth chamber with a 16/8 h
light/dark cycle at 22 °C.

 Database search and sequence retrieval
The  translated  amino  acid  sequences  of NF-Y genes  from A.

thaliana, Brachypodium  distachyon,  and O.  sativa were downloaded
from  the  NCBI  database  (www.ncbi.nlm.nih.gov)[18−20] and  were
BLAST  searched  against  the C.  dactylon protein  database  (76,879
sequences,  33,188,769  residues)  annotated  from  the  genome[21] to
identify  putative  bermudagrass  NF-Y  proteins  with  the  following
parameters:  score  value  ≥ 100  and  E -value  <  10−5.  The  identified
homologous  proteins  were  further  BLAST  searched  against  the
protein sequence repositories of NCBI to validate the correct identi-
ties.  After  manually  removing the  redundant  sequences,  the  finally
obtained  CdNF-Y  proteins  and  the  corresponding  encoding  genes
were named according to their chromosomal locations.

 Phylogenetic and collinearity analysis
The  amino  acid  sequences  of  NF-Y  proteins  were  aligned  using

the  ClustalW  algorithm  of  MEGA  X[22].  The  aligned  amino  acid
sequences  were  used  to  construct  the  maximum-likelihood  (ML)
phylogenetic tree with the following parameters: complete deletion
and  2,000  replicates  of  bootstrap[23].  The  collinearity  of A.  thaliana,
B.  distachyon, O. sativa,  and C.  dactylon NF-Y genes  was  analyzed
and  plotted  using  the  MCScan  toolkit  of  TBtools  software  with
default  parameters[24].  DnaSP  6  software  was  used  to  calculate
non-synchronous (Ka) and synchronous (Ks) values of the identified
gene pairs[25].

 Gene structure, protein domain, and conserved
motif analysis

The  mRNA  and  genomic  DNA  sequences  of CdNF-Y genes  were
analyzed  using  the  gene  structure  display  server  (https://gsds.gao-
lab.org) to obtain the gene structures[26]. The amino acid sequences
of  CdNF-Y  proteins  were  searched  against  the  InterPro  database
(www.ebi.ac.uk/interpro/search/sequence)  and  MEME  (https://
meme-suite.org/meme/tools/meme)  with  default  parameters  to
acquire  the  sequence  composition  and  location  of  conserved
protein domains and motifs, respectively.

 Gene expression and promoter cis-regulatory
element analysis

Raw sequencing data of transcriptomic analysis of bermudagrass
plants  under  different  stress  treatments  were  downloaded  from

the  NCBI  SRA  database  (www.ncbi.nlm.nih.gov/sra)[27−30] and
mapped to bermudagrass genes using the HISAT2 software (http://
daehwankimlab.github.io/hisat2)  with  default  parameters[31]. The
numbers  of  mapped  reads  for  each  gene  were  converted  to  FPKM
(fragments per kilobase of transcript per million mapped fragments)
values. CdNF-Y gene expression data were extracted from the gene
expression  profiles  and  visualized  as  heatmaps  using  the  MultiEx-
periment Viewer (MeV) software. The 2,000 bp nucleotide sequences
upstream  of CdNF-Y genes  were  extracted  from  the  bermudagrass
genomic DNA sequence as putative promoter sequences, which were
searched  against  the  PlantCARE  database  (https://bioinformatics.
psb.ugent.be/webtools/plantcare/html)  to  identify  the  putative cis-
regulatory elements[32].

 RT-qPCR analysis
Total RNA was extracted from different tissues of normally grow-

ing bermudagrass  plants  and leaves of  bermudagrass  plants  under
heat stress treatment using the Plant RNA Midi Kit (Omega, Norcross,
USA).  cDNA  was  synthesized  using  the  SuperScript  II  reverse  tran-
scriptase kit (Takara, Beijing, China). Quantitative PCR was performed
on  a  Mini  Opticon  Real-Time  PCR  System  (Bio-Rad,  Hercules,  USA)
using  the  Hieff® qPCR  SYBR  Green  Master  Mix  (Yeasen  Biotechnol-
ogy, Shanghai, China), and the CdSUD1 gene was used as a standard
control (Supplementary Table S1). The relative gene expression level
was calculated using the 2−ΔΔCᴛ method[33]. Results of three biologi-
cal replicates were statistically analyzed using Tukey's multiple com-
parison test with the SPSS 16.0 software, which was declared at the
0.05 level of probability.

 Gene cloning and sequence analysis
Total  RNA  was  extracted  from  the  leaves  of  normally  growing

bermudagrass plants and reverse transcribed to cDNA as described
above.  The  full-length  coding  sequences  (CDSs)  of CdNF-YA-1A1,
CdNF-YB-7B2, and CdNF-YC-1A2 were PCR amplified from the synthe-
sized cDNA using the primers listed in Supplementary Table S1 and
sequenced to confirm the clone composition. The translated amino
acid sequences of cloned CdNF-YA-1A1, CdNF-YB-7B2,  and CdNF-YC-
1A2 genes  and  homolog  genes  from  other  plant  species  were
aligned using the DNAMAN software with default parameters.

 Subcellular localization analysis
The full-length CDSs of CdNF-YA-1A1, CdNF-YB-7B2,  and CdNF-YC-

1A2 without  the  stop  codon  were  amplified  by  PCR,  digested  with
XbaI and KpnI, and cloned into the pBI121-GFP vector. The resulting
construct was transformed into Agrobacterium tumefaciens GV3101,
which  was  injected  into  leaves  of  three-week-old N.  benthamiana
plants  along  with  the  control  GV3101  strain  carrying  the  pBI121-
mCherry-NLS  plasmid.  GFP  and  mCherry  fluorescence  signals  were
observed after 3 d under an LSM 880NLO confocal microscope (Carl
Zeiss, Jena, Germany).

 Transactivation activity assay
The full-length CDSs of CdNF-YA-1A1, CdNF-YB-7B2, and CdNF-YC-

1A2 were  amplified  by  PCR,  digested  with  EcoRI  and  BamHI,  and
cloned into the pGBKT7 vector. The resulting constructs, along with
the  empty  vector  (negative  control)  and  pGBKT7-CdTB1  plasmid
(positive  control)[34],  were  separately  transformed  into  yeast  strain
AH109  using  the  LiAc/PEG  method  and  grown  on  SD-Trp
medium[35]. The positive transformants were cultured on SD-Trp-His-
Ade selective medium supplemented with 2.5 mM 3-AT to test  the
transcriptional activation activity.

