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Abstract
Fluctuations in nitrogen (N) availability influence protein and starch levels in maize (Zea mays) seeds, yet the underlying
mechanism is not well understood. Here, we report that N limitation impacted the expression of many key genes in N and
carbon (C) metabolism in the developing endosperm of maize. Notably, the promoter regions of those genes were enriched
for P-box sequences, the binding motif of the transcription factor prolamin-box binding factor 1 (PBF1). Loss of PBF1 al-
tered accumulation of starch and proteins in endosperm. Under different N conditions, PBF1 protein levels remained stable
but PBF1 bound different sets of target genes, especially genes related to the biosynthesis and accumulation of N and C
storage products. Upon N-starvation, the absence of PBF1 from the promoters of some zein genes coincided with their
reduced expression, suggesting that PBF1 promotes zein accumulation in the endosperm. In addition, PBF1 repressed the
expression of sugary1 (Su1) and starch branching enzyme 2b (Sbe2b) under normal N supply, suggesting that, under
N-deficiency, PBF1 redirects the flow of C skeletons for zein toward the formation of C compounds. Overall, our study
demonstrates that PBF1 modulates C and N metabolism during endosperm development in an N-dependent manner.

Introduction
Maize (Zea mays) endosperm is a storage tissue in seeds that
represents the bulk of the edible portion of maize seeds, with
proteins and starch accounting for around 10% and 70%, re-
spectively, of the total endosperm dry weight (Zhang et al.,
2016). Starch is synthesized from the monosaccharides fructose
and glucose, which are joined to produce the disaccharide su-
crose, which is then transported into seeds (Maitz et al., 2001;
Zheng, 2009; Zhang et al., 2019a). The series of enzymes

involved in synthesizing starch and assembling it into semicrys-
talline starch granules is well characterized and includes sucrose
synthase, ADP-glucose pyrophosphorylase, soluble starch syn-
thase, granule-bound starch synthase, starch branching enzyme
(SBE), and starch debranching enzyme (Hennen-Bierwagen
et al., 2008; Huang et al., 2021).

Although starch is the dominant component of maize en-
dosperm, proteins contribute considerably to the nutritional
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value of maize kernels. In particular, prolamins (also called
zeins in maize), which are deficient in essential amino acids
such as lysine and tryptophan, can make up more than 60%
of the total storage proteins in maize endosperm (Wu and
Messing, 2012). According to their solubility and ability to
form disulfide bonds, zeins can be classified as a- (19 kD
and 22 kD), b- (15 kD), c- (50 kD, 27 kD, and 16 kD), and
d- (18 kD and 10 kD) types (Holding and Larkins, 2009).
Thus, starch and protein biosynthesis in maize endosperm is
a complex process involving many enzymes (Li and Song,
2020; Huang et al., 2021).

During maize reproductive growth, amino acids are trans-
ported into developing seeds and used to synthesize pro-
teins. In particular, glutamate and glutamine are crucial for
protein biosynthesis in maize as they donate NHþ4 to all
other amino acids. Glutamate is synthesized from 2-oxoglu-
tarate (2OG) or a-ketoglutarate (Zheng, 2009), which are
produced from sucrose and glucose via glycolysis and the
tricarboxylic acid cycle (Zheng, 2009). Thus, the C skeletons,
ATP, and reductants that are required for N metabolism
can be provided by C metabolic pathways such as the tricar-
boxylic acid cycle and glycolysis (Sweetlove et al., 2010).
Meanwhile, N-containing compounds, such as enzymes,
amino acids, and nucleotides, are necessary for C metabo-
lism (Crawford and Forde, 2002). When N levels are altered,
the deposition of proteins and starch in maize kernels is
greatly affected (Tsai et al., 1978; Singletary and Below, 1989;
Singletary et al., 1990). When the N supply is reduced, zein
accumulation is significantly reduced in maize kernels in a
genotype-dependent manner (Tsai et al., 1978). By contrast,

the relative starch content in endosperm increases with de-
creasing N supply (Singletary and Below, 1989). In addition,
there is a negative relationship between starch and protein
contents in endosperm from maize plants of different geno-
types and grown under various N conditions (Uribelarrea
et al., 2004; Triboi et al., 2006; Seebauer et al., 2010). Thus, N
and C metabolism are tightly coordinated to allow proper
deposition of these nutritional storage compounds in maize
endosperm.

Several transcription factors (TFs) regulate the expression
of genes involved in starch and protein metabolism in maize
endosperm (Chen et al., 2015; Li et al., 2015; Li et al., 2018;
Zhan et al., 2018; Zhang et al., 2019b). Opaque 2 (O2), a
well-known endosperm-specific TF, regulates the expression
of zein genes as well as those involved in the biosynthesis
and metabolism of carbohydrates and lipids (Li et al., 2015;
Zhang et al., 2016; Zhan et al., 2018; Deng et al., 2020).
Prolamin-box-binding factor 1 (PBF1) is TF that belongs to
an endosperm-specific protein family known as the DNA-
binding one zinc finger (Dof) family. PBF1 binds to the con-
served DNA sequence AAAG, a motif referred to as the P-
box in cereals (Vicente-Carbajosa et al., 1997; Wang et al.,
1998). It is essential for the synchronized expression of zein
genes at 10 d after pollination (DAP; Marzábal et al., 2008;
Wu and Messing, 2012). In addition, PBF1 can activate the
promoters of the genes encoding pyruvate orthophosphate
dikinase (PPDK) and starch synthase III (SSIII), which are im-
portant enzymes involved in starch biosynthesis. Notably,
PBF1 can interact with synergistically with the TF Opaque2
(O2) to transactivate the expression of PPDK and SSIII

IN A NUTSHELL
Background: Starch and protein are the main components of maize (Zea mays) endosperm. Nitrogen (N) fluctu-
ation affects starch and protein levels in the endosperm. Earlier work in maize indicated that several transcription
factors (TFs), such as Opaque 2, prolamin-box-binding factor 1 (PBF1), Opaque11, and ZmbZIP22 regulate the ex-
pression of genes related to starch and protein metabolism in maize endosperm. However, whether there are any
TFs responsible for altering protein and starch contents in maize endosperm under limited N conditions, and the
corresponding regulatory mechanisms, remain largely unknown.

Question: Are there any TFs responsible for altering starch and protein levels in maize endosperm under N defi-
ciency conditions. If so, how does this regulation work?

Findings: We observed that N deficiency affected the expression of many key genes in N and carbon (C) metab-
olism in the developing endosperm of maize and that P-box motifs were enriched in the promoter regions of
these key genes associated with N and C biosynthesis and metabolism. The loss of PBF1 led to altered accumula-
tion of starch and protein in maize endosperm. Notably, even though PBF1 protein levels remained stable under
different N conditions, PBF1 bound different sets of target genes, especially genes related to the biosynthesis and
accumulation of N and C storage products. We also demonstrated that PBF1 repressed the expression of Su1
and Sbe2b under normal N supply. We concluded that PBF1 is involved in modulating N and C metabolism dur-
ing maize endosperm development in an N-dependent manner.

Next steps: To better understand the mechanisms of PBF1 in regulating the balance of protein and carbohydrate
storage in an N-dependent manner, we will explore the posttranscriptional and/or translation regulation of PBF1
and identify other transcript factors that potentially interact with PBF1 to coordinate the balance of storage pro-
tein and starch components under different N conditions.
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(Zhang et al., 2016), indicating that PBF1 is likely involved in
the regulation of both C and N metabolism.

Fluctuations in N supply affect the expression of genes in-
volved in a wide range of functions such as signal transduc-
tion, N metabolism, and molecular transport (Gutiérrez, 2012;
Jiang et al., 2018). These changes alter the composition of
starch and proteins in endosperm and affect nutritional value.
To understand how N levels affect the deposition of starch
and proteins in endosperm, we performed a transcriptome
deep-sequencing (RNA-seq) analysis using the endosperm
from plants grown in the presence of sufficient N (SN) or de-
ficient N (DN). We found that the P-box sequence is enriched
in the promoters of differentially expressed genes (DEGs) in
SN vs. DN conditions, suggesting that PBF1 modulates the ex-
pression of DEGs that regulate the levels of C and N com-
pounds in endosperm. We also observed that PBF1 altered
the accumulation of starch and proteins in endosperm under
DN conditions. A combination of chromatin immunoprecipi-
tation followed by sequencing (ChIP-seq) and RNA-seq analy-
ses showed that the binding pattern of PBF1, rather than its
abundance, was altered based on N availability. These results
suggest that PBF1 contributes to C and N assimilation in
developing endosperm from plants grown under different
N conditions through an N-dependent mechanism.

Results

N deficiency causes elevated carbohydrate levels
and depletion of storage proteins in maize
endosperm
To evaluate the effects of N supply on the maize kernels, we
harvested the seeds of maize plants (B73) grown under DN
or SN conditions. Samples were collected from developing en-
dosperm at 15 days after pollination (DAP) and mature endo-
sperm at 40 DAP. The 100-kernel weight (g/100 seeds) of
mature dry seeds grown under DN conditions was reduced
by 24.1% compared with seeds grown under SN conditions
(Figure 1A). Upon N limitation, we observed reductions in
the total protein content (38.4% reduction in developing en-
dosperm and 17.8% in mature endosperm) and zein content
(39.4% reduction in developing endosperm and 29.2% mature
endosperm limitation (Figure 1, B and C). In contrast to the
protein content, starch content was increased both in devel-
oping endosperm (26.9% increase) and in mature endosperm
(18.7% increase) from plants grown under DN conditions
compared with those grown under SN conditions
(Figure 1D). Concentrations of soluble sugars and total free
amino acids were also altered by N limitation (Figure 1, E and
F). These results suggested that N limitation has distinct
impacts on the accumulation of proteins and carbohydrates
in maize endosperm, leading to altered ratios of these
compounds in seeds.

The expression of genes involved in C and N
metabolisms is influenced by N limitation
We examined the expression levels of key genes involved in
starch biosynthesis at different stages of endosperm

development. As shown in Supplemental Figure S1, most of
the genes related to C and N biosynthesis and metabolism,
such as PPDKs, AGPS1a (which encodes the small subunit of
AGP1), Su1, and Pho1, were expressed at higher levels at 15
DAP than at 24 DAP. Moreover, a previous study indicated
that the majority of the zein-related genes reached their maxi-
mum expression levels at 14 DAP and stayed stable till 30
DAP (Chen et al., 2014). As a result, we considered that 15
DAP was a critical stage for endosperm to initialize the accu-
mulation of carbohydrates as well as storage proteins. For this
reason, most of our subsequent analyses were focused on this
stage.

To identify genes whose transcript abundance changed in
response to N deficiency, we performed an RNA-seq analysis
using total RNA extracted from the developing endosperm.
We obtained approximately 47 million paired-end reads
from each sample. Uniquely aligned reads accounted for
about 79.1% of the sequenced raw reads. These reads were
used to estimate the normalized transcription levels as the
expected number of transcripts per million base pairs se-
quenced (TPM). Under DN conditions vs. SN conditions in
developing endosperm, we found 4,899 differentially
expressed genes (DEGs), including 1,145 downregulated and
3,754 upregulated genes (Supplemental Data Set S1). We
then performed gene ontology (GO) and Kyoto encyclope-
dia of genes and genomes (KEGG) enrichment analyses on
the above DEGs using the databases g:Profile (Uku et al.,
2019) and agriGO (Tian et al., 2017), complemented by the
MapMan database (Usadel et al., 2005; Supplemental Figure
S2 and Supplemental Data Set S2). Based on the annotation,
it appears that cellular N and carbohydrate biosynthesis/me-
tabolism is significantly influenced by N supply (Figure 1G).
The modules for C metabolism and biosynthesis of amino
acids were also significantly enriched (Figure 1G). The most
significantly enriched GO term related to molecular function
was nutrient reservoir activity, including 16 19-kD a-zein
genes, 11 22-kD a-zein genes, the 18-kD d-zein gene, and the
50-kD c-zein gene. In addition, biosynthesis of amino acids;
glycine, serine, and threonine metabolism; and protein proc-
essing in endoplasmic reticulum were significantly enriched
(Figure 1G). Likewise, genes related to the C metabolism
were enriched among the DEGs, including those related to
starch and sucrose metabolism; glycolysis/gluconeogenesis;
carbon metabolism; and pyruvate metabolism (Figure 1G),
with 58 genes associated with these GO terms (Figure 1G
and Supplemental Data Set S2). We conclude that N defi-
ciency predominantly altered the expression of genes related
to C and N metabolism in the developing endosperm.

