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Fig. 3. Transactivation activity assays of ZmbHLH16 in yeast. (A) Diagram of ZmbHLH16 activation domain. (B) Growth of yeast containing various fragments

of ZmbHLH16 on selective media (SD/-Trp and SD/-Trp-His).

and ms44 (AC225127.3_FG003), which shared expression PCC
values 0 0.9937, 0.8375 and 0.9964 with ZmbHLH 16, respectively.
Through searching in the PMRD database, among 395 coexpression
genes, 34 homologous genes had been annotated as involved in
Arabidopsis male reproduction (Table S6). The similar expression
pattern to a number of plant reproduction-related genes indicated that
ZmbHLH16 might be closely associated with maize male fertility.
Next, the 395 coexpressed genes were subjected to Gene Ontology
(GO) term analysis (Fig. 4B; Table S2). In the cellular component,
155 GO terms were enriched and most of these genes were
categorized under cells, cell parts, membranes and organelles. For
the molecular function category, binding and catalytic activity were
the most abundant subcategories. Similarly, previous reports have
confirmed that the binding activity and catalytic activity functions are
essential for alterations in male fertility (Mei et al., 2016; Qu et al.,
2015; Zhu et al., 2015b). For biological processes, there were 780
enriched GO terms, cellular processes and metabolic processes, and
single-organism processes were the most abundant clusters. Through
hypergeometric test at the 0.05 significance level, it was found that
some enriched GO terms, such as pollen wall assembly, pollen exine
formation, pollen development and gametophyte development,
reached significant levels compared with the maize background
(Table S3). These results supported that ZmbHLHI16 might
participate in maize pollen formation. Moreover, in the
reproduction GO term (GO:0000003), a bHLH transcription factor
family member, ZmbHLH51 (GRMZM2G139372), was found,
which shared a PCC score of 0.8990 with ZmbHLH16. ZmbHLHS51
was homologous to the male sterile gene OsTDR. Accordingly,
ZmbHLHS1 might be an important factor in maize pollen

development. Some studies have indicated that the interactions
among bHLH TFs are important for pollen development (Niu et al.,
2013; Zhu et al., 2015a). Therefore, we next aimed to analyze the
interaction between ZmbHLH16 and ZmbHLHS1.

ZmbHLH16 and ZmbHLH51 have similar expression
characteristics

The expression patterns of ZmbHLH16 and ZmbHLHS51 were
simultaneously analyzed using semi-quantitative polymerase chain
reaction (PCR) for reproductive and vegetative organs. Both
ZmbHLH16 and ZmbHLHS1 showed a higher expression level in
spikelets than other organs (Fig. 5A). This finding indicated that
ZmbHLH16 and ZmbHLHS51 might be closely associated with
maize male fertility.

Based on the above results, ZmbHLHS51 is homologous to the male
sterile gene OsTDR and might interact with ZmbHLH16. Therefore,
the subcellular localizations of ZmbHLH16 and ZmbHLHS51 were
both analyzed in rice protoplast. As depicted in Fig. 5B, the
recombinant  fusion proteins ZmbHLHI16-enhanced Green
Fluorescent Protein (eGFP) and ZmbHLHS51-eGFP were both
located in the nucleus only, whereas the control eGFP was localized
to both the cytoplasm and the nucleus. The similar expression profiles
and protein localization patterns between ZmbHLHI6 and
ZmbHLHS51 suggested they might function correlatedly.

ZmbHLH51 interacts with ZmbHLH16

Because the aforementioned results indicated that the two bHLH
TFs ZmbHLH16 and ZmbHLHS1 had similar expression
characteristics and subcellular localization patterns, a yeast two-
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Fig. 4. Expression patterns and GO annotations of ZmbHLH16 coexpressed genes. (A) A cluster of 395 coexpressed genes based on expression
characteristics. Gene expression data were downloaded from g-teller (http:/www.qteller.com/qteller4/); the bar indicates the relative gene expression level, which
was logo-normalized (original data+1). (B) GO analysis of 395 coexpressed genes.

