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Oxygen (O2) plays an essential role in aerobic organisms including terrestrial insects. Under hypoxic stress, the
cowpea bruchid (Callosobruchus maculatus) ceases feeding and growth. However, larvae, particularly 4th instar
larvae exhibit very high tolerance to hypoxia and can recover normal growth once brought to normoxia. To
better understand the molecular mechanism that enables insects to cope with low O2 stress, we performed RNAseq to distinguish hypoxia-responsive genes in midguts and subsequently identified potential common cis-ele
ments in promoters of hypoxia-induced and -repressed genes, respectively. Selected elements were subjected to
gel-shift and transient transfection assays to confirm their cis-regulatory function. Of these putative common ciselements, AREB6 appeared to regulate the expression of CmLPCAT and CmScylla, two hypoxia-induced genes.
CmZFH, the putative AREB6-binding protein, was hypoxia-inducible. Transient expression of CmZFH in
Drosophila S2 cells activated CmLPCAT and CmScylla, and their induction was likely through interaction of
CmZFH with AREB6. Binding to AREB6 was further confirmed by bacterially expressed CmZFH recombinant
protein. Deletion analyses indicated that the N-terminal zinc-finger cluster of CmZFH was the key AREB6-binding
domain. Through in silico and experimental exploration, we discovered novel transcriptional regulatory com
ponents associated with gene expression dynamics under hypoxia that facilitated insect survival.

1. Introduction
Hypoxia, or O2 deprivation, is a state in which the O2 demand of an
organism exceeds what is available. As a result, biological functions of
aerobic organisms including terrestrial insects are adversely affected,
leading to retarded growth and development and even death of the or
ganisms (Harrison et al., 2018). Many insect species including

coleopterans, dipterans, lepidopterans, isopterans, hymenopterans and
orthopterans, particularly those living in hypoxic habitats, have devel
oped certain levels of tolerance to hypoxia and many can recover from
hours to weeks of exposure to hypoxia and anoxia (Hoback and Stanley,
2001). For example, red flour beetle (Tribolium castaneum) adults can
tolerate 2% O2 for more than 10 days (Kharel et al., 2019). Drosophila
melanogaster can survive in a constant 4% O2 environment (Zhou et al.,
2008). High-altitude locusts (Locusta migratoria) are more tolerant to
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may share similar motifs in their promoters, the central control of the
transcriptional process (Werner et al., 2003). These common cis-ele
ments can be bound and co-regulated by a relatively small number of
transcription factors in response to a certain stimulus or challenge, e.g.
co-suppression via hairy (Zhou et al., 2008). Despite highly variable
sequences among common cis-elements, software packages such as
Common TFs have been designed to recognize transcription
factor-binding sites based on the short conserved nucleotide cores. The
binding affinity is reflected by the consensus score. Using this approach,
Yu et al. (2015) have successfully identified cis-elements in sets of
co-expressed genes and their cognate transcription co-regulators during
maize leaf development.
The cowpea bruchid (Callosobruchus maculatus) is a devastating
storage pest of cowpeas and other grain legumes (Jackai and Daoust,
1986). By limiting the O2 availability in storage facilities needed for
insect development, hermetic storage has emerged as a viable
chemical-free method to control bruchid damage and preserve the grain
quality (Silva et al., 2018). Without adequate O2, delayed growth and
decreased survival rate have been observed in cowpea bruchids at all
developmental stages. Given that the larvae feed and develop inside the
seeds, an environment likely having limited supplies of O2, it is
reasonable to assume that they have evolved an ability to respond to and
resist hypoxia. Indeed, some 4th instar larvae can survive up to 20 days
of exposure to 2% O2 and recover normal development once O2 resumed
to the normoxic level (Cheng et al., 2012). Beside CmHIF1-mediated
upregulation of genes encoding small heat shock proteins, very little is
known about the molecular components involved in transcriptional
control of hypoxia-responsive genes in this storage pests. In this study,
we attempted to identify novel transcriptional regulatory components in
cowpea bruchids through the combination of in silico cis-element iden
tification and functional validation experiments. Co-regulation of
hypoxia-responsive genes via a zinc-finger homeodomain (ZFH) tran
scription factor presumably contributed to bruchid tolerance to hypoxic
stress.

Abbreviations
ZFH
LPCAT
HIF1
RT-qPCR
EMSA
LUC
GO
KEGG
NE
FPKM
IPTG

Zinc-finger homeodomain
Lysophosphatidylcholine acyltransferase
Hypoxia-inducible factor 1
Reverse transcription-quantitative PCR
Electrophoretic mobility shift assay
Luciferase
Gene ontology
Kyoto encyclopedia of genes and genomes
Nuclear extract
Fragments per kilobase of exon per million mapped
fragments
Isopropyl-β-D-thiogalactopyranoside

