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ABSTRACT

Maize (Zea mays) kernel size is an important factor
determining grain yield; although numerous genes
regulate kernel development, the roles of RNA poly-
merases in this process are largely unclear. Here,
we characterized the defective kernel 701 (dek701)
mutant that displays delayed endosperm develop-
ment but normal vegetative growth and flowering
transition, compared to its wild type. We cloned
Dek701, which encoded ZmRPABC5b, a common
subunit to RNA polymerases |, Il and Ill. Loss-of-
function mutation of Dek701 impaired the function
of all three RNA polymerases and altered the tran-
scription of genes related to RNA biosynthesis, phy-
tohormone response and starch accumulation. Con-
sistent with this observation, loss-of-function muta-
tion of Dek701 affected cell proliferation and phyto-
hormone homeostasis in maize endosperm. Dek701
was transcriptionally regulated in the endosperm by
the transcription factor Opaque2 through binding to
the GCN4 motif within the Dek701 promoter, which
was subjected to strong artificial selection during
maize domestication. Further investigation revealed
that DEK701 interacts with the other common RNA
polymerase subunit ZmRPABC2. The results of this
study provide substantial insight into the Opaque2—
ZmRPABC5b transcriptional regulatory network as a
central hub for regulating endosperm development
in maize.
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INTRODUCTION

Transcription is a basic cellular process that involves tran-
scribing genetic information from DNA to many RNA
copies in each cell. DNA-dependent RNA polymerases
(RNAPs) are the main enzymes responsible for transcrip-
tion in prokaryotes and eukaryotes (1,2). Eukaryotes pos-
sess three major types of RNAPs named RNA polymerase
(Pol) I, IT and III. Pol I synthesizes ribosomal RNA
(rRNA); Pol II transcribes protein-coding genes into mes-
senger RNAs (mRNAs), as well as many noncoding RNAs
(ncRNAs); Pol TIT produces transfer RNAs (tRNAs) and
other small ncRNAs including 5S rRNA and U6 small nu-
clear RNAs (3-5). Prokaryotes utilize only a single type of
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RNAP for transcription (6,7). RNAPs are multi-subunit en-
zymes, with different subunits involved in catalysis, assem-
bly or with auxiliary functions. Prokaryotic RNAP is com-
posed of five core subunits: two catalytic subunits (B/B’),
two homodimeric assembly subunits (a/a), and one auxil-
iary subunit (w) (8-10). Eukaryotic Pol I, I and III com-
plexes consist of 14, 12 and 17 subunits, respectively, and
they share a conserved core of 12 subunits that includes 5
subunits to common all three polymerases (RNA Pol sub-
unit ABC1 [RPABCI1], RPABC2, RPABC3, RPABC4 and
RPABCS) and 7 additional subunits that are distinct but
paralogous across RNAPs (11).

RNAPs are at the core of all cellular and developmental
processes, particularly during cell-cycle progression and or-
gan development. For instance, yeast (Saccharomyces cere-
visiae) RPC53 encodes a subunit of Pol III, whose loss-of-
function mutation leads to a predominantly G1 arrest (12).
In mice (Mus musculus), mutation of the Pol III subunit
Polr3b decreases cell proliferation in intestinal crypts dur-
ing early postnatal development (13). In zebrafish (Danio
rerio), a mutation in RPC2 caused a delay in the G1-S tran-
sition in highly proliferative tissues, such as the liver, retina,
and terminal branchial arches (14). In plants, the Arabidop-
sis (Arabidopsis thaliana) Pol 11 subunit RPBI1 plays a role
in the maintenance of stem cell niches and cell-cycle control
(15), while RPB3 (also named NRPB3, for the third largest
subunit of nuclear Pol IT) is essential for stomatal patterning
and differentiation (16). In rice (Oryza sativa), the Pol III
subunit C53 interacts with the transcription factor GRAIN
LENGTHG6 (GL6) to regulate the expression of genes in-
volved in rice grain development (17). In maize (Zea mays),
the Pol III subunit NRPC2 interacts with subunits RPC53
and AC40 and the transcription factor Floury3 (F13) to reg-
ulate Pol IIT activity during kernel development and storage
reserve filling (18,19). The existence of subunits common to
all three RNAPs indicates the tight coordination between
RNAP functions. In yeast, the common subunits RPABCI,
RPABC2, RPABC3 and RPABCS are each essential for cell
viability (20,21). Compared to the functional clues reported
for non-common subunits, functions for common subunits
are largely unknown.

Maize is an important crop that serves as a model plant
for research on kernel development. Although numerous
genes regulate kernel development in maize (22-29), how
RNAPs might contribute to kernel development is un-
known. However, two recent reports revealed the impor-
tant roles of Pol III in maize kernel development. Maize
FI13 can interact with Pol III subunit RPC53 and the tran-
scription factor C1, and the fI3 mutant exhibits small and
floury endosperm (18). In addition, a mutation in NRPC2,
which is the second largest subunit of Pol III, disrupts Pol
IIT activity and affects the expression of genes involved in
cell proliferation, impairing maize kernel development (19).
Despite these findings, little is known about the function
of common RNAP subunits in plants and how the RNAP-
encoding genes themselves might be regulated during kernel
development.

In this study, we characterized the maize defective ker-
nel (dek) mutant dek701. We cloned Dek701 and report
here that it encodes the RNA polymerase common sub-
unit ZmRPABCS5b. Loss-of-function mutation of Dek701
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impaired the function of all three types of RNAPs, affect-
ing the transcription of genes related to RNA biosynthesis,
phytohormone responses, cell-cycle progression and starch
accumulation, as well as the transcription of rRNA, tR-
NAs and ncRNAs. We also discovered that DEK701 in-
teracts with the other common subunit ZmRPABC2, and
that Dek701 transcription is regulated by Opaque2. These
results revealed that the activation of Dek701 transcription
by Opaque?2 is integral to coordinating transcription and
endosperm growth at the grain filling stage, providing new
insight into the regulatory mechanism of endosperm filling
in maize.

MATERIALS AND METHODS
Plant materials

dek701 was isolated as a spontancous mutant after multi-
ple rounds of self-pollination from the progeny of a hybrid
plant derived from a cross between inbred lines Chang7-2
and G38. The heterozygous dek701 was self-pollinated to
produce F; ears, from which WT and dek kernels were used
for phenotype analysis. The dek701 was crossed to B73,
Zheng58, Chang7-2 and Mol7 inbred lines to produce seg-
regating populations for genetic analysis, and the BC4F,
populations crossed to B73 were used for RNA-seq anal-
ysis. All plants were grown in Beijing (summer) and Hainan
(winter), China.

Quantification of starch and protein contents

Twenty mature WT or mutant kernels were collected from
the same ear. Endosperm was separated from the embryo
and pericarp and pulverized with a mortar in liquid nitro-
gen. The resulting powder was collected after being freeze-
dried with Labconco FreeZone 18 (Labconco Corpora-
tion, Kansas, MO, USA) until the weight stopped decreas-
ing, then the powder was weighed and recorded. Starch
was extracted and measured in 100 mg of powdered sam-
ple using an amyloglucosidase/a-amylase starch assay kit
(Megazyme, Bray, Ireland).