hybrid (Y2H) assay was used to verify the interaction between
ZmbHLH16 and ZmbHLHS51. As shown in Fig. 6A, those yeast
cells merely containing pGBKT7-ZmbHLH16 or pGATD7-
ZmbHLHS51 could only live on the SD/-Leu-Trp but not SD/-
Ade-His-Leu-Trp. In comparison, those yeast cells containing both
pGBKT7-ZmbHLH16 and pGADT7-ZmbHLHS51 were able to
grow on both SD/-Leu-Trp and SD/-Ade-His-Leu-Trp media,
similar to the positive control. These results proved that the
interaction between ZmbHLH16 and ZmbHLHS51 really existed.
To map the domains involved in the ZmbHLH16-ZmbHLHS51
interaction, fragments without transcriptional activation activity,
including ZmbHLH16 (B) (81-160 a.a.), (C) (161-240 a.a.), (D)
(241-365 a.a.), (F) (81-240 a.a.) and (G) (161-365 a.a.), were further
analyzed using Y2H assays. The conserved bHLH domain is reported
to participate in protein homo- or heterodimerization (Pires and
Dolan, 2010). As expected, the regions containing the bHLH domain,
i.e. (C) (161-240 a.a.), (F) (81-240 a.a.) and (G) (161-365 a.a.), could
grow normally on SD/-Ade-His-Leu-Trp media and turned the media
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blue (Fig. 6B). Interestingly, transformants (B) and (D), which lacked
the bHLH domain, also survived on the SD/-Ade-His-Leu-Trp
synthetic dropout medium. These results manifested that not only the
bHLH domain but also other regions in ZmbHLH16 were sufficient
and necessary for its heterodimerization with ZmbHLHS51.

DISCUSSION

Male reproduction is a complicated process in plants that involves
thousands of genes and many biological processes (Dukowic-
Schulze and Chen, 2014; Rutley and Twell, 2015; Zhou and
Pawlowski, 2014). Several genes and regulatory networks involved
in plant male reproductive development are found to be conserved,
particularly in pollen wall development between Arabidopsis and
rice (Gomez et al., 2015; Shi et al., 2015; Zhang et al., 2016). This
phenomenon provides the possibility of elucidating key genes in
other species based on homology analysis. Thus, here, we isolated
ZmbHLH16 based on homology cloning from OsTIP2, which has
been reported to be a master regulator of pollen formation.
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Fig. 5. Expression characteristics of ZmbHLH16 and ZmbHLH51. (A) Semi-quantitative analysis of ZmbHLH16 and ZmbHLH51 in various organs. The
expression of 18S was taken as the reference. (B) Subcellular localization analysis of ZmbHLH16 and ZmbHLH51 in rice protoplasts.

In this study, the molecular evolution of ZmbHLH16 was
investigated. In the analysis of selective pressure, no significant
signal was found in ZmbHLH16 according to Tajima’s D and Fu
and Li’s tests. Moreover, a lower nucleotide diversity ratio
(m=2.58x1073) was observed in all regions of ZmbHLH16 than in
the average (m=6.3x1073) of 18 maize genes in previous reports
(Ching et al., 2002). This finding implied weak or no natural
selection pressure on ZmbHLHI16 and provided evidence that
ZmbHLH16 is highly evolutionarily conserved in maize. The target
gene sequence polymorphism also reflects evolutionary pressure
during maize improvement (Wang et al., 2005). Previous studies
found one polymorphic site per 60.8 bp in maize (Ching et al.,
2002). In the present experiments, a lower frequency was obtained
for ZmbHLH16 in 78 maize inbred lines (one SNP or InDel every
69.8 bp). The global LD decay of ZmbHLH16 investigated in our
study (#°<0.1 within 1300 bp) was also less than the average
intragenic level (7°<0.1 within 1500 bp) (Remington et al., 2001).

The above nucleotide polymorphism testing results confirmed the
conserved evolution of ZmbHLH16. The conserved molecular
evolution of ZmbHLH16 further hinted at its crucial function in
maize male reproduction.

Most bHLH proteins consist of a classical helix-loop-helix
(HLH) domain to form homo- or heterodimers with other HLH
proteins to regulate downstream target genes (Murre et al., 1989).
bHLH-bHLH or bHLH-MYB complexes have been reported to be
involved in plant fertility (Chen et al., 2016; Niu et al., 2013; Qi
et al., 2015). Our experiments showed that ZmbHLH16 lacks the
ability of transcriptional activation. Thus, we speculate that
ZmbHLH16 might regulate target gene expression by interacting
with other proteins. One of its interacting factors, ZmbHLHS51,
was identified and confirmed using genome-wide coexpression
and Y2H analyses. In rice, the BIF domain is necessary for DYT1-
bHLH protein dimerization (Cui et al., 2016). The present study
showed that the BIF domain is also present in ZmbHLH16 (D)
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Fig. 6. Determination of the interaction between ZmbHLH16 and ZmbHLH51 using Y2H analysis. (A) Y2H analysis of the interaction between ZmbHLH16
and ZmbHLH51 proteins. Each transformant was stained in media with three relative concentrations (1, 0.1, 0.01) from left to right. (B) Y2H mapping of
domains involved in the ZmbHLH16-ZmbHLH51 interaction. Regions without transcriptional activation activity, including ZmbHLH16 (B) (81-160 a.a.), (C) (161-
240 a.a.), (D) (241-365 a.a.), (F) (81-240 a.a.) and (G) (161-365 a.a.), were chosen for analysis.