P-boxes are enriched in the promoter regions of the
DEGs associated with C and N biosynthesis/
metabolism
To screen for common cis-elements in the promoter regions
of DEGs associated with C and N biosynthesis/metabolism
(from the significantly enriched GO terms and clusters of
MapMan), we retrieved the sequences between 0.5 kb
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Figure 1 Storage carbohydrates and proteins in the endosperm of maize plants (B73) grown under DN and SN conditions. A, Seed weight (g/100
kernels) from plants grown under DN or SN conditions. B and C, Protein contents in B73 developing and mature endosperm grown under DN or
SN conditions. D, Starch contents in B73 developing and mature endosperm grown under DN or SN conditions. E, Contents of soluble sugars in
B73 developing and mature endosperm grown under DN or SN conditions. F, Concentrations of total free amino acids in B73 endosperm col-
lected grown under DN or SN conditions. G, Enrichment analysis of DEGs (DN vs. SN) in 15 DAP endosperm grown under DN or SN conditions.
Data are shown as means ± SD of three biological replicates from three different ears. Significant differences were determined using Student’s t
test. *P 5 0.05, **P 5 0.01; ns represents insignificant (Supplemental Data Set S13).
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upstream of transcription start sites (TSSs) of these DEGs and
performed motif enrichment analyses (Supplemental Data
Sets S3 and S4). Using MEME software (Bailey et al., 2009),
nine cis-regulatory motifs were enriched (Supplemental Figure
S3 and Supplemental Table S3). To identify TFs that target
these motifs, we compared the motifs to a database of
known TF-binding motifs using the Tomtom (https://meme-
suite.org/meme/tools/tomtom), Stamp (http://www.benoslab.
pitt.edu/stamp/), and PlantCistromeDB (http://neomorph.salk.
edu/PlantCistromeDB) online tools. The top four significantly
enriched motifs are shown in Supplemental Figure S3.

The most significantly enriched motif (Motif 1) matched a
sequence recognized by AtOBP3 and AtZNFf348, two TFs in
Arabidopsis (Arabidopsis thaliana). In maize, ZmDOF27 and
ZmDOF33 are the maize homologs of AtOBP3. However,
according to our RNA-seq analysis, neither of the genes
encoding these two proteins was expressed in the develop-
ing endosperm. In addition, the maize genome does not en-
code a homolog of AtZNFf348. The ETHYLENE-RESPONSE
FACTOR (ERF) family member At4g18450, encoding a pro-
tein with an APETALA 2 (AP2) domain, recognizes the sec-
ond most enriched motif in Arabidopsis. The gene encoding
Ethylene-responsive element binding protein 165 (EREB165,
Zm00001d026191), which is homologous to At4g18450, is
highly expressed in root tissues (Walley et al., 2016), but was
only moderately expressed in the developing endosperm in
our RNA-seq analysis (SN-TPM = 12.0, DN-TPM = 12.1). The
third most enriched motif contained the core sequence
AAAG, which is quite similar to the P-box sequence recog-
nized by Dof family TFs in Arabidopsis. In maize, Pbf1 and
ZmDOF36 are specifically expressed in endosperm (Qi et al.,
2017; Wu et al., 2019). Moreover, PBF1 is directly involved in
C and N synthesis and metabolism in endosperm (Li et al.,
2015; Zhang et al., 2016). Therefore, we hypothesized that
Pbf1 plays a regulatory role of in maize endosperm in re-
sponse to different N levels.

Compromised response to N supply upon loss of
PBF1
To explore the regulatory function of PBF1, we generated
knockout mutants using the CRISPR-Cas9 system in the ge-
netic background of KN5585, due to its feasibility for trans-
formation. The guide RNA target was designed based on the
sequence of the second exon of Pbf1 (Figure 2A). One mu-
tant, pbf1-1 contains a four-nucleotide ACTT deletion at
254–257 bp of the Pbf1 coding region, and a second mutant
(pbf1-2) contains a single-nucleotide insertion of T after the
253rd bp of the Pbf1 coding region (Figure 2B). Both events
likely caused loss of PBF1 function due to a frameshift and
the introduction of a premature translation termination co-
don. Using a specific anti-PBF1 antibody, we assessed the
abundance of PBF1 in immature kernels from the pbf1-1
and pbf1-2 mutants at 15 DAP. No signal was detected from
pbf1-1 and pbf1-2 kernels (Figure 2E and Supplemental
Figure S4B).

Mature pbf1 mutant kernels were smaller than wild-type
(WT, a KN5585 inbred line) kernels and had an opaque phe-
notype (Figures 2, C and D and Supplemental Figure S4A).
The 100-kernel weight in pbf1 mutants was slightly reduced
(5.8% and 7.8% in pbf1-1 and pbf1-2, respectively) than that
from WT plants under SN conditions (Figure 2H and
Supplemental Figure S5A). We also extracted zein proteins
from mature kernels of the WT and pbf1 mutants and ana-
lyzed them using SDS-PAGE (Figure 2F). The level of all zein
proteins, including 50-kD c-zein, 27-kD c-zein, 22-kD a-zein,
and 19-kD a-zein was reduced in mutant kernels compared
with that in WT (Figure 2F).

We measured the starch and protein contents in ma-
ture endosperm collected from seeds of WT and pbf1
mutant plants grown under SN and DN conditions.
Based on the genotype and the growth conditions, we di-
vided the endosperms into four types: (1) WT endo-
sperm grown under SN conditions (SN-WT); (2) WT
endosperm grown under DN conditions (DN-WT); (3)
pbf1 mutant endosperm grown under SN conditions (SN-
pbf1); 4. pbf1 mutant endosperm grown under DN condi-
tions (DN-pbf1). Compared with that of SN-WT, the 100-
kernel weight of SN-pbf1 was significantly reduced under
SN, but the difference between WT and pbf1 was not sig-
nificant under DN conditions (Supplemental Figure S5A).
Consistent with the results obtained by SDS-PAGE
(Figure 2F), loss of PBF1 function led to reduced level of
zein as well as total storage proteins (as measured using
a BCA Protein Assay Kit); yet the impact was more signif-
icant under SN conditions (Supplemental Figure S5D).
This was accompanied by increased accumulation of free
amino acids in the kernels from pbf1, suggesting that
PBF1 promotes zein biosynthesis. Starch content was ele-
vated in pbf1 mutants under SN conditions, but the dif-
ference was not statistically significant compared with
that from WT plants (Supplemental Figure S5B). It
should be noted that if the difference between WT and
pbf1 under SN conditions was compared, starch content
was 1.8% and 2.3% higher in pbf1-1 and pbf1-2 plants
than that in WT plants (57.1%, 57.6% vs. 55.3%), respec-
tively, whereas protein content was 1.59% and 1.80%
lower in pbf1-1 and pbf1-2 (9.7%, 9.5% vs. 11.3%,
Supplemental Figure S5). As a result, the net change of
starch and proteins was comparable in pbf1 mutants. In
other words, the starch content in pbf1 was increased
considerably under SN; nonetheless, the statistically sig-
nificant of such increase was masked by the overall high
percentage of starch in the kernel.

When the variation (D in Figure 2) of each component of
the endosperm between SN and DN was compared, the dif-
ference for all components between the two N levels be-
came less dramatic in pbf1 compared with that of WT
(Figure 2, G–K). The only exception was for the non-zein
proteins, which demonstrated more pronounced variation
between SN and DN. The reduced degree of variation of
proteins and carbohydrates between SN and DN suggests
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that loss of PBF1 hinders plant responses to the variation of
N levels. Particularly, it appears that the mutants cannot
fully utilize N to produce zein proteins and achieve maxi-
mum yield potential under normal N conditions (Figure 2
and Supplemental Figure S5).

Many of the PBF1-regulated genes are involved in C
and N metabolism and responsive to N limitation
To further explore the potential regulatory function of PBF1
during maize endosperm development, we performed an
RNA-seq analysis of 15 DAP-developing endosperm from

Figure 2 Phenotypes and storage-reserve contents of WT and pbf1 endosperm. A, Schematic representation of the gene model of PBF1. The arrow
indicates the guide RNA target site. B, The CRISPR/Cas9-edited sequences in pbf1 alleles. Pbf1-1 has a four-nucleotide ACTT deletion at 254–257
bp of the Pbf1 coding sequence; pbf1-2 has a single-nucleotide insertion of T after the 253th bp in the Pbf1 coding sequence. The guide RNA
spacer and the protospacer adjacent motif (PAM) site are indicates. C and D, Transverse and sagittal sections of WT (a KN5585 inbred line) and
pbf1 mature kernels. Bar = 1 cm. E, Immunoblot analysis of PBF1 showing the absence of PBF1 in pbf1-1 and pbf1-2. An anti-histone H3 antibody
was used as the internal control. Total proteins were extracted from whole kernels at 15 DAP. F, SDS-PAGE analysis of zein proteins in WT and
pbf1 seeds. The size of each zein protein band is indicated to the right of the image. c50, 50-kD c-zein; c27, 27-kD c-zein; a22, 22-kD a-zein; a19,
19-kD a-zein. G–K, Variation of the contents of proteins, starch, soluble sugars, total free amino acid in endosperm between plants grown under
SN or DN conditions for both WT and pbf1 mutants. The variation is the average value contents in endosperm under SN conditions minus the av-
erage value contents in endosperm under DN conditions. H, The variation of 100-kernel weight of WT (a KN5585 inbred line) and pbf1 seeds be-
tween that grown under SN and DN conditions. The variation was defined the same way as described in (G).
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pbf1 mutants and WT plants grown under SN conditions.
Because the phenotypes of the two mutants were highly
similar, we used pbf1-1 as a representative to study the func-
tion of PBF1 in subsequent experiments. We considered
that the DEGs between WT and pbf1 mutants represented
PBF1-regulated genes. Among the tested genes, 1,397 were
detected as DEGs, including 574 that were downregulated
and 823 that were upregulated in the pbf1 mutants
(Figure 3A, Supplemental Table S2, Supplemental Data Sets
S5 and S6). We compared the PBF1-regulated genes identi-
fied in pbf1 mutants to the DEGs identified in pbf1RNAi
plants relative to WT (Zhang et al., 2016) and found that
356 DEGs from our study were also identified as DEGs in
pbf1RNAi plants (Supplemental Figure S6), including several
the key DEGs revealed by characterization of pbf1RNAi
plants. The PPDK1/2 transcript levels were only slightly al-
tered in pbf1RNAi plants, although they were directly modu-
lated by PBF1 (Zhang et al., 2016).

In our study, The PPDK1/2 transcript levels were consis-
tent with those from pbf1RNAi plants. The transcript level
of 27-kD c-zein was significantly reduced in pbf1RNAi plants
(Zhang et al., 2016), although it did not seem to be signifi-
cantly altered by the complete loss of function of PBF1 at
15 DAP in our study. As mentioned above, most of the zein
genes had achieved maximum expression levels at 14 DAP,
yet 27-kD c-zein is an exception in that its expression level
continued to increase after 14 DAP till 24 DAP (Chen et al.,
2014).