  Study of nuclear factor Y genes in bermudagrass
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 Yeast two-hybrid assay
The full-length CDSs of CdNF-YB-7B2 and CdNF-YC-1A2 were ampli-

fied  by  PCR,  digested  with  EcoRI  and  BamHI,  and  cloned  into  the
pGADT7  vector.  The  resulting  pGADT7-CdNF-YB-7B2 and  pGADT7-
CdNF-YC-1A2 constructs  were  individually  combined  with  the
above-constructed  pGBKT7-CdNF-YA-1A1 and  pGBKT7-CdNF-YB-7B2
plasmids  and  cotransformed  into  the  yeast  strain  AH109  using  the
LiAc/PEG  method  and  grown  on  SD-Leu-Trp  medium[35].  The  posi-
tive transformants were then cultured on SD-Leu-Trp-His-Ade selec-
tive  medium  supplemented  with  2.5  mM  3-AT  to  determine  the
protein-protein interactions.

 Yeast three-hybrid assay
The full-length CDSs of CdNF-YB-7B2 and CdNF-YC-1A2 were ampli-

fied by PCR, digested with EcoRI/BamHI and NotI/BglII, respectively,
and  jointly  cloned  into  the  pBridge  vector.  The  full-length  CDS  of
CdNF-YA-1A1 was amplified by PCR, digested with EcoRI and BamHI,
and cloned into the pGADT7 vector. The resulting pBridge-CdNF-YB-
7B2-CdNF-YC-1A2 and  pGADT7-CdNF-YA-1A1 constructs  were  com-
bined  and  cotransformed  into  the  yeast  strain  AH109  using  the
LiAc/PEG  method  and  grown  on  SD-Leu-Trp-Met  medium[35].  The
positive  transformants  were  then  cultured  on  SD-Leu-Met-Trp-His-
Ade  selective  medium  supplemented  with  2.5  mM  3-AT  to  deter-
mine the protein-protein interactions.

 Bimolecular fluorescence complementation
assay

The full-length CDSs of CdNF-YA-1A1, CdNF-YB-7B2,  and CdNF-YC-
1A2 without the stop codon were amplified by PCR and cloned into
the pSm35s-nYFP and pSm35s-cYFP vectors  via  the Gibson Assem-
bly method[36]. The full-length CDS of CdNF-YA-1A1 without the stop
codon  was  amplified  by  PCR,  digested  with  XbaI  and  KpnI,  and
cloned  into  the  pBI121-mCherry  vector.  The  resulting  constructs
were  individually  transformed  into A. tumefaciens GV3101.  The
A. tumefaciens strains carrying pSm35s-nYFP, pSm35s-cYFP, pSm35s-
nYFP-CdNF-YA-1A1, pSm35s-nYFP-CdNF-YB-7B2, pSm35s-cYFP-CdNF-
YA-1A1,  pSm35s-cYFP-CdNF-YC-1A2,  and  pBI121-mCherry-CdNF-YA-
1A1 plasmids were mixed and injected into the leaves of 3-week-old
N.  benthamiana plants.  YFP  and  mCherry  fluorescence  signal  was
observed after 3 d under the LSM 880NLO confocal microscope.

 Results

 Identification of NF-Y genes in bermudagrass
Using NF-Y protein sequences from A. thaliana, B. distachyon, and

O. sativa as references, a total of 88 NF-Y genes, including 32 NF-YA,
31 NF-YB,  and  25 NF-YC genes,  were  successfully  identified  in  the
C.  dactylon genome  through  BLAST  searches  and  manual  valida-
tions (Supplementary Table S2).  Because the C.  dactylon genome is
comprised  of  four  haplotypes  of  subgenomes  (A1,  A2,  B1,  and  B2)
with high sequence similarity[21], the 88 CdNF-Y genes could be clas-
sified  into  28  homoeologous  gene  groups  with  one  to  four  allelic
genes,  and were  named as CdNF-YA-1A1 to CdNF-YA-9B2, CdNF-YB-
1A1 to CdNF-YB-11A2,  and CdNF-YC-1A1 to CdNF-YC-8B2,  respec-
tively, according to their chromosomal locations and sequence simi-
larities (Supplementary Fig. S1, Supplementary Table S2).

Phylogenetic  analysis  indicated  that  88 CdNF-Y genes,  along
with  30 AtNF-Y,  33 OsNF-Y and  31 BdNF-Y genes,  were  distinctively
divided into three subfamilies,  which was consistent with the gene

identification  and  classification  result  (Fig.  1a).  In  line  with  the
species divergence time, the clade distances between CdNF-Y genes
and  homologous OsNF-Y/BdNF-Y genes  were  shorter  than  those  of
CdNF-Y genes and homologous AtNF-Y genes (Fig. 1a). Accordingly,
collinearity analysis indicated that CdNF-Y, OsNF-Y and BdNF-Y genes
formed  23  homologous  gene  pairs,  whereas  only  five  homologous
gene  pairs  could  be  detected  among  the  three  grass  species  and
A. thaliana (Fig. 1b). Inter-species collinearity analysis also identified
108  homologous  gene  pairs  from  the  88 CdNF-Y genes  (Fig.  1b).
Interestingly, Ka/Ks ratios of 88.8% (96/108) homologous gene pairs
were  less  than  one  (Supplementary  Table  S3),  suggesting  these
CdNF-Y genes  might  have  suffered  robust  purifying  selective  pres-
sure during evolution.

 Sequence divergence of NF-Y genes in
bermudagrass

The  three  subfamilies  of CdNF-Y genes  had  different  gene
sequence characteristics.  Notably, the average ORF length of CdNF-
YA genes  (831.8  bp)  was  longer  than that  of CdNF-YB and CdNF-YC
genes (637.2 and 646.44 bp, respectively) (Supplementary Table S2).
Accordingly,  gene  structure  analysis  revealed  that CdNF-YA genes
had  complicated  exon-intron  organizations  with  at  least  four
introns,  whereas most CdNF-YB and CdNF-YC genes were intronless
or  only  contained  a  single  intron  (Fig.  2a, b).  Exceptionally,  three
homoeologous  gene  groups  of CdNF-YB genes  (CdNF-YB3, CdNF-
YB5, and CdNF-YB6) clustering as one clade in the phylogenetic anal-
ysis also had two to three introns (Fig. 2a, b).

In  agreement  with  the  phylogenetic  analysis  result,  protein
domain analysis indicated that the three subfamilies of CdNF-Y pro-
teins  harbored  the  conserved  CBFB_NFYA,  HFD_NFYB,  and  HFD_
NFYC  domains,  respectively  (Fig.  2c).  However,  the  location  of  the
conserved protein domain in the protein sequence exhibited varia-
tion  among  the  CdNF-Y  proteins  of  different  homoeologous  gene
groups. Notably, CdNF-YB-6A1, CdNF-YB-6B1, and CdNF-YB-6B2 pro-
teins  further  harbored  a  VQ  domain  after  the  HFD_NFYB  domain
(Fig.  2c).  Accordingly,  motif  analysis  indicated  that  motif  1,  repre-
senting conserved domains  of  CBFB_NFYA and HFD_NFYB/YC,  was
identified in nearly all (84/88) CdNF-Y proteins, whereas motifs 3, 7,
and  14,  representing  unique  domains  of  CBFB_NFYA,  HFD_NFYB,
and HFD_NFYC, respectively,  were only identified in corresponding
CdNF-YA,  CdNF-YB,  and  CdNF-YC  proteins  (Supplementary  Fig.  S2,
Supplementary  Table  S4).  Except  for  these conserved motifs,  many
motifs (9, 10, 12, 13, 15, 16, 17, 19, and 20) were only identified in a
few  CdNF-Y  proteins  belonging  to  some  specific  homoeologous
gene  groups  (Supplementary  Fig.  S2, Supplementary  Table  S4),
suggesting these CdNF-Y proteins might have specialized sequence
characteristics.