extreme hypoxia than low-altitude locusts (Zhao et al., 2013). Hypoxia
even enhances survival of overwintering Megachile rotundata prepupae
(Abdelrahman et al., 2014) and reproduction in the subterranean
termite royals (Reticulitermes speratus) (Tasaki et al., 2018).
Some progress has been made in understanding how insects cope
with a limited O2 supply. Strategies like changing behavior or adjusting
metabolic processes are often employed by hypoxic insects. Both larvae
and adults of Drosophila reduce food intake and alter feeding behavior
and/or diet preference to cope with low O2 (Farzin et al., 2014; Vigne
and Frelin, 2010; Wingrove and O’Farrell, 1999). To aid O2 uptake,
caddisfly (Hydropsyche angustipennis) larvae increase their ventilation
rate under hypoxia (Van der Geest, 2007). Drosophila even increases the
diameter of tracheoles and the number of tracheal branches to enhance
O2 delivery to internal tissues (VandenBrooks et al., 2018). By lowering
O2 pressure from 3 to 0.5 kPa, Drosophila exhibited a rapid and linear
reduction of approximately 10-fold in its metabolic rate (Van Voorhies,
2009). Reducing energy demand helps insects tolerate lack of O2: hyp
oxia inhibits protein translation in Drosophila S2 cells (Lee et al., 2008),
one of the most energy-consuming process (Buttgereit and Brand, 1995).
The nitric oxide pathway is known to contribute to Drosophila’s ability to
respond to O2 deprivation by arresting cell cycles in embryo and larvae,
as well as protecting cells from hypoxia-induced injury (Mahneva et al.,
2019; Wingrove and O’Farrell, 1999).
It is well known that insects alter expression of a large number of
genes to cope with low O2 stress (Li et al., 2013; Zhao et al., 2012). A
common mechanism that controls transcript abundance is through nu
clear factor(s) binding to cognate promoter cis-element(s), causing in
duction or suppression of the gene(s). Of the known transcription factors
regulating hypoxia-responsive genes, the best studied is the ubiquitous
hypoxia-inducible factor 1 (HIF1) (Gorr et al., 2006). In insects, this
transcriptional regulator has been reported to activate O2-dependent
transcription of a large number of genes, including those participating in
growth inhibition and tracheal terminal sprouting (Centanin et al.,
2008; Reiling and Hafen, 2004), leading to increased low O2 endurance.
The presence of common binding elements in genes encoding TCA cycle
or β-oxidation enzymes (but absence in others) led to the discovery of
the transcription factor, hairy. This metabolic switch is responsible for
down-regulating these genes in hypoxia-tolerant Drosophila. Mutation of
hairy abolishes such suppression (Zhou et al., 2008). In addition, mu
tation in the transcription factor forkhead box O (FOXO) blocks the
hypoxia-induced increase in mRNA of Relish and its target genes,
resulting in a decreased survival in both Drosophila adults and larvae
(Barretto et al., 2020). Hypoxic L. migratoria suppresses cytochrome c
oxidase subunits most likely through downregulating its regulator, nu
clear respiratory factor-2 (NRF2) (Ongwijitwat and Wong-Riley, 2005;
Zhao et al., 2012).
Analysis of genomic sequences and transcriptomic data has revealed
that genes expressed under similar conditions and/or in the same tissues

2. Materials and Methods
2.1. Insect rearing and hypoxia treatment
Cowpea bruchids were maintained on cowpea seeds as previously
described (Wang et al., 2019). When larvae reached the 4th instar,
infested seeds were transferred into 1 L septum bottles (Industrial
glassware, Millville, NJ). The bottles were then filled with pre-mixed
gases (2% O2 + 18% CO2 + 80% N2) as described by Cheng et al.
(2012) and instantly sealed with parafilm. Levels of O2 and CO2 in the
bottles were verified with a head-space analyzer (Mocon-PAC CHECK®
Model 325, Minneapolis, MN). At the end of the hypoxia treatment (4, 8
or 24 h), gas contents were measured again to ensure airtightness prior
to opening of the bottles. To minimize complication caused by tissue
specificity, we limited our study to the midgut tissue, the activity of
which was highly impacted by availability of environmental O2. Midguts
were instantly dissected in the dissection buffer (100 mM sodium ace
tate, 1 mM ethylenediaminetetraacetic acid (EDTA), pH 5.5) once larvae
were removed from the seeds. Larvae without hypoxia exposure served
as the experimental control.
2.2. RNA-seq
Total RNA was extracted from 40 midguts of control or hypoxiatreated 4th instar larvae using TRIzol (Invitrogen, Carlsbad, CA) fol
lowed by treatment of RNase-Free DNase I (Qiagen, Valencia, CA) to
remove genomic DNA, and purification via RNeasy Mini Kit (Qiagen).
Purified RNA was quantified using the NanoDrop ND-1000 spectro
photometer (NanoDrop Technologies, Wilmington, DE) and its integrity
was examined with Agilent Bioanalyzer (Agilent Technologies, Palo
Alto, CA). TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA)
2
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was used for mRNA isolation and cDNA library construction. After
quality check, transcriptome sequencing were performed on an Illumina
HiSeq 2500 platform with 125-nucleotide (nt) paired-end reads at Texas
A&M AgriLife Genomics and Bioinformatics Services (College Station,
TX). Three biological replicates of treated and control samples were
performed, respectively.

hypoxia-responsive genes, and all GO terms were functionally classified
using the WEGO software (http://wego.genomics.org.cn/) (Ye et al.,
2006, 2018). KEGG pathway analysis was conducted using iPathCons in
InsectBase (Zhang et al., 2014).
Reverse transcription-quantitative PCR (RT-qPCR) was performed as
described in Wang et al. (2019) and XRCC1 and XRCC3 served as the
negative control (Wang et al., 2019).

2.3. De novo assembly and gene annotation

2.5. Identification of putative promoters of selected genes and common
regulatory cis-elements

Raw reads from control or hypoxia-treated samples were cleaned by
filtering out adaptor sequences and short or low-quality reads (‘N’ bases
>5% or Phred quality score <10), followed by assembly of filtered reads
using Trinity v2.4.0 with default parameters. Unigenes were annotated
by BLASTx search (v 2.2.26+) against NCBI non-redundant (Nr) data
base (E-value <10− 5).

Hypoxia-responsive genes with the translation start codon and
known functions, i.e. either involved in KEGG pathways or having GO
terms, were selected. Assembled mRNAs were aligned with the genomic
DNA (European Nucleotide Archive, accession PRJEB30475) (Sayadi
et al., 2019), and approximately 1 kb genomic DNA flanking 5’ of each
transcript was defined as its promoter.
Common TFs and MatInspector (v 8.4.2), two search tools in the
Genomatix Software Suite (http://www.genomatix.de), were used for
promoter analysis. Both software tools utilize a large library of matrix
descriptions for transcription factor-binding sites to locate matches in
input nucleotide sequences (Cartharius et al., 2005; Quandt et al., 1995).
We divided the promoters obtained above into induced and repressed
groups, and applied Common TFs to identify cis-elements shared by all
selected genes of each group in defined promoter regions. The param
eters for the common cis-element analysis were: 1) the core similarity =
1.0; 2) the matrix similarity = optimized value - 0.02 (Fig. 1). Common
cis-element consensus logos unique for hypoxia-responsive genes in
cowpea bruchids were generated by the WebLogo (http://weblogo.th