Total protein, zein, and nonzein proteins were extracted
from 50 mg of dried endosperm flour, according to the
method of Wallace (30). Briefly, 1 ml petroleum ether was
added into 50 mg powder, and the mixture was oscillated
and incubated at 4°C for 1 h; the mixture was centrifuged
at 13 000 rpm for 10 min, then the supernatant was dis-
carded, and the precipitate was drained by FreeZone 18
Freeze Dryer. The precipitate was added with 1 ml of 12.5
mM sodium borate, 20 pl of 2% mercaptoethanol, and in-
cubated overnight in a shaker at 37°C. The mixture was cen-
trifuged at 13 000 rpm for 10 min, and the supernatant was
the total protein extract. To isolate zein and nonzein pro-
teins, 300 pl of total protein was mixed with 700 wl of anhy-
drous ethanol, and incubated at room temperature for more
than 2 h. The mixture was centrifuged at 13 000 rpm for 10
min, then the supernatant was drained by FreeZone 18 as
zein protein, and the precipitate consisted of nonzein pro-
teins.Quantification analyses of the total protein, zein, and
nonzein proteins were performed as described by Smith (31)
using an Easy II protein quantitative kit (Transgen Biotech,
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Beijing, China). SDS-PAGE was performed in 12% poly-
acrylamide gels, and the gels were stained with Coomassie
brilliant blue R250 (32). All measurements were performed
three times.

Light microscopy and SEM

Developing kernels were cut along their longitudinal axis.
The samples were fixed for 3 days at room temperature in
FAA solution (5 ml 38% [w/v] formaldehyde, 5 ml glacial
acetic acid, 90 ml 70% [v/v] ethanol) and then embedded in
paraffin after dehydration through a graded ethanol series
(70% [v/v], 80%, 95% and 100% ethanol). Finally, the sam-
ples were cut into 8-pwm sections, stained with 0.2% tolui-
dine blue and inspected under a Nikon Ti Microscope.

For scanning microscopy, mature kernels were cut along
their longitudinal axis to obtain the maximum longitudi-
nal section, and the samples were dried to a critical point
using a dryer (LEICA EM CPD); the dried samples were
mounted on the surface of a brass disc using double-
sided adhesive silver tape, coated with gold/palladium by
a sputter-coating unit (EIKO IB-3), and scoped by a scan-
ning electron microscope S-3400N (Hitachi, Tokyo, Japan).

Map-based cloning

Thirty kernels (pericarp removed) each with the WT
Dek701 or dek701 mutant phenotype were collected from
the same F, ear at 16 DAP for BSR-seq analysis. Total
RNA was extracted from embryo and endosperm using
an RNA extraction kit (Tiangen, Beijing, China). Comple-
mentary DNA (cDNA) libraries were constructed using an
Illumina RNA-sequencing (RNA-Seq) sample preparation
kit, and sequenced using an Illumina Hiseq2500 instrument
(www.illumina.com). The sequencing data were trimmed
and aligned to the B73 reference genome (B73 RefGen_v3)
using HISAT2 (v.2.1.0). Only reads that mapped uniquely
to the genome were retained for single nucleotide polymor-
phism (SNP) calling. Linkage analysis between SNPs and
the target gene was performed following the parameters pre-
viously described (33).

Fine-mapping was conducted using 11520 homozygous
mutant kernels from F, populations derived from the
crosses dek701 x B73 and dek701 x Zheng58. The molec-
ular markers developed for fine-mapping are listed in Sup-
plemental Data Set S1.

RNA extraction, RT-PCR and RT-qPCR

Plant tissues were frozen in liquid nitrogen and ground to
powder with a mortar. Total RNA was extracted using the
RNAprep pure plant kit (TianGen, Beijing, China) and
treated with RNase-free DNase I to remove DNA con-
taminants (Takara, Shiga, Japan). RT was conducted with
TransScript I1 reverse transcriptase (Transgen Biotech, Bei-
jing, China). RT-PCR was performed using the primers
listed in Supplemental Data Set S1.

gPCR was performed using the TranStart Green qPCR
SuperMix (Transgen Biotech) on a 7300 Real-time PCR
system (Applied Biosystems, Waltham, MA). The 2 24 ¢t
method was employed to calculate relative gene expression

levels, using maize GAPDH (GRMZM2G046804) as inter-
nal control. The primers used are listed in Supplemental
Data Set S1.

Vector construction for maize transformation

The sgRNA sequence were designed in the third exon of
Dek701 using CRISPR-P web base resource (http://crispr.
hzau.edu.cn/CRISPR2/) (34), and 20 bp sgRNA sequence
(CTACTGCTGCAGGCGAATGC) was chosen. The PCR
fragments amplified from pCBC-MTI1T2 were inserted be-
tween the Bsal sites of pBUE411 (35) to construct the
pBUE411-Dek701 vector. For molecular complementation
of the dek701 mutant, the Dek701 coding sequence was
cloned into pCAMBIA3301 to generate the overexpression
vector 35Spro: RPABCS. Agrobacterium tumefaciens strain
LBA4404 containing the constructs were used to transform
maize inbred line CAL or Z31 (36).

Subcellular localization of DEK701

The Dek701 coding sequence was cloned into the pEarley-
Gatel01 and pEarleyGatel04 expression vectors to gen-
erate Dek701-YFP and YFP- Dek701 fusion vectors, re-
spectively, using LR-mediated Gateway recombination (In-
vitrogen, Carlsbad, CA). The fusion constructs were in-
troduced into maize protoplasts using the polyethylene
glycol/calcium-mediated transformation method (37). The
fusion proteins were observed using a Zeiss LSM700 fluo-
rescence microscope (Zeiss, Jena, Germany) after an incu-
bation of 24 h in the dark. The fusion constructs were also
transformed into Agrobacterium strain GV3101 and infil-
trated into N. benthamiana leaves together with a construct
encoding the nuclear protein marker AtHOOK fused to
red fluorescent protein. The fluorescence signals were mon-
itored under a Zeiss LSM700 confocal microscope after a
48-h incubation.

Yeast one-hybrid (Y1H) assay

The Opaque?2 coding sequence was cloned into the pB42AD
vector (Clontech, Mountain View, CA) and co-transformed
with a modified pLacZ vector (38) that contained the LacZ
reporter driven by the promoter region of ZmRPABC5a or
Dek701 in the yeast strain EGY48. The transformants were
grown on synthetic defined (SD) medium lacking uracil and
tryptophan (SD —Ura —Trp) and containing 5-bromo-4-
chloro-3-indolyl-B-d-galactopyranoside for blue color de-
velopment.

Yeast two-hybrid (Y2H) assay

pDEST22-AD and pDEST32-BD constructs were gener-
ated by cloning the coding sequences of Dek701 and other
RNAP subunit genes. Appropriate pairs of constructs were
co-transformed into yeast strain MaV203. Positive colonies
were first selected on SD medium lacking leucine and tryp-
tophan (SD —Leu—Trp) and then restreaked ontoa SD —Leu
~Trp —His ~Ade medium containing 3-amino-1,2,4-triazole
as a competitive inhibitor of the product of the HIS3 gene,
and 5-bromo-4-chloro-3-indolyl-a-d-galactopyranoside for
blue color development. Primers used for cloning the cod-
ing sequences are listed in Supplemental Data Set S1.
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Luciferase complementation image (LCI) and bimolecular
fluorescence complementation (BiFC) assays

The coding sequences of Dek701 and ZmRPABC2 were
cloned into pCAMBIA-nLUC and pCAMBIA-cLUC
constructs, respectively. The LCI assay was performed in N.
benthamiana leaves by Agrobacterium-mediated infiltration
(39,40). Two days after infiltration, Luciferin (100 mM) was
spread on the back of leaves for 15 min under dark condi-
tion, and luciferase activity was analyzed using a LB985
NightSHADE (Berthold Technologies, Bad Wildbad,
Germany).