 Expression profiling of NF-Y genes in
bermudagrass

To gain insights into the putative biological functions, the expres-
sion  patterns  of  88 CdNF-Y genes  were  examined  using  the  tran-
scriptome  sequencing  data.  The  result  indicated  that  some CdNF-Y
genes, including CdNF-YA-3A1, CdNF-YA-6A1, CdNF-YA-6B2, CdNF-YB-
3B1, CdNF-YB-3B2, CdNF-YC-2B1, CdNF-YC-6A1,  and CdNF-YC-6B2,
were highly expressed in all organs and maintained the high expres-
sion  abundance  under  stress  treatments  (Fig.  3, Supplementary
Table S5). By contrast, some other CdNF-Y genes were preferentially
expressed in specific organs or exhibited expression variance under
specific  stress  treatment.  For  example, CdNF-YA-1B1, CdNF-YB-1A1,
and CdNF-YB-5A2 were preferentially expressed in the inflorescence,
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rhizome, and root, respectively (Fig. 3, Supplementary Table S5). On
the  other  hand,  the  expression  of CdNF-YA-4A1 was  decreased
under  heat  stress  treatment  and  increased  under  mild  cold  (20  °C)
stress  treatment,  whereas  the  expression  of CdNF-YC-2A1 was
induced by salt stress treatment (Fig. 3, Supplementary Table S5). In
agreement  with  the  transcriptome  sequencing  results,  RT-qPCR
analyses of six randomly selected CdNF-Y genes indicated that CdNF-
YA-1A1, CdNF-YB-7B2 and CdNF-YC-1A2 were  preferentially  express-
ed in the leaf, CdNF-YA-4B2 was highly expressed in the stolon and

rhizome, CdNF-YB-9B2 was  highly  expressed  in  the  root,  whereas
CdNF-YC-7A1 was highly expressed in the inflorescence (Fig. 4).

To  better  understand  the  different  expression  pattern  of CdNF-Y
genes,  the  2,000  bp  upstream  promoter  sequences  were  further
analyzed. The result indicated that multiple phytohormone-respon-
sive  and  stress-responsive cis-regulatory  elements  were  widely
distributed in the promoter sequences of 88 CdNF-Y genes (Supple-
mentary Fig. S3). Specifically, two tandem low-temperature respon-
sive cis-elements were identified in the CdNF-YA-4A1 gene promoter

 

a

b

Fig. 1  Genomic characterization of NF-Y genes in bermudagrass. (a) Phylogenetic relationship. (b) Collinearity of NF-Y genes in C. dactylon, B. distachyon,
O. sativa, and A. thaliana.
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sequence,  which  is  in  accordance  with  the  gene  expression  varia-
tion  under  heat  and  cold  stress  treatments  (Fig.  3).  Interestingly,
except CdNF-YA-2A2, CdNF-YA-2B2, CdNF-YA-6A2 and CdNF-YB-1A1,
all  other  84 CdNF-Y genes  harbored  at  least  one  CCAAT-box cis-
element  in  the  promoter  sequences,  suggesting  their  expression
were  feedback  regulated  by  themselves  or  other CdNF-Y genes
(Supplementary Fig. S3).

 Molecular characterization of the CdNF-YA-
1A1/CdNF-YB-7B2/CdNF-YC-1A2 heterotrimer

RT-qPCR  analysis  revealed  that CdNF-YA-1A1, CdNF-YB-7B2 and
CdNF-YC-1A2 genes  exhibited  similar  tissue  expression  patterns
(Fig. 4). Moreover, the expression abundance of the three genes also
decreased similarly under heat stress treatments (Fig. 3, Supplemen-
tary Fig.  S5, Supplementary Table S5).  These results  suggested that
the encoding proteins of the three genes might function together as
an NF-Y heterotrimer. To verify this suspicion, the coding sequences
of  three  genes  were  amplified  through  RT-PCR  (Fig.  5a).  Sequence
analysis  indicated  that  the  encoded  CdNF-YA-1A1,  CdNF-YB-7B2,

and CdNF-YC-1A2 proteins all had conserved DNA-binding domains
(Fig.  5b, Supplementary  Fig.  S4),  suggesting  the  three  proteins
might  function  as  transcription  factors.  Accordingly,  subcellular
localization  analysis  indicated  that  CdNF-YA-1A1  protein  was
located  in  the  nucleus,  whereas  both  CdNF-YB-7B2  and  CdNF-YC-
1A2 proteins were located in the nucleus and cytoplasm simultane-
ously  (Fig.  6a).  However,  yeast  transactivation  activity  assay  indi-
cated  that  the  three  proteins  alone  had  no  transactivation  activity
(Fig. 6b).

Protein  sequence  analysis  also  indicated  that  CdNF-YA-1A1  pro-
tein  had  a  NF-YB/C  interaction  domain,  whereas  CdNF-YB-7B2  and
CdNF-YC-1A2  had  a  NF-YC/A  interaction  domain  and  a  NF-YB/A
interaction  domain,  respectively  (Supplementary  Fig.  S4).  In  line
with these observations,  Y2H and BiFC assays collectively indicated
that  CdNF-YB-7B2  could  interact  with  CdNF-YC-1A2  to  form  a
heterodimer  (Fig.  7).  Y2H  and  BiFC  assays  also  revealed  that  either
CdNF-YB-7B2 or CdNF-YC-1A2 protein alone could not interact with
CdNF-YA-1A1 (Fig. 7), however, Y3H assay and BiFC assays indicated
that  the  CdNF-YB-7B2/CdNF-YC-1A2  heterodimer  could  further
interact with CdNF-YA-1A1 to form a heterotrimer (Fig. 8).