2.4. Identification of hypoxia-responsive genes
Clean reads from each biological replicate were aligned to the
assembled transcriptome using Bowtie v1.1.2 (Langmead et al., 2009)
and quantified by the eXpress 1.5.1 software (Roberts and Pachter,
2013) to calculate fragments per kilobase of exon per million mapped
fragments (FPKM) values. The read counts were input to DESeq2
package (Love et al., 2014) and the differential gene expression was
assessed using the negative binomial distribution test. P-values were
adjusted using the Benjamini-Hochberg adjustment. Unigenes were
considered differentially expressed if the adjusted P-value i.e. Q-value ≤
0.05 and the absolute log2 (fold change) value ≥ 1. Blast2GO was
applied to obtain the Gene Ontology (GO) annotation of the

Fig. 1. Flowchart for identification of common
regulatory cis-elements and selection of candi
dates for further analysis. Common TFs was applied
to analyze promoter sequences of (1) hypoxia-induced
and (2) hypoxia-repressed genes to identify respective
cis-elements commonly shared by all genes in each
group. These putative cis-elements were then indi
vidually confirmed with increased cutoff stringency
(shown in boxes shaded blue) or rejected (as indicated
in boxes shaded green) by MatInspector for further
experimental verification. Addition of 5 bp to both
ends of each cis-element (to ensure double-stranding
in probes) presented more limitation in the candi
date cis-element selection process streamlined. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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reeplusone.com/) (Crooks et al., 2004). To acquire optimal number of
cis-elements potentially involved in co-regulation of hypoxia-responsive
gene, we then used MatInspector to select those that had only one
cis-element hit and this cis-element had to match the identity derived
from Common TFs. This had to be true even after 5 bp oligos were added
to both ends of the cis-element. Parameters were: 1) the core similarity
= 1.0, and 2) the matrix similarity = the optimized value (Fig. 1). From
common cis-elements shared by a minimum of 3 promoters after the
screening process, we selected a cis-element from each of the 3 pro
moters to perform electrophoretic mobility shift assays (EMSAs) based
on their positions in the promoter and the matrix similarity value.

pAc5.1/V5-HisA (ThermoFisher Scientific, Waltham, MA) or pET28a
vectors (Novagen, Madison, WI), respectively. The resulting constructs
were sequence confirmed and putative structural domains were identi
fied by SMART domain analysis (http://smart.embl-heidelberg.de/).
Deletion constructs without the homeodomain or either of the zincfinger clusters, i.e. CmZFHΔHD, CmZFHΔN-ZF and CmZFHΔC-ZF were
built as described previously and confirmed by DNA sequencing.
Primers used were shown in Table S4.
2.9. Transient transfection and LUC assays
Drosophila Schneider 2 (S2) cells were maintained at 27 ◦ C in Shields
and Sang M3 insect medium (Sigma) supplemented with 0.1% (w⁄v)
yeast extract, 0.25% (w⁄v) bactopeptone, 12.5% heat-inactivated fetal
bovine serum, penicillin (50 U/mL), streptomycin (50 μg/mL) and
fungizone (0.25 μg/mL). Cells were seeded in a 6-well plate (1 × 106
cells per well) and allowed to attach for 1 h. One μg of reporter plasmid
and 0.2 μg of internal control plasmid pRL-SV40 (Promega) were
introduced into the S2 cells with the calcium phosphate DNA precipi
tation method, and LUC assays were performed using the DualLuciferase Reporter 1000 Assay System (Promega) as previously
described (Ahn et al., 2007, 2013). The transfection and LUC assays
were performed at least 3 times.
To perform co-transfection, 0.2 μg of pAc5.1-CmZFH or its deletion
mutants pAc5.1-CmZFHΔN-ZF, pAc5.1-CmZFHΔHD or pAc5.1CmZFHΔC-ZF was transfected into S2 cells together with the reporter
plasmid, respectively. As the negative control, 0.2 μg of pAc5.1/V5-HisA
vector was co-transfected with the reporter plasmid to ensure compa
rable total exogenous DNA in all co-transfection experiments.

2.6. Nuclear protein extraction and quantification, and EMSA
Nuclear proteins were extracted from freshly dissected midguts of
4th instar larvae using the Nuclear Extract kit (Active Motif, Carlsbad,
CA) as we previously described (Ahn et al., 2010). To minimize exper
imental variation, 5 batches of nuclear extracts from a total of 750
dissected midguts were pooled from hypoxic and normoxic larvae,
respectively. Extracts were quantified by the Bradford assay (Bio-Rad)
(Bradford, 1976) and confirmed by Western blot analysis. Equal con
centrations of hypoxia-treated and normoxic control extracts were
stored in − 80 ◦ C in 10 μL aliquots (1 μg/μL) until use.
To radiolabel DNA probes, single-stranded oligonucleotides
(Table S2) were end-labeled separately with [γ-32P] ATP (PerkinElmer,
Waltham, MA) using T4 DNA polynucleotide kinase (NEB) as previously
described (Ahn et al., 2007). Notably, to ensure the oligoes used in the
EMSA were double-stranded after annealing, 5 bp of GC-rich oligonu
cleotides were added to both ends of the selected cis-element sequence.
Two μg of nuclear extract was incubated with the radiolabeled probe
in binding buffer (4% glycerol, 1 mM MgCl2, 0.5 mM EDTA, 0.5 mM
dithiothreitol, 0.05 μg/μL of poly (dI–dC), 10 mM Tris-HCl, pH 7.5) for
20 min at room temperature. For competition assays, excess of unlabeled
wild-type or mutated competitor was incubated with nuclear extract for
20 min at room temperature prior to the addition of probes. Samples
were resolved on the 4% native polyacrylamide gel, followed by X-ray
film exposure.