BiFC was performed in N. benthamiana leaves according
to a previous work (41). The coding sequences of Dek701
and ZmRPABC?2 were individually cloned into the pEarley-
gate201 and pEarleygate202 vectors harboring the nYFP
and cYFP sequences, respectively, and co-infiltrated into V.
benthamiana leaves through Agrobacterium-mediated tran-
sient infiltration. YFP fluorescence was detected after 48
h using a Zeiss LSM700 fluorescence microscope. Primers
used for cloning of LCI and BiFC constructs are listed in
Supplemental Data Set S1.

RNA-seq analysis

Total RNA was extracted from WT and dek701 kernels
(seed coat removed) as three replicates using the RNAprep
pure plant kit (TianGen). Sequencing libraries were gener-
ated according to the Illumina standard protocol. These li-
braries were sequenced on an Illumina NovaSeq platform
by BerryGenomics Corporation (BerryGenomics, Beijing,
China), as 150-bp paired-end reads. Clean reads were ob-
tained through processing with Perl scripts, followed by
aligning to the maize B73 genome (RefGen_V3) using
TopHat (version: 2.0.12) (42). Estimations of gene expres-
sion levels were expressed as fragments per kilobase of tran-
script sequence per millions base pairs sequenced (43). Cuf-
flinks (version: 2.2.1) (44) was employed to assemble the
transcripts and tests for differential expression across RNA-
seq samples. Corrected P value <0.05 and fold change >2
were set as the threshold for significant DEGs. The RNA-
seq data are available from the National Center for Biotech-
nology Information Gene Expression Omnibus (www.ncbi.
nlm.nih.gov/geo) under the series entry PRJINA792688.

For the differential analyses of IncRNAs in the RNA-seq
data sets of WT and dek701, all IncRNA loci identified by
Li (45) in the maize genome were included for estimating
their expression levels and conducting differential expres-
sion tests first with Cufflinks. Significant DELs were then
identified with the same settings as DEGs above (corrected
P value < 0.05 and fold change > 2).

Electrophoretic mobility shift assay (EMSA)

The Opaque? coding sequence was cloned into the BamHI
and No! sites of the vector pET-32a+ . The resulting con-
struct was transformed into Escherichia coli BL21 cells,
which were grown at 37°C in LB medium, and induced
by the addition of isopropyl B-D-1-thiogalactopyranoside
to a final concentration of 1 mM when the optical den-
sity at 600 nm was 0.6. The cells were harvested for pu-
rification of recombinant 6x His-Opaque2 fusion protein
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with Ni-NTA agarose (QIAGEN, Dusseldorf, Germany)
and used for EMSA. Oligonucleotide probes (Supplemental
Data Set S1) were synthesized and labeled according to the
standard protocol from Invitrogen Technology (Invitrogen,
Carlsbad, CA). Standard reaction mixtures for EMSA were
treated and observed as reported previously (46). Biotin-
labeled DNA was detected using the LightShift Chemilu-
minescent EMSA kit (ThermoFisher, Waltham, MA).

Transient expression assay

The full-length open reading frame (ORF) of Opaque2 were
cloned into the effector vector pGreen II 62-SK under the
control of the CaMV 35S promoter. The promoter frag-
ment of Dek701 (2.1 kb upstream of ATG) was cloned
into the reporter vector pGreen II 0800-LUC. CaM V35S
promoter-driven REN was used as an internal control. In-
dividual combinations of effector and reporter vectors were
co-transformed into Agrobacterium strain GV3101 (pSoup-
p19) cells, and the transformed Agrobacterium strains were
used for the infiltration of young N. benthamiana leaves. Af-
ter 3 d of incubation, firefly and Renilla luciferase signals
were assayed using a Dual Luciferase Reporter Assay Kit
(Vazyme, Nanjing, China).

Flow cytometry

Five WT or dek701 mutant kernels were collected from
the same ear. Three ear replicates were used. Flow cytome-
try was performed as previously described (47). A total of
15000 particles were collected and analyzed using Flowjo
software (FlowJo, Ashland, OR).

Phylogeny and comparative genome analysis

The protein and coding sequences of RPABC5 genes from
different species were collected from Phytozome (https://
phytozome-next.jgi.doe.gov/). The protein sequences were
aligned with MUSCLE and converted into the correspond-
ing codon alignment using PAL2NAL. Poorly aligned se-
quences were then removed by GBLOCKS. A neighbor-
joining phylogenetic tree was constructed by MEGA soft-
ware using 1000 bootstrap replicates.

Location of the rice WGD (inner-species collinearity)
was extracted from the rice genome annotation project
(http://rice.uga.edu) (48). Macro-collinearity across cereal
genomes over the RPABCS and RPABC2 genomic regions
was extracted from www.gramene.org (49).

The Hapmap3 SNPs located in the gene and the flank-
ing 5-kb regions were used to estimate the nucleotide di-
versity () of teosinte and maize lines. Nucleotide diversity
was calculated by Vcftools in sliding window mode (win-
dow size = 1000 bp; step size = 100 bp). The selection pres-
sure of domestication was measured as the ratio between
values from teosinte and maize. The loss of genetic diver-
sity observed within maize was explained by the bottleneck
of maize domestication; coalescent simulations following
the demographic history of maize domestication inferred by
(50) were performed by Hudson’s Ms program, with param-
eters assigned as previously described (51,52), and 10 000
coalescent simulations were performed. The observed val-
ues that deviated significantly from expectations under the
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neutral domestication of maize indicate selection in the ex-
amined region.

Expression genome-wide association study of the dek701
gene

An association population consisting of 368 maize inbred
lines which was previously genotyped and characterized
(53-55) was used for expression genome-wide association
study. Transcriptomic sequencing was previously conducted
on the immature kernels at 15 DAP of these inbred lines and
was quantified for the Dek701 gene (54). Using 296 5911
SNPs with MAF >0.05 of the 368 inbred lines, the associa-
tion analyses between SNPs and gene expression were per-
formed using a linear mixed model implemented in TAS-
SEL v5 (TASSEL). The population structure was used as
covariates, and the kinship matrix was used as the variance-
covariance matrix of the random effects (54). The threshold
for significance was set as P =1 x 107°.

RESULTS
The dek701 mutant displays delayed endosperm development

dek701 is a spontaneous mutant isolated after multiple
rounds of self-pollination from the progeny of a hybrid
plant, which was derived from a cross between inbred lines
Chang7-2 and G38. Compared to kernels homozygous for
the Dek701 allele and used as wild type (WT), mature
dek701 kernels were smaller and varied in size (Figure 1A
and B). The 100-kernel weight of the dek701 mutant was
48.8% that of the WT (Figure 1C). We crossed dek701 to
inbred lines B73, Z58, Chang7-2 and Mo17 to generate seg-
regating populations, with which we determined that WT
and dek kernels in F, ears follow a 3:1 segregation ratio
(x> =0.27-2.02 < x 20,05 = 3.84) (Supplemental Figure SIA
and B), indicating that dek701 is a monogenic and recessive
mutation.

