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Abstract
Cell cycle is precisely controlled by numerous regulators. Although extensive studies have identified the cell cycle regulators in
rice and Arabidopsis and classified into different gene families, relatively few cell cycle regulators were identified in maize. In
this study, 110 putative core cell cycle–related genes in the maize genome were identified through sequence alignment analysis.
Among them, 54 members of cyclin family were divided into the A-, B-, C-, D-, F-, L-, T-, and SDS-type subfamilies; 16
members of CDK family were partitioned into the A-, B-, C-, E-, F-, and G-type subfamilies; 19members of E2F-DP family were
separated into the E2F, PAP, DPB, CK, and DEL subfamilies; the remaining genes were nine ICK/KRPs, three EL2/SIMs, three
CKSs, five Rbs, and one Wee1 kinase. Maize cell cycle–related genes unequally distributed on all chromosomes, and thirty-six
pairs of them were identified as paralogs. The prediction of protein interaction found that 91 proteins were able to interact with
each other forming 939 pairs of interactions with a probability more than 0.7. The expression analyses revealed that most of the
cell cycle–related genes were expressed in all tissues. The transcription level of some genes in young tissues was higher than that
in mature tissues of maize. Meanwhile, some genes from different families shared the similar expression pattern. Overall, the
sequence characteristics and expression patterns of maize cell cycle–related genes vary with different gene families. Our results
provide basic information for elucidating the functions of these genes in maize.
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• Core cell cycle–related gene identification and expression analysis in
maize provided basic information for cell cycle regulation research in
maize.
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Abbreviations
CDK Cyclin-dependent kinase
CDKA A-type CDK
CDKB B-type CDK
CKI CDK inhibitors
ICK Inhibitor of cyclin-dependent kinase
KRP Kip-related protein
EL2/SIM EL2/SIAMESE
Rb Retinoblastoma protein
E2F/DP E2F/DP transcription factors
CKS Cyclin-dependent kinases subunit
CDI CDK inhibitors
CAK CDK-activating kinases
DAP Day after pollination
NJ Neighbor-joining
PCC Pearson correlation coefficient

Introduction

Cell cycle progression is regulated by precise and complex
mechanisms that depend on various proteins such as cyclin-
dependent kinases (CDKs), cyclins, CDK inhibitors (CKIs) or
Kip-related proteins (KRP), cyclin-dependent kinase subunits
(CKS), retinoblastoma protein (Rb), E2F/DP transcription
factors (E2F/DP), and Wee1 kinase protein (Wee1) (Harry
et al. 2006; Piel and Tran 2009). Plant cell cycle is controlled
by hormonal, nutritional, and environmental signals (Hartig
and Beck 2006; Komaki and Sugimoto 2012; Pozo et al.
2005), and regulatory factors are also highly conserved (De
Veylder et al. 2003; Inagaki and Umeda 2011; Polyn et al.
2014).

CDKs are the core regulatory of the cell cycle and have
serine/threonine-specific catalytic centers, but their activity
depends on cyclins (Inagaki and Umeda 2011; Malumbres
2014). CDKs and cyclins form protein complexes that control
various cell cycle phases (Chee and Haase 2010; Cui et al.
2007). CKIs or KRP were first isolated in Arabidopsis by
yeast two-hybrid assay and recognized as cyclin-dependent
kinase inhibitors (Wang et al. 1997). CKS proteins are
docking factors that affect the interactions between the kinase
complex and its substrates (Dewitte and Murray 2003).
Retinoblastoma-related protein (RBR) regulates cell cycle
progression and cellular differentiation (Weinberg 1995).
The E2F/DP transcription factor is conserved in plants and
shares a conserved DNA-binding domain, which can bind to
overlapping sets of target promoters and influence numerous
biological processes (Müller and Helin 2000; Van Den
Heuvel and Dyson 2008). Wee1 is able to phosphorylate ty-
rosine residues in CDKs and delay mitosis (Parker and
Piwnica-Worms 1992; Russell and Nurse 1987). The afore-
mentioned factors collaboratively regulate the plant cell cycle.

In recent years, the primary cell cycle genes in Arabidopsis
and rice had been identified and grouped into the cyclin,
CDK, E2F/DP, CKI, Rb, CKS, and WEE1 families (Guo
et al. 2007; Menges et al. 2005). Of these, CDKs and cyclins
are the most abundant. The A-, B-, C-, D-, H-, L-, T-, U-,
SDS-, and J18 cyclin subtypes were found in Arabidopsis
(Menges et al. 2005). However, only nine subgroups were
detected in rice, including a special F-type (La et al. 2006).
The CDK family was divided into seven conservative CDKA-
G subfamilies in Arabidopsis and rice, and CDK-like served
as a novel subclass, whose function had not been further stud-
ied (Guo et al. 2007; Menges et al. 2005; Vandepoele et al.
2002). Prior research revealed that CKIs or KRP, CKS, Rbs,
E2F/DPs, and Wee1 existed in the Arabidopsis and rice ge-
nomes (Guo et al. 2007; Menges et al. 2005). Besides
Arabidopsis and rice, some cell cycle–related genes had been
also identified in potato (Yong et al. 2016), tomato (Guo et al.
2010), tobacco (Yu et al. 2003), alfalfa (Horváth 2010), and
maize (Godinez-Palma et al. 2013), and they were reported to
control cell division and tissue growth and development.
Expression pattern analyses of the cell cycle genes disclosed
spatiotemporal specificity at the transcriptional level
(Beemster et al. 2005; Guo et al. 2007; Menges et al. 2005).
Moreover, their expression was induced or repressed by
auxins or cytokinins (Guo et al. 2007; La et al. 2006).