2.10. Expressing functional recombinant CmZFH in bacteria
Sequence-confirmed constructs including pET28a-CmZFH, pET28aCmZFHΔN-ZF, pET28a-CmZFHΔHD, pET28a-CmZFHΔC-ZF and the
empty vector pET28a were transformed into E. coli strain BL21/DE3,
respectively. Induction and expression of recombinant proteins were
accomplished as described previously (Cheng et al., 2020). Cells resus
pended in 20 mL of 20 mM Tris-HCl (pH 7.5) were disrupted at 15,000
psi in a high-pressure homogenizer (EmulsiFlex-C3, Avestin, Canada).
After a centrifugation at 15,000 rpm, 4 ◦ C for 25 min, the supernatant
was discarded. The pellet (where the recombinant protein was located)
was resuspended, spun down by a centrifugation as above, and redis
solved in 1 mL of 6 M urea and incubated at 4 ◦ C for 3 h on an
end-over-end rotator (~15 rpm), followed by centrifugation twice at 15,
000 rpm, 4 ◦ C for 15 min to remove the insoluble substance. The su
pernatant was then filtered through a 4.5 μm filter before being trans
ferred to the dialysis tubing with a MW cutoff of 12–14 kDa (Fisher
scientific, Waltham, MA). Dialysis with stirring started in 3 M urea for 3
h, continued in urea solution with gradually decreased concentrations,
followed by an overnight dialysis in 0.5 M urea. The tubing was then
transferred to a 4 L dialysis buffer containing 2 mM MgCl2, 1 mM EDTA,
1 mM DTT and 20 mM Tris-HCl (pH 7.5) for 3 h and the dialysis buffer
was changed twice. All dialyzing steps were performed at 4 ◦ C.
After dialysis, the soluble proteins were collected by a centrifugation
at 15,000 rpm, 4 ◦ C for 15 min, and its concentration was determined by
the Bradford assay. The presence of the recombinant protein was
confirmed by western blotting using monoclonal mouse anti-His (1:1000
dilution, Qiagen) and horseradish peroxidase-conjugated goat antimouse IgG (1:5000 dilution, Sigma-Aldrich) as primary and secondary
antibodies respectively.
Due to low expression levels of recombinant CmZFH and its variants,
their cis-element binding activities were evaluated using resolubilized
proteins with proper controls. Specifically, 5 μg of proteins were incu
bated with the radiolabeled probe AREB6 in EMSA. For the supershift
assays, 1 μL of the mouse anti-His monoclonal antibody was incubated
with proteins for 20 min at room temperature prior to the addition of

2.7. Construction of reporter plasmids
Genomic DNA was isolated from 5 midguts of 4th instar larvae using
the CTAB method (Chen et al., 2010). Promoters ranging from 0.5 to 1.1
kb fragments of selected genes were PCR amplified using the genomic
DNA as the template and primers with restriction sites designed at the
ends (underlined) (Table S3). Restricted PCR products were cloned into
pGL3-Basic, a vector harboring the firefly luciferase (LUC) reporter gene
(Promega, Madison, WI). Resulting constructs were sequenced for
confirmation.
cis-Element deletions were accomplished by PCR with primers
lacking the selected cis-element but containing its flanking regions. Two
separate primary PCR products covered the promoter with an overlap
region. Equal amounts (approximately 10 ng each) of purified PCR
products via QIAquick gel extraction kit (Qiagen) were mixed and
subjected to a secondary PCR to obtain the promoter without the ciselement. The secondary PCR products were subcloned into pGL3-Basic
vector and sequences were confirmed as above.
2.8. Cloning of a putative transcription factor
The coding region of the putative cowpea bruchid zinc-finger
homeodomain (CmZFH) was identified from our transcriptomic data
base. Due to its low copy number, the template cDNA was synthesized
with a gene-specific primer, i.e. 2 μM CmZFH-R (Table S4), followed by
amplification of the full coding region of CmZFH with primers CmZFH-F
and CmZFH-R. KpnI and EcoRI, or EcoRI and HindIII restriction sites
were introduced into the primers for subsequent directional cloning into
4
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probe.
2.11. Statistical analysis
All statistical analyses were performed with software SPSS 20.0 (IBM
Corporation, Somers, NY). The Pearson correlation analysis was per
formed to compare fold changes in RNA-seq and RT-qPCR. Analysis of
variance (ANOVA) followed by Tukey’s test was used to evaluate the
statistical significance in LUC activities in reporter constructs driven by
various deletion promoters. Student’s t-test was applied for comparison
of LUC activities in the presence and absence of CmZFH, for analysis of
relative gene expression under normoxia versus hypoxia. When
comparing LUC activities between cells (expressing LUC reporter
construct) co-transfected with intact CmZFH and with its various dele
tion forms as well as with empty expression plasmid, one-way ANOVA
followed by Dunnett’s post-hoc test was used to analyze statistical
significance.
3. Results
3.1. Transcriptome assembly and hypoxia-responsive genes analysis
To investigate transcriptional response of cowpea bruchids to hyp
oxia, we performed RNA-seq using midguts of hypoxia-treated and
control 4th instar larvae, respectively. After quality trimming, approx
imately 277 million reads generated by Illumina sequencing were
assembled into 120,155 unigenes covering a total length of 111,969,312
bp. Unigenes, ranging from 224 to 32,100 bp, have an average length of
930 bp and an N50 of 1611 bp (Table S5, Fig. S1A). All unigenes were
annotated against the NCBI non-redundant protein (Nr) database and
43,135 (35.6%) unigenes showed homology to the sequences in the Nr
database.
Low O2 stress caused significant expression changes of 602 genes,
including 408 up- and 194 down-regulated genes, with a cutoff of |
log2(fold change)| ≥ 1 and Q (the adjusted P-value) ≤ 0.05 (Table S6).
To understand the function of these genes, we mapped them to the Gene
Ontology (GO) and KEGG database. Overall, 259 hypoxia-responsive
genes were functionally categorized into 53 GO terms (Fig. S1B) and
56 were functionally classified into 5 KEGG categories (Fig. S1C).

Fig. 2. RT-qPCR validation of selected hypoxia-responsive genes. Thirtyseven hypoxia-responsive genes (black dots) whose promoter sequences had
been successfully identified in the genome database were subjected to RT-qPCR
as described in Materials and Methods. Fold changes in RNA-seq and RT-qPCR
were analyzed with the Pearson correlation analysis. The correlation efficient
(R2) is 0.8537 (P < 0.0001). Two white dots represent negative control genes, i.
e. unresponsive to hypoxia selected from RNA-seq.

elements potentially involved in co-regulation of hypoxia-responsive
genes. While AREB6, CHR and CDX2 were present in promoters of upregulated genes (Table S7), CEBP and ABDB existed in promoters of
down-regulated genes (Table S8). Interestingly, SMARCA3 was found in
promoters of both up- and down-regulated genes (Tables S7 and S8).
3.3. Differential binding of cis-elements by nuclear proteins of hypoxic
insects