 

a cb

Fig.  2  Sequence characteristics  of  bermudagrass NF-Y genes.  (a)  Phylogenetic  relationship.  (b)  Gene structure  of CdNF-Y genes.  (c)  Conserved protein
domain of CdNF-Y proteins.
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 Discussion
Since  its  origination  from  Africa,  bermudagrass  has  become  a

worldwide distributed perennial turfgrass species of great economic
value.  Unlike  cereal  grass  species  such  as  rice,  wheat,  and  maize,
bermudagrass  not  only  has  the  erect-growing  shoot  but  also  has

two types of prostrate growing stems, stolon and rhizome, which lay
the foundation for its successful application in the turf industry since
the two specialized stems provide bermudagrass with fast regenera-
tion  ability  under  frequent  clipping[37].  Moreover,  some  bermuda-
grass ecotypes are highly tolerant to abiotic stresses, especially salt
and heat stresses[38,39].  Elucidation of the growth and development

 

Fig. 3  Expression of bermudagrass NF-Y genes in six organs and under different stress treatments. Left panel, phylogenetic tree of CdNF-Y genes. Right
panel, heatmap showing the average expression abundance of the transcriptome dataset.
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regulatory  mechanism,  as  well  as  the  stress-responsive  mechanism
of  bermudagrass  plants,  could  not  only  promote  the  breeding  of
new turfgrass cultivars with required phenotypes but also assist the
agronomic  trait  improvement  of  cereal  grass  species[40].  NF-Ys  are
highly  conserved  transcription  factors  in  regulating  plant  growth,
development,  and  stress  responses.  In  the  past  decades,  several
studies reported the characterization of NF-Y gene families in many
important  plant  species,  including A.  thaliana[5], N.  tabacum[41],
O.  sativa[20], B.  distachyon[19], Triticum  turgidum[42], Zea  mays[43],
Solanum lycopersicum[44], S.  tuberosum[45], Vitis  vinifera[46], Medicago

sativa[47], Populus  trichocarpa[48], Camellia  sinensis[49],  and Panicum
virgatum[50].  In  the  current  study,  we  performed  the  genome-
wide analysis  of  the NF-Y gene family  in  bermudagrass  for  the  first
time.  Results  of  this  study  provided  a  solid  basis  for  the  in-depth
functional  study  and  breeding  application  of NF-Y genes  in
bermudagrass.

A  total  of  88 CdNF-Y genes,  including  32 CdNF-YA,  31 CdNF-YB,
and  25 CdNF-YC genes,  were  identified  in  the C.  dactylon genome
(Fig.  1, Supplementary  Table  S2).  At  first  glance,  the  number  of
CdNF-Y genes  is  much  larger  than  that  of  other  plants,  especially

 

a b c

d e f

Fig.  4  Expression  analysis  of  the  six  bermudagrass NF-Y genes  using  RT-qPCR.  The  expression  of  (a) CdNF-YA-1A1,  (b) CdNF-YA-4B2,  (c) CdNF-YB-7B2,
(d) CdNF-YB-9B2,  (e) CdNF-YC-1A2,  and  (f) CdNF-YC-7A1 was  quantified  using  the CdSUD1 gene  as  a  reference.  Error  bars  represent  SE.  Different  letters
indicate significant differences determined by Tukey's multiple comparison test.
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Fig. 5  Cloning of the CdNF-YA-1A1, CdNF-YB-7B2, and CdNF-YC-1A2 genes. (a) Gel electrophoresis showing the PCR amplification of CdNF-YA-1A1, CdNF-
YB-7B2, and CdNF-YC-1A2 genes. The nucleic acid sequence of (b) CdNF-YA-1A1, (c) CdNF-YB-7B2, and (d) CdNF-YC-1A2 genes, and the deduced amino acid
sequence of the encoding proteins.
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O. sativa (33 OsNF-Ys), B. distachyon (31 OsNF-Ys), Z. mays (52 ZmNF-
Ys),  and P.  virgatum (47 PvNF-Ys),  which  also  belong  to  the  grass
family[19,20,43,50].  However,  since  bermudagrass  is  an  allotetraploid
plant with four sets of chromosomes, the 88 CdNF-Y genes are allelic
copies of 28 unique NF-Y genes, which are actually fewer than those
of  the  above-mentioned  grass  species.  Accordingly,  phylogenetic
analysis revealed that orthologs of OsNF-YC8, OsNF-YC9, OsNF-YC10,
OsNF-YC11, OsNF-YC12, BdNF-YC9, BdNF-YB5,  and BdNF-YB10 were
missing  in  bermudagrass  (Fig.  1).  Two  whole-genome  duplication
events  occurring  at  about  5.38  and  0.77  million  years  ago  were
suspected  to  successively  form  the  A/B  and  A1/A2  (B1/B2)  sub-
genomes  of  bermudagrass[21].  Chromosome  doubling  and  then
rapid sequence arrangement of the genome would lead to massive
gene  loss  in  the  polyploidization  process[51],  which  might  explain
the  observed  loss  of NF-YB and NF-YC genes  in  bermudagrass.  On
the  other  hand,  gene  structure  analysis  revealed  that  all CdNF-YA
genes had multiple exons and introns, whereas most of the CdNF-YB
genes  and  all  the CdNF-YC genes  had  zero  or  one  intron  (Fig.  2a),
which is a sign of rapid evolution[52]. Protein domain analysis further
indicated  that  one  homoeologous  gene  groups, CdNF-YB6,  were
mutated  to  harbor  a  surplus  VQ  domain  in  the  encoded  proteins
(Fig.  2b).  These  results  collectively  implied  that  evolutionary  selec-
tion pressure might be stricter on CdNF-YA genes than that of CdNF-
YB and CdNF-YC genes.

Gene  expression  information  could  provide  important  clues  for
understanding the function of specific genes[53].  Through analyzing

the  transcriptome  sequencing  data,  the  organ-specific  and  stress-
responsive expression profiles of 88 CdNF-Y genes were successfully
acquired  (Fig.  3).  Previous  functional  analysis  of CdtNF-YC1,  the
homologous  gene  of OsNF-YC4 in  hybrid  bermudagrass,  indicated
that it  was highly expressed in the root and rhizome, and could be
induced  by  short-term  chilling  and  salt  stresses[15].  In  agreement
with  this  result,  the  four  allelic  genes  of CdNF-YC5,  which  showed
the highest homology to OsNF-YC4, were all highly expressed in root
and  rhizome  (Fig.  3, Supplementary  Table  S5).  Furthermore,  the
expression  of  one  allelic  gene, CdNF-YC-5B2,  was  also  induced
by  mild  cold  and  short-term  salt  stresses  (Fig.  3, Supplementary
Table S5). In addition to supporting the previous studies, the expres-
sion  profiling  results  further  revealed  that  eight CdNF-Y genes
(CdNF-YA-3A1, CdNF-YA-6A1, CdNF-YA-6B2, CdNF-YB-3B1, CdNF-YB-
3B2, CdNF-YC-2B1, CdNF-YC-6A1,  and CdNF-YC-6B2)  were  highly