To further understand the impact of PBF1 on expression
of 27-kD c-zein, we conducted RT-qPCR using RNAs from
the endosperm at 18 DAP and 24 DAP. As shown in
Supplemental Figure S7, the expression level of 27-kD c-zein
was significantly lower in pbf1 compared to that in WT
plants at both 18 DAP and 24 DAP, suggesting that PBF1
positively regulates the expression of 27-kD c-zein. Based on
the annotation, genes related to cellular N and carbohydrate
biosynthesis/metabolism were significantly regulated by
PBF1 (Figure 3B).

We integrated the two RNA-seq data sets (pbf1 vs WT
and DN-B73 vs. SN-B73) in this study and established that
the expression levels of 478 PBF1-regulated genes were al-
tered in B73 endosperm grown under DN vs. SN conditions
(Figure 3C and Supplemental Data Set S7). The overlapping
DEGs were significantly enriched in “nutrient reservoir
activity,” including 14 zein genes. The abundance of all of
the zein transcripts was dramatically decreased in DN-B73
endosperm compared with that in SN B73 endosperm
(Figure 3D and Supplemental Data Set S7). In addition,
genes in the “energy reserve metabolic process” were
enriched among overlapping DEGs (Supplemental Data Set
S7), including the starch synthesis genes, such as Sbe1,
Sbe2a, Sbe2b, Pho1, Su1, and Su4 (Supplemental Data Set
S7). We then performed RT-qPCR to analyze the expression
of the PBF1-regulated starch biosynthesis genes using SN-
WT (KN5585) and DN-WT(KN5585) endosperm. Consistent
with the transcriptome analysis, the RT-qPCR analyses

confirmed that the transcript levels of starch biosynthesis
genes were dramatically increased in DN-WT endosperm
compared with SN-WT (Figure 3F). These results suggested
that the transcript levels of PBF1-regulated genes that are in-
volved in C and N biological processes were also altered by
N limitation.

Pbf1 expression does not respond to N starvation
Because the expression of many PBF1-regulated genes was
altered by N deficiency, we tested whether the expression of
Pbf1 was influenced by N levels. However, no dramatic varia-
tion in the abundance of Pbf1 transcripts was observed be-
tween the B73 endosperm grown from plants under SN
conditions (TPM = 13.6) and that grown under DN condi-
tions (DN-TPM = 16.3). Likewise, RT-qPCR detected similar
transcript levels of Pbf1 in B73 grown under SN and DN
conditions (Figure 4A). We extracted total proteins from en-
dosperm of B73 and KN5585 plants grown under SN and
DN conditions at 15 DAP and performed immunoblot
assays. Consistent with the transcript levels, the PBF1 pro-
tein level showed little variation between SN and DN condi-
tions (Figure 4, A and B and Supplemental Figure S8).

To identify whether the spatial expression of Pbf1 was al-
tered by N limitation, we conducted an RNA in situ hybridi-
zation assay using the 15-DAP seeds from plants grown
under SN and DN conditions. Pbf1 mRNA was mainly
detected in the starchy endosperm cell, and the pattern in
the developing endosperm was similar under the different N
conditions (Figure 4C). Taken together, these findings indi-
cate that N starvation has little effect on the transcription,
translation, or spatial expression pattern of Pbf1.

Nitrogen-dependent binding of PBF1 to target genes
Because the stable expression of Pbf1 failed to explain the
enrichment of the PBF1-binding motif among DEGs be-
tween different N conditions, we hypothesized that the
binding of PBF1 to its targets was affected by N availability.
To test this, we performed ChIP-seq analysis using the
anti-PBF1 antibody and chromatin samples extracted from
endosperm of WT and pbf1 plants grown under SN and DN
conditions at 15 DAP. As a negative control, chromatin
from pbf1 mutants grown in SN and DN conditions was
extracted and used for ChIP-seq assays. As shown in
Supplemental Figure S9, the specific PBF1 antibody
recognizes the native form of PBF1, thus meeting the
requirements for a conclusive ChIP assay.

After sequencing the ChIP-seq libraries, we merged the
reads mapped from each biological replicates. Significant
binding peaks from the ChIP-seq analysis were defined by
comparing the parallel WT and pbf1 samples using
MACS2.0 (Zhang et al., 2008). We identified 13,977 peaks in
the SN endosperm and 12,132 peaks in the DN endosperm
(P5 0.001). Genic regions were defined as the regions be-
tween 2 kb upstream of the transcription start site (TSS)
and 2 kb downstream of the transcription termination site
(TTS) of each coding sequence. The fraction of peaks lo-
cated in genic regions in the SN endosperm (48.5%) was
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about 1.7-fold higher than that in the DN endosperm
(28.7%; Figure 5, B and C).

To assess the degree of enrichment for PBF1-binding sites in
different genomic regions, we calculated the ratio of binding

peaks in each region to the entire genome fraction of the cor-
responding region. A value 41 indicates enrichment of bind-
ing sites in that region whereas a value 51 indicates relative
depletion of binding sites. In SN endosperm, the binding sites

Figure 3 Comparison of transcriptomes between WT and pbf1 endosperms. A, Pie chart showing numbers of DEGs in WT vs. pbf1 endosperms.
B, Enrichment analysis of DEGs in WT and pbf1 endosperms. C, Venn diagram showing the overlap between DEGs regulated by PBF1 and DEGs
influenced by N limitation in B73. D, Enrichment analysis of N regulated genes that were also regulated by PBF1. E and F, RT-qPCR analysis of
starch biosynthetic genes in WT and pbf1 endosperm. All expression levels were normalized to that of ZmUPF1 (Zm00001d006438). Data are
shown as means ± SD of three biological replicates from three different ears. Significant differences were determined using Student’s t test. *P 5
0.05; **P 5 0.01, “n” represents insignificant or jLog2fold changej5 0.50 (Supplemental Data Set S13).
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for PBF1 were enriched in all genic regions and were depleted
in intergenic regions (Figure 5, A and D). In particular, the
PBF1-binding sites in SN endosperm were enriched more than
5-fold in upstream sequences and 50-untranslated regions
(UTRs), where most cis-regulatory elements of genes are lo-
cated. By contrast, the PBF1-binding sites in DN endosperm
were only moderately enriched in flanking regions and 50-
UTRs, and were not dramatically depleted in intergenic regions
(Figure 5D), suggesting a more even distribution across the ge-
nome compared with that in SN endosperm.

To test whether PBF1-binding sites were indeed adjacent
to the TSSs, we profiled their distribution density by count-
ing the number of peaks per 100-bp bins within 20 kb up-
stream of TSSs and 20 kb downstream of TSSs. We found
that the SN peaks were skewed towards regions near the
TSSs (500 bp downstream and upstream of the TSSs regions
for DEGs) under SN conditions. In contrast, DN peaks were
not as concentrated around TSSs as SN peaks (Figure 5E
and Supplemental Figure S10), suggesting an overall reduced
affinity of PBF1 for genes in developing endosperm grown
under DN conditions.

We considered the genes with the binding peaks located
in the regions between 2 kb upstream of TSSs as PBF1-
bound target genes. A total of 2,932 and 1,445 PBF1-bound
genes were identified in SN and DN endosperm, respectively
(Figure 5F and Supplemental Data Set S8). Of these, only
554 PBF1 targets were common to developing endosperm
grown under SN and DN conditions (Figure 5F and
Supplemental Figure S11, A and B), suggesting that the
binding of PBF1 to its cognate cis-regulatory motifs is largely
dependent on the N availability. Moreover, nearly 80% of
the PBF1 target genes under SN conditions were no longer
associated with PBF1 upon N starvation.

We then looked for overlap between the PBF1-bound
genes and the PBF1-regulated genes and found that, un-
der SN conditions, 183 PBF1-bound and -modulated
genes (here referred to as SN-PBF1 direct targets) were af-
fected by PBF1 binding (53 were activated and 130 were
repressed by PBF1). Under DN conditions, we found 109
PBF1-bound and -modulated genes (here referred to as
DN-PBF1 direct targets), 21 of which were activated, and
88 were repressed by PBF1 (Figure 5F and Supplemental

Figure 4 The expression of PBF1 in B73 developing endosperm under SN and DN conditions. A, Transcriptional levels were measured by RT-
qPCR, the values were normalized using housekeeping gene ZmUPF1 (Zm00001d006438) used as the reference gene. TPM indicates the value of
TPM (transcripts per million base pairs sequenced) form RNA-seq. Data are shown as means ± SD of three biological replicates from three differ-
ent ears. Significant differences were determined using Student’s t test. ns represents insignificant (Supplemental Data Set S13). B, PBF1 protein
levels as measured by immunoblot assay, using anti-H3 as a sample loading control. C, RNA in situ hybridization of Pbf1 in developing seeds under
SN conditions and DN conditions. Longitudinal sections of B73 kernels at 15 DAP were hybridized with an antisense RNA probe corresponding to
Pbf1. The positive signals of Pbf1 were mainly observed in the peripheral area of starchy endosperm. No signal was seen in the two sections hybrid-
ized with sense probes of Pbf1. Bar = 100 lm.
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Data Set S9). Of these, 57 common PBF1 targets (com-
mon-PBF1-direct-targets) were shared by the developing
endosperm grown under SN and DN conditions. Thus,
126 (SN-specific-PBF1-direct-targets) and 52 (DN-specific-
PBF1-direct-targets) were specifically bound and modu-
lated by PBF1 under SN and DN conditions, respectively.

To identify cis-regulatory sequence(s) recognized by PBF1,
we performed a de novo motif screening on the PBF1-
binding elements that were enriched within a 401-bp region
(centered at the summits of each of the peaks) for the di-
rect PBF1 target genes under SN and DN conditions using
the MEME-ChIP program. Four motifs (E-value 5 0.05,
Supplemental Table S4) were identified from the promoter
regions of PBF1-bound target genes in the SN endosperm.
Two of these motifs (Motif 3 and 4) contained the sequence
AAAG, a core sequence of the previously described prolamin
box (Figure 6, A and C). The two motifs were shown to be
centrally enriched in the analyzed genomic regions
(P5 0.05; Figure 6, B and D and Supplemental Table S4).
Using the same criteria, no centrally enriched motif was
detected in the analyzed genomic regions from the ChIP-seq
data using the DN-endosperm, a result consistent with the
low abundance of P-box-binding sites near the TSSs of genes

in the DN-endosperm (Figure 5, A and F) To determine
whether the P-box was bound by PBF1, an electrophoretic
mobility shift assay (EMSA) was performed using eight
biotin-labeled probes derived from the promoter regions of
potential PBF1 targets (Su1, Pho1, Bt1, Sbe2b, WHITE-CORE
RATE 1 (ZmWCR1), Zm00001d053816, Zm00001d014258,
and Zm00001d037576; Figure 6, E and F and Supplemental
Figure S12). The in vitro binding assay indicated a strong af-
finity of PBF1 for each of the target probes, and the binding
activity was partially abolished by the addition of cold com-
petitor probes containing a PBF1-binding sequence
(Figure 6, E and F, Supplemental Figure S12, and
Supplemental Table S5). Furthermore, a subset of binding
sites containing binding motifs was also tested for enrich-
ment by ChIP-qPCR, confirming the association between
PBF1 and the identified genomic regions under SN condi-
tions (Supplemental Figures S13 and S14 and Supplemental
Table S5).