3.2. Identification of potential common hypoxia-responsive cis-elements

To determine whether these cis-elements were involved in insect
response to hypoxia, we performed EMSAs using equal amount of nu
clear extracts from midgut of normoxic and hypoxic larvae, judged by
the Bradford protein assay and western blotting analysis (Data not
shown). Stronger binding by hypoxic extract than normoxic extract to
cis-elements AREB6, CDX2 and CEBP was observed in many promoters
(Figs. S2A–C marked with *). The reverse was true for two ABDB-con
taining promoters (Fig. S2D). Such patterns suggested that AREB6 and
CDX2 elements may interact with positive regulatory proteins and
induce gene expression in response to hypoxia, whereas CEBP could
interact with a repressor(s) leading to down-regulation of the target
genes. ABDB may interact with an inducer(s) which expressed more
highly in normoxic insects. Interestingly, opposite binding patterns were
seen in CHR (Fig. S2E) as well as in SMARCA3 (Fig. S2F, marked with *),
suggesting diverse interactions with nuclear binding proteins even
though the same core sequence was shared. Elements showing nobinding or non-differential binding (without being labeled with * in
Fig. S2) were not further pursued.
Competition assays, i.e. applying excess of unlabeled specific probes
to interrupt interactions between P-32 labeled ‘hot’ probes and their
corresponding binding proteins, confirmed specific binding of the
following cis-elements (Fig. 3, marked with *): AREB6 from CmScylla,
CmLPCAT and CmDYRK2 (Fig. 3A), CDX2 from CmL-GalDH (Fig. 3B),
CEBP from CmGPCPD1 (Fig. 3C), ABDB from CmHSP60 (Fig. 3D), CHR
from CmE63-1, CmPKA and CmCatB (Fig. 3E), and SMARCA3 from

To begin to understand transcriptional co-regulation in response to
hypoxia, we attempted to obtain promoter cis-regulatory elements
common to up- or down-regulated genes. Among those that possessed
GO terms or involved in KEGG pathways, 37 had the translation start
codon and matched perfectly with genome DNA sequences. Of which, 20
were up-regulated and 17 were down-regulated. When validated by RTqPCR, expression of these genes was highly consistent with results from
transcriptome analysis (R2 = 0.8537, P < 0.0001, Fig. 2). Also, we
successfully obtained the 1 kb regions immediately upstream of the
transcription start sites as putative promoters for these genes (Document
S1).
Common TFs predicted 19 common cis-elements shared by induced
genes and 18 common cis-elements shared by the repressed group from
promoters of these hypoxia-responsive genes respectively, as well as
their cognate putative binding proteins (Tables S7 and S8). It should be
noted that each so-called putative common cis-element indeed contained
multiple specific cis-elements from promoters of responsive genes.
Common to these specific cis-elements was the conserved core sequence,
but sequences adjacent to the core varied substantially although the
requirement for the matrix similarity was met. When individually
analyzing every cis-element sequence with MatInspector, we increased
the cutoff stringency to narrow down associated cis-elements to a
manageable number for EMSA tests (Fig. 1). As a result, AREB6, CHR,
CDX2, CEBP, ABDB and SMARCA3 were selected as putative cis5
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Fig. 3. Differential interaction of midgut nuclear extracts of normoxic and hypoxic larvae with selected cis-elements. Nuclear extract was incubated with
each of the γ-32p labeled cis-element probes: (A) AREB6, (B) CDX2, (C) CEBP, (D) ABDB, (E) CHR and (F) SMARCA3. DNA binding specificity was tested by adding
excess of the unlabeled wild-type probe (WT) or unlabeled mutated probe (mut). NE: midgut nuclear extract from normoxic 4th instar larvae (N) or 24 h hypoxiatreated 4th instar larvae (H). CmLPCAT: lysophosphatidylcholine acyltransferase; CmDYRK2: dual-specificity tyrosine phosphorylation-regulated kinase 2; CmLGalDH: L-galactose dehydrogenase; CmGPCPD1: glycerophosphocholine phosphodiesterase 1; CmORC5: origin recognition complex subunit 5; CmShv: shriveled;
CmHSP60: heat shock protein 60; CmMIOX: myo-inositol oxygenase; CmE63-1: calcium-binding protein E63-1; CmPKA: cAMP-dependent protein kinase; CmCatB:
cathepsin-B like proteases; CmENOPH1: enolase-phosphatase E1; CmRBP1: RNA-binding protein 1; CmHSP70: heat shock protein 70; CmHIF1AN: hypoxia-inducible
factor 1 α-subunit inhibitor. Hypoxia-induced and -repressed genes are marked as ↑ and ↓, respectively next to the gene names. GC-rich sequences (underlined) were
added to both ends of every probe to ensure double helix formation after annealing. Specific DNA–protein complexes are indicated by asterisks (*). Core binding
sequences are marked red, and altered nucleotides are expressed as lowercase letters. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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CmENOPH1 (Fig. 3F). Binding to CEBP from CmORC5 and CmShv
(Fig. 3C), ABDB from CmMIOX (Fig. 3D), and SMARCA3 from CmRBP1,
CmORC5, CmHSP70 and CmHIF1AN (Fig. 3F) turned out to be nonspecific.

3.4. Regulatory activities of cis-elements in corresponding promoters
To illustrate the significance of these cis-elements in hypoxiaresponsive gene regulation, we first cloned individual putative