Maize is a major global food crop. Its cell cycle regulatory
mechanisms have been investigated. The cell cycle–related
genes have also been assigned to various families. A-, B-,
and D-type cyclins were identified at different maize develop-
mental phases and were significant in maize cell division and
tissue development (Godinez-Palma et al . 2013;
Hochholdinger et al. 2004; Hsieh and Wolniak 1998; Lara-
Núez et al. 2008; Peres et al. 1999; Renaudin et al. 1994; Sun
et al. 1999b). Maize A-type CDKs include ZmCdc2a,
Zmcdc2b, and ZmCDKA3. ZmCdc2a and Zmcdc2b are high-
ly homologous, ZmCDKA3 was cloned from maize endo-
sperm, and all three are essential for cell proliferation and
plant development (Colasanti et al. 1991; Godinez-Palma
et al. 2013). Maize KRP genes were first detected in the en-
do sp e rm and de t e rm in ed t o b e impo r t a n t f o r
endoreduplication (Coelho et al. 2005). Another five maize
ICK/KRP genes were confirmed based on their sequence
alignment, and their preliminary in vitro functional character-
izations were carried out (Xiao et al. 2017). The RBR proteins
ZmRBR1, ZmRBR2, and ZmRBR3 were detected in maize
and regulated the cell cycle by interacting with cyclins and
E2F/DPs (Ach et al. 1997; Grafi et al. 1996; Sabelli et al.
2005). One Wee1 gene was cloned in a previous study, which
could inhibit CDK activity and affected Schizosaccharomyces
pombe cell division (Sun et al. 1999a). Themaize CKS coding
gene was induced by drought (Zhang et al. 2010). The E2F/
DP transcription factors were also proved to regulate the
maize cell cycle (Sabelli et al. 2005).
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Several researchers have studied the function of the core
cell cycle–related genes and screened specific gene families in
maize genome (Buendia-Monreal et al. 2011; Hu et al. 2010;
Sabelli et al. 2005). However, maize cell cycle–related genes
have not been completely identified. Here, the known cell
cycle–related protein sequences in Arabidopsis and rice are
used to screen candidate sets of cell cycle regulators in the
maize genome through sequence alignment analysis (Guo
et al. 2007; Menges et al. 2005; Vandepoele et al. 2002;
Wang et al. 2004). Analyses of conserved domain, phylogeny,
and gene duplication are conducted based on their protein
sequences. Furthermore, we analyze the co-expression of
genes and the interaction probability of proteins and examine
their expression patterns in maize tissues. These results will
lay a foundation for further study on the mechanism of cell
cycle regulation and the functions of core cell cycle genes in
maize.

Materials and Methods

Plant Materials

The maize inbred line 18-599, developed by Maize Research
Institute of Sichuan Agricultural University, was grown at the
university farm during the summer in 2014 and managed ac-
cording to local maize production standards. When the silks
emerged, artificial self-pollination was performed every after-
noon. The roots, stems, and leaves were collected at the initial
jointing stage. The pollen and filaments were sampled after
the tasseling stage before the filaments emerged from the
husks. The pericarp, embryo, and endosperm were excised
from the seeds 15 days after pollination (DAP). All samples
were collected in the afternoon, immediately frozen in liquid
nitrogen, and stored at − 70 °C for further use.

Identification of Putative Cell Cycle–Related Genes in
the Maize Genome

To identify all putative cell cycle–related proteins in the maize
genome, we performed the Hidden Markov Model (HMM)
(http://hmmer.janelia.org/) and BLAST searches. The maize
proteome sequence (ZmB73_5b_FGS_translations.fasta.gz)
was identified from the Maize Genome Sequence Project
using the known cell cycle–related protein sequences of rice
and Arabidopsis as queries (Guo et al. 2007; Menges et al.
2005). The HMM of the cyclin_N, cyclin_C, Pkinase, and
CDI (CDK inhibitor) domains was used to retrieve the maize
cyclins, CDK, and ICK/KRP. The E value for the HMMER
analysis was set to 1E−10 for maize. The E2F/DPs, Rbs, and
other cell cycle genes were identified by blasting the entire
maize genome with the known gene sequences of rice and

Arabidopsis as queries. All genes retained only one transcript
according to a ClustalW 1.83 alignment.

Primary Sequence Analysis and Construction of the
Evolutionary Tree in Various Maize Cell Cycle–Related
Genes

Multiple sequence analysis was performed by ClustalW 1.83.
Evolutionary trees were constructed in MEGA v. 5.10. The
neighbor-joining (NJ) method was used with 1000 bootstrap
value.

Duplication of Maize Core Cell Cycle–Related Genes

The chromosomal locations of cell cycle–related genes and
paralog data were obtained from the Plant Ensemble
Database. Chromosomal localization and homology were vi-
sualized in Circos (Krzywinski and Schein 2009).