Genes bound by PBF1 are involved in C and N
metabolism in a nitrogen-dependent manner
Overlay of the identified SN-specific-PBF1-direct-targets (126)
with the DEGs regulated by N levels indicated that the

Figure 5 Identification of PBF1 target genes using ChIP-seq. A and D, The fold enrichment of PBF1 peaks in the maize genome based on the local-
ization of peak summits under SN and DN conditions compared with the fraction of genome, respectively. B and C, Distribution of PBF1 peaks in
the maize genome based on the localization of peak summits under SN (B) and DN (C) conditions, respectively. D, The fold enrichment of PBF1
peaks located intergenic under SN and DN conditions compared with the fraction of genome, respectively. Enlarged from (A) to allow visibility.
The data of figure (D) was from (A). E, Frequency distributions of peaks per 100-bp bin corresponding to the distance of peaks to TSSs (transcrip-
tion start sites) ranging from –20 kb to 20 kb. TSSs indicates the transcription start sites. F, Venn diagram showing the overlaps of the DEGs
detected in this study and the PBF1 target genes identified by ChIP-seq.
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transcriptional levels of 43 targets are altered by N limitation.
Of these, 26 were downregulated and 17 were induced under
DN conditions (Figure 7A and Supplemental Data Set S9). For
the DN-specific-PBF1-direct-targets, the transcriptional levels
of only 23 targets were altered by N deficiency (Figure 7A
and Supplemental Data Set S9). We refer to the PBF1 targets
regulated by N levels as SN-specific-PBF1-direct-DEGs and
DN-specific-PBF1-direct-DEGs.

To understand the functions of the N-dependent PBF1-
regulated gene network, we performed GO enrichment
analysis on the specific-direct-target-DEGs using the

databases agriGO (Tian et al., 2017) and g:Profile (Uku et al.,
2019; Figure 7B and Supplemental Data Set S10). For the
SN-specific-PBF1-direct-DEGs, 10 PBF1-activated zein genes
were associated with the most enriched molecular function
GO term “nutrient reservoir activity.” Of these, nine were
downregulated under DN conditions (Supplemental Data
Set S9). Five PBF1 direct target DEGs were enriched in the
“cellular amino acid metabolic process”; their expression was
altered by N limitation. In addition, we observed that N defi-
ciency significantly affected cellular carbohydrate metabo-
lism, as evidenced by the enrichment of categories such as

Figure 6 Sequence motifs enriched in the promoter regions of SN-PBF1-direct target genes. A and C, A P-box-like motifs and their positional dis-
tributions (B) and (D) flanking the summits of the peaks associated with PBF1-direct target genes identified in the endosperm collected from
plants grown under SN conditions. E and F, EMSA assays using probes derived from the PBF1 target gene promoters containing P-box-binding
sites identified in this study. Unlabeled WT and mutated probes were used as competing DNA fragments. The magenta letters in the labeled
probes represent the core sequence of P-box. The magenta letters in mutated probes represent the mutated sequence of P-box.
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“oxoacid metabolic process,” “starch catabolic process,”
“carboxylic acid metabolic process,” “carbohydrate catabolic
process,” and “cellular glucan metabolic process” (Figure 7B).
Ten SN-direct-target-DEGs were enriched in these GO terms
(Supplemental Data Set S10). Among these genes, eight
PBF1-repressed targets were significantly upregulated genes
in DN endosperm, including Su1, Sbe1 (encoding the critical
starch biosynthesis enzymes), and Pyk2 (encoding pyruvate
kinase). Consistent with this observation, the expression lev-
els of Su1 and sbe1 were significantly upregulated by 94.9%
and 113.6%, respectively, in the pbf1RNAi plants (Zhang
et al., 2016). In addition to Su1 and sbe1, the five remaining
genes enriched in the above GO terms were also upregu-
lated by 62.1%–175.0% in the pbf1RNAi plants (Zhang et al.,
2016). These results suggested that PBF1 has a positive effec-
tive on the biosynthesis of N compounds (zein proteins),
but a negative effective on C metabolism under SN condi-
tions. In addition, two SN-direct-target-DEGs involved in or-
gan development, Zar5 (Z. mays ARGOS1, encoding an
auxin-regulated gene involved in organ size) and
Zm00001d025872 (senescence regulator) were also downre-
gulated by N deficiency. This result indicated that organ de-
velopment regulated by PBF1 may depend on N availability.
Due to the small number of DN-specific-PBF1-direct-DEGs
(26 genes), we identified no significant enrichment GO
terms.

Among the 57 common-PBF1-direct-targets, 41 genes not
only were bound by PBF1 under both SN and DN conditions
but also showed stable expression under both conditions
(Figure 7A, Supplemental Figure S15, and Supplemental Data
Set S9). Although no GO terms were enriched in biological
processes categories, several important genes were identified
in the dataset, including PPDK1, 27-kD c-zein, Bt1, and
ZmWCR1 (Supplemental Data Set S9). The expression of 27-

kD c-zein was also not significantly altered between SN and
DN conditions (log2 fold change [DN/SN] = 0.47; false discov-
ery rate [FDR] = 0.44; Supplemental Table S2, Supplemental
Figure S16). Bt1 is associated with ADP-glucose transport into
endosperm plastids and plays an important role in starch bio-
synthesis (Kirchberger et al., 2007). The transcript level of Bt1
was not significantly different between SN and DN conditions
(Log2 fold change [DN/SN] = 0.57; FDR= 0.54). ZmWCR1 is
the maize homolog of OsWCR1 in rice (Oryza sativa).
OsWCR1, F-box genes, is regulated by OsDOF17 to negatively
regulate grain chalkiness and improve grain quality (Wu et al.,
2022). We determined that the ZmWCR1 gene was bound
and modulated by PBF1 under both SN and DN conditions,
and its transcriptional level was not significantly altered by N
deficiency (Log2 fold change [DN/SN]= –0.58; FDR= 0.93). As
a result, most of the common-PBF1-direct-targets are less
influenced by N supply. That is, the differential expression of
PBF1 target genes under different N levels is mainly achieved
through presence or absence of binding by PBF1 between SN
and DN conditions.

In maize, PPDK2 accounts for the large majority of endo-
sperm PPDK activity, whereas PPDK1 is specified for abun-
dant mesophyll form (Méchin et al., 2007; Lappe et al.,
2017). This is consistent with our observation that the TPM
value of PPDK2 is �4- to 6-fold that of PPDK1 under SN
conditions (Supplemental Figure S16). At 15 DAP, tran-
scripts of PPDK2, whose promoter was bound by PBF1 only
under SN conditions, were slightly less abundant in B73 en-
dosperm under DN conditions (TPM = 2521.6) compared to
SN conditions (TPM = 2896.7), yet it was not a significant
DEG (Log2 fold change [DN/SN] = –0.20; FDR5 0.05). The
same result held true for the expression of PPDK2 at 24
DAP, albeit with a much lower expression level than that at
15 DAP. In contrast to PPDK2, the expression level of PPDK1

Figure 7 The biological functions of SN-specific-PBF1-direct-DEGs based on GO term enrichment analysis. A, Venn diagram showing the overlap
of DEGs regulated either by PBF1 or by N limitation (identified by RNA-seq) and PBF1 target genes (identified by ChIP-seq). B, GO term classifica-
tion of SN-specific-PBF1-direct-targets. The size of circles is scaled to the number of SN-specific-PBF1-direct-target enriched in the GO terms. F,
molecular function; P; biological process.
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was higher in B73 endosperm under DN conditions at 15
DAP (Supplemental Figure S16). Again, it is uncertain
whether the difference was significant due to the high FDR
value (SN-TPM = 472.2, and DN-TPM = 930.2; FDR= 0.12).
Moreover, the elevation (if any) in expression level of PPDK1
would be accompanied by a reduction of that of PPDK2
(Supplemental Figure S16), so the overall expression level of
PPDKs may remain comparable the endosperms grown un-
der between DN conditions and SN conditions.

Relationship between PBF1 binding and expression
of zein genes under different N conditions
Products from three zein subfamilies (27-kD c-zein, 22-kD
a-zein, and 19-kD a-zein) account for more than 70% of the
total amount of zein in the kernels (Wu and Messing, 2014).
We examined the PBF1-binding pattern to these zein genes
under SN and DN conditions (Figure 8A). We observed that
PBF1 binds to the promoters of six 22-kD a-zein genes (in-
duced target genes) and seven 19-kD a-zein genes (three in-
duced genes, one repressed gene, and three bound genes
with stable expression) in the SN endosperm. Among the
SN-PBF1-direct-targets, one 22-kD a-zein gene was upregu-
lated, and the other a-zein genes (5 22-kD a-zein and 7 19-
kD a-zein) were downregulated under N deficiency. It is
worth noting again that the 27-kD c-zein was bound by
PBF1 under both SN and DN conditions (Supplemental
Table S6). Based on our RNA-seq and RT-qPCR data, the ex-
pression levels of 27-kD c-zein did not change significantly in
response to N deficiency (Supplemental Figure S7 and
Supplemental Figure S16), suggesting distinct responses of
different zein genes to N limitation.

To confirm whether the binding sites in the zein promoter
regions were bound by PBF1, we selected seven sites for
ChIP-qPCR analysis (Figure 8B, Supplemental Table S5, and
Supplemental Figure S17). Except for the site for Z1D-4
(encoding one of 19-kD zein), all sites were enriched under
SN conditions. Among them, the site in 18-kD d-zein pro-
moter was the most enriched in the ChIP SN-WT DNA, fol-
lowed by Z1C-10, which was enriched by nearly 5-fold
enrichment under SN conditions. Z1B-5 was the least
enriched site (by 2.3-fold) under SN conditions. However,
only the sites of in the 27-kD c-zein and 50-kD c-zein pro-
moters were enriched under DN conditions (Figure 8B and
Supplemental Figure S17). The ChIP-qPCR data confirmed
the specific association of PBF1 with the identified genomic
regions under SN conditions, suggesting that the lack of
PBF1 binding correlates with the lower expression of some
zein genes under DN conditions. Furthermore, the
SDS-PAGE analysis of zein accumulation at 15 DAP was con-
sistent with this result. We observed a pronounced decrease
in abundance of 22-kD and 19-kD a-zein under DN condi-
tions compared with that under SN conditions, whereas 27-
kD c-zein abundance remained relatively constant in DN
and SN endosperm (Figure 8, C and D). Thus, to a certain
degree, the binding of PBF1 to a promoter sequence around
TSSs might influence the expression of downstream zein

genes and alter the abundance of some zein proteins under
different N conditions.

Transcriptional activation and repression of genes
related to N and C metabolism by PBF1
According to previous studies, Dof family numbers can be
activators and/or repressors of their targets (Gupta et al.,
2015). To test whether PBF1 functions as a transcriptional
activator or a repressor of its target genes, a transient tran-
scription dual-luciferase assay was performed in Nicotiana
benthamiana leaves, using Pbf1 driven by the cauliflower
mosaic virus (CaMV) 35S promoter as an effector and LUC
(the coding region of firefly luciferase) driven by the differ-
ent gene promoters as reporters (Figure 9A). Consistent
with previous studies showing that PBF1 regulates 27-kD c-
zein (Zhang et al., 2016), coexpression of the reporter (27-kD
c-zein) with the effector (35S:Pbf1) resulted in a 7-fold in-
crease in LUC activity compared with the control (empty
vector, NC). In addition to the promoter of the zein gene,
we also performed the same assay with the promoter se-
quence of Zm00001d027536 (encoding serine acetyltransfer-
ase4), which was downregulated in pbf1-endosperm
(Supplemental Data Set S8). Significant expression of LUC,
but not as dramatic as that for 27-kD c-zein, was detected
for the promoter of Zm00001d027536 and PBF1
(Supplemental Figure S18). This suggested that PBF1 binds
and activates genes encoding storage proteins and enzymes
involved in amino acid biosynthesis or metabolism in maize
endosperm in an N-dependent manner.

Nearly two-thirds of the SN-specific-PBF1-direct-targets
(79/126) were upregulated in the pbf1 endosperm, for which
there was no PBF1 binding due to the absence of PBF1
(Supplemental Data Set S5). Accordingly, we speculated that
PBF1 represses the expression of genes in the SN endo-
sperm, many of which are involved in starch synthesis. We
also performed the same assay with the promoter sequences
of several starch synthesis genes, including Su1, Sbe2b, Bt1,
and Pho1. Consistent with this notion, the transient assay in
N. benthamiana leaves showed that 35S-PBF1 reduced the
LUC activity driven by those promoters more than that
with the same reporter and the empty vector (Figure 9).