Fig. 4. Promoter deletion analysis. Left panel: schematic diagrams of promoters with or without cis-element(s) that displayed differential binding in EMSAs (Fig. 3,
marked with *). Negative numbers are relative to the putative transcription initiation site (+1). Right panel: relative reporter LUC activities driven by corresponding
promoter variants. Promoter and GFP fragments were ligated into pGL3-Basic vector that harbored LUC reporter gene, and transfected to S2 cells, respectively. Renilla
luciferase plasmid pRL-SV40 served as an internal control. Relative LUC activity (mean ± S.E.) was expressed as fold induction relative to that of the GFP control.
Different letters indicate significant difference among different reporter constructs (one-way ANOVA followed by Tukey’s test, n = 3, P < 0.05). CmScylla (A1);
CmLPCAT: lysophosphatidylcholine acyltransferase (A2); CmL-GalDH: L-galactose dehydrogenase (B); CmGPCPD1: glycerophosphocholine phosphodiesterase 1 (C);
CmHSP60: heat shock protein 60 (D); CmE63-1: calcium-binding protein E63-1 (E1); CmPKA: cAMP-dependent protein kinase (E2); CmENOPH1: enolase-phosphatase
E1 (F).
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promoter regions into the pGL3-Basic luciferase (LUC) reporter vector.
Upon transient transfection into Drosophila S2 cells, cells with pGL3promoter/LUC constructs emitted significantly higher luminescence
than the non-promoter control pGL3-GFP/LUC (P < 0.05, Fig. 4), illus
trating their promoter function. Removal of AREB6 or CDX2 elements
from the corresponding promoters, however, caused drastic reduction of
the LUC activity (P < 0.05, Fig. 4A1-2, 4B), suggesting that they were
essential components for gene activation, consistent with results from
EMSAs (Fig. 3). Conversely, deletion of CEBP from the CmGPCPD1
promoter resulted in increased LUC activity (P < 0.05, Fig. 4C), indi
cating its interaction with a repressor. Interestingly, removing CHR from
different promoters resulted in either increased (CmE63-1) or decreased
(CmPKA) LUC activity (P < 0.05, Fig. 4E1-2), consistent with the binding
patterns shown in EMSAs. Most likely, the CHR-element could recruit
diverse factors to either repress or activate gene expression. No change
however, was observed when we deleted all possible ABDB and
SMARCA3 elements from the promoter sequences of CmHSP60 and
CmENOPH1, respectively (Fig. 4D and 4F), suggesting the existence of
other cis-regulatory elements.

regions and a homeodomain in between (Li et al., 2021). All zinc-fingers
share the consensus sequence of (F/Y)XCX2-4CX3(F/Y)X5LX2HX3-5H
(Laity et al., 2000), whereas all homeodomains contain a
helix-turn-helix structure with the conserved residues (R/G)X6QX3(L/V)
X3(F/Y)X19(L/N)X4(V/I)X2WFXNXRX(R/K)X(R,K) (Scott et al., 1989).
To determine the molecular property and function of the AREB6binding protein in cowpea bruchids, we searched the transcriptome and
cloned the bruchid ZFH (CmZFH). It encoded a protein of 961 amino acid
residues with nine zinc-finger and one homeodomain motifs (Fig. S3A).
Sequence alignment showed rather high sequence similarity in these
conserved domain regions with homologs from other species (Fig. S3B).
To determine whether CmZFH could bind to the AREB6 element and
co-regulate hypoxia-responsive genes, we co-transfected S2 cells with
the expression construct pAc5.1-CmZFH and the reporter plasmid
harboring CmScylla or CmLPCAT promoter, i.e. pGL3-CmScylla/LUC or
pGL3-CmLPCAT/LUC. Apparently, CmZFH effectively activated
CmScylla and CmLPCAT expression, but this induction was abolished if
the cis-element AREB6 was deleted from their promoters (P < 0.05,
Fig. 5). In the case of CmLPCAT promoter, it seems multiple AREB6 el
ements contributed to its full induction, with the #2 AREB6 (− 545 to
− 533 bp, the same as shown in Fig. 4A2) being the major cis-regulator.
Overall, CmZFH could exert its transcriptional activator function to coregulate the expression of CmScylla and CmLPCAT through its interac
tion with the common promoter element AREB6.
We performed RT-qPCR to examine the transcript abundance of
CmZFH and its two target genes CmScylla and CmLPCAT after 4, 8 and
24 h hypoxia treatment, respectively. CmZFH was significantly induced
at the 4 and 8 h time points but induction faded by 24 h. Induction of
CmScylla was only seen at 24 h whereas CmLPCAT was significantly
induced at all time points (P < 0.05, Fig. 6).

3.5. CmZFH transcription factor interacted with AREB6-element to
activate CmScylla and CmLPCAT expression
The aforementioned results suggested that AREB6 may coordinately
induce expression of hypoxia-responsive genes, CmScylla and CmLPCAT.
The MatInspector software predicted a zinc-finger homeodomain (ZFH)
transcription factor as the putative AREB6-binding protein (Table S7).
ZFH from Drosophila (DmZFH-1) is involved in the development of the
embryonic central nervous system, embryonic mesoderm and adult
musculature (Lai et al., 1991), as well as in regulation of immune
response (Myllymaki and Ramet, 2013). The human homolog ZEB1
controls epithelial-mesenchymal cell type transition, an essential pro
cess throughout embryonic morphogenesis (Hutchins and Bronner,
2021). In addition, it acts as an important molecule to regulate DNA
damage and cancer cell differentiation (Drapela et al., 2020). Members
in the ZFH family contain zinc-finger clusters in both N- and C-terminal

3.6. CmZFH transcription factor bound to cis-element AREB6 via the Nterminal zinc-finger cluster
The DNA-binding property via the zinc-finger clusters and/or the
homeodomain has been demonstrated in many ZFH family members
Fig. 5. CmZFH activated transcription of
CmScylla and CmLPCAT through interac
tion with AREB6 in their promoters. S2
cells were co-transfected with a reporter
plasmid (LUC driven by one of the promoter
variants shown) and CmZFH-expressing
pAc5.1-CmZFH (black bars) or CmZFH-null
empty vector control (grey bars). Renilla
luciferase plasmid pRL-SV40 served as the
internal control. Relative LUC activity
(mean ± S.E.) was expressed as fold induc
tion relative to that of the GFP control
without CmZFH. Asterisks indicate signifi
cant difference in relative LUC activity in the
presence versus absence of CmZFH (t-test, n
= 3, *: P < 0.05, **: P < 0.01). CmLPCAT:
lysophosphatidylcholine acyltransferase.
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Fig. 6. Hypoxia induced expression of CmZFH and its targets CmScylla and CmLPCAT. The 4th instar larvae were subjected to hypoxia treatment for 4, 8 and
24 h, respectively. Gene expression levels determined by RT-qPCR were relative to those of the normoxic counterparts. 18S rRNA was used as the internal control.
Significant difference in relative gene expression at each time point was determined by the student’s t-test. n = 3, *: P < 0.05, **: P < 0.01, ***: P < 0.001.