 

a

b

Fig.  6  Subcellular  localization  and  transactivation  activity  analysis  of
the  CdNF-YA-1A1,  CdNF-YB-7B2,  and  CdNF-YC-1A2  proteins.  (a)  Sub-
cellular  location of  CdNF-YA-1A1,  CdNF-YB-7B2,  and CdNF-YC-1A2 pro-
teins in tobacco leaf epidermis cells. (b) Transactivation activity assay of
CdNF-YA-1A1, CdNF-YB-7B2, and CdNF-YC-1A2 proteins in yeast cells.
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Fig.  7  Interaction  analysis  of  the  CdNF-YA-1A1,  CdNF-YB-7B2,  and
CdNF-YC-1A2.  (a)  Yeast  two-hybrid  assay.  (b)  Bimolecular  fluorescence
complementation  assay  showing  the  positive  interaction  between
CdNF-YB-7B2 and CdNF-YC-1A2 proteins.
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expressed  in  all  organs  of  bermudagrass,  whereas  other CdNF-Y
genes  were  only  preferentially  expressed  in  one  or  a  few  organs.
Moreover,  the  constitutively  expressed CdNF-Y genes  were  also
stably  expressed  under  different  stress  treatments  (Fig.  3).  These
observations strongly suggested that these CdNF-Y genes might be
housekeeping genes to sustain the growth of bermudagrass plants,
whereas  other CdNF-Y genes  might  play  more  specific  roles  in  the
growth  and  development  of  different  organs  as  well  as  delicate
responses  to  diverse  stress  conditions.  Similar  differentiation  of
housekeeping  and  specific NF-Y genes  was  also  observed  in
O.  sativa[20], B.  distachyon[19], C. sinensis[49],  and P.  virgatum[50],
suggesting  the  functional  differentiation  of NF-Y genes  might  be  a
universal phenomenon in plants.

Functional  NF-Ys  usually  form  NF-YA/NF-YB/NF-YC  heterotri-
mers to perform transcriptional regulatory functions[54]. In Arabidop-
sis,  the  AtNF-YA5/AtNF-YB9/AtNF-YC9  heterotrimer  regulates  the
expression  of  chlorophyll  A/B  binding  protein  genes  in  etiolated
seedlings[55], while the AtNF-YA2/AtNF-YB3/AtNF-YC10 heterotrimer
participates  in  the  expression  regulation  of  heat  stress-inducible
genes[8].  Similarly,  the  OsNF-YA8/OsNF-YB9/OsNF-YC10  heterotri-
mer composes a natural gene on-off system to modulate thermotol-
erance  in  rice[56].  In Z.  mays,  two  heterotrimers,  ZmNF-YA3/ZmNF-
YB9/ZmNF-YC13 and ZmNF-YA3/ZmNF-YB10/ZmNF-YC13, synergis-
tically regulate the plant architecture[57]. In S. lycopersicum, the SlNF-
YC3  protein  could  interact  with  SlNF-YB3a,  SlNF-YB3b,  and  SlNF-
YB5c,  and further form NF-Y heterotrimers with SlNF-YA3a to regu-
late  arbuscular  mycorrhizal  symbiosis,  whereas  SlNF-YC1a,  SlNF-
YC1b,  SlNF-YC1d,  and  SlNF-YC9  proteins  interact  with  SlNF-YB8a,
SlNF-YB8b,  and  SlNF-YB8c  proteins,  and  further  recruit  SlNF-YA1b
and  SlNF-YA9  to  form  functional  NF-Y  complexes  and  regulate
flavonoid  biosynthesis[58,59].  Here,  a  new  NF-Y  heterotrimer  com-
prising  CdNF-YA-1A1/CdNF-YB-7B2/CdNF-YC-1A2  was  successfully
identified in bermudagrass by Y2H, Y3H, and BiFC assays (Figs. 7, 8).
Notably,  the CdNF-YA-1A1 and CdNF-YB-7B2 genes  were  homolo-
gous  with AtNF-YA2 and AtNF-YB3,  respectively  (Fig.  1).  It  is  possi-
ble  that  the  CdNF-YA-1A1/CdNF-YB-7B2/CdNF-YC-1A2  heterotri-
mer  might  function  as  AtNF-YA2/AtNF-YB3/AtNF-YC10  to  regulate
heat  stress  response  in  bermudagrass.  However,  the  functional

mechanism  of  the  two  heterotrimers  might  be  different  since  the
expression of the three CdNF-Y genes was all down-regulated under
heat stress treatment (Supplementary Fig.  S5),  whereas the expres-
sion  of  the AtNF-YB3 gene  was  induced  by  heat  stress[8].  In  the
future,  transgenic  bermudagrass  plants  with  altered  expression
abundance  of  the  three  genes  could  be  analyzed  to  characterize
their detailed biological functions.

 Conclusions
In this study, we successfully identified 88 NF-Y genes in bermuda-

grass.  The  sequence  characteristics  and  expression  profiles  of  88
CdNF-Y genes  were  systematically  analyzed.  As  observed  in  other
plants, 88 CdNF-Y genes underwent different evolutionary selection
pressures  and  showed  various  expression  biases  in  bermudagrass
organs  and  stress  conditions.  Moreover,  an  NF-Y  heterotrimer  con-
sisting of CdNF-YA-1A1, CdNF-YB-7B2, and CdNF-YC-1A2 was further
identified  using  Y2H,  Y3H,  and  BiFC  assays.  Although  the  detailed
function of the NF-Y heterotrimer remains unclear, gene expression
data  suggested  it  might  participate  in  the  heat  stress  response.  In
summary, the results of this study established a solid foundation for
the  in-depth  functional  study  and  breeding  application  of NF-Y
genes in bermudagrass.
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Fig.  8  Interaction  analysis  of  the  CdNF-YA-1A1  protein  and  the  CdNF-YB-7B2/CdNF-YC-1A2  heterodimer.  (a)  Yeast  three-hybrid  assay.  (b)  Bimolecular
fluorescence complementation assay showing the positive interaction between CdNF-YA-1A1 and the heterodimer of CdNF-YB-7B2/CdNF-YC-1A2.

Study of nuclear factor Y genes in bermudagrass  

Ma et al. Grass Research 2026, 6: e012   Page 9 of 11



 Acknowledgments

We  are  grateful  to  Professor  Jianxiu  Liu  for  kindly  providing  the
bermudagrass  plants.  We  also  want  to  thank  Zhuoting  Chen  and
Shuai  Yuan  for  their  help  in  the  experiments.  This  work  was  finan-
cially  supported  by  the  National  Natural  Science  Foundation  of
China (Grant Nos 32573611, 32072613).

 Conflict of interest

The authors declare that they have no conflict of interest.

 Supplementary information accompanies this paper online
at: https://doi.org/10.48130/grares-0026-0005.