A previous study observed that ZmbZIP22 positively regu-
lates the expression of starch synthesis genes in endosperm
(Chen et al., 2015). In addition, ZmbZIP22 can interact with
PBF1 (Li et al., 2018). Therefore, when we coexpressed the
two TF genes in a transactivation assay (Figure 9),
ZmbZIP22 alone transactivated the promoters of Su1, Sbe2b,
Bt1, and Pho1 but coexpression of PBF1 and ZmbZIP22 re-
pressed the promoters of Su1, Sbe2b, and Pho1 (Figure 9).
ZmbZIP46, which has strong sequence similarity to
ZmbZIP22, transactivated the promoters of Su1 and Sbe2b
(Supplemental Figure S19). Similarly, when ZmbZIP46 was
coexpressed with PBF1, the transactivation activity of
ZmbZIP46 toward the Su1 and Sbe2b promoters was signifi-
cantly repressed by PBF1(Supplemental Figure S19). Taken
together, these results suggest that PBF1 can behave not
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Figure 8 Differential binding of PBF1 to zein genes under SN and DN conditions. A, The binding patterns of 19-kD a-, 22-kD a- and 27-kD c-zein
genes under different N conditions. SN, ChIP-seq analysis under SN conditions; DN, ChIP-seq analysis under DN conditions, pbf1, PBF1-regulated
DEGs, DEGs N-regulated DEGs. Y, PBF1-bound target. N, a non-PBF1-bound target. D, the expression of this gene was down regulated under DN
conditions compared with SN conditions; Up, the expression of this gene was up regulated under DN conditions compared with SN conditions;
NS, non-DEGs. Vertical bars represent the maize chromosomes. Chromosomes 1, 4, and 7 are indicated from left to right. B, ChIP-qPCR assays
confirming the in vivo binding activity of PBF1 to the promoter region of zein genes under SN and DN conditions. Data are shown as mean ± SD
of three biological replicates from three different ears. Significant differences were determined using Student’s t test. *P 5 0.05,**P 5 0.01. ns, not
significant (Supplemental Data Set S13). C and D, Coomassie Brilliant Blue staining of SDS-PAGE gels from 15 DAP (C) and 40 DAP (D) endosperm
collected from KN5585 plants grown under SN or DN conditions.
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only as a transcriptional activator but also as a repressor for
its target genes.

PBF1 and O2 cooperate to regulate target genes
O2 and PBF1 cooperatively promote the activation of most
O2 targets, such as a number of zein genes, PPDK1/2 and
SSIII (Vicente-Carbajosa et al., 1997; Wu and Messing, 2012;
Zhang et al., 2016). To investigate the gene regulatory net-
work co-modulated by PBF1 and O2 in developing maize
endosperm, we compared the peaks derived from two inde-
pendent O2 ChIP-seq datasets (Li et al., 2015; Zhan et al.,
2018) with the peaks identified in the PBF1 ChIP-seq assay
from this study. We observed 215 common genes (associ-
ated with 305 peaks) bound by both PBF1 and O2
(Figure 10, A and B), and 112 of them contained the O2
box in their promoter regions (Supplemental Data Set S11).

Therefore, the common binding targets only account for a
small portion of the genes bound by either O2 or PBF1.

Among the targets, 42 genes were directly regulated by
O2, whereas only 8 genes were directly modulated by PBF1,
such as some zein genes, PPDK1/2, and genes related to
responses to stress (such as Zm00001d035558). The remain-
der of the O2 direct target genes were bound by PBF1, but
the expression of those genes was not significantly altered in
pbf1 mutants. Some of those genes are involved in carbohy-
drate metabolic processes (such as Sh1 and two genes
encoding xyloglucan endotransglucosylase/hydrolase), seed
development (ZmPPR and ZmNKD2), and genes related to
stress responses, such as Adh1 (Figure 10C). In addition, the
set of PBF1-O2-bound genes included several genes encod-
ing important TFs, such as ZmNAC130, ZmNAC87,
ZmbZIP34 and ZmNKD2. ZmNKD2 is involved in regulating

Figure 9 PBF1 as a transcriptional repressor. A, Schematic diagrams of the effector and reporter constructs. “REN” represents Renilla luciferase;
“LUC”, firefly luciferase; “Term”, terminator. “Pro35S”, the promoter of CaMV 35S; “TF”, the cDNA of TF, “Promoter”, the promoter of target gene.
B–F, Transient activation of the Zm00001d047104, Bt1, Su1, Sbe2b, and Pho1 promoters driving LUC reporter gene, respectively. PBF1, overex-
pressed PBF1, ZmbZIP22, overexpressed ZmbZIP22, PBF1 + ZmbZIP22, coexpressed PBF1 and ZmbZIP22. Nicotiana benthamiana leaves were infil-
trated with the LUC reporter and the indicated effectors. Renilla (REN) activity was used as an internal control. NC, empty vector. The LUC/REN
ratio represents the relative activity of target promoters. Three independent experiments were performed from different plants. Data are average
values ± SD of three independent experiments. Different lowercase letters mean significant difference between treatments, as determined by
Duncan’s multiple-comparison tests (P 5 0.05; Supplemental Data Set S13).

PBF1 binds genes for seed C and N storage THE PLANT CELL 2023: 35; 409–434 | 423

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac302#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac302#supplementary-data


many endosperm developmental processes (Gontarek et al.,
2016). These results suggest that PBF1 indeed jointly regu-
lates a few genes with O2 but the main regulatory spectrum
for the two genes is largely independent.

Discussion
Variation in N availability in the environment triggers com-
plex effects on proteins and starch deposition in maize seeds.
Previous studies showed that N limitation substantially affects
the C and N contents in kernels (Singletary and Below, 1989;
Singletary et al., 1990). In this study, we demonstrated that N
deficiency led to increased starch contents with reduced pro-
tein contents in both the developing and mature endosperms
(Figure 1). RNA-seq analysis showed that the expression of
many N and C metabolism-related genes was altered by N
deficiency. Loss of PBF1 function affected the transcript level
of numerous genes involved in C and N metabolism

(Figure 3B), and the expression levels of most of these genes
were altered by changes in the N level as well (Figure 3C).
The combination of RNA-seq and ChIP-seq analyses showed
that the spectrum of PBF1 target genes changed in the devel-
oping endosperm depending on N conditions (Figure 5).
PBF1 interacted with the promoters of a subset of these
genes, resulting in transcriptional activation or suppression,
results consistent with those from a previous study (Zhang
et al., 2016). Thus, the presence/absence of PBF1 at upstream
of its target genes is a major factor responsible for altered
expression of genes involved in accumulation of storage
proteins and carbohydrates under different N conditions.

PBF1 regulates the deposition of storage
compounds in endosperm depending on N levels
Using ChIP-seq and RNA-seq analysis, we observed that sev-
eral starch synthesis-related genes were directly bound and

Figure 10 The regulatory network of PBF1 and O2 in the maize endosperm. A, Venn diagram showing the overlap between the genes whose pro-
moters are bound by O2 (Li et al., 2015; Zhan et al., 2018) and those whose promoters are bound by PBF1 in SN endosperm. B, Distribution of
peaks mapping to the overlapping genes bound by both O2 and PBF1 under SN conditions in the maize genome. C, Visualization of ChIP-seq
reads and peaks of SN PBF1 and O2-binding sites for four gene loci using the Integrated Genome Viewer. Blue arrows indicate overlapping peaks
of PBF1. Magenta arrows indicate overlapping peaks of O2 (Li et al., 2015; Zhan et al., 2018).
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regulated by PBF1, including Su1, Pho1, Sbe2a, and Sbe2b
(Supplemental Data Set S9). Moreover, the expression of
those genes was altered by changing the N levels. Isoamylase
1 (ISA1), encoded by Su1, is vital for ensuring the correct
formation of starch granules because it trims nascent amylo-
pectin to generate malto-oligosaccharides (MOSs), and
MOSs are required as primers for starch synthesis (Kubo
et al., 2010; Seung and Smith, 2018). Loss of function of ISA
results in reduced starch content, abnormal amylopectin
structure, and altered starch granule morphology (Du et al.,
2018). SBE2b and SBE2a play a major role during amylopec-
tin biosynthesis in cereal endosperm (Liu et al., 2009; He
et al., 2020). PHO1 has been reported to combine with SBEs
to promote the extension of MOSs and the synthesis of
branched glucans in maize (Subasinghe et al., 2014).

As detailed in results, the starch content in pbf1 endo-
sperm was higher compared with that in WT endosperm
(Supplemental Figure S5B) under SN conditions, and the
lack of statistical significance was likely an artifact of the
overall high starch content in maize kernels. This is consis-
tent with the notion that PBF1 binds to specific starch syn-
thesis genes and suppresses their expression, thus limiting
starch synthesis upon sufficient N supply. In contrast to the
starch content, the protein content of the pbf1 mutants
was significantly lower than that in WT plants grown under
both DN and SN conditions (Supplemental Figure S5D), in-
dicating that PBF1 has a positive effect on protein synthesis.
This was consistent with previous studies showing that PBF1
activates the transcription of 27-kD c-zein and 22-kD a-zein
(Wu and Messing, 2012; Zhang et al., 2016). The amplitude
of variation in C and N deposition compounds between SN-
WT and DN-WT endosperm was greater than that between
SN-pbf1 and DN-pbf1 endosperm (Figure 2). Therefore, PBF1
may regulate the accumulation of storage compounds in en-
dosperm in response to N levels.

Interaction between PBF1 and target genes
modulates by N supply in the developing
endosperm
Based on our ChIP-seq analysis, the enrichment of PBF1-
binding sites under SN conditions was skewed towards
regions adjacent to the TSSs, but enrichment under DN con-
ditions was distributed relatively evenly among different ge-
nomic regions (Figure 5A and Supplemental Figure S4),
suggesting that PBF1 is more likely to bind to intergenic
regions under DN conditions. In Arabidopsis, it was observed
that phytochrome B (phyB) is directly associated with the
promoters of key target genes in a temperature-dependent
manner. Chromatin immunoprecipitation of phyB coupled
with sequencing revealed that phyB bound 133 sites at 17�C
and 67 sites at 27�C, with 33 shared between 17�C and
27�C (Jung et al., 2016). Thus, PBF1 is not the only TF with
a variable spectrum of target genes under different condi-
tions. Compared to the response of phyB to temperature,
the response of PBF1 to N supply appears to be more

dramatic, with most PBF1 target genes vanishing upon N
starvation (Figure 5).

At present, it is unclear how PBF1 switches its binding
pattern under different N conditions. Post-translational
modifications such as phosphorylation contribute to the ca-
pacity of TFs to transactivate downstream target genes. In
maize, PBF1 is phosphorylated in the immature endosperm,
and dephosphosphorylation using calf intestine phosphatase
abolishes its ability of binding to the P-box harbored within
the 27-kD c-zein gene0s promoter (Wang et al., 1998). In
this study, we observed that PBF1 was less enriched in the
promoter region of the 27-kD c-zein gene under DN condi-
tions (Figure 8B), so it is not impossible for a portion of
PBF1 to be dephosphorylated upon N deficiency.

On the other hand, studies showed that, under stressed
conditions, plant genomes undergo dramatic changes such
as methylation/demethylation of genes (Lu et al., 2007; Peng
and Zhang, 2009; Li et al., 2014). Some changes tend to
make the otherwise condensed chromatin (mostly intergenic
regions) accessible, therefore becoming potential-binding
sites for PBF1. As a result, more intergenic-binding sites
were detected, and the binding sites were distributed more
evenly along genomic regions under DN conditions
(Figure 5). In addition, more PBF1 recruited to intergenic
regions might constitute a mechanism for maize to cope
with the N-limitation stress. Because N deficiency had little
effect on the expression of Pbf1, PBF1 might temporarily
bind to the intergenic region under DN conditions in order
to slide along the genomic DNA and activate the down-
stream target genes rapidly once N is available without re-
quiring de novo synthesis of PBF1. In this case, PBF1 may
serve as a sentinel protein for N assimilation.