Conserved Domain and Motif Analyses of Various
Maize Cell Cycle–Related Genes

To identify the conserved motifs in various core cell cycle–
related proteins, we merged the sequences by using
GeneStudio. Protein sequences of the maize core cell cycle–
related genes were analyzed with MEME (http://meme.nbcr.
net/meme/cgi-bin/meme.cgi). The minimum and maximum
motif widths and the number of various motifs were 6, 50,
and 10, respectively. The conserved domain was predicted by
SMART (http://smart.embl-heidelberg.de/). The relationships
between the motifs and conserved domains in the sequence
were determined by alignment with ClustalW 1.83.

Co-expression Analysis of Cell Cycle–Related Genes

Co-expression analysis of the maize cell cycle–related genes
was performed using the genome-wide atlas of transcription
during maize development. It included 60 distinct tissues
representing 11 major organ systems of the inbred line B73
(GEO No. GSE27004) (Sekhon et al. 2011). Expression data
for all cell cycle–related genes were compared pairwise and
the Pearson correlation coefficients (PCC) were calculated in
Microsoft Excel 2007 (Microsoft Corp, Redmond, WA,
USA). R ×64 3.4.1 was used to plot the PCC data.

Predictive Analysis of Cell Cycle–Related Protein
Interactions

The String Database (https://string-db.org) was employed to
predict cell cycle–related protein interactions. The combined
score consisted of gene fusion, homology, co-expression, phy-
logenetic co-occurrence, experimentally determined interac-
tion, annotated database, automated text-mining, and
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chromosome neighborhood. The selection threshold was 0.7.
Interactions among various cell cycle–related genes were
demonstrated in Cytoscape v. 3.7.0 (Demchak et al. 2014).

Total RNA Extraction

Maize tissues were pulverized under liquid nitrogen and
mixed with 1 mL TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) for mRNA isolation. Trichloromethane was used for
removing impurities such as protein and phenol, while
isopropanol was used for RNA precipitation. RNA integrity
was checked by electrophoresis on agarose gels (1.5% w/v)
and ethidium bromide staining. RNA concentrations were de-
termined with NanoDrop™ 2000 (Thermo Fisher Scientific,
Waltham, MA, USA).

Semi-Quantitative RT-PCR and Statistical Analysis

First-strand cDNAwas generated using 2 μg total RNAwith a
PrimeScript™ RT reagent kit and a gDNA Eraser (TaKaRa,
Dalian, China) following the manufacturer’s instructions. The
primers were designed with Primer 5 according to the refer-
ence genome sequence (B73 RefGen_v3). The semi-
quantitative RT-PCR mix consisted of 10 μL Premix Taq™
(TaKaRa, Dalian, China), 8 μL ddH2O, 5 μM each sense and
antisense primers, and 1 μL template cDNA. The semi-
quantitative RT-PCR conditions were as follows: one step of
94 °C for 4 min, 94 °C for 30 s, 57–60 °C for 30 s (annealing
temperature based on gene primer), 72 °C for 30 s, 28–
32 cycles (based on differential gene expression), 72 °C for
5 min, and 12 °C for infinity. These experiments were inde-
pendently replicated three times under identical conditions. In
the independent experiment, the template of all detected genes
is the same cDNA. The cloned products were determined by
sequencing. They were fractionated on agarose gels (1.5%
w/v) containing ethidium bromide and photographed under
UV. Primer names, sequences, and cycles are listed in
Table S3.

Results

Identification of Putative Cell Cycle–Related Genes in
Maize

We performed HMMR analysis and BLAST on the protein
sequences of cell cycle–related genes in rice and Arabidopsis
to identify maize homologs. The conserved domain was ana-
lyzed by SMART. A single-gene transcript was preserved to
code the conservative domain in a specific gene family. There
were 110 putative core cell cycle–related genes. Of these,
there are 54 cyclins, 16 CDKs, 19 E2F/DP transcription fac-
tors, 12 ICK and EL2s, three CKSs, five Rbs, and one Wee1s.

The maize putative cell cycle–related genes were designated
based on the phylogeny of rice cell cycle–related genes (Guo
et al. 2007).

CDK Family

CDKs are the core cell division regulators. Four cell cycle–
related genes in the maize genome encoding CDKs
(ZmCdc2a, Zmcdc2b, ZmCDKA3, and ZmCDKB1;1) were
previously described and were vital to cell proliferation
(Colasanti et al. 1991; Godinez-Palma et al. 2013). We iden-
tified 16 genes encoding CDKs in the maize genome. We
clustered them into the A-, B-, C-, E-, F-, and G-type groups
according to their primary sequence alignments and phyloge-
netic analyses (Fig. 1; Table S1). In maize CDKs, there are
three A-type CDKs containing PSTAIRE, two B-type CDKs
containing PPTALRE or PPTTLRE, two C-type CDKs con-
taining PITAIRE, one E-type CDK containing SPTAIRE, five
F-type CDKs containing SPTAIRE, and three G-type CDKs
containing PLTSLRE.