(Ikeda and Kawakami, 1995; Postigo and Dean, 1999; Sekido et al.,
1997). To locate the interacting domain(s) in CmZFH, we bacterially
expressed the CmZFH protein and its variants with putative
DNA-binding domains individually deleted (Fig. 7A). Since zinc-fingers
1 and 6 were not conserved in all homologs (Fig. S3), they remained
intact in zinc-finger cluster deletion experiments. Because the recom
binant proteins were found in inclusion bodies, we performed
urea-denaturation and gradual renaturation and successfully gained
their solubility.
We chose the CmScylla promoter element to study molecular inter
action between CmZFH and the AREB6-element. EMSAs demonstrated
the DNA-binding activity of the intact protein, an activity that was ab
sent in the negative controls, i.e. the empty vector and the uninduced
construct (Fig. 7B). Anti-His antibody disrupted the CmZFH-AREB6
complex, which was yet another evidence confirming their specific
interaction. Binding to AREB6 was abolished when the zinc-finger
cluster at the N-terminus was deleted (ΔN-ZF), but unaffected when
the homedomain (ΔHD) or the zinc-finger cluster at the C-terminus (ΔCZF) was removed (Figs. 7B and S4).
In co-transfection assays, only CmZFH that lacked N-ZF failed to

further enhance the basal promoter activity (P < 0.05, Fig. 8), consistent
with binding results obtained from the recombinant proteins. Therefore,
the N-terminal zinc-finger cluster most likely was responsible for
AREB6-binding, through which CmZFH interacted with CmScylla
promoter.
4. Discussion
The importance of transcriptional abundance in shaping insect
adaptive response to hypoxia has been well known, but the regulatory
mechanisms, particularly in underrepresented non-model storage pests,
remain to be investigated. Inspired by the discovery that a single tran
scription factor (i.e. hairy) in hypoxic Drosophila is able to coordinate the
expression of a group of metabolic genes in the TCA cycle (Zhou et al.,
2008), we attempted to gain more insight into the regulatory network
underlying hypoxia tolerance through the current research. Ultimately,
these upstream regulators could become the targets in our effort of
optimizing the strategy to control storage pests.
Exposure of cowpea bruchids to low O2 led to coordinated regulation
of diverse gene sets. We retrieved promoter sequences of 37 hypoxiaFig. 7. CmZFH specifically interacted
with cis-element AREB6 via the N-termi
nal zinc-finger cluster (N-ZF). (A, left
panel) Diagrams of CmZFH and its deletion
variants. Numbers above diagrams indicate
the amino acid positions at deletion sites.
The insoluble bacterially expressed recom
binant proteins after IPTG induction were
denatured in urea and gradually renatured
by dialysis. Soluble proteins were used for
western blotting (A, right panel) with antiHis antibody. (B) Recombinant CmZFH
lacking the N-terminal zinc-finger cluster
(CmZFHΔN-ZF) failed to bind AREB6 from
the promoter of CmScylla. Arrows mark the
γ-32P labeled free AREB6 probe. Both IPTGinduced empty vector and uninduced
expression
constructs
(pET28a-CmZFH,
pET28a-CmZFHΔN-ZF, pET28a-CmZFHΔHD,
pET28a-CmZFHΔC-ZF) served as negative
controls to exclude the possibility of inter
action being non-specific. N-ZF: N-terminal
zinc-finger cluster, i.e. the conserved #2–5
zinc fingers; HD: homeodomain; C-ZF: Cterminal zinc-finger cluster, i.e. the
conserved #7–9 zinc fingers.
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metabolic pathway or related functional complexes as Zhou et al. (2008)
would decrease false positive cis-element predictions. Increasing the
selection stringency for genes sharing similar spatial and/or temporal
expression patterns across the experimental condition as in studies by
(Yu et al., 2015) should also improve the efficiency of collecting truly
co-regulated target genes.
Not all co-expressed genes are necessarily co-regulated. Growing
evidence suggests that the influence of a promoter cis-regulatory
element on gene expression is controlled by combinatorial factors: For a
given cis-element, its orientation and its distance to the translation start
site ATG, as well as the order and spacing relative to other elements all
play key roles in transcriptional regulation of target genes (Beer and
Tavazoie, 2004; Cohen et al., 2006; Fessele et al., 2002). Presumably,
analysis of the relative organization of some elements within a pro
moter, rather than mere detection of the presence of a common element
alone, is more efficient and reliable bioinformatics-based approach for
studying co-regulation of hypoxia-responsive genes. Knowledge about
the promoter framework should help reduce effort on non-functional
cis-elements.
Nevertheless, our approach did successfully recognize the tran
scriptional activation activity of CmZFH and established its novel coregulator function in response to low O2. This transcription factor is
featured by two zinc-finger clusters separated by a homeodomain
(Fig. S3). These domains have been shown previously to possess DNAbinding activity. Gel-shift and transient transfection assays suggested
that CmZFH regulated transcriptional expression through interacting
with AREB6 via its N-terminal zinc-finger cluster (Figs. 7 and 8). This is
intriguing because homologs of CmZFH are reported to bind to cis-ele
ments with a CACCT core, known as the E-box, via both zinc-finger
clusters (Ikeda and Kawakami, 1995; Postigo et al., 1999; Sekido
et al., 1997). Interestingly, Ikeda and Kawakami (1995) discovered that
probes containing an E-box in conjunction with the consensus sequence
GTTTC/G, i.e. the so called the AREB6 element, strengthen binding to
the E-box by the N-terminal zinc-finger cluster. Here, using genomics,
bioinformatics and molecular tools, we demonstrated that the N-termi
nal zinc-finger cluster of CmZFH indeed directly bound to AREB6, and
such interaction enhanced expression of hypoxia-responsive genes. For
the first time, our finding renders AREB6 the binding site of CmZFH,
beyond its reported role as an interacting facilitator. Notably, an E-box
was present 53 bp downstream the AREB6 site in the CmScylla promoter,
but absent in the CmLPCAT promoter region. Further experiments are
needed to determine if AREB6 is a common target for the ZFH family.
Conversely, information on whether CmZFH could bind to the E-box,
and the potential mutual influence between the two cis-elements should
also be obtained. Moreover, it would be interesting to know domain
interactions within CmZFH and whether CmZFH can recruit different
co-factors through different regions to activate or repress down-stream
gene expression as its vertebrate homologs (Bruneel et al., 2020; Fuka
gawa et al., 2015; Furusawa et al., 1999; Lehmann et al., 2016; Nishi
mura et al., 2006; Postigo and Dean, 1999; Postigo et al., 2003).
CmZFH activated the expression of CmLPCAT and CmScylla under
hypoxia (Fig. 5). Scylla, existing throughout the animal kingdom, is an
important protein under hypoxic conditions (Brugarolas et al., 2004;
Reiling and Hafen, 2004; Shoshani et al., 2002). In human, mouse and
Drosophila, Scylla and homologs/paralogs are induced by various
cellular stresses including DNA damage and hypoxia. Scylla-over
expressing Drosophila display growth inhibition, whereas loss of Scylla
function causes overgrowth in flies under normoxia but renders them
more susceptible to low O2 (Reiling and Hafen, 2004). The up-regulation
of CmScylla upon hypoxia treatment (Fig. 6) suggest a similar growth
repressor role played by the homologous protein in cowpea bruchid,
which may account partly for the retarded development of hypoxic
bruchid larvae. Yet, such a growth inhibitory function presumably is
crucial for their endurance of prolonged hypoxia. Interestingly, CmScylla
in mammals and Drosophila is directly targeted by HIF1, a well-known
heterodimeric transcription factor (Brugarolas et al., 2004; Reiling and