A dual role of PBF1 in regulation of its target genes
Dof TF family members can function as transcriptional acti-
vators and/or repressors (Gupta et al., 2015). PBF1 has been
identified as a transcriptional activator in previous studies
(Wu and Messing, 2012; Zhang et al., 2015; Zhang et al.,
2016), yet less is known about its role as a transcriptional re-
pressor. Our analysis indicated that PBF1 functioned as a
transcription repressor of several genes involved in starch
synthesis in N. benthamiana leaves (Figure 9), consistent
with a similar assay conducted in Arabidopsis mesophyll
protoplasts (Zhang et al., 2016). This corroborates our obser-
vation that, under N deficiency, PBF1 was absent from the
promoter regions of Su1 and Sbe2b, which were also found
to be upregulated by N limitation. The repressive role of
PBF1 is in accordance with the elevated expression level of
Su1 in the pbf1 mutants in our study and the pbf1RNAi ker-
nel compared with the WT in the Zhang et al. (2016) study.

It is known that a single TF may differentially regulate its
target in plants. In maritime pine (Pinus pinaster), PpDof5
activates the transcription of GS1b and contributes to the
repression of GS1a in GUS reporter gene assays, and is pro-
posed to function in nitrogen reassimilation during lignifica-
tion (Rueda-Lopez et al., 2008). Viviparous 1 (VP1)
suppresses the expression of the germination-specific a-
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amylase genes in aleurone cells but activates many genes in
embryos of developing maize seeds (Zheng et al., 2019). As a
result, VP1 plays different tissue-specific roles. In contrast,
Pbf1 mRNA is similar in different portions of the endosperm
(Figure 4C), so its variable function on different target genes
is unlikely to be attributed to tissue specificity. One possibility
is that the distinct promoter sequences for different target
genes may create variable conformations of the DNA-protein
complex, leading either to promotion or to blockage of tran-
scription of downstream genes. Alternatively, PBF1 interacts
with other proteins associated with the target genes, resulting
in diverse outcomes on target gene expression.

In maize, ZmDof1 functions as an activator of C4 phos-
phoenolpyruvate carboxylase, but ZmDof2 can inhibit
ZmDof1 activity through competing with and interacting
with ZmDof1 (Yanagisawa and Sheen, 1998; Yanagisawa,
2000). PBF1 might function as a suppressor of other TFs,
such as ZmbZIP91 that positively regulate the expression of
Su1 (Chen et al., 2015). When ZmbZIP22 or ZmbZIP46 was
tested alone with the Su1 and Sbe2b promoter, it showed
detectable activation activity. Coexpression of PBF1 with
ZmbZIP22 or ZmbZIP46 resulted in much less activation ac-
tivity than ZmbZIP22/ZmbZIP46 alone (Figure 9 and
Supplemental Figure S19). These findings suggest that PBF1
acts as a suppressor of ZmbZIP22/ZmbZIP46. Perhaps PBF1
can block the activation activity of ZmbZIP22/ZmbZIP46
through their interaction. We only observed those results
with a dual-luciferase activation assay in the N. benthamiana
leaves (Figure 9 and Supplemental Figure S19). Further bio-
chemical assays and comparative studies are required to re-
veal the molecular mechanisms underlying the activating
and repressing roles of PBF1 as a TF.

PBF1 is a key protein in the starch/protein balance
in response to N availability
Because endosperm serves as the energy and nutrition source
for the embryo, a rapid response to N supply in synthesis of
starch and storage proteins is critical for reproductive success
and yield of grain crops. Early studies led to the hypothesis
that PPDKs served as the switch for the flux of starch and pro-
teins (Méchin et al., 2007). PPDKs catalyze the reversible con-
version of pyruvate, inorganic phosphate (Pi), and ATP into
phosphoenolpyruvate (PEP), AMP, and pyrophosphate (PPi).
This process provides an important carbon skeleton (PEP) for
amino acid synthesis (Chastain et al., 2006). In addition, the
PPi generated by the catalytic reaction favor the degradation
of ADP-glucose, which is a substrate for starch synthesis
(Méchin et al., 2007). Thus, it was proposed that PPDK activity
would reduce starch accumulation in favor of amino acid syn-
thesis, and that PPDKs play a central role in the starch-
proteins balance (Méchin et al., 2007; Hennen-Bierwagen et al.,
2008). This hypothesis is in accordance with the overall reduc-
tion of zein content in endosperm of o2 mutants, since
PPDKs seem to be activated by O2 (Prioul et al., 2008). A re-
cent study finds that PPDK transcript abundance modulates
metabolism through reversible adjustment to energy charge in

endosperm. However, PPDK does not seem to control the net
division between starch and storage proteins biosynthesis, in
that no significant differences in the endosperm starch and to-
tal N contents were detected between PPDK-deficient endo-
sperm and normal endosperm (Lappe et al., 2017).

Our comparative analysis using maize plants grown under
different N conditions provides a unique opportunity to fur-
ther examine the role of PPDKs in the production of starch
and proteins. In maize, PPDK2 accounts for the majority of
endosperm PPDK, whereas PPDK1 specifies the abundant
mesophyll form (Méchin et al., 2007; Lappe et al., 2017).
According to our RNA-seq and ChIP-seq data, the promoter
of PPDK2 was bound by PBF1 only under SN conditions,
and its expression levels remained largely stable or slightly
reduced upon N starvation. On the other hand, although
PPDK1 was bound by PBF1 under both SN and DN condi-
tions, its expression levels increased upon N starvation
(Supplemental Figure S16). Although the expression level of
PPDK1 in endosperm was only a fraction of that of PPDK2,
it is questionable whether the variation in PPDK2 expression
would influence the overall PPDK activity in endosperm.
Taken together, the lack of dramatic variation in expression
levels of PPDKs in response to N supply is consistent with
the recent view that PPDK is involved in C and N metabo-
lism but is not the master switch between starch and stor-
age proteins biosynthesis in endosperm (Lappe et al., 2017).

Our analyses indicated that PBF1 is likely to play an impor-
tant role in regulating the starch/protein balance under both
SN and DN conditions. This is achieved by differential binding
in response to the N supply as well as the regulatory roles of
PBF1 (Figure 11). Briefly, under normal N conditions, the
binding of PBF1 activates the expression of genes involved in
N metabolism and suppresses expression of genes involved in
starch synthesis, promoting accumulation of storage proteins.
This is consistent with the observation that reduction of zein
proteins in pbf1 mutants is more pronounced under SN con-
ditions than under DN conditions (Supplemental Figure S5D).
This also explains the elevated level of starch in pbf1 mutants.
Upon N starvation, PBF1 is released from the majority of its
target genes, leading to reduced activity of genes involved in
N metabolism and release of suppression of genes related to
carbohydrate metabolism, thus enhancing accumulation of
starch in endosperm. Meanwhile, PBF1 remains bound to
some zein genes, and ensures the synthesis of these proteins
to meet the essential nutritional requirements of the seed. In
this way, PBF1 allows rapid acclimation to environmental N
levels and maximizes the fitness potential of the next genera-
tion of maize plants. It is worth mentioning that pbf1
mutants still respond to N availability, yet to a lesser degree
(Figure 2), suggesting the likelihood that other TFs and genes
are involved in this process.

Potential application of PBF1 and nitrogen supply
in improving maize grain quality
The early filling stage is critical for high grain yield at later
stages (Borrás et al., 2009). In this study, we observed that N
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deficiency led to elevated starch contents and reduced the
protein contents from 15 to 40 DAP (Figure 1), suggesting
that the synthesis of storage products in early phases may
affect the quality and yield of maize kernels. During the pro-
cess of endosperm development, cell differentiation and mi-
totic proliferation of the maize endosperm continue to �16
DAP, a time when endosperm structure is nearly finalized,
that is, maize has completed establishment of the reproduc-
tive sink at this stage (Becraft and Gutierrez-Marcos, 2012;
Leroux et al., 2014; Zhan et al., 2017). At this time, genes re-
lated to C and N metabolism begin to be expressed in large
quantities. In particular, most zein genes reach their maxi-
mum expression levels at this point, directly contributing to
the deposition of C and N at the early filling stage (Chen
et al., 2014). Thus, proteins and starch begin to be stored in
the endosperm in the early filling stage.

In maize endosperm, zein proteins account for over 70%
of the total proteins (Wu and Messing, 2014). Cysteine is
abundant in 27-kD c-zein, and can be used to form methio-
nine (Wu and Messing, 2014). Cysteine and methionine are
essential amino acids for human nutrition. In contrast,
19-kD and 22-kD a-zein proteins are largely devoid of the
essential amino acid residues lysine and tryptophan. In addi-
tion, 27-kD c-zein is crucial for zein protein body (PB) for-
mation because it controls PB initiation, whereas a-zein is
only involved in PB filling (Guo et al., 2013). 27-kD c-zein
ensures the successful formation of PB and the efficient ac-
cumulation of other zein storage proteins (Guo et al., 2013).
Furthermore, 27-kD c-zein is necessary for forming a hard
and vitreous endosperm to avoid pest and disease attacks
(Liu et al., 2016), especially for kernels grown under DN con-
ditions. Thus, a stable level of 27-kD c-zein protein is

important for both kernel nutritional quality and endo-
sperm development. The o2 mutant has been used to im-
prove kernel nutritional quality, as it reduces the level of
zein proteins. When the synthesis of a-zein proteins is re-
duced, the levels of other seed proteins are increased as a
mechanism of compensation, increasing the nutritional
value of the seeds (Wu and Messing, 2014).

However, the absence or reduction of zein regulators (O2
and PBF1) significantly reduce the kernel yield. This greatly
limits the application of these mutants in breeding. The
growth of maize kernels depends on the availability of C and
N assimilates supplied by the maternal plant and the capacity
of the kernel to use them. One study revealed that under a
moderate level of C (292 mM sucrose), maximum kernel
growth was obtained when the N supply was raised from 0
to 10 mM (Cazetta et al., 1999). On the other hand,
endosperm growth was unchanged but albumin and globulin
contents were decreased by additional N supply. When the N
level exceeded approximately 72 mM, it reduced starch accu-
mulation (Singletary and Below, 1989), whereas zein protein
accumulation increased with the increase in N supply
(Singletary and Below, 1989; Singletary et al., 1990). Thus, if
the application of N-containing fertilizer is limited to an ap-
propriate level, it is possible to reduce the content of a-zein
(therefore increase the nutritional value of the seeds as albu-
min/globulin was increased) without a dramatic impact on
yield. Also, a reduced use of N-containing fertilizer mitigates
the negative influence on the environment.

Whereas 27-kD c-zein protein remained stable under dif-
ferent N levels, the level of a-zein protein dramatically de-
creased due to N deficiency (Figure 8). Furthermore, PBF1
constitutively bound the promoter of the 27-kD c-zein

Figure 11 A proposed model for the regulatory network of PBF1 contributing to the balance of protein and carbohydrate storage in maize endo-
sperm cells. Under N-sufficient conditions (left), the binding of PBF1 activates the expression of genes involved in N metabolism and suppresses
the expression of some genes (such as Su1 and Sbe2b) involved in starch biosynthesis, thereby promoting the accumulation of storage proteins.
Upon N-deficient conditions (right), PBF1 is released from the majority of its target genes, leading to reduced activity of genes in N metabolism
and alleviating transcriptional suppression for genes related to carbohydrate metabolism, thus enhancing the accumulation of starch in endo-
sperm. Meanwhile, PBF1 remains bound to some zein genes, and ensuring the biosynthesis of these proteins to meet the essential nutrition
requirements of the seeds. TSS, Transcription start site.
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under both N conditions, but only bound the promoters of
few a-zein under DN conditions, suggesting that the absence
of PBF1 from promoters of these genes may be responsible,
at least partially, for the reduced level of a-zein upon N star-
vation. If we could understand more about the mechanism
of disassociation of PBF1 with a-zein genes, it could be pos-
sible to control the relevant factors so that PBF1 does not
interact with a-zein genes even under normal N conditions.
In that case, high nutritional quality could be achieved with-
out sacrificing yields. An alternative approach is to directly
engineer the PBF1 protein. The DNA binding domain is lo-
cated at the N-terminal of PBF1 (Marzábal et al., 2008). It
would be intriguing to mutate the DNA binding domain of
PBF1 to test whether it is possible to retain its binding activ-
ity to 27-kD c-zein with a reduced affinity to a-zein genes.
Taken together, a greater understanding of the interactions
of PBF1 and its target genes may allow the development of
maize varieties with high nutritional value and stable yield.