We observed that both mature dek70! endosperm and
embryo are smaller in size than those of the WT (Figure
1D). At 21 days after pollination (DAP), both dek701 and
WT embryos had formed the scutellum, a leaf primordium,
a shoot apical meristem (SAM) and a root apical meris-
tem (RAM) (Figure 1E). Compared to WT kernels with a
starch-filled endosperm, dek701 kernels displayed a small
endosperm, with a gap observed between the endosperm
and the pericarp at 21 DAP (Figure 1E; Supplemental Fig-
ure S2). These results indicate that endosperm development
were abnormal in dek701, whereas dek701 embryos retained
the ability to form typical embryonic structures. The germi-
nation rate of dek701 seeds decreased to 68.6%, compared
to the germination rate of 98.2% seen for the WT (Figure
1F and G). Although germinated dek701 seedlings grew
poorly in the early growth stage (Supplemental Figure S3A
and B), adult dek701 plants showed plant height, total leaf
number and anthesis time similar to those of WT sibling
plants at the flowering stage (Figure 1H and I; Supplemen-
tal Figure S3C-F). After self-pollination, dek701 also pro-
duced a cob of similar size as the WT, as well as dek ker-
nels with a clearly visible embryo but underdeveloped en-
dosperm characteristic of this class of maize mutants (Fig-

ure 1H; Supplemental Figure S3G). dek701 embryos were
harvested at 16 DAP and allowed to grow on Murashige
and Skoog medium for 6 d, resulting in a similar germina-
tion rate as that seen with WT sibling embryos (Figure 1J
and K), indicating that dek701 embryos retained full ger-
mination capacity. However, these rescued dek701 seedlings
showed weak growth compared to the WT (Supplemental
Figure S3H and I). These results suggest that the loss of
Dek701 function did not affect the function of embryos in
the pre-embryo stage.

We also investigated endosperm structure using scan-
ning electron microscopy (SEM). Whereas WT endosperm
was filled with smooth and spherical starch granules (SGs),
the dek701 endosperm was loosely packed by irregularly
shaped SGs in the center of the endosperm (Supplemen-
tal Figure S4A). When starch and protein contents were re-
flected as percentage of kernel weight, the total starch con-
tent of dek701 endosperm was lower by 12.2% relative to the
WT (Supplemental Figure S4B); total protein, zein protein
and nonzein protein contents in dek70! endosperm were
higher than those of the WT (Supplemental Figure S4C),
and among zein proteins, the contents of 19, 22 and 27-kDa
zein proteins visibly increased in dek70! endosperm (Sup-
plemental Figure S4D and E). However, when starch and
protein contents were reflected as the average contents per
kernel, the starch and protein contents of the dek701 en-
dosperm were significantly lower than those of the WT en-
dosperm (Supplemental Figure S4F and G).

Positional cloning of Dek701

To identify Dek701, we performed bulked segregant
RNA-Seq (BSR-Seq) using dek and WT kernels from
segregating F, ears derived from a dek701 x B73 cross.
We mapped the Dek701 locus to a 3.09-Mb interval on
chromosome 8 (Supplemental Figure S5). We developed
additional markers within this interval (Supplemental
Data Set S1), which narrowed down the location of
the candidate gene to a 22-kb region using 11520 in-
dividual dek kernels. This final region contained four
annotated genes in the B73 reference genome (Ref-
Gen V3): GRMZM2G316214, GRMZMS5G834335,
GRMZM2G020583 and GRMZM2G020594 (Figure
2A). Transcripts for GRMZM2G316214 and GR-
MZM2G020583 were undetectable in either dek701 or
WT kernels in our RNA-seq dataset. GRMZM?2G020594
exhibited similar expression levels in WT and dek701, while
the expression of GRMZMS5G834335 was lower in dek701
compared to WT (Supplemental Data Set S2), indicating
that GRMZM5G834335 might be Dek701.

We attempted to amplify and sequence the genomic
region encompassing GRMZMS5GS834335 from WT and
dek701, but failed to obtain a PCR product for the 5" un-
translated region of GRMZM5G834335 in dek701. We thus
applied several rounds of thermal asymmetric interlaced
PCR, culminating in the identification of a large fragment
replacement (Supplemental Data Set S3) from —4130 bp to
+ 113 bp relative to the ATG of GRMZMS5G834335 in
dek701 (Figure 2B), which only caused the defect of GR-
MZM5G834335 gene, but not affected the structure and
expression of other three nearby genes. In addition, reverse
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Scale bar = 2 cm (1 cm in magnified picture). (G) Germination rate calculated from (F). Values are means + SD (n = 3; ***P < 0.001 as determined by
Student’s z-test). (H) Representative mature dek701 plant and WT sibling. Scale bar = 30 cm (1 cm in magnified picture). (I) Mean plant height calculated
from (H). Values are means + SD (n = 10; NS, no significant difference at P < 0.05 as determined by Student’s z-test). (J) Germination performance of
WT siblings and dek701 embryos harvested at 16 DAP on half-strength Murashige and Skoog medium for 6 days. (K) Mean germination rates calculated
from (J). Values are means + SD (n = 3; NS, no significant difference at P < 0.05 as determined by Student’s #-test).
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transcription PCR (RT-PCR) analysis showed that GR-
MZM5G834335 transcripts are not detected in dek701 ker-
nels (Figure 2C). Altogether, these results indicated that
GRMZM5G834335 is a strong candidate for the causal lo-
cus Dek701.

Allelism and complementation test of dek701

To confirm the identity of Dek701 as GRMZMS5G834335,
targeted mutation of GRMZMS5G834335 was performed
using the CRISPR /Cas9 system. The guide RNA (gRNA)
spacer sequences were designed to target the third exon of
GRMZM5G834335 (Figure 2B). The constructed plasmid
was transformed into maize inbred lines Z31 or CAL, and
two independent CRISPR /Cas9 transgenic lines (dek701-
cas9-1, 731 background; dek701-cas9-2, CAL background)
were obtained that contained a substitution or insertion at
the target sequence (Figure 2D and F), resulting in early ter-
mination of GRMZMS5G834335 protein translation (Fig-
ure 2E). The F, ears generated by self-crossing of +/dek701-
cas9-1 or +/dek701-cas9-2 plants displayed a 3:1 (307 : 89,
x2=1.21;181:52, x> = 0.76 < x 2005 = 3.84) segregation
of WT and mutant kernels (Figure 2G). Allelism tests were
performed by crossing heterozygous dek701 with heterozy-
gous dek701-cas9-1 and dek701-cas9-2, respectively. The F
ears displayed a 3:1 (281:97, x> = 0.06; 256 : 73, x> = 1.24)
segregation of WT and dek kernels (Supplemental Figure
S6A), and the randomly selected dek kernels contained both
the dek701 locus and the dek701-cas9 locus (Supplemental
Figure S6B to D). These results demonstrate that dek701-
cas9 mutants and dek 701 mutant cannot rescue the dek phe-
notype one another, supporting that GRMZM5G834335 is
Dek701.