(241-365 a.a.) and participates in the interaction between
ZmbHLH16 and ZmbHLHS51. Interestingly, we noticed that not
only the conserved bHLH and BIF domains but also the
ZmbHLH16 (B) (81-160 a.a.) region could form heterodimers
with ZmbHLHS51. Moreover, the ZmbHLH16 (G) (161-365 a.a.)
fragment may have a negative effect on activation, leading to a
reduced transcription activation capacity of the full-length
ZmbHLH16 protein. Taken together, our findings provide new
evidence that in bHLH proteins, other regions are of importance
for their molecular function in addition to the typical bHLH and
BIF domains.

The normal tapetal cells specification were regulated by many
factors and its abnormal development might cause dysfunctional
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microspore (Zhang and Yang, 2014). It was recently reported that
ZmbHLH16 was a candidate gene for the maize ms23 mutant (Nan
et al,, 2017). The tapetal layer of the ms23 mutant undergoes
abnormal periclinal division instead of tapetal differentiation
(Chaubal et al., 2000). In Nan et al., (2017), the researchers
mainly focused on the abortion mechanism in the ms23 mutant,
combining RNA-seq with proteomics data. These authors also
detected the interaction between ZmbHLH16 and ZmbHLHS1. In
contrast, we paid more attention to the ZmbHLHI16 nucleotide
polymorphisms, molecular evolution, expression features,
subcellular location and regulatory mechanisms. Through
coexpression analysis, a group of genes potentially involved in
maize male reproduction were also revealed in this study. Our
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results might help uncover the mechanism of ZmbHLH16
regulating the pollen abortion in the ms23 mutant.

MATERIALS AND METHODS

Plant materials

Spikelets from maize inbred line A619 were collected for ZmbHLH16
(GRMZM2G021276_T02) and ZmbHLH51 (GRMZM2G139372_T07)
CDS cloning. Ears, main stalks, stems and spikelets were taken from
maize inbred A619 for ZmbHLH16 expression analysis. Seeds from 78
inbred lines (Table S4) were used to amplify the genome sequence of
ZmbHLH16.

DNA and RNA extraction

Genomic DNA was extracted from seeds using a modified
cetyltrimethylammonium bromide (CTAB) method (Porebski et al.,
1997). Total RNAs were isolated from the above frozen samples with
TRIzol reagent (Takara, Beijing, China) and DNase I to eliminate any
genomic DNA. One microgram of total RNA from each sample was used to
synthesize cDNA via the PrimeScript™ RT Reagent Kit (Takara).

CDS cloning of ZmbHLH16 and phylogenetic analysis

BlastP (https:/blast.ncbinlm.nih.gov/) was used to identify male fertility
related bHLH homologous genes in the maize genome. The CDS of
ZmbHLH16 was amplified from cDNA templates of A619 spikelets with
the following primers: 5'-ATGTATCACCCGCAGTGCGAGCT-3" and 5'-
TGTACTCGTCCACCACTTCCAT-3'". High-fidelity KOD FX (Toyobo,
Osaka, Japan) was used for gene cloning according to the manufacturer’s
instructions. The purified PCR products were inserted into the pEASY Blunt
Simple cloning vector (TransGen, Beijing, China) and sequenced by Tsingke
Biotech with an ABI 3730XL DNA Analyzer. The ZmbHLH16 a.a. sequence
was acquired based on amplifying its CDS from A619 using the online
program  SoftBerry FGENESH  (linux1.softberry.com/berry.phtml?topic=
fgenesh&group=programs&subgroup=gfind), and its conserved domain was
predicted using the NCBI CD tool (http:/www.ncbi.nlm.nih.gov/Structure/
cdd/wrpsb.cgi). Then, 16 bHLH TFs that were reported to be involved in
microspore development were retrieved from Gramene (http:/www.gramene.
org/) to construct a phylogenetic tree using the neighbor-joining method with
MEGA v5.10 (Kumar et al., 2008), and the robustness of the findings was
verified via 1000 bootstrap replicates. The accession numbers of the 16 TFs
are as follows: AtAMS (AT2G16910), AtDYT1 (AT4G21330), AtbHLH10
(AT2G31220), AtbHLH89 (AT1G06170), AtbHLH91 (AT2G31210),
AtJAMI (AT2G46510), AtTAM2 (AT1G01260), AtJAM3 (AT4G16430),
AtMYCS5 (AT5G46830), AtBIM1 (AT5G08130), OsUDT1 (0S07G0549600),