Dates

Received 4 December 2025; Revised 27 January 2026; Accepted 9
March 2026; Published online 11 May 2026

References 

 Myers  ZA,  Holt  BF. 2018. NUCLEAR  FACTOR-Y:  still  complex  after  all
these years? Current Opinion in Plant Biology 45:96−102

[1]

 Chaves-Sanjuan A, Gnesutta N, Gobbini A, Martignago D, Bernardini A,
et al. 2021. Structural determinants for NF-Y subunit organization and
NF-Y/DNA association in plants. The Plant Journal 105:49−61

[2]

 Siriwardana  CL. 2024. Plant  nuclear  factor  Y  (NF-Y)  transcription
factors:  evolving  insights  into  biological  functions  and  gene  expan-
sion. International Journal of Molecular Sciences 26:38

[3]

 Laloum T,  De Mita  S,  Gamas  P,  Baudin  M,  Niebel  A. 2013. CCAAT-box
binding  transcription  factors  in  plants:  Y  so  many? Trends  in  Plant
Science 18:157−166

[4]

 Petroni  K,  Kumimoto  RW,  Gnesutta  N,  Calvenzani  V,  Fornari  M,  et  al.
2012. The promiscuous life of plant NUCLEAR FACTOR Y transcription
factors. The Plant Cell 24:4777−4792

[5]

 Zhang  H,  Liu  S,  Ren  T,  Niu  M,  Liu  X,  et  al. 2023. Crucial  abiotic  stress
regulatory network of NF-Y transcription factor in plants. International
Journal of Molecular Sciences 24:4426

[6]

 Siriwardana CL, Gnesutta N, Kumimoto RW, Jones DS, Myers ZA, et al.
2016. NUCLEAR FACTOR Y, subunit a (NF-YA) proteins positively regu-
late  flowering  and  act  through FLOWERING  LOCUS  T. PLoS  Genetics
12:e1006496

[7]

 Sato  H,  Mizoi  J,  Tanaka  H,  Maruyama  K,  Qin  F,  et  al. 2014.
Arabidopsis DPB3-1,  a  DREB2A  interactor,  specifically  enhances
heat  stress-induced  gene  expression  by  forming  a  heat  stress-speci-
fic  transcriptional  complex  with  NF-Y  subunits. The  Plant  Cell
26:4954−4973

[8]

 Xu JJ, Zhang XF, Xue HW. 2016. Rice aleurone layer specific OsNF-YB1
regulates  grain  filling  and  endosperm  development  by  interacting
with  an  ERF  transcription  factor. Journal  of  Experimental  Botany
67:6399−6411

[9]

 Harlan JR, de Wet JM J. 1969. Sources of variation in Cynodon dactylon
(L.) Pers. Crop Science 9:774−778

[10]

 Fan  J,  Xiang  Y,  Zhang  B,  Noor  M,  Zhang  J,  et  al. 2024. Progress  and
prospects of bermudagrass research in the last decade. Grass Research
4:e017

[11]

 Huang  S,  Jiang  S,  Liang  J,  Chen  M,  Shi  Y. 2019. Current  knowledge
of  bermudagrass  responses  to  abiotic  stresses. Breeding  Science
69:215−226

[12]

 Huang S, Wang C, Liang J. 2018. Genetic resources and genetic trans-
formation in bermudagrass – a review. Biotechnology & Biotechnologi-
cal Equipment 32:1−9

[13]

 Sun X,  Fu Q,  Song Y,  Deng X,  Li  Y,  et  al. 2024. Research progress  and
prospects of molecular breeding in bermudagrass (Cynodon dactylon).
International Journal of Molecular Sciences 25:13254

[14]

 Chen M, Zhao Y, Zhuo C, Lu S, Guo Z. 2015. Overexpression of a NF-YC
transcription  factor  from  bermudagrass  confers  tolerance  to  drought
and salinity in transgenic rice. Plant Biotechnology Journal 13:482−491

[15]

 Wu  X,  Shi  H,  Guo  Z. 2018. Overexpression  of  a NF-YC gene  results  in
enhanced drought and salt tolerance in transgenic seashore Paspalum.
Frontiers in Plant Science 9:1355

[16]

 Liu M,  Sun T,  Liu C,  Zhang H,  Wang W, et  al. 2022. Integrated physio-
logical and transcriptomic analyses of two warm- and cool-season turf-
grass species in response to heat stress. Plant Physiology and Biochem-
istry 170:275−286

[17]

 Siefers  N,  Dang KK,  Kumimoto RW, Bynum WE,  Tayrose G,  et  al. 2009.
Tissue-specific  expression  patterns  of  Arabidopsis  NF-Y  transcription
factors suggest potential for extensive combinatorial complexity. Plant
Physiology 149:625−641

[18]

 Cao  S,  Kumimoto  RW,  Siriwardana  CL,  Risinger  JR,  Holt  BF  3rd. 2011.
Identification and characterization of NF-Y transcription factor families
in  the  monocot  model  plant Brachypodium  distachyon. PLoS  One
6:e21805

[19]

 Yang  W,  Lu  Z,  Xiong  Y,  Yao  J. 2017. Genome-wide  identification  and
co-expression network analysis  of  the OsNF-Y gene family  in rice. The
Crop Journal 5:21−31

[20]

 Zhang B, Chen S, Liu J, Yan YB, Chen J, et al. 2022. A high-quality haplo-
type-resolved  genome  of  common  bermudagrass  (Cynodon  dactylon
L.)  provides  insights  into  polyploid  genome  stability  and  prostrate
growth. Frontiers in Plant Science 13:890980

[21]

 Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. MEGA X: molecular
evolutionary  genetics  analysis  across  computing platforms. Molecular
Biology and Evolution 35:1547−1549

[22]

 Cao  Y,  Feng  X,  Ding  B,  Huo  H,  Abdullah  M,  et  al. 2025. Gap-free
genome  assemblies  of  two Pyrus  bretschneideri cultivars  and  GWAS
analyses identify a CCCH zinc finger protein as a key regulator of stone
cell formation in pear fruit. Plant Communications 6:101238

[23]

 Chen C,  Chen H,  Zhang Y,  Thomas HR,  Frank MH, et  al. 2020. TBtools:
an integrative toolkit developed for interactive analyses of big biologi-
cal data. Molecular Plant 13:1194−1202

[24]

 Rozas J, Ferrer-Mata A, Sánchez-DelBarrio JC, Guirao-Rico S, Librado P,
et  al. 2017. DnaSP  6:  DNA  sequence  polymorphism  analysis  of  large
data sets. Molecular Biology and Evolution 34:3299−3302

[25]

 Hu B, Jin J, Guo AY, Zhang H, Luo J, et al. 2015. GSDS 2.0: an upgraded
gene feature visualization server. Bioinformatics 31:1296−1297

[26]

 Zhang B, Xiao X, Zong J, Chen J, Li J, et al. 2017. Comparative transcrip-
tome analysis provides new insights into erect and prostrate growth in
bermudagrass (Cynodon dactylon L.). Plant Physiology and Biochemistry
121:31−37

[27]

 Chen S, Xu X, Ma Z, Liu J, Zhang B. 2021. Organ-specific transcriptome
analysis identifies candidate genes involved in the stem specialization
of bermudagrass (Cynodon dactylon L.). Frontiers in Genetics 12:678673