As an independent confirmation that GR-
MZMS5G834335 is Dek701, we amplified the coding
region from inbred line B73 and placed it under the control
of the cauliflower mosaic virus 35S promoter. We intro-
duced the resulting construct into inbred line CAL and
identified transgenic events with a single-copy insertion
through identifying 3:1 segregation of transgene in T,
generation (Supplemental Figure S7A). We obtained three
independent transgenic events that were then crossed to
dek701/Dek701 plants to generate heterozygous F; plants.
The individual F; plants with heterozygous dek701/+
genotype and hemizygous for the transgenic locus were
identified and self-crossed to obtain F, ears. As expected
in the case of complementation, all the F, ears exhibited
a phenotypic segregation ratio of 15:1 between WT and
dek701 mutant kernels (Figure 2H; Supplemental Figure
S7B and C). Furthermore, we genotyped kernels from the
F, population of event 1 with specific primers to identify
dek701 locus (Figure 2J and K), followed by genotyping
to detect the presence of the 35Spro:Dek701 transgene
(Figure 2L). We determined that all homozygous dek701
kernels carrying the transgene showed a WT phenotype,
whereas kernels lacking the transgene retained the mutant
phenotype (Figure 2I). Altogether, Allelism test and trans-
genic rescue assays demonstrated that GRMZM5G834335
is the causative gene for Dek701.
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Dek701 encodes the common RNA polymerase subunit
RPABC5b

Dek701 was predicted to encode the RNA Pol com-
mon subunit RPABCS, comprising 71 amino acids. The
genome for each of six typical seed plants selected har-
bored two RPABCS5 copies: the gymnosperm Norway
spruce (Picea abies), the dicot angiosperms Arabidop-
sis and black cottonwood (Populus trichocarpa), and the
monocot angiosperms purple false brome (Brachypodium
distachyon), rice, sorghum (Sorghum bicolor) and maize.
By contrast, we identified a single copy in the green alga
Chlamydomonas reinhardtii, the bryophyte Physcomitrium
patens, and the pteridophyte Selaginella moellendorffii
(Figure 3A).

The short protein length made it difficult to unambigu-
ously assign phylogenetic relationships among RPABCS
homologs, prompting us to perform a synteny analy-
sis (comparative genome analysis) focusing on RBABCS
genes from the Poaceae, since Poaceae species evolved
from a common ancestor 50-70 million years ago (mya)
(56). Cross-species comparisons at the micro-collinearity
level showed that GRMZMS5G803992 is located on
collinear chromosomal regions in B. distachyon (contain-
ing the ortholog Bradi4g41090), rice (containing the or-
tholog Os12g07980), and sorghum (with the ortholog
Sobic.008G058300), suggesting that these four orthologs
evolved from a common ancestor before the split of Poaceae
species (Figure 3B). Thus, we named these evolutionarily
conserved orthologs RPABC5a and the others (including
Dek701) RPABCSb.

A whole-genome duplication (WGD) was predicted to
have occurred in the common rice ancestor about 70 mya
(48). Rice and sorghum RPABC5bh mapped to chromoso-
mal regions sharing micro-collinearity over the RPABC5a
regions (Figure 3B), indicating that rice and sorghum
RPABC5a and RPABC5b are the result of the WGD in the
cereal ancestor. However, maize ZmRPABCS5a and Dek701
(ZmRPABC5b) mapped to different chromosomes, indi-
cating that Dek701 was duplicated via an intrachromoso-
mal duplication of a maize chromosome, probably by un-
linked (transposed) duplication, rather than by linked (tan-
dem) duplication (57). RT—quantitative PCR (RT-qPCR)
analysis revealed that Dek701 is constitutively expressed
in a broad range of maize tissues, including stems, roots,
leaves, bracts, tassels, silk, embryos and endosperm, with
relatively high expression levels in kernels, especially in the
endosperm (Figure 3C). During kernel development, ZmR-
PABC5a and Dek701 expression increased gradually from
12 DAP to 24 DAP and decreased slightly at 30 DAP
(Figure 3D).

To examine the subcellular localization of DEK701, we
generated constructs encoding a fusion between full-length
DEK701 and the N or C terminus of the yellow fluores-
cent protein (YFP). We transiently expressed the resulting
constructs in both maize protoplasts and Nicotiana ben-
thamiana leaf epidermal cells; we observed YFP fluores-
cence in the nucleus and the cytoplasm (Figure 3E and F),
indicating that DEK701 accumulates in the nucleus and the
cytoplasm.
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Dek701 expression is transcriptionally regulated by Opaque2

During kernel development, Dek701 and ZmRPABC5a
showed similar expression patterns, however, Dek701 had
specifically higher expression level in endosperm and was al-
ways expressed at a higher level than ZmRPABC5a (Figure
3C and D). To dissect the expression regulation, we investi-
gated the expression quantitative trait loci (eQTLs) that as-
sociated with the expression of Dek701 using the published
data from 368 maize lines (54), and a cis-eQTL was found
in the promoter region of Dek701 (Figure 4A). We there-
fore analyzed the Dek701 and ZmRPABC5a promoter se-
quences at the PlantCARE website (https://bioinformatics.
psb.ugent.be/webtools/plantcare) and identified a GCN4
(general control nondepressible4) motif specifically in the
Dek701 promoter that is a known target site for the key
endosperm developmental regulator Opaque?2 (58,59) (Sup-
plemental Figure S8). We confirmed that Opaque2 can bind
to the promoter of Dek701, but not that of ZmRPABC5a, in
a yeast one-hybrid (Y 1H) assay (Figure 4B). To further con-
firm the binding of Opaque? to cis-elements in the Dek701
promoter, we performed electrophoretic mobility shift as-
says (EMSAs) with purified recombinant His-Opaque?2 pro-
tein and a labeled 50-bp DNA probe containing the GCN4
motif from the Dek701 promoter. A probe that has been ex-
perimentally confirmed to the target of Opaque2 (46) was
synthesized as a positive Opaque2 probe control, and a
shift in mobility was detected (Figure 4C, lane 2). When re-
combinant His-Opaque2 protein was incubated with the la-
beled Dek701 probe, a clear binding was also detected and
this binding gradually decreased with increasing amount
of unlabeled DNA (Figure 4C), supporting the notion that
Opaque?2 can directly bind to the Dek701 promoter in vitro.
Moreover, luciferase based transient transactivation assays
verified that Opaque2 activates the expression of Dek701
(Figure 4D).

We also investigated whether the loss of Opaque2 func-
tion affected Dek701 expression. Relative Dek701 transcript
levels were about two-fold lower in the endosperm of the
02 mutant compared to WT (W22 inbred line) but accumu-
lated to comparable levels in WT and o2 in other tissues
(Figure 4E). We did not observe significant expression dif-
ferences between WT and the 02 mutant for ZmRPABC5a.
These results indicate that the evolutionary gain of a GCN4
cis-element in the Dek701 promoter may have contributed
to its high expression in maize endosperm.