OsTDR1  (0S02G0120500), OsEATI  (OS04G0599300), ~ OsTIP2
(0S01G0293100), ZmMS32 (GRMZM2G163233) and  SIMS1035
(Solyc02g079810).

Molecular evolution analysis of ZmbHLH16

The genomic sequences of ZmbHLH16, including its 5" and 3’ untranslated
regions (UTRs), were amplified from 78 maize inbred lines (see Table S4
for details) with the primers 5'-GGAAGGAGGAAACCAAGTCG-3" and
5’-TGTAACGAGCAAGCGGATTTA-3’". PCR was performed according
to the manufacturer’s protocol using high-fidelity polymerase KOD FX
(Toyobo). PCR-amplifying fragments were purified and sequenced
directly using an ABI 3730XL DNA Analyzer manufactured by Tsingke
Biotech. After ambiguous sequences were manually deleted, the
sequence polymorphisms of ZmbHLH16 among the 78 maize inbred lines
were analyzed using CodonCode Aligner 6.0.2 software (CodonCode
Corporation, Dedham, MA, USA). For molecular evolution analysis,
certain parameters were calculated as follows: (1) the nucleotide diversity
of common pairwise nucleotide difference per site (1) with DnaSP 5.0
(Librado and Rozas, 2009); (2) in neutrality tests, the evolutionary pressure in
ZmbHLHI16 via Tajima’s D test (Tajima, 1989) and Fu and Li’s statistics
(Fu and Li, 1993); (3) the LD matrix of ZmbHLH16 was characterized by
evaluating 72 values based on SNPs and InDels (MAF>0.05) in TASSEL 2.0
(Bradbury et al., 2007). An LD plot was obtained in Haploview 4.2 (Barrett
et al., 2005), and the LD decay was assessed by averaging 72 values with a
distance of 250 bp.

Transactivation activity analysis of truncated ZmbHLH16

The ZmbHLH16 CDS contains 1098 bp encoding a protein with 365 a.a. To
investigate its transcriptional activating ability and retain its conserved
bHLH domain, the ZmbHLH16 CDS sequence was divided into four parts:
the first three parts each contained 240 bp [labeled A (1-80 a.a.), B (81-160
a.a.) and C (161-240 a.a.)], and the last part contained 375 bp [labeled D
(241-365 a.a.)] (Fig. 3A). At the same time, three other fragments,
ZmbHLH16 (E) (1-160 a.a.), (F) (81-240 a.a.) and (G) (161-365 a.a.), were
constructed, which overlapped the above four neighboring parts. The above
seven parts, termed ZmbHLH16 (A)-(G), were artificially synthesized, and
sequencing-confirmed. Next, eight fragments, including ZmbHLH16 CDS
and ZmbHLHI16 (A)-(G), were individually inserted into the pGBKT7
vector using the In-Fusion cloning method (Vazyme ClonExpress I One
Step Cloning Kit, Vazyme Biotech, Nanjing, China) (see Table S5 for all
primers used in the experiment). All recombinant pGBKT7 vectors were
transformed into AH109 yeast strains (Tiandz, Beijing, China) via the
lithium acetate-mediated approach. The transformants were cultivated on
SD/-Trp medium for 2-3 days at 28°C. Bacterial PCR was used to identify
positive clones. The positive clones were further cultured on SD/-His-Trp
medium containing 50 mg 17! y-o-gal (Coolaber, Beijing, China) for
2-4 days at 28°C to test their transactivation activity. The pGBKT7 and
pGBKT7-GAL4 AD vectors were used as negative and positive controls,
respectively.