[28]

 Chen  M,  Gan  L,  Zhang  J,  Shen  Y,  Qian  J,  et  al. 2021. A  regulatory
network  of  heat  shock  modules-photosynthesis-redox  systems  in
response to cold stress across a latitudinal  gradient in bermudagrass.
Frontiers in Plant Science 12:751901

[29]

 Shao A,  Wang W, Fan S,  Xu X,  Yin Y,  et  al. 2021. Comprehensive tran-
scriptional  analysis  reveals  salt  stress-regulated  key  pathways,  hub
genes  and  time-specific  responsive  gene  categories  in  common  ber-
mudagrass (Cynodon dactylon [L.] Pers.) roots. BMC Plant Biology 21:175

[30]

 Kim  D,  Paggi  JM,  Park  C,  Bennett  C,  Salzberg  SL. 2019. Graph-based
genome alignment and genotyping with HISAT2 and HISAT-genotype.
Nature Biotechnology 37:907−915

[31]

 Lescot  M,  Déhais  P,  Thijs  G,  Marchal  K,  Moreau  Y,  et  al. 2002. Plant-
CARE, a database of plant cis-acting regulatory elements and a portal
to  tools  for in  silico analysis  of  promoter  sequences. Nucleic  Acids
Research 30:325−327

[32]

 Livak  KJ,  Schmittgen  TD. 2001. Analysis  of  relative  gene  expression
data using real-time quantitative PCR and the 2–ΔΔCᴛ method. Methods
25:402−408

[33]

 Zhang B, Liu J. 2018. Molecular cloning and sequence variance analy-
sis of the TEOSINTE BRANCHED1 (TB1) gene in bermudagrass (Cynodon
dactylon [L.] Pers). Journal of Plant Physiology 229:142−150

[34]

  Study of nuclear factor Y genes in bermudagrass

Page 10 of 11   Ma et al. Grass Research 2026, 6: e012

https://doi.org/10.48130/grares-0026-0005
https://doi.org/10.48130/grares-0026-0005
https://doi.org/10.48130/grares-0026-0005
https://doi.org/10.48130/grares-0026-0005
https://doi.org/10.48130/grares-0026-0005
https://doi.org/10.1016/j.pbi.2018.05.015
https://doi.org/10.1111/tpj.15038
https://doi.org/10.3390/ijms26010038
https://doi.org/10.1016/j.tplants.2012.07.004
https://doi.org/10.1016/j.tplants.2012.07.004
https://doi.org/10.1105/tpc.112.105734
https://doi.org/10.3390/ijms24054426
https://doi.org/10.3390/ijms24054426
https://doi.org/10.1371/journal.pgen.1006496
https://doi.org/10.1105/tpc.114.132928
https://doi.org/10.1093/jxb/erw409
https://doi.org/10.2135/cropsci1969.0011183x000900060031x
https://doi.org/10.48130/grares-0024-0015
https://doi.org/10.1270/jsbbs.18164
https://doi.org/10.1080/13102818.2017.1398051
https://doi.org/10.1080/13102818.2017.1398051
https://doi.org/10.1080/13102818.2017.1398051
https://doi.org/10.3390/ijms252413254
https://doi.org/10.1111/pbi.12270
https://doi.org/10.3389/fpls.2018.01355
https://doi.org/10.1016/j.plaphy.2021.12.013
https://doi.org/10.1016/j.plaphy.2021.12.013
https://doi.org/10.1016/j.plaphy.2021.12.013
https://doi.org/10.1104/pp.108.130591
https://doi.org/10.1104/pp.108.130591
https://doi.org/10.1371/journal.pone.0021805
https://doi.org/10.1016/j.cj.2016.06.014
https://doi.org/10.1016/j.cj.2016.06.014
https://doi.org/10.3389/fpls.2022.890980
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1016/j.xplc.2024.101238
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/bioinformatics/btu817
https://doi.org/10.1016/j.plaphy.2017.10.016
https://doi.org/10.3389/fgene.2021.678673
https://doi.org/10.3389/fpls.2021.751901
https://doi.org/10.1186/s12870-021-02939-1
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.jplph.2018.07.008


 Gietz D, St Jean A, Woods RA, Schiestl RH. 1992. Improved method for
high  efficiency  transformation  of  intact  yeast  cells. Nucleic  Acids
Research 20:1425

[35]

 Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA, et al. 2009.
Enzymatic  assembly  of  DNA  molecules  up  to  several  hundred  kilo-
bases. Nature Methods 6:343−345

[36]

 Ma Z,  Yuan S,  Chen J,  Zhang B. 2024. Specialization of  the stems into
shoots,  stolons,  and rhizomes in bermudagrass (Cynodon dactylon L.):
insights  from  combined  metabolome  and  transcriptome  analyses.
Journal of Plant Growth Regulation 43:4608−4620

[37]

 Amini Z, Salehi H, Chehrazi M, Etemadi M, Xiang M. 2023. miRNAs and
their  target  genes  play  a  critical  role  in  response  to  heat  stress  in
Cynodon dactylon (L.) Pers. Molecular Biotechnology 65:2004−2017

[38]

 Chen J, Zong J, Li D, Chen Y, Wang Y, et al. 2019. Growth response and
ion  homeostasis  in  two  bermudagrass  (Cynodon  dactylon)  cultivars
differing in salinity tolerance under salinity stress. Soil Science and Plant
Nutrition 65:419−429

[39]

 Hao Y, Xu B, Zong W, Li S, Du D, et al. 2025. Directional improvement of
agronomic  traits  in  salt-tolerant  rice  by  multiplex-genome-editing.
Journal of Integrative Plant Biology 67:2480−2490

[40]

 Tian Y, Song K, Li B, Song Y, Zhang X, et al. 2024. Genome-wide identi-
fication and expression analysis of NF-Y gene family in tobacco (Nico-
tiana tabacum L.). Scientific Reports 14:5257

[41]

 Chouaibi  Y,  Taieb  Bouteraa  M,  Ben  Romdhane  W,  Baazaoui  N,  Alfaifi
MY, et al. 2025. Durum wheat nuclear factor Y (NF-Y) a subfamily: struc-
ture, phylogeny, and expression analysis in response to hormones and
abiotic stresses. Functional & Integrative Genomics 25:102

[42]

 Cao L, Ma C, Ye F, Pang Y, Wang G, et al. 2023. Genome-wide identifica-
tion of NF-Y gene family in maize (Zea mays L.) and the positive role of
ZmNF-YC12  in  drought  resistance  and  recovery  ability. Frontiers  in
Plant Science 14:1159955

[43]

 Li  S,  Li  K,  Ju  Z,  Cao  D,  Fu  D,  et  al. 2016. Genome-wide  analysis  of
tomato  NF-Y  factors  and  their  role  in  fruit  ripening. BMC  Genomics
17:36

[44]