To assess whether Dek701 was a target of selection dur-
ing domestication, we analyzed nucleotide diversity around
the Dek701 locus using the third-generation Zea mays hap-
lotype map (HapMap 3) (60). A sliding-window analy-
sis revealed elevated DNA polymorphism rates between
teosinte and maize lines over the Dek701 promoter re-
gion (7 teosinte/m maize = 4.25), indicative of a de-
crease in nucleotide diversity in modern maize compared
to teosinte germplasm (Figure 4F and G). Coalescent sim-
ulations incorporated the demographic history of maize
domestication and showed a significant (P < 0.01) de-
viation from the neutral expectation. These results in-
dicate that the Dek701 promoter region was subjected
to strong artificial selection during the domestication of
maize.
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Loss of function of DEK701 affects function of RNA pols

As DEK701 is a common subunit of Pol I, IT and III,
we speculated that loss of DEK701 function might af-
fect RNAP complex formation and transcription effi-
ciency in dek701 mutants. To reveal the effects associ-
ated with loss of DEK701 function on transcription, we
performed an RNA-seq analysis using dek701/ and WT
sibling kernels at 15 DAP. We identified 1565 upregu-
lated and 930 downregulated differentially expressed genes
(DEGs) in dek701 relative to WT (Supplemental Data Set
S2), of which 1736 DEGs were functionally annotated
by Gene Ontology (GO) analysis (http://systemsbiology.
cau.edu.cn/agriGOv2/). Notably, 488 DEGs were related
to RNA biosynthesis, transcription regulator activity, and
DNA binding, all GO terms that play important roles
in transcription (Figure 5A; Supplemental Data Set S4).
We also determined that 107 DEGs are associated with
response to phytohormone stimulus (GO:0009725), of
which 24 DEGs were related to auxin signaling, with
11 genes encoding repressors from the auxin/indole-3-
acetic acid (IAA) family being upregulated (Figure 5B).
In addition, nine DEGs were involved in abscisic acid
(ABA) signaling, with five downregulated genes encod-
ing ABA receptors PYR1/PYL/RCAR (PYRABACTIN
RESISTANCE1/PYR-LIKE/ regulatory component of
ABA receptor) and the positive ABA signaling component
SnRK2 (Snfl-related protein kinase2), while four upregu-
lated genes encoded negative regulators of ABA signaling
from the protein phosphatase 2C (PP2C) family (Figure
5B). These results suggested that both auxin and ABA sig-
naling pathways are repressed in dek701. GO terms associ-
ated with nutrient reservoir activity (GO:0045735) and car-
bohydrate metabolism (GO:0005975) were also enriched.
Most of the genes related to these GO terms exhibited
lower expression in dek701 than in WT. For example, sev-
eral genes participating in starch biosynthesis were down-
regulated, such as Shrunken 1 (Shl), Sh2, Starch synthase I
(SST) and SSIla (Supplemental Data Set S4). 12 key genes
(GO:0045735) involved in protein metabolism were also sig-
nificantly downregulated in dek701 (Supplemental Data Set
S4). These results were consistent with the lower accumula-
tion of nutrient reservoirs in dek701 kernels.

We also investigated whether the transcription of long
ncRNA (IncRNA) was affected in dek701, leading to the
identification of 279 upregulated and 329 downregulated
differentially expressed IncRNAs (DELSs) in dek701 com-
pared to the WT (Figure 5C and Supplemental Data Set
S5), indicating that loss of DEK701 function also influ-
enced the transcription of IncRNA loci. We validated the
expression levels of 33 randomly selected genes involved in
RNA biosynthesis, phytohormone signal transduction, and
starch biosynthesis, as well as 10 IncRNAs, by RT-qPCR
analysis (Figure 5D and E).

As DEK701 is also a common subunit of Pol I and
ITI, we investigated whether the transcription of rRNA
and tRNA was altered in 15-DAP dek701 kernels by RT-
gPCR. We observed a marked decrease in the levels of the
three rRNAs tested in dek701 compared to WT, indicating
that Pol III is also affected by the loss of DEK701 func-
tion (Figure 5F). Furthermore, we determined that riboso-
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Figure 4. Dek701 expression is transcriptionally regulated by Opaque2 (02). (A) Genome-wide distribution of eQTLs for Dek701 in developing maize
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as a target of selection. P values were determined using coalescence simulations: **P < 0.01.
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to the left of the gene name represent upregulated (red) and downregulated (green) genes in dek701 compared to WT sibling. (C) Number of DELs in the
dek701 endosperm compared to WT sibling. (D) RT-qPCR confirmation of 10 DELs in 16-DAP endosperm of WT sibling and dek701. (E) RT-qPCR
confirmation of 33 representative DEGs associated with RNA biosynthesis, phytohormone response and starch biosynthesis. Values are means & SD (n =
3;*P < 0.05; **P < 0.01; ***P < 0.001 as determined by Student’s 7-test). (F) RT-qPCR analysis of tRNA and rRNA genes in 16-DAP endosperm of WT
sibling and dek701. (G) RT-qPCR analysis of ribosomal protein genes in 16-DAP endosperm of WT sibling and dek701. Values are means + SD (n = 3;
*P < 0.05; **P < 0.01; ***P < 0.001 as determined by Student’s ¢-test). All transcript levels were normalized to GAPDH.
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mal protein genes encoding small ribosomal subunits (Rps)
and large subunits (Rpl) are expressed to higher levels in
dek701 kernels relative to WT, which might make up for
the lower abundance of rRNAs through a compensatory
mechanism (Figure 5G). Among the 17 tRNAs in the maize
genome (18), we detected the expression of 14 tRNAs, 13
of which accumulated to lower levels in dek701 compared
to WT (Figure 5F), indicating impaired Pol I function in
dek701.

Loss of function of DEK701 affects cell proliferation and phy-
tohormone homeostasis

To explore how the loss of DEK701 function might cause
the dek phenotype, we inspected cell morphology in devel-
oping dek701 and WT sibling kernels. Compared to WT,
dek701 kernels were characterized by structurally irregu-
lar basal endosperm transfer layer cells with defective cell
wall ingrowth (Figure 6A). However, embryo cells were uni-
formly arranged in both WT and dek701 (Figure 6B), with
similar cell number and cell size (Figure 6C and D). In
WT endosperm, cells were regularly and closely arranged,
whereas the dek701 endosperm typically comprised cells
that were arranged irregularly and loosely (Figure 6E).
Since cells gradually increase in size from the periphery to
the interior of the endosperm (27), we focused our investi-
gation regions on ten cell layers, from the 3rd to the 12th
cell layer neighboring the aleurone layer, to quantify en-
dosperm cell size and cell number. We obtained similar aver-
age cell sizes in dek701 and WT endosperm (Figure 6E and
F). However, cell number in dek701 endosperm was about
50% lower than that in WT, which mainly accounted for
the difference of endosperm size between WT and dek701
(Figure 6G).

Fewer cells are always correlated with slower cell-cycle
progression and lower cell-proliferation activity (62). To
assess the possible influence of the dek70l mutation on
the cell cycle, we determined the DNA contents of nuclei
(C value) from 15-DAP WT and dek701 endosperm us-
ing flow cytometry (Figure 6H and I). The 3C peak was
the tallest in both WT and dek701, followed by peaks of
decreasing intensity with progressively higher C numbers
(from 6C to 96C in WT; from 6C to 48C in dek701) (Fig-
ure 6H). The relative proportions of DNA peaks were dif-
ferent between the two genotypes: 3C nuclei represented
about 50.7% of the total DNA contents in dek701 en-
dosperm, but only reached 26.7% in WT. As the 3C peak
is indicative of nuclei in the G1 phase of mitosis (63),
the higher 3C peak in dek701 relative to WT indicated
that the cell cycle is arrested at the G1 phase in dek701
(Figure 61).

Cell proliferation is generally regulated by plant hor-
mones (64,65). GO analysis in this study revealed the
change in hormone signaling in dek701 kernels. We thus
quantified the contents of endogenous phytohormones in
15 DAP kernels (seed coat removed) by ultra-performance
liquid chromatography—tandem mass spectrometry (LC-
MS/MS). Levels of ABA, MeJA and brassinosteroids in-
creased significantly, while those of TAA and GA, de-
creased, in dek701 compared to the WT (P < 0.05 or P <
0.01; Figure 6J).