Coexpression analysis of ZmbHLH16

For coexpression analysis, expression data of genome-wide maize genes in
20 tissues and 66 stages were obtained from g-teller (www.qteller.com/
qteller4/), and the PCC values between ZmbHLH16 and other genes were
calculated. Cluster3.0 (de Hoon et al., 2004) was used for target gene
(PCC>0.6) cluster analysis based on Euclidean distance and complete
linkage. A heatmap was drawn using Java Treeview (Saldanha, 2004). Next,
to gain deeper insight into the molecular mechanism underlying
ZmbHLH16, all target genes (PCC>0.6) were queried with E-value<le™
in the Plant Male Reproduction Database (http:/202.120.45.92/addb/),
which contains 548 male fertility-related genes in Arabidopsis. All maize
gene sequences were retrieved from MaizeGDB (ftp:/ftp.ensemblgenomes.
org/pub/plants/release-29/fasta/zea_mays). To characterize the putative
function of ZmbHLH16-coexpressed genes, GO terms for all target genes
(PCC>0.6) were taken from AGRIgo (http:/bioinfo.cau.edu.cn/agriGO/
analysis.php), and GO enrichment analysis was performed using
OmicShare tools (http:/www.omicshare.com/tools).

Expression characteristics of ZmbHLH16 and ZmbHLH51
Semi-quantitative expression analyses of ZmbHLH16 and ZmbHLHS51 were
conducted in vegetative and reproductive organs. Specific primer pairs
including 5'-CCTCATGCACCTCATACC-3’ and 5'-CAGCTCCTGGATG-
TACTC-3', 5'-CTGGAGGTCACCAACGTCAA-3’ and 5'-AGCGAGTCC-
CTCAGTCTGTC-3" were designed for ZmbHLHI16 and ZmbHLHSI
expression analyses, respectively. The 18S gene was used as the internal
control in this experiment, and its amplifying primers were 5-CTGAGAA-
ACGGCTACCACA-3’ and 5'-CCCAAGGTCCAACTACGAG-3' (Hu et al.,
2011).

The localization patterns of the ZmbHLH16 and ZmbHLHS5 1 proteins were
investigated through transient transformation in rice protoplasts. For
ZmbHLH51 CDS cloning, the cDNA sequence was amplified with the
primers 5-GAGCAGTGATGTGAATTGCG-3’ and 5'-TCAAGCGAGGT-
ATTGGAGGA-3" using high-fidelity KOD FX polymerase from A619 and
inserted it into the pEASY blunt-cloning vector. The CDSs of ZmbHLHI16
and ZmbHLHS1 lacking the stop codons were individually fused to the
N-terminus of eGFP in pCAMBIA2300-P555 by subcloning using the In-
Fusion cloning method. Two recombinants, pCAMBIA2300-P;ss:
ZmbHLHI16-eGFP and pCAMBIA2300-P;55:ZmbHLHS51-eGFP, were
constructed to assess the localization of these proteins. The empty
pCAMBIA2300-P3s5-eGFP  vector was used as a control in this
experiment. The recombinant vectors pCAMBIA2300-P;55:ZmbHLH16-
eGFP and pCAMBIA2300-P;55:ZmbHLHS51-eGFP, along with the control
vector, were respectively transformed into rice protoplasts using polyethylene
glycol (PEG), as described previously (Bart et al., 2006). The green signals
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(Ex=488 nm, Em=507 nm) were detected using a TCS-SP8 fluorescence
microscope (Leica, Wetzlar, Germany).

Protein—-protein interactions

To confirm the interaction between ZmbHLHI16 and ZmbHLHS51, a Y2H
assay was conducted. The CDSs of ZmbHLH16 and ZmbHLHS51 were
inserted into the pGBKT7 and pGADT?7 vectors, respectively. The
pGBKT7-ZmbHLH16 vector without autoactivation activity was
constructed as above. The pPGADT7-ZmbHLHS51 vector was constructed
using the In-Fusion cloning method by subcloning from pCAMBIA2300-
P3s55:ZmbHLHS1. The recombinant vectors pGBKT7-ZmbHLH16 and
pGADT7-ZmbHLHS51 were co-transformed into AH109 yeast competent
cells according to operating instructions. The transformants were cultivated
on SD/-Leu-Trp medium at 28°C for 2-3 days, and positive clones were
confirmed using PCR. Positive clones were further cultured on SD/-Ade-
His-Leu-Trp medium containing 50 mg 1=! x-a-gal at 28°C for 2-3 days.
The vectors pGBKT7-T and pGBKT7-Lam were used as positive and
negative controls, respectively. To confirm the interaction domain in
ZmbHLH16, regions of ZmbHLH16 without autoactivation activity were
inserted into the bait vector pPGBKT7 and then co-transformed with the prey
vector pGADT7-ZmbHLHS51 into the AH109 yeast competent cells.
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