Fig. 8. Deletion of the N-terminal zinc-finger cluster abolished tran
scriptional activation activity of CmZFH. S2 cells were co-transfected with
LUC reporter plasmid (pGL3-CmScylla) and expression plasmid (CmZFH or its
deletion variants CmZFHΔN-ZF, CmZFHΔHD, CmZFHΔC-ZF) or equivalent
empty expression vector. Renilla luciferase plasmid pRL-SV40 served as an in
ternal control. Relative LUC activity (mean ± S.E.) was expressed as fold in
duction relative to that of the GFP control without CmZFH. Asterisks indicate
significant difference compared to the intact CmZFH control (one-way ANOVA
with Dunnett’s post-hoc test, n = 4, *: P < 0.05, ns: no significance).

responsive genes and identified putative common cis-elements for
induced and repressed groups respectively, according to the scoring
algorithm defined in Fig. 1. In the follow-up confirmation experiments,
our hypothesis was that genes co-regulated under certain biological
context, i.e. endurance of low O2 availability, share common promoter
elements and transcriptional regulators. We discovered a novel tran
scription factor co-regulating at least two hypoxia-induced genes based
on the conservation of the cognate cis-element, and experimentally
verified its transcriptional activation activity. Therefore, common ciselement analysis can lead to better understanding of the orchestration of
gene networks.
Despite the success, many factors may contribute to the low pre
diction rate of ‘true’ cis-elements. Simply possessing a cis-element-like
sequence apparently could not warrant its regulatory function. Many
promoter elements initially identified were gradually excluded from
further investigation during experimental confirmation steps. For
example, some were unable to demonstrate differential or specific
binding in EMSA, and others failed to illustrate cis-regulatory activity in
promoter analysis. Furthermore, it is commonly known that an indi
vidual element often contains overlapping binding specificities for
different classes of transcription factors. To minimize confusion, we only
focused on those elements that had single hits, which likely eliminated
many possible candidates. To address transcriptional co-regulation, we
did not pursue those cis-elements whose regulatory functions had been
confirmed in only one gene (e.g. CEBP). We also did not pursue the CHR
element: when deleted from promoters of CmE63-1 and CmPKA (both
hypoxia-induced), opposite binding patterns in EMSA and LUC activities
(Figs. 3E and 4E) reflected a complicated regulation. It is possible that its
putative binding protein LIN54, a component of the MuvB complex
(Marceau et al., 2016), recruited different co-factors to manipulate gene
expression as previously described (Engeland, 2018; Sadasivam et al.,
2012). Additionally, diverse DNA sequences beyond the highly
conserved cis-element core forced us to individually confirm each pro
moter cis-element for differential nuclear protein binding. This inevi
tably posed a limit to the number of potentially co-regulated genes that
could be practically tested. Perhaps focusing on genes in a single
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Hafen, 2004; Shoshani et al., 2002). Although we also demonstrated
previously that CmHIF1 regulated expression of the hypoxia-induced
genes CmHSP21 and CmHSP27 (Ahn et al., 2013), HIF1-binding site
was not found in the 2 kb region upstream of the transcription initiation
site of CmScylla. Therefore, this gene in cowpea bruchids most likely was
not regulated by CmHIF1, but by CmZFH. Actually, it is not uncommon
that a given gene in different species is controlled by different tran
scription factors. For instance, the hypoxia-induced gene phosphofruc
tokinase (PFK) is regulated by HIF1 in the white shrimp Litopenaeus
vannamei (Cota-Ruiz et al., 2016). However, it is regulated instead by an
estrogen-related receptor (dERR) in Drosophila larvae (Li et al., 2013).
The lysophosphatidylcholine acyltransferase gene (CmLPCAT), also
induced under hypoxia, possibly shares the same regulator as CmScylla
(Fig. 6). It is shown in human colorectal cancer cells that production of
lipid droplet is driven by LPCAT2. The LPCAT2-induced lipid droplet
biogenesis promotes ER homeostasis and prevents cell death (Cotte
et al., 2018). Interestingly, hypoxic Drosophila larvae increase their fat
body lipid droplet production and this altered lipid metabolism is
needed for hypoxia tolerance (Lee et al., 2019). Although CmLPCAT was
cloned from the midgut tissue, it could contribute to organismal adap
tation to hypoxia, leading to prolonged life span. Further experiments
are necessary to determine the role of CmLPCAT in enhancing insect
survival under hypoxia.
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5. Conclusion
Revealing regulatory networks is key to understanding molecular
mechanism of hypoxia tolerance in insect pests. Our research has
demonstrated the feasibility of using common promoter cis-element
analysis to identify novel insect transcription factors and shed more light
into the co-regulation network associated with hypoxia. To our knowl
edge, this is the first time that CmZFH has been recognized for its role as
one of the upstream regulators in insect adaptation to hypoxic envi
ronments. Information on molecular regulation of hypoxia-responsive
genes will increase our understanding of how cowpea bruchids survive
hypoxic stress and can potentially facilitate future storage pest control.
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