DEK701 interacts with ZmRPABC2 in the RNA pol
machinery

Different subunits are assembled into RNAP through
direct or indirect interactions (66,67). We identified 69
genes encoding putative RNAP subunits in the maize
genome (Supplemental Table S1), of which we cloned 25
genes to test whether they could interact with DEK701
in a yeast two-hybrid (Y2H) assay. We established that
DEK701 can interact with the common subunit ZmR-
PABC2al (GRMZM2G086904) and ZmRPABC2a2 (GR-
MZM2G013600) (Figure 7A and Supplemental Figure S9).
Luciferase complementation image (LCI) and bimolecular
fluorescence complementation (BiFC) assays confirmed the
interaction of these proteins, as the co-infiltration of N. ben-
thamiana leaves with the relevant LCI or BiFC constructs
harboring Dek701 and ZmRPABC2al or ZmRPABC2a2
resulted in strong luciferase activity (LCI) and YFP fluores-
cence signal (BiFC) (Figure 7B and C). Furthermore, BiFC
assays allowed us to localize the site of interaction to the nu-
cleus and the cytoplasm (Figure 7C), which was consistent
with the subcellular localization of DEK 701 (Figure 3E and
F). These results confirm that DEK 701 can directly interact
with ZmRPABC2.

DISCUSSION

DEK701 is a core subunit of RNAPs and interacts with Zm-
RPABC2

All types of RNAPs are composed of multiple subunits to
form each holoenzyme, with individual subunits exerting
different functions. Prokaryotic RNAPs contain five core
subunits: B, B’, a, « and o (8-10). Eukaryotic Pol I, 11
and III contain 10 core subunits. In this study, we identified
DEK701 as a core subunit of maize Pol I, IT and III, whose
loss of function disrupted the activity of all RNAPs, result-
ing in the altered abundance of mRNA, tRNA, rRNA and
ncRNA. We detected an interaction between DEK701 and
ZmRPABC2 by Y2H assay but failed to detect a compa-
rable interaction between DEK701 and other RNAP sub-
units (Figure 7A; Supplemental Figure S9). LCI and BiFC
assays confirmed the interaction between DEK 701 and Zm-
RPABC?2 in vivo (Figure 7B and C). ZmRPABC?2 is also
a common subunit of RNAPs whose loss of function in
maize generated a defective kernel phenotype similar to that
seen in dek701, strongly suggesting that ZmRPABC2 might
share a similar function with ZmRPABCS.

Research from yeast showed that RPABCS is present
at the periphery of all three RNA Pols (68-70) and in-
teracts not only with the two essential subunits Rpac40
(RPB3) and Rpacl9 (RPB11) of Pol II but also with the
two largest subunits Rpal90 (RPB1) and Rpal35 (RPB2)
of Pol 1 (71,72). Likewise, human RPABC5 (RPB10B) in-
teracts strongly with RPB3 and weakly with RPB1, RPB2
and RPABCI1 of Pol I, as well as with RPB7 and RPABC3
of Pol II (73). In contrast to the yeast and human reports
mentioned above, the Arabidopsis RPABCS5 (RPB10) sub-
unit only interacts with NRPC3 (a Pol III-specific subunit
homologous to the non-core prokaryotic subunit C82) (74).
We established here that DEK701 (ZmRPABCS5Db) only in-
teracts with ZmRPABC2, which is similar to the results
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Figure 6. Cell proliferation features and phytohormone concentrations in WT and dek701 kernels. (A) Basal endosperm transfer layer cells in longitudinal
paraffin sections of WT sibling and dek701 endosperm at 16 DAP. Scale bars = 2.5 mm. The right panels provide a higher magnification of the boxed
areas; scale bars = 100 pm. (B) Longitudinal paraffin sections of WT sibling and dek701 embryos from the same segregating ear at 21 DAP. Scale bars
=1 mm (500 pm in magnified pictures). (C, D) Total area of the developing embryo (EM) (C) and total EM cell number (D) in 20-DAP WT sibling and
dek701 kernels. Values are means + SD (n = 3; NS, no significant difference at P < 0.05 as determined by Student’s z-test). (E) Longitudinal paraffin
sections of WT sibling and dek701 endosperm from the same segregating ear at 20 DAP. SE, starchy endosperm; SG, starch granule; AL, aleurone layer;
PE, pericarp. Scale bars = 200 pm. (F, G) Total area of the developing endosperm (EN) (F) and total EN cell number (G) in 20-DAP WT sibling and
dek701 kernels. Values are means + SD (n = 3; ***P < 0.001; NS, no significant difference as determined by Student’s 7-test), which were recorded from
the 3rd to 12th layer of endosperm cells neighboring the aleurone layer. (H, I) Flow cytometry profiles of WT sibling and dek701 endosperm nuclei at 16
DAP. (H) Distribution of relative nuclear DNA contents (in relative fluorescence intensity) obtained by flow cytometry. The corresponding C values are
indicated for each peak. (I) Histogram of DNA contents in WT sibling and dek701 endosperm. Values are means + SD (n = 3; *P < 0.05; **P < 0.01;
***P < 0.001 as determined by Student’s 7-test). (J) Phytohormone concentrations in 16-DAP WT sibling and dek701 kernels (seed coat removed). IAA,
indole-3-acetic acid; IPA, isopentenyl adenosine; ZR, zeatin riboside; ABA, abscisic acid; GAg4, gibberellic acid 4; JA, jasmonic acid; BR, brassinolide.
Data are means + SD (n = 3; *P < 0.05; **P < 0.01; NS, no significant difference as determined by Student’s 7-test).
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obtained in Arabidopsis. These results thus suggest that
RPABCS5 may interact with distinct subunits in different
eukaryotic species and that the assembly of RNAPs might
vary between species. False positive or false negative results
may stem from limitations associated with conducting inter-
action tests in a heterologous system such as assays, so we
cannot exclude the possibility that DEK701 might interact
with other RNAP subunits.

RNAPs are central hubs for the regulation of endosperm de-
velopment in maize

The endosperm makes up about 80-90% of the total ker-
nel weight in maize, thus greatly contributing to seed weight
and to grain yield in cereal crops (75,76). Since the identi-
fication of the maize mutant (02) defective in endosperm
development, endosperm development has been shown to
be influenced by a wide range of biological pathways and
their related proteins, such as respiration and mitochon-
drial proteins, the ubiquitin pathway, nutrient biosynthe-
sis and metabolism, and regulators of transcription (26,77).

Recently, Zhao (19) reported the first cloning of the Pol I1I-
specific subunit gene NRPC2 that regulates Pol III activity
and endosperm development in maize, underscoring the im-
portant roles of Pol I11 in endosperm development. Here, we
cloned Dek701 encoding a common subunit of Pol I, IT and
IIT and demonstrated that its genetic inactivation leads to
lower transcription levels of most RNAs, including rRNAs,
mRNAs, tRNAs and IncRNAs, resulting in the arrest of
maize endosperm development (Figure 5). Our results thus
confirm the important roles played by RNAP in regulating
maize endosperm development.