Cyclin Family

Cyclins manage the CDK activation and bind to various
CDKs to regulate the cell cycle (Inze and De Veylder 2006).
Several A-type, B-type, and D-type cyclins were previously
identified in the maize genome (Buendia-Monreal et al. 2011;
Godinez-Palma et al. 2013; Hochholdinger et al. 2004; Hsieh
and Wolniak 1998; Lara-Núez et al. 2008; Peres et al. 1999;
Renaudin et al. 1994; Sun et al. 1999b). Here, we identified 54
genes encoding cyclins and classified them as the A-, B-, C-,
D-, F-, L-, T-, and SDS-types based on their phylogenetic
analyses (Fig. 1; Table S1) and previous studies on
Arabidopsis and rice (La et al. 2006; Menges et al. 2005).
The cyclins were distributed on various chromosomes, and
different amounts of them occurred in each subgroup.

E2F-DP Transcription Factor

E2F-DP proteins control DNA replication and regulate the cell
cycle. They usually transactivate target gene transcription in
the form of dimmers (Van Den Heuvel and Dyson 2008;
Vandepoele et al. 2002). Nineteen putative genes encoding
the E2F domain were recognized in maize and divided into
five subgroups for including specific conserved domains (Fig.
1; Table S1). Seven genes were grouped as E2F factors, four
as DP factors, and three as DP-E2F-like (DEL) proteins. They
contained one E2F, one DP, and two E2F domains, respec-
tively. The remaining five putative genes were categorized
into two new groups based on their similarities to DEL or
E2F proteins. Three of the five genes were clustered into ca-
sein kinase (CK) proteins including a SCOP domain and were
highly similar to the DEL protein. Two genes were grouped as
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purple acid phosphatase (PAP) and were highly analogous to
the E2F proteins (Fig. 1; Table S1).

KRP/ICK Protein and SIM/EL2 Proteins

ICK/KRP and SIM/EL2 are important regulators interacting
with CDKA (Churchman et al. 2006; De Veylder et al. 2001;
Peres et al. 2007; Wang et al. 1997). We identified 12 putative
genes encoding ICK/KRP or SIM/EL2 in the maize genome.
Nine genes were classified into the ICK/KRP family, which
was identified in a previous study (Xiao et al. 2017). Three
genes were categorized into the SIM/EL2 subfamily based on
their characterizations in rice. ZmEL2 is highly similar to
OsEL2. SMR1 and SMR2 closely resemble SIM (Fig. 1;
Table S1). ICK/KRP has a conserved CDK inhibitor (CDI)
domain at the C-terminal. ZmEL2, SMR1, and SMR2 also
have conserved C-terminal sequences but do not form CDK
inhibitor (CDI) domains.

RBR/CKS/Wee1

Rbs are involved in many physiological process, such as
endoreplication, transcriptional regulation, chromatin remod-
eling, cell growth, and stem cell differentiation (Desvoyes
et al. 2013). Two (Orysa;Rb1 and Orysa;Rb2) and one
(Arath;Rb) Rbs have been identified in rice and Arabidopsis,
respectively (Guo et al. 2007; Vandepoele et al. 2002). As
previous studies have shown, RBR1, RBR2, and RBR3 par-
ticipate in maize cell cycle regulation (Ach et al. 1997; Grafi
et al. 1996; Sabelli et al. 2005). We also recognized two pu-
tative genes resembling RBR and designated them as
ZmRBRL1 and ZmRBRL2 based on the sequence alignment.
At their C-terminals, they were highly similar to maize
RBR1/2/3 (Fig. 1; Table S1).

CKS proteins influence the interactions between CDK and
their substrates. Two Arabidopsis CKS are associated with
cell division and endoreduplication (De Veylder et al. 1997;
Vandepoele et al. 2002). The putative rice CKS, Orysa;CKS1,

Fig. 1 Phylogenetic tree and conserved domain analysis of maize cyclins,
CDKs, ICK/KRPs, SIM/EL2s, E2Fs, RBRs, CKSs, and Wee1. a–g
Neighbor-joining tree and conserved domain analyses of maize cyclins,

CDKs, ICK/KRPs, SIM/EL2s, E2Fs, RBRs, CKSs, and Wee1 family
genes
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was screened but its function was unknown (Guo et al. 2007).
Here, we identified three maize genes that encode CKS pro-
teins (Fig. 1; Table S1).

Protein kinase Wee1 inhibits CDKs by phosphorylating a
tyrosine residue in the CDK active site. One Wee1 kinase
gene (AtWEE1) in Arabidopsis and two in rice genome were
reported (Guo et al. 2007; Sorrell et al. 2002). One maize gene
encoding Wee1 protein was identified and found to be impor-
tant for endosperm development (Sun et al. 1999a). Genome
sequencing and prediction showed that the gene encoding the
Wee1 protein might consist of two transcripts, Zeama;Wee1
and Zeama;Wee2. The latter lacked a C-terminal sequence
(Fig. 1; Table S1).

Primary Sequence Analysis, Evolutionary Tree
Construction, and Conserved Motif Analysis for
Various Maize Cell Cycle–Related Genes

We used SMART and MEME to search for conserved do-
mains (Fig. 1) and motifs (Fig. 2). The CDKs shared the con-
served domain S_TKc, which was essential for protein kinase
activity and ATP binding (Fig. 1). Ten conserved motifs in
their conserved domains were found in the maize CDKs
(Table S2). All cyclins contained the CYCLIN domain and

were widely distributed over the C-terminal, N-terminal, and
middle regions (Fig. 1). The cyclins also contained the
Cyclin_N and BLAST domains. Twenty-eight motifs were
discovered in the cyclin domains and their sizes ranged from
10 to 50 amino acids (Table S2). Conserved motifs were dis-
tributedmainly in the cyclin domain but also in other positions
on the cyclin sequence (Fig. 2).