Materials and methods

Plant material and culture
Maize (Z. mays) Pbf1 CRISPR-Cas9 transgenic lines (in the
KN5585 background) were generated by WIMI
Biotechnology Company. The 20-bp guide RNA target edit-
ing sequence was selected in the second exon of PBF1.
Eleven CRISPR/Cas9 edited plants were crossed with
KN5585 inbred lines to obtain construct-free materials
(Supplemental Data Set S12). The mutants (pbf1-1 and pbf1-
2) were backcrossed to the KN5585 genetic background for
three generations, and then the positive plants were self-
pollinated for two generations, yielding the homozygous
pbf1 mutants. The maize inbred KN5585 (WT) was used as
negative control.

The field experiment was conducted at the Luhe
Experimental Station (32�12’N, 118�37’E), Nanjing, China.
The N-deficient soil used possessed only 0.76 g N kg–1 of
extracted mineral N, together with 26.5 mg kg–1 of available
phosphorus (P), 72.4 mg kg–1 of available potassium (K),
and 12.8 g kg–1 of organic matter. According to previous
studies (Liao et al., 2012; Pan et al., 2015), N treatments
were applied over the entire growth period to make avail-
able either a minimal (0 kg N/ha supplemental; deficient N,
DN) or an optimal N supply (240 kg N/ha; sufficient N, SN)
in the form of ammonium sulfate in this study. For the DN
treatment, the pre-sowing base fertilizers were 135 kg P2O5

ha–1 and 80 kg K2O ha–1. Another 40 kg ha–1 of K2O was
applied at the silk stage. For SN treatment, N fertilizer was
applied at rates of 70, 100, and 70 kg N ha–1 at the pre-
sowing, V8, and V12 stages, respectively. P and K fertilizers
were applied to the SN treatments at similar dosage that
was used in the DN treatment.

A randomized complete block design with three replica-
tions for each treatment was used in this study. The maize
inbred lines B73, KN5585, and pbf1 mutants were planted in
three rows per plot, and each row was 200-cm long with a
row spacing of 50 cm. Kernels from plants grown under SN

and DN conditions were collected for subsequent analysis at
15 DAP (developing stage), 18 DAP, and 40 DAP (mature
stage), respectively. The immature kernels were immediately
frozen in liquid nitrogen and stored at –80�C until being
used for RNA and protein extraction. Samples were col-
lected from three individual plants for each stage. WT N.
benthamiana plants were grown in the greenhouse at 23�C
and 70% relative humidity under 16-h light (white fluores-
cent lamp, 20,000 LUX) and 8-h dark photoperiod.

Genotyping
We extracted genomic DNA using the cetyltrimethylammo-
nium bromide (CTAB) method (Murray and Thompson,
1980). The CRISPR-Cas9 targeted site was amplified from ge-
nomic DNA using specific primers (Supplemental Data Set
S12), and the PCR products were sequenced by Sanger
sequencing for genotyping.

Measurement of proteins, free amino acids, starch,
soluble sugars contents
At least 30 B73 kernels at the developing and mature stages
and the CRISPR/Cas9 transgenic kernels at the mature stage
were harvested from plants grown in SN or DN conditions,
respectively. The endosperms were separated from the em-
bryos and pericarps. All endosperm samples were heat
treated at 105�C for 30 min, dried at 70�C until reaching a
constant weight, and then weighed and ground into powder
at room temperature for subsequent analysis.

Preparation of total protein from developing and mature
maize seed was previously described by Bernard et al.(1994).
Zeins and non-zeins were prepared from maize as previously
described by Wallace et al. (1990). Levels of total proteins,
zein, and non-zein proteins were measured using a BCA
Protein Assay Kit (Beyotime Institute of Biotechnology) fol-
lowing the manufacturer’s protocol. SDS-PAGE was per-
formed using 15% (w/v) polyacrylamide gels, and the gels
were stained with Coomassie Brilliant Blue R250.

Amino acid concentrations were measured using an auto-
matic amino acid analyzer L-8800 (L -8800, Hitachi
Instruments Engineering, Tokyo, Japan) using a previously
described protocol (Deng et al., 2017). Starch content was
measured with the Total Starch Assay Kit (K-TSTA;
Megazyme) according to the manufacturer’s protocol and
adapted as previously described (Feng et al., 2018). Soluble
sugars were extracted with 75% (vol/vol) ethanol and mea-
sured by the anthrone method (Wang et al., 2013). Each as-
say above was independently performed 3 times using the
endosperms collected from three different ears of plants
grown under SN or DN conditions.

Zein annotation and RNA-seq data analysis
There are 41 a-, 1 b-, 3 c-, and 2 d-zein genes in the B73 ge-
nome (Xu and Messing, 2008). According to Chen’s meth-
ods (2014), we first confirmed the gene models by mapping
publicly available full-length complementary DNAs of zein
subfamily genes to B73 bacterial artificial chromosomes and
then mapped these back to the current B73 V4 reference
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genome (Jiao et al., 2017). We annotated all the possible
zein genes in the V4 reference assembly, and found 47 zein
genes (41 a-, 1 b-, 3 c-, and 2 d-; Supplemental Table S1).

Total RNA was extracted from B73 and the CRISPR/Cas9
transgenic endosperm at developing stage (15DAP) using the
SV Total RNA Isolation System (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. Three biological
replicates from three ears were used. From each sample, 10
lg total RNA was used for library construction according to
the manufacturer’s instructions (Illumina). Libraries were se-
quenced using an Illumina HiSeq 2500 platform to generate
150 nucleotide paired-end sequence reads. Read quality was
evaluated using FastQC software (De Sena Brandine and
Smith, 2019) and reads were trimmed to 100 nucleotides to
remove low-quality bases with the fastx_trimmer program
within the FASTX toolkit (http://hannonlab.cshl.edu/fastx_tool
kit/index.html). Only reads with a read length greater than 50
bp were kept for downstream analysis. The high-quality reads
were aligned to the cDNA sequence file (downloaded from
www.maizegdb.org) derived from Maize B73 genome annota-
tion (V4) using Salmon software (version: 1.1.0). The software
(version: 1.1.0) was also used for mapping reads to the refer-
ence cDNA sequences and for calculating the transcripts per
million (TPM) mapped reads of each transcript using quasi-
mapping method (Schurch et al., 2016). The P-value of differ-
ential expression of each gene was calculated using the EdgeR
package (version: 4.0; Robinson et al., 2010). Genes with TPM
41 were used for differential expression analysis, and the sig-
nificant DEGs were assessed on two criteria: false discovery
rate (FDR; q-value after adjusting for false discovery rate)
40.05 and jlog2 fold changej 51, and significant DEGs of
zein and starch synthesis genes were assessed when P4 0.05
(Student’s t test).

Real-time PCR analysis
Total RNA was extracted from B73 and the CRISPR/Cas9
transgenic endosperm at different stages (15 DAP, 18 DAP,
and 24 DAP) under SN and DN conditions. We used 1 mg
of total RNA for reverse transcription using the PrimeScript
TM RT reagent Kit with gDNA Eraser (Takara (Beijing,
China) Co. Ltd.; code No. RR047A). Quantitative RT-PCR
(RT-qPCR) was performed on a Roche Light Cycler 2.0 with
Light Cycler software (build 4.1.1.21) as described previously
(Du et al., 2020). Briefly, 1 lL of cDNA was added to 5 lL of
SYBR Premix Ex TaqTM (TaKaRa Bio Inc., Japan), together
with 0.8 lL of each gene-specific primer (forward and re-
verse, at 10 mM), and the final volume was brought to 10
lL with DNase-free water. Specific primers for tested genes
are listed in Supplemental Data Set S12. The maize gene
ZmUPF1 (Zm00001d006438) was used as an internal control.
The RT-qPCR analysis was repeated in three independent
experiments.

Preparation of antibodies and immunoblot analysis
The full-length cDNA of Pbf1 was cloned into the pCold
vector (TaKaRa), respectively, and the construct transformed
into the Escherichia coli BL21 strain (Shanhgai Weidi

Biotechnology Co., Ltd). Cells were grown at 16�C and in-
duced by the addition of isopropylthio-b-galactoside (IPTG)
to a final concentration of 0.8 mM when the optical density
at 600 nm reached 0.6. The 6�His fusion recombinant pro-
tein was purified with His-tag Protein Purification Kit
(Beyotime, Shanghai, China). Anti-PBF1 antibodies were
produced in rabbits by Abclonal Biotechnology (Wuhan)
Co., LTD.

Total proteins were extracted from 15 DAP maize endo-
sperms that were grown under SN or DN conditions, respec-
tively. Immunoblot analysis was performed according to a
method described by Yang et al.(2021). Subsequently, the in-
teraction between antibody and all the proteins was visual-
ized on immunoblots using an anti-PBF1 antibody. The anti-
PBF1 antibody was used at dilution of 1:1,000. The anti-H3
antibody (Sigma-Aldrich, H0164-200UL) was used at the di-
lution of 1:3,000. Secondary antibodies were goat anti-rabbit
IgG-horseradish peroxidase (HRP; Abclonal, AS014), and
were used the dilution of 1:5,000.

RNA in situ hybridization
The specific fragment of Pbf1 was amplified using cDNA as
template, and was inserted into the pGEM-T Easy vector
(Promega, Madison, WI) for sequencing. According to the
method of Zhang (2015), the sense probe was then gener-
ated using primers T7-PBF1-F and PBF1-R, and the antisense
probe using primers PBF1-F and T7-PBF1-R Supplemental
Data Set S12). Sense and antisense probes were transcribed
in vitro from the T7 promoter with T7 RNA polymerases us-
ing the digoxigenin RNA-labeling kit (Roche, Basel,
Switzerland). Fifteen DAP B73 seeds from plants grown un-
der SN and DN conditions for in situ hybridization were
fixed and embedded in Paraplast Plus (Sigma-Aldrich, St.
Louis, MO, USA) embedding medium. Nonradioactive RNA
in situ hybridization with digoxigenin-labeled sense and anti-
sense probes was performed on 10-lm sections of tissues as
described by Coen et al. (1990).

ChIP-seq and ChIP-qPCR
ChIP using a PBF1-specific antibody with pooled SN or DN
endosperm was performed as previously described (Saleh
et al., 2008; Li et al., 2015; Komar et al., 2016). The 15 DAP
endosperms of KN5585 and pbf1 mutants were harvested at
the same time as those used for RNA-seq. Three biological
replicates prepared under SN and DN conditions were per-
formed. Briefly, dissected endosperms were immediately
cross-linked in PBS buffer containing 1% formaldehyde on
ice under vacuum for 15 min, after which the vacuum was
released and reapplied for another 10 min. Fixation was
stopped by infiltrating 2 M glycine (final concen-
tration = 0.125 M) under vacuum for an additional 10 min.
The cross-linked endosperms were washed 3 times with sterile
ddH2O and ground into powder in liquid N2, followed by iso-
lation of nuclei. Nuclear-enriched extracts were resuspended
in nuclei lysis buffer (50 mM HEPES PH 7.5, 150 mM NaCl, 1
mM EDTA, 0.3% SDS, 0.1% sodium deoxycholate and 1%
Triton X-100, 2 lg/mL pepstatin A, 2 lg/mL aprotinin, and 1
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mM PMSF), followed by sonication 24 cycles (15 ON/45 OFF)
with Bioruptor Pico. Dynabeads Protein A/G (Invitrogen) and
a PBF1-polyclonal antibody that was produced in rabbits by
Abclonal Biotechnology (�10 mg) were used to precipitate
the DNA, the pbf1 mutant DNA was used as a control. The
precipitated DNA was digested by RNase A and proteinase K
and subsequently extracted with phenol: chloroform: IAA
(25:24:1).