 Xuanyuan  G,  Lian  Q,  Jia  R,  Du  M,  Kang  L,  et  al. 2022. Genome-wide
screening  and  identification  of  nuclear  factor-Y  family  genes  and
exploration  their  function  on  regulating  abiotic  and  biotic  stress  in
potato (Solanum tuberosum L.). Gene 812:146089

[45]

 Ren C, Zhang Z, Wang Y,  Li  S,  Liang Z. 2016. Genome-wide identifica-
tion and characterization of the NF-Y gene family in grape (Vitis vinifera
L.). BMC Genomics 17:605

[46]

 An  Y,  Suo  X,  Niu  Q,  Yin  S,  Chen  L. 2022. Genome-wide  identification
and analysis of the NF-Y transcription factor family reveal its potential
roles in salt stress in alfalfa (Medicago sativa L.). International Journal of
Molecular Sciences 23:6426

[47]

 Liu R, Wu M, Liu HL, Gao YM, Chen J, et al. 2021. Genome-wide identifi-
cation  and  expression  analysis  of  the  NF-Y  transcription  factor  family
in Populus. Physiologia Plantarum 171:309−327

[48]

 Wang  P,  Zheng  Y,  Guo  Y,  Chen  X,  Sun  Y,  et  al. 2019. Identifica-
tion, expression, and putative target gene analysis of nuclear factor-Y
(NF-Y)  transcription  factors  in  tea  plant  (Camellia  sinensis). Planta
250:1671−1686

[49]

 Hussain  H,  Fatima  N,  Sajid  M,  Mehar  I,  Noor  M,  et  al. 2024. Genome-
wide  analysis  and  identification  of  nuclear  factor  Y  gene  family  in
switchgrass (Panicum virgatum L.). BMC Genomics 25:1218

[50]

 Buggs RJA, Chamala S, Wu W, Tate JA, Schnable PS, et al. 2012. Rapid,
repeated, and clustered loss of duplicate genes in allopolyploid plant
populations of independent origin. Current Biology 22:248−252

[51]

 Chen Y,  Ma T,  Zhang T,  Ma L. 2023. Trends in the evolution of intron-
less genes in Poaceae. Frontiers in Plant Science 14:1065631

[52]

 Movahedi S, Van Bel M, Heyndrickx KS, Vandepoele K. 2012. Compara-
tive  co-expression  analysis  in  plant  biology. Plant,  Cell  &  Environment
35:1787−1798

[53]

 Luo K, Li M, Liu M, Jia X, Li Z, et al. 2026. Large-scale comparative analy-
sis of the nuclear factor-Y transcription factors across 320 horticultural
and other plants. Horticulture Research 13:uhaf304

[54]

 Warpeha  KM,  Upadhyay  S,  Yeh  J,  Adamiak  J,  Hawkins  SI,  et  al. 2007.
The  GCR1,  GPA1,  PRN1,  NF-Y  signal  chain  mediates  both  blue  light
and  abscisic  acid  responses  in  Arabidopsis. Plant  Physiology
143:1590−1600

[55]

 Li W, Yang K, Hu C, Abbas W, Zhang J, et al. 2025. A natural gene on-off
system confers field thermotolerance for grain quality and yield in rice.
Cell 188:3661−3678.e21

[56]

 Mei X,  Nan J,  Zhao Z,  Yao S,  Wang W,  et  al. 2021. Maize transcription
factor  ZmNF-YC13  regulates  plant  architecture. Journal  of  Experimen-
tal Botany 72:4757−4772

[57]

 Wang J, Li G, Li C, Zhang C, Cui L, et al. 2021. NF-Y plays essential roles
in  flavonoid  biosynthesis  by  modulating  histone  modifications  in
tomato. New Phytologist 229:3237−3252

[58]

 Chien H, Kuo TY, Yao CH, Su YR, Chang YT, et al. 2024. Nuclear factors
NF-YC3 and NF-YBs positively regulate arbuscular mycorrhizal symbio-
sis in tomato. Plant Physiology 196:1840−1856

[59]

Copyright:  ©  2026  by  the  author(s).  Published  by
Maximum Academic Press, Fayetteville, GA. This article

is  an  open  access  article  distributed  under  Creative  Commons
Attribution  License  (CC  BY  4.0),  visit https://creativecommons.org/
licenses/by/4.0/.

Study of nuclear factor Y genes in bermudagrass  

Ma et al. Grass Research 2026, 6: e012   Page 11 of 11

https://doi.org/10.1093/nar/20.6.1425
https://doi.org/10.1093/nar/20.6.1425
https://doi.org/10.1038/nmeth.1318
https://doi.org/10.1007/s00344-024-11420-w
https://doi.org/10.1007/s12033-023-00713-2
https://doi.org/10.1080/00380768.2019.1631125
https://doi.org/10.1080/00380768.2019.1631125
https://doi.org/10.1111/jipb.13926
https://doi.org/10.1038/s41598-024-55799-8
https://doi.org/10.1007/s10142-025-01607-z
https://doi.org/10.3389/fpls.2023.1159955
https://doi.org/10.3389/fpls.2023.1159955
https://doi.org/10.1186/s12864-015-2334-2
https://doi.org/10.1016/j.gene.2021.146089
https://doi.org/10.1186/s12864-016-2989-3
https://doi.org/10.3390/ijms23126426
https://doi.org/10.3390/ijms23126426
https://doi.org/10.1111/ppl.13084
https://doi.org/10.1007/s00425-019-03256-6
https://doi.org/10.1186/s12864-024-11092-6
https://doi.org/10.1016/j.cub.2011.12.027
https://doi.org/10.3389/fpls.2023.1065631
https://doi.org/10.1111/j.1365-3040.2012.02517.x
https://doi.org/10.1093/hr/uhaf304
https://doi.org/10.1104/pp.106.089904
https://doi.org/10.1016/j.cell.2025.04.011
https://doi.org/10.1093/jxb/erab157
https://doi.org/10.1093/jxb/erab157
https://doi.org/10.1093/jxb/erab157
https://doi.org/10.1111/nph.17112
https://doi.org/10.1093/plphys/kiae381
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Plant materials and growth conditions
	Database search and sequence retrieval
	Phylogenetic and collinearity analysis
	Gene structure, protein domain, and conserved motif analysis
	Gene expression and promoter cis-regulatory element analysis
	RT-qPCR analysis
	Gene cloning and sequence analysis
	Subcellular localization analysis
	Transactivation activity assay
	Yeast two-hybrid assay
	Yeast three-hybrid assay
	Bimolecular fluorescence complementation assay

	Results
	Identification of NF-Y genes in bermudagrass
	Sequence divergence of NF-Y genes in bermudagrass
	Expression profiling of NF-Y genes in bermudagrass
	Molecular characterization of the CdNF-YA-1A1/CdNF-YB-7B2/CdNF-YC-1A2 heterotrimer

	Discussion
	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	Supplementary information
	References