The E2F_DP domain is a signature sequence localized to
the middle region of the maize E2F-DP transcription factors.
The E2F and other conserved domains divided the E2F-DP
transcription factors into five subgroups (Fig. 1). The E2F
group contained a PDB domain near the E2F domain. The
DEL group contained two E2F domains. The DPB group
contained a DP domain at the C-terminal. The CK subfamily
contained SCOP domain, and metallophos domains were spe-
cific to the PAP group. MEME search identified 23 conserved
motifs in the E2F-DP transcription factor ranging from 15 to
50 amino acids. They were mainly distributed in the con-
served domains, but a few were also in the non-conserved
domains (Fig. 2).

We found a CDI domain in the maize ICK/KRP gene but
no apparent conserved domain in the EL2/SIM group (Fig. 1).
AMEME analysis revealed three and five conserved motifs in
the ICK/KRP and EL2/SIM gene families, respectively.

Fig. 2 Conserved motif prediction and distribution of various maize cell
cycle-related protein subclasses. a Cyclins. b Cyclin-dependent kinase. c
RBR proteins. d CKS of maize, rice, and Arabidopsis. e, f SIM/EL2 and

ICK/KRP. gWee1 of maize, rice, and Arabidopsis. h E2F-DPs transcrip-
tion factor
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Among maize ICK/KRP, Zeama;ICK;8 is a special protein
with only three motifs compared with others. The remaining
eight maize ICK/KRPs share six same conserved motifs (Fig.
2).

The Rbs contained the domains DUF3452, RB_A,
CYCLIN, and Rb_C. However, ZmRBRL2 lacked the N-
terminal of the DUF3452 domain. RB_A, CYCLIN, and
Rb_C are major domains in Rbs, and CYCLIN and Rb_C
are located at the C-terminal of protein. The CYCLIN domain
of Rb interacts with CDK in cell cycle regulation. Various
motifs ranging from 15 to 50 amino acids were identified for
the Rb protein domains, which were densely distributed at the
C-terminal (Table S2; Fig. 2).

CKS protein contained a widely distributed CKS domain
on its sequence. The CKS domains Zeama;CKS;1 and
Zeama;CKS;3 were found at the N-terminal, whereas
Zeama;CKS;2 was localized to the C-terminal (Fig. 1).
Wee1 kinase contained a Pkinase domain on the N-terminal,
which is crucial for its function. Zeama;Wee;1 contains the
complete domain, while another transcript, Zeama;Wee;2,
lacks a part of the Pkinase domain. Meanwhile, the C-
terminal Pkinase domain ofWee1 protein is mainly composed
of seven conserved motifs (Fig. 2).

The MEME and SMART analyses indicated that the con-
served domain contained specific motifs (Fig. 3). According
to the MEME analysis of CDKs and Cyclins, motif 1 was a
core sequence and constituted the conserved domains S_TKc

and CYCLIN. For the ICK/KRP proteins, motifs 1 and 6
comprised the conserved CDI domains. For the E2F-DP tran-
scription factors, the conserved domain E2F contained motif 1
and motif 4. For the remaining gene families, specific motifs
also corresponded to particular conserved domains.

Duplications of Maize Core Cell Cycle–Related Genes
and Their Mapping on Maize Chromosomes

Genome chromosomal location analyses and primary se-
quences revealed that maize cell cycle–related genes were
unequally distributed over ten chromosomes (Fig. 4).
Twenty-four cell cycle–related genes were found on chro-
mosome 1, eight on chromosome 2, seven on chromo-
some 3, 15 on chromosome 4, 17 on chromosome 5, five
on chromosome 6, nine on chromosome 7, 13 on chromo-
some 9, and six each on chromosomes 8 and 10. Most of
the cell cycle–related genes were localized to the ends of
the chromosomes. However, the distributions of the gene
families on each chromosome varied. Cyclins were widely
distributed on all ten chromosomes. The ICK and EL2
were distributed only on chromosomes 1, 4, 5, 8, and 9.
Seven chromosomes contain CDK coding genes. Neither
chromosome 3 nor 7 bore E2F-DP. CKS, RBR, and Wee1
occurred mainly on chromosomes 1, 2, 3, 4, and 9 (Fig.
4).

Fig. 3 Correlation analyses of conserved domains and motifs in maize CDK, cyclins, E2F-DP transcription factor, and ICK/KRP proteins
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We found 36 pairs of paralogs in different families of
cell cycle–related genes. They shared a high degree of
identity in their protein sequences, which indicated the
potential for chromosome duplication. Genes within the
same gene family were relatively more likely to undergo
duplication. For ICK/KRP and EL2/SIM, all genes except
Zeama;EL;2 and Zeama;ICK;8 underwent duplication.
For the E2F-DP transcription family, duplication occurred
in different subgroups. Duplication also existed among
the CDK, cyclin, CKS, and RBR gene families. Genome
duplication, unequal chromosomal fragment exchange,
and transposable replication might account for these gene
duplications. The cell cycle–related gene families were
conserved during maize evolution and might be sub-
functionalized during cell division.