For ChIP-seq, ChIP-DNA libraries of two biological repli-
cates were constructed and sequenced by Hanyu
Biotechnology (Shanghai) Co., Ltd. Briefly, ChIP-DNA sam-
ples were end-repaired, followed by A-base addition and li-
gation with adapters using TruSeqPECluster Kit (Illumina).
After PCR enrichment, the DNA libraries were quantified
with Qubit (Thermo Fisher), followed by sequencing with an
Illumina HiSeq 2500. ChIP-seq reads from the replicate treat-
ments and the replicate controls were aligned against the
B73 reference assembly (V4) using Bowtie2 (Langmead et al.,
2009). Mapped reads of the biological replicates from SN
and DN conditions were subsequently merged, respectively.
MACS 2.0 (Zhang et al., 2008) with the cutoff P5 0.001 was
used to identify enriched peaks in treatments and controls.
The annotated gene models related to those peaks detected
at the regions between –2 kb ahead of the transcription
start sites (TSSs) and + 100 bp after TSSs were classified as
PBF1-bound targets. To search for conserved binding motifs
in PBF1 binding regions, the 400-bp sequence surrounding
the peak summit of each consistent peak was extracted and
examined using the online version of MEME-ChIP
(Machanick and Bailey, 2011; Bailey et al., 2015) with default
settings. A custom background model derived from JASPAR
CORE (2018) plants was provided, and any number of repe-
titions of a motif was allowed. The GO enrichment analyses
were performed using the database g:Profile (http://biit.cs.ut.
ee/gprofiler/; Uku et al., 2019) and agriGO (http://bioinfo.
cau.edu.cn/agriGO; Tian et al., 2017).

For ChIP-qPCR, IgG (Abclonal, AC005) was used as the con-
trol. The level of each gene in three biological replicates from
three ears was normalized to that of ZmUPF1 measured in
the sample. RT-PCR was performed using the SYBR Premix Ex
Taq II (Takara) on a LightCycler 484 Real-Time PCR System
(Roche). ChIP values were normalized to their respective
DNA input values. The fold-changes were calculated using the
DCt (threshold cycle) method (Komar et al., 2016). Primers
used for ChIP-qPCR are listed in Supplemental Data Set S12.

Electrophoretic mobility shift assay (EMSA)
The cDNA fragment encoding the Dof domain of PBF1 was
cloned into vector pET-28a (Novagen). The construct was
introduced into E. coli BL21 strain (Shanhgai Weidi
Biotechnology Co., Ltd). Induction was performed by adding
IPTG to a final concentration of 0.3 mM and cells were cul-
tured at 16�C for an additional 24 h. Recombinant proteins
were purified using the His-tag Protein Purification Kit
(Beyotime, Shanghai, China) and were later used for EMSA.

Oligonucleotide probes were synthesized and labeled with
biotin at the 5’-end. The double-strand DNA fragments

were acquired by annealing equal molar concentrations of
both complementary oligos in 5� annealing buffer
(Beyotime, Shanghai, China, D0251). Purified proteins (60
ng) were mixed with 2.5 ng of probe at 25�C for 20 min in
an EMSA/Gel-Shift Binding Buffer (Beyotime, Shanghai,
China). The mixture was separated by 6% native PAGE in
0.5�TBE buffer. The DNA in the gel was then transferred
to N + nylon membranes (0.2 lm, Millipore, UAS). The
DNA on the membranes was detected using the
Chemiluminescent EMSA Kit (Beyotime, Shanghai, China)
on a Tanon 5200 chemiluminescent Imaging System (Tanon
Science and Technology). All oligonucleotides and primers
are listed in Supplemental Data Set S12.

Transient expression assay in leaves of N.
benthamiana
To test the function of PBF1, approximately –1,500 bp up-
stream regions of the start codon of the PBF1-bound targets
were cloned into the vector pGreenII0800-LUC to generate
a reporter. The full-length cDNAs of Pbf1, ZmbZIP22, and
ZmbZIP46 were individually inserted into vector pMDC83-
2 � 35S to generate the effectors. Vector pMDC83-2 � 35S
was used as the negative control effector. The reporter and
the effector were transformed into Agrobacterium
GV3101(pSoup-p19; Shanhgai Weidi Biotechnology Co., Ltd)
and then were infiltrated into the leaves of N. benthamiana
as described previously (Feng et al., 2018). After incubation
in the dark for 24 h and then in the light for 24 h, the firefly
luciferase (LUC) activity and Renilla luciferase (REN) activity
was measured using the Dual-Luciferase Reporter Gene
Assay Kit (Beyotime, Shanghai, China). The ratio between
LUC and REN activities was measured in three biological
replicates from three different plants. Then the mean values
and standard deviations (SD) of the readouts of all of the
patches observed for one sample were calculated. All tests
of significance between pair treatments were conducted
with Duncan’s multiple-comparison tests (P5 0.05).
Different letters mean significant difference between treat-
ments (P5 0.05).

Statistical analyses
Microsoft Excel (2016) was used to calculate P-values using
paired two-tailed Student t -test method. The software SPSS
version 16.0 (IBM, Chicago, IL, USA) was used for multiple
comparisons. Comparisons of sample means were made by
one-way analysis of variance (ANOVA, P5 0.05) followed
by Duncan’s multiple comparisons tests, as shown in legends
of tables and figures. Detailed statistical analysis data are
shown in Supplemental Data Set S13.

Accession numbers
Maize genes analyzed in this study were identified in
MaizeGDB (https://www.maizegdb.org/) under the following
accession numbers: Pbf1, Zm00001d005100; O2, Zm00001d01
8971; 50-kD c-zein, Zm00001d020591; 27-kD c-zein, Zm00001d
020592; 18-kD d-zein, Zm00001d037436; Z1D-4, Zm00001d0
30855; Z1B-5, Zm00001d019155; Z1C-10, Zm00001d048812;
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Z1C-11, Zm00001d048813; PPDK2, Zm00001d010321; PPDK1,
Zm00001d038163; AGPL2, Zm00001d039131; Adh1, Zm0000
1d033931; GBSSIIa, Zm0001d019479; SSIIc, Zm00001d014150;
Su1, Zm00001d049753; Pho1, Zm00001d034074; Bt1, Zm00001
d015746; Sbe1, Zm00001d014844; Sbe2a, Zm0001d003817; Sbe
2b, Zm00001d016684; Su4, Zm00001d038121; ZmWCR1, Zm0
0001d042328; ZmDOF36, Zm00001d029512; ZmDOF27, Zm0
0001d034651; ZmDOF33, Zm00001d012963; ZmbZIP22,
Zm00001d021191; ZmbZIP46, Zm00001d006157; ZmNKD2,
Zm00001d026113; ZmNAC130, Zm00001d008403; ZmNAC87,
Zm00001d008403; and ZmbZIP34, Zm00001d038189. RNA-seq
and ChIP-seq data are available from the National Center for
Biotechnology Information Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo) under the series entries
PRJNA602742 and PRJNA837716, respectively.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. The expression of genes related
to nitrogen and carbon metabolism in the 6 DAP, 15 DAP,
and 24 DAP B73 endosperm under SN and DN conditions.

Supplemental Figure S2. Metabolism overview based on
the transcriptome profile of developing B73 endosperm.

Supplemental Figure S3. Regions of motifs associated
with DEGs involved in C and N synthesis and metabolism.

Supplemental Figure S4. The phenotypes of pbf1 mature
kernels.

Supplemental Figure S5. Storage-reserve contents of WT
and pbf1 endosperms.

Supplemental Figure S6. Comparison of DEGs detected
in our study versus the DEGs between the pbf1RNAi and
WT generated by Zhang et al. (2016).

Supplemental Figure S7. The expression of 27-kD c-zein in
the WT and pbf1 endosperm under SN and DN conditions.

Supplemental Figure S8. PBF1 protein levels as measured
by immunoblot assay in endosperm that grown under SN
and DN conditions.

Supplemental Figure S9. Determination of the anti-PBF1
antibody in input samples, post-bind input samples, and elu-
tion samples of the ChIP experiment by immunoblot
analyses.

Supplemental Figure S10. Frequency distributions of
peaks per 100-bp bin corresponding to the distance of peaks
to TSSs ranging from –2 kb to + 2 kb.

Supplemental Figure S11. Visualization of ChIP-seq reads
and peaks of SN- and DN-binding sites for four gene loci us-
ing the Integrated Genome Viewer.

Supplemental Figure S12. EMSA analysis of the complex
formation between PBF1 and different binding-probes,
respectively.

Supplemental Figure S13. ChIP-qPCR assays confirming
the in vivo binding activity of PBF1 to the promoter region
of downstream target.

Supplemental Figure S14. ChIP-qPCR assays confirming
in vivo binding activity of PBF1 to the promoter region of
nonzein targets.

Supplemental Figure S15. Venn diagram showing the
overlap of all DEGs regulated by PBF1 and N levels and the
targets bound by PBF1 in SN endosperm and DN endo-
sperm, respectively.

Supplemental Figure S16. The expression of PPDKs and
27-kD c-zein in the B73 endosperm at the developing stage
under SN and DN conditions.

Supplemental Figure S17. The positions of the ChIP-
qPCR primers in promoters of zein targets.

Supplemental Figure S18. PBF1 as a transcriptional
activator.

Supplemental Figure S19. The cooperation of PBF1 with
ZmbZIP46 to regulate target expression.

Supplemental Table S1. Zein gene position annotation.
Supplemental Table S2. The expression pattern of zein

genes as determined by RNA-seq.
Supplemental Table S3. Results of MEME analysis of the

promoter sequences of DEGs related to nitrogen and carbon
metabolism.

Supplemental Table S4. Results of MEME-ChIP analysis of
the 400-bp sequences flanking the summits of peaks associ-
ated with the putative PBF1 bound target genes under SN
and DN conditions.

Supplemental Table S5. The position of the EMSA
probes/ChIP-qPCR primer used in this study.

Supplemental Table S6. The PBF1-binding patterns of
zein subfamily genes in SN endosperm and DN endosperm.

Supplemental Data Set S1. Significantly differentially ex-
pression genes (DEGs) from RNA-Seq data in B73 endo-
sperm under SN and DN conditions.

Supplemental Data Set S2. The enriched GOs and
KEGGs terms related to nitrogen and carbon synthesis and
metabolism.

Supplemental Data Set S3. The clusters of DEGs from
MapMan analysis.

Supplemental Data Set S4. The DEGs related to nitrogen
and carbon synthesis and metabolism used for motif enrich-
ment analysis.

Supplemental Data Set S5. The DEGs of pbf1 compared
to WT in this study.

Supplemental Data Set S6. Enrichment analysis of the
DEGs in pbf1 endosperm compared with WT endosperm.

Supplemental Data Set S7. The altered expression of
PBF1-regulated genes between SN endosperm and DN
endosperm.

Supplemental Data Set S8. Associated peaks and func-
tional annotation of PBF1-bound targets in SN endosperm
and DN endosperm.

Supplemental Data Set S9. PBF1 directly regulated genes
in SN endosperm and DN endosperm, respectively.

Supplemental Data Set S10. GO classifications of PBF1
directly regulated genes with functional annotations in SN
endosperm.
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Supplemental Data Set S11. The targets bound by PBF1
or/and O2.

Supplemental Data Set S12. Primers used in this study.
Supplemental Data Set S13. Summary of statistical

analysis.
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