We determined that the dek phenotype in dek701 mainly
results from fewer cells and lower starch contents in the en-
dosperm (Supplemental Figure S4B; Figure 6G). In gen-
eral, a smaller cell number is related to slower or impaired
cell-cycle progression (78). The dek701 mutant exhibited
an altered cytometry profile relative to WT, with a much
lower proportion of duplicated nuclei with C values of 6C
or greater (Figure 6H and I), confirming that the cell cy-
cle is affected in dek701. A similar cytometry phenotype
was also reported in the maize mutant with loss of NRPC2



function (19). As 6C reflect duplicated intermediate DNA
contents of nuclei (63), the mutations of Dek701 and ZmR-
PABC2 might affect the cell cycle by blocking DNA replica-
tion at the G1-S phase. The cell cycle is controlled by cyclin-
dependent kinases (CDKs), which are either activated by
cyclins and cell division cycle proteins or repressed by CDK
inhibitors (79). The expression of CDK genes was not af-
fected in dek701 compared to WT (Supplemental Data Set
S2), indicating that the observed cell-cycle arrest in dek701
might result from dysregulation of a pathway that does not
involve the transcription of cell cycle-related genes. Mu-
tations in the RNA Pol C (III)-specific subunit RPC53 in
yeast and rice, RPC2 in zebrafish and Polr3b in mice cause a
delay in the G1-S transition (12-14,17), indicating that dys-
function of Pol 111, rather than Pol II, might lead to the cell
cycle phenotypes detected in dek701. RNAP can function as
a primase that generates small RNAs used as primers for the
initiation of DNA replication (80-83), raising the possibil-
ity that the lower biosynthesis of small RNAs resulting from
the defect in Pol 111 function as in dek701 might explain the
impaired DNA duplication and cell-cycle progression of the
mutant during endosperm development.

Phytohormone signaling plays critical roles in the con-
trol of endosperm development. Auxin is a main contrib-
utor in regulating endosperm development (84-87). Auxin
content in maize increases at the beginning of endoredupli-
cation and remains at high levels throughout kernel devel-
opment (88,89). ABA also regulates many developmental
processes in plants, including seed development and ger-
mination (90,91). In individual Arabidopsis knockdowns
of the RNA Pol subunits NRPC2, NRPC3, NRPCS8, NR-
PABCI, and NRPABC2, the most common DEGs are en-
riched in the biosynthesis and signaling of phytohormones
such as ABA, auxin and jasmonic acid (74). In this work,
loss of DEK701 function resulted in lower IAA contents
in maize kernels and affected the expression of nine ABA
signal transduction genes and 24 auxin signal transduction
genes, with 11 genes encoding repressors of auxin signaling
being upregulated. Consistent with these changes in tran-
script levels, we detected the altered contents for IAA and
ABA in dek701 kernels, compared to WT (Figure 6J). These
results suggest that the loss of Pol II activity in the dek701
mutant changes the expression of genes related to auxin
signaling, thus inhibiting auxin signaling and endoredupli-
cation, ultimately leading to the lower cell number seen in
dek701.

During the grain filling period of maize, grain volume
increases rapidly and the endosperm synthesizes a large
amount of nutrients for storage. In maize kernels, starch and
proteins account for ~70% and ~10% of the total kernel
weight, respectively (92). Interaction of the maize FI3 pro-
tein with RNA Pol III subunit RPC53 affects the transcrip-
tion of tRNA and 5S rRNA during endosperm develop-
ment and storage reserve filling (18). Downregulated genes
in the fI3 mutants were enriched in genes encoding storage
protein and starch biosynthesis enzymes related to nutrient
reservoir activity, which was accompanied by lower starch
and total protein contents in the fI3 mutant compared to
the WT. These results thus demonstrate the critical role of
the F13-mediated modulation of RNAP III function in en-
dosperm nutrient storage. In this study, GO terms associ-
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ated with nutrient reservoir activity (G0O:0045735) and car-
bohydrate metabolism (GO:0005975) included 16 and 118
DEGs, respectively. Most of these genes were downregu-
lated in dek701 compared to WT, which is consistent with
the lower accumulation of reserves in dek701 kernels, sug-
gesting that DEK701 contributes to storage reserve accu-
mulation. However, the maize nrpc2 mutant did not affect
nutrient storage capacity (19). These results thus illustrate
the common and unique features of different RNAP sub-
units, providing a novel entry point to understand the func-
tion of individual subunits.

Taken together, the results of this study show that RNAP
acts as a central hub for regulating endosperm develop-
ment in maize, through the coordinated interplay of the cell
cycle, transcription, phytohormone signaling and nutrient
metabolism.

The Opaque2-Dek701 transcriptional regulatory module
controls maize endosperm development

Opaque2 directly regulates multiple genes for storage re-
serve accumulation during seed development, by directly
binding to the Opaque2 box or a GCN4 motif within the
promoter of its target genes (46,93,94). Using RNA-seq and
chromatin immunoprecipitation followed by deep sequenc-
ing, Zhan (95) identified 186 putative direct Opaque?2 tar-
gets, among which RNAP subunit genes were notably not
included. Opaque? transactivates Sucrose synthasel (Susl)
and Sus2 transcription to enhance import of sugars from
source organs to the developing seed for protein and starch
biosynthesis during endosperm filling (96). In addition,
Opaque? directly binds to the ZmGRAS11 promoter to ac-
tivate its transcription to promote cell expansion in the fill-
ing endosperm (97). In the 02 endosperm, expression of
Dek701 was about two-fold lower than that in WT (Figure
4E), indicating that Dek701 might be a target of Opaque?2.

RPABCS is highly conserved in all investigated species,
from yeast to plants and animals (Figure 3A). We checked
digital expression data for rice, sorghum, and B. distachyon:
in all species, RPABC5a was highly expressed in endosperm,
whereas its ortholog RPABC5b was almost not expressed
or expressed to very low levels (Supplemental Table S2).
Although ZmRPABC5a expression is also high in maize,
Dek701 (ZmRPABC5b) expression levels were significantly
higher than those of ZmRPABC5a, especially in seeds (Fig-
ure 3C and D). The Dek701 promoter contained a unique
GCN4 cis-element that is missing from the promoters of its
rice, sorghum, and B. distachyon paralogs. We hypothesize
that the highly specific expression of Dek701 in maize en-
dosperm is likely due to Opaque2 regulation via binding
to the GCN4 element (Figure 4B and C), which was sup-
ported by the Y1H and EMSA results and the identification
of a strong cis-eQTL in the Dek701 promoter region map-
ping only 435 bp away from the GCN4 motif (Figure 4A).
cis-eQTLs are generally under negative selection (98,99), al-
though some cis-eQTLs have been subjected to positive se-
lection for the upregulation of their cognate genes (100).
There is a SNP (S_164712777) located within the Opaque2
binding motif (TGTGTCAT) of Dek701. Analysis of the al-
lele frequencies of the SNP in maize Hapmap3 panel, which
consists 1111 maize lines and 20 teosinte lines, showed that
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T allele was significantly enriched in maize sub-population
when comparing with teosinte sub-population. Further-
more, the allele frequencies of the SNP in another inde-
pendent resource panel, which consists 507 maize lines and
70 teosinte lines, showed more significant enrichment of T
allele in maize sub-population (Supplemental Figure S10).
Therefore, on a population genetic scale, the upregulation of
Dek701 probably resulted from strong artificial selection on
the upstream cis-regulatory region of Dek701 during the do-
mestication of maize, and the Opaque2—Dek701 transcrip-
tional regulatory module might be specific in maize to con-
trol endosperm development.
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