Co-expression Analysis of Maize Cell Cycle–Related
Genes

According to the expression profile in the genome-wide atlas
of transcription during maize development, 72 cell cycle–
related genes and their expression levels were obtained in
various maize tissues. Pearson correlation coefficients be-
tween gene pairs were calculated and plotted in Fig. 5. A co-
expression clustering analysis grouped cell cycle–related
genes into four classes based on their expression levels and
correlation coefficients. The latter ranged from − 1 to 1.
Zeama;DEL;2 was strongly positively correlated with
Zeama;DEL;3 and A-, B-, and D-type cyclins, with the corre-
lation coefficients being around 1. Zeama;DEL;2 was strongly
negatively correlated with Zeama;CycT1;1, Zeama;CycT1;2,

Fig. 4 Distribution and duplication analyses of maize cell cycle–related genes. Numbers indicate maize chromosomes and the line links similar gene
paralogs
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and Zeama;CDKF;3, with the correlation coefficients being
around − 1. Thus, the cell cycle–related genes in maize were
co-expressed and their functional interactions and regulatory
mechanisms could be predicted.

Predictive Analysis of Maize Cell Cycle–Related
Protein Interactions

Ninety-one proteins can interact with each other and form
939 pairs with a probability of more than 0.7 (Table S4;
Fig. 6). The A- and B-type CDKs can interact with 63 and

61 proteins, respectively. Zeama;CDKF;1 can interact with
61 proteins. However, Zeama;CDKF;2 can only interact
with L-type cyclin. The A-, B-, and SDS-type cyclins can
not only interact with themselves but also with A- and B-
type CDKs, ICK, E2F, CKS, and Wee1 proteins.
Conversely, D-type cyclin can interact mainly with
CDKs, RBR, and ICK/KRP proteins. DPB of the E2F-DP
transcription factors can interact with E2F and RBR.
Nevertheless, E2F can also interact with CDK and A- and
F-type cyclins. C-type CDK protein can interact with T-
type cyclin. G-type CDK can interact with L-type cyclin.

Fig. 5 Co-expression analyses of maize cell cycle–related genes. Different color scales indicate different correlation coefficients
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Zeama;ICK;3 and Zeama;ICK;4 can interact with A-type
CDK and D-type cyclins (Xiao et al. 2017).

Semi-Quantitative RT-PCR

The functional verification of maize cell cycle–related
genes depends on expression analyses. We evaluated the
transcription levels of various maize genes by semi-
quantitative RT-PCR. The maize tissues included the
roots, leaves, stems, developing seeds (10-DAP), anthers,
filaments, endosperm (15-DAP), embryos (15-DAP), and
pericarps (15-DAP). We measured the expression levels
of one Wee1, 13 CDKs, 37 cyclins, 10 ICK/KRP and
SIM/ELs, 17 E2F-DP transcription factors, two CKS,
and five Rb genes in these tissues. Transcripts of most
of these cell cycle–related genes were detected in all tis-
sues but the transcript levels were markedly higher in the
younger tissues than in the older tissues (Fig. 7).

The 13 CDK genes presented with various expression
patterns and were categorized into three groups. The first
c omp r i s e d Z e ama ;CDKA ; 1 , Z e ama ;CDKA ; 2 ,
Zeama;CDKA;3, and Zeama;CDKB;2, which were highly
expressed in young maize stems, 10-DAP seeds, and em-
b ryo s . The s e cond i n c l uded Zeama ;CDKC;1 ,
Zeama;CDKC;2, Zeama;CDKE;1, Zeama;CDKF;1,
Zeama;CDKF;3, and Zeama;CDKG;3, which had similar
expression levels in all tissues. The third consisted of

Zeama;CDKF;5, Zeama;CDKG;1, and Zeama;CDKG;2,
which were highly expressed in the anthers (Fig. 7a).

Cyclin expression was very complex. The A-, B-, and es-
pecially the D-types had similar and high expression levels in
the younger tissues including the stems, 10-DAP seeds, and
15-DAP embryos. Zeama;CycD2;4, Zeama;CycD2;5, and
Zeama;CycD2;6 were highly expressed in the anthers. The
transcript levels of Zeama;CycD4;5, Zeama;CycD7;1,
Zeama;CycL1;1, and T-type cyclin were equal in all tissues.
On the other hand, the SDS-type cyclins had relatively low
expression levels in all maize tissues (Fig. 7b).

ICK/KRP and SIM/EL2 were expressed in all tissues,
but the transcription levels varied. However, they were
highly expressed in the young stems, 10-DAP seeds, and
embryos (Fig. 7c). Expression data for Zeama;ICK;1 to
Zeama;ICK;7 were previously reported (Xiao et al.
2017). The E2F-DP transcription factors had different ex-
pression levels in various maize tissues. Zeama;E2F;6
was exp r e s s ed i n t h e an t h e r and endospe rm .
Zeama;E2F;7, Zeama;PAP;1, and Zeama;PAP;2 were
uniformly expressed in all maize tissues. The other E2F-
DP transcription factors were differentially expressed in
all tissues but at comparatively higher levels in the youn-
ger tissues (Fig. 7d). Zeama;CKS;1 and Zeama;CKS;2
showed similar expression patterns in all tissues (Fig.
7e). Retinoblastoma protein transcripts were detected in
all tissues but their levels were comparatively higher in
young stems and embryos (Fig. 7e).

Fig. 6 Prediction analyses of protein-protein interactions among cell cycle–related proteins
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Fig. 7 Expression pattern analyses by RT-PCR for maize cell cycle–
related genes in various tissues. The maize actin gene was used as an
internal control. a Cyclin-dependent kinases. b Cyclins. c ICK/KRP
and SIM/EL2. d E2F-DPs. e CKS, Rbs, and Wee1. (R) Root. (L) Leaf.

(S) Stem harvested at the initial jointing stage. (Se) Seed (10 DAP). (F)
Filament. (A) Anther. (P) Pericarp. (Em) Embryo. (En) Endosperm (peri-
carp, embryo, and endosperm were obtained from 15-DAP seeds)
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Discussion

Plant growth and development are contingent upon cell pro-
liferation. Cell division is precisely controlled by various reg-
ulators and influenced by phytohormones and various external
signals. Here, we used known Arabidopsis and rice cell cycle–
related gene sequences as queries for the identification of cell
cycle–related gene in maize (Guo et al. 2007; Menges et al.
2005). We found 110 core cell cycle–related genes in the
maize genome, which were classified into the cyclin, CDK,
E2F, ICK/KRP, Rb, CKS, and WEE families (Table S1).
Certain maize cell cycle–related genes were previously report-
ed including CDKs (Colasanti et al. 1991; Dante et al. 2013),
cyclins (Hsieh and Wolniak 1998; Renaudin et al. 1994),
ICKs (Coelho et al. 2005), RBR (Ach et al. 1997; Grafi
et al. 1996), and Wee1 (Sun et al. 1999a). However, none of
these studies comprehensively characterized them in the
maize genome.

We revealed that maize had more cell cycle–related genes
than rice and Arabidopsis. Nevertheless, all of them belonged
to gene families that had been already categorized in the latter
two species (Guo et al. 2007; Menges et al. 2005). On the
other hand, the distribution of these genes varied with each
genome. For example, rice has A-, B-, C-, D-, E-, F-, and G-
type CDKs, while maize lacks the D-type CDK (Shimotohno
et al. 2004; Takatsuka et al. 2015). The D- and F-type CDKs
have the same function as plant CDK-activating kinases
(CAK) (Takatsuka et al. 2015). According to primary se-
quence analysis, maize D-type CDKmay be directly classified
as an F-type in this study. Various CDKs contain unique con-
served motifs that were required for cyclin binding (Mironov
et al. 1999). These motifs are also found in maize CDKs, and
they are consistent with the results of studies in other plants
(Tank and Thaker 2011). A-type CDK is one of the most
studied CDK, which is closely related to cell proliferation
and tissue development (Hata 1991; Iwakawa et al. 2006;
Takashi et al. 1991); B-type CDKs are required for normal
cell cycle progression and meristem organization (Andersen
et al. 2008); Arabidopsis C-type CDKs can interact with T-
type cyclins and play important roles in infection with
Cauliflower mosaic virus (CaMV) (Cui et al. 2007).
Arabidopsis CDKF;1 participates in activating phosphoryla-
tion of cyclin-dependent kinase–activating kinases
(Shimotohno et al. 2004). The activity of CDKs depends on
cyclins. We classified the 54 maize cyclins into the A-, B-, C-,
D-, F-, L-, T-, and SDS-subtypes. In contrast, Arabidopsis has
more H-, J18-, and U-type cyclins (Vandepoele et al. 2002).
The function of cyclin in different plants is also widely stud-
ied. In Arabidopsis, A-type cyclin CYCA2;3 served as a key
regulator of ploidy levels (Imai et al. 2006), D-type cyclin
CYCD3;1 is the limiting factor for the G1-to-S-phase transi-
tion (Menges et al. 2006), and CYCB1 can form complex with
CDKB1 to mediate homologous recombination repair

(Weimer et al. 2016). Maize cyclins was first cloned in 1994
(Renaudin et al. 1994), A-type cyclins was able to rescue a
budding yeast cyclin-deficient mutant (Hsieh and Wolniak
1998), B2-type cyclin is significant in mitotic and
endoreduplication (Sabelli et al. 2014), and D-type cyclins
are essential for seed germination (Lara-Núez et al. 2008).
However, most of the 54 maize cyclins are short of direct
functional study (Table S1).

Besides CDK and cyclin, other regulatory factors are also
vital to cell cycle. The maize genome comprises 19 E2F-DP
genes that are clustered into the E2F, PAP, DPB, CK, and
DEL subgroups containing the E2F and other specific con-
served domains. It is different from the findings in rice and
Arabidopsis, which have nine and eight E2F-DP genes, re-
spectively, and divided into the E2F, DP, and DEL subgroups
(Guo et al. 2007; Vandepoele et al. 2002). E2F is mainly
associated with Rb by forming a complex to regulate the tran-
scription of genes that are important for differentiation and
development (Korenjak and Brehm 2005; Shen 2002). The
PAP and CK are the newly discovered E2F proteins in maize,
which have their own functional annotations for a specific
domain. Thus, they may participate in other biological func-
tions. The CDK inhibitors ICK/KRP and EL2/SIM occur in
maize. The eight ICK/KRP genes were equally divided into
the B and C subgroups (Torres Acosta et al. 2011; Xiao et al.
2017). Our maize gene classification aligns with that of rice
which has seven ICK/KRP genes. Of these, one is identified
as a pseudogene (Barroco et al. 2006; Guo et al. 2007; Yang
et al. 2011). In contrast, the Arabidopsis ICK/KRP genes are
arranged in the A and C subgroups according to the evolu-
tionary analyses of several different species (Torres Acosta
et al. 2011). One EL2 and two SIM genes were recognized
in maize. Nevertheless, EL2 and SIM occur separately only in
rice and Arabidopsis (Churchman et al. 2006; Peres et al.
2007). A sequence alignment analysis of maize EL2/SIM
and ICK/KRP showed that they have a conserved C-
terminal sequence, but it was not on the same conserved do-
main. The Rb, CKS, and Wee1 proteins regulate the plant cell
cycle. They are found in maize and have been extensively
studied in various plant species. Rb proteins participate in
the Rb/E2F/DP pathway and negatively affect cell cycle pro-
gression (Gutierrez et al. 2002; Shen 2002). Maize RBR1 and
RBR2 are able to interact with a plant D-type cyclin (Ach et al.
1997), while RBR1 is regulated by the RBR1/E2F pathway
(Sabelli et al. 2005). We identified two new maize Rbs,
ZmRBRL1 and ZmRBRL2, and ZmRBRL2 lost N-terminus.
The function of both requires further investigation.
Arabidopsis CKS binds to the A-type CDKs and participates
in mitosis and endoreduplication (De Veylder et al. 1997;
Jacqmard et al. 1999). Nevertheless, the specific functions of
maize CKS remain unknown. Three CKS genes were identi-
fied in the maize genome and they differed in terms of distri-
bution on the CKS domain. Zeama;CKS;1 and Zeama;CKS;1
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have similar expression patterns.Wee1 kinase is very essential
in cell cycle regulation (Russell and Nurse 1987); it can mod-
ulate cell cycle through different mechanism (Tang et al.
1993). In plant, maize Wee1 was first discovered to regulate
cell division and CDK kinase activity in the endosperm (Sun
et al. 1999a). Arabidopsis Wee1 was reported to arrest yeast
cells and make them grow without division. (Sorrell et al.
2002). Whereas, tomato Wee1 could directly control the size
of fruit cells (Gonzalez et al. 2007).

Gene expression and co-expression analyses play impor-
tant roles in the study of gene function. Gene co-expression
analysis had been widely used to determine transcriptional
regulation in Arabidopsis and rice (Fu and Xue 2010;
Persson et al. 2005). Maize genes are also co-expressed in
particular physiological pathways (Sekhon et al. 2011;
Thirunavukkarasu et al. 2013). Here, we analyzed the corre-
lations among cell cycle–related genes based on existing ex-
pression data. We established that co-expression occurs
among maize cel l cycle– re la ted genes (Fig . 5) .
Zeama;DEL;2, Zeama;DEL;3, ZmCDKB;2, and A-, B-, and
D-type cyclins are strongly positively correlated in co-
expression and strongly negatively correlated with
Zeama;CycT1;1, Zeama;CycT1;2, and Zeama;CDKF;3.
These correlations may help elucidate their functions in the
same regulatory pathways. E2F acts on different proteins dur-
ing cell cycle regulation (Lincker et al. 2008; Veylder et al.
2002). Arabidopsis E2F1 directly binds to the AtCDC6 pro-
moter and regulates G1-to-S progression (Jager et al. 2001);
E2F, Rb, and CKI participate in cell cycle signaling in plant-
induced immunity (Wang et al. 2014). Gene expression data
(Fig. 7) demonstrated that most cell cycle–related gene tran-
scripts occurred in all tissues but at higher levels in the youn-
ger than in the older ones. The gene expression and co-
expression data and previous results suggested that transcrip-
tional cell cycle regulation was an important direction for fu-
ture research (Jager et al. 2001). Interactions among regulators
were empirically validated and found to regulate the plant cell
cycle (Inagaki and Umeda 2011; Inze and De Veylder 2006;
Polyn et al. 2014). A combination of the data for protein
interaction and co-expression analyses revealed 939 pairs of
interaction among 91 proteins with probability of more than
0.7. Some protein interactions have been confirmed. These
include the association of D-type cyclin with A-type CDK in
maize germination (Godinez-Palma et al. 2013; Lara-Núez
et al. 2008) and the interactions among Zeama;ICK;3,
Zeama;ICK;4, and A-type CDK in the inhibition of maize
CDKA activity (Xiao et al. 2017). The prediction of other
protein interactions depends on the results of current investi-
gations of other species. Therefore, another important research
focus is the ongoing identification of protein interactions that
regulate the cell cycle in maize.

In summary, we present a comprehensive identification
and analysis of the maize cell cycle–related genes. Although

the gene identification and expression pattern analysis are on-
ly parts of the functional progression study, experience in
other research has shown that both of them play a fundamental
role in cell cycle regulation. These results provide the insight
for further study of maize cell cycle regulation.
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