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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 lar gel y unclear. Here,
we characterized the defective kernel 701 ( dek701 )
m utant that displa ys dela yed 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 I, II and III. 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 pr o vide substantial insight into the Opaque2–
ZmRPABC5b transcriptional regulatory network as a
central hub for regulating endosperm development
in maize. 
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GRAPHICAL ABSTRACT 

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 RN A pol ymerase
(Pol) I, II and III. Pol I synthesizes ribosomal RNA
(rRNA); Pol II transcribes protein-coding genes into mes-
senger RN As (mRN As), as well as many noncoding RNAs
(ncRNAs); Pol III 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
iuyunjun@caas.cn 
 Email: wangjh63@cau.edu.cn 
ail: rilianggu@cau.edu.cn 

cids Research. 
Attribution-NonCommercial License 
-use, distribution, and reproduction in any medium, provided the original work 
m 

https://doi.org/10.1093/nar/gkad571
https://orcid.org/0000-0003-3176-2473
https://orcid.org/0000-0002-5315-3815
https://orcid.org/0009-0002-0798-5167
https://orcid.org/0000-0002-4702-2392
https://orcid.org/0000-0003-1573-603X
https://orcid.org/0000-0002-7427-3680
https://orcid.org/0000-0003-2667-5885
https://orcid.org/0000-0002-1861-9624


Nucleic Acids Research, 2023, Vol. 51, No. 15 7833 

R  

z
b
p  

t
i  

p
t
s
u
R
p

p
g  

v
f
I
P
i
r  

s  

a
s
i
(
s
a  

s
L
v  

t
a
u
r
a
R
R
v
f
a

f
g
R
k  

t
F
s
fl
w
I
c
D
o
e
d

n
h
u

i
i
p
a
N
t
t
r
b
e
i
i

M

P

d
p
p
a
p
f
Z
r
p
y
(

Q

T
t
a
g
d
t
i
w
p
(

f
m
a
a
a
c
F
m
c  

t
t
t
d
t
m
z
t
n

N AP for transcription ( 6 , 7 ). RN APs are m ulti-subunit en-
ymes, with different subunits involved in catalysis, assem- 
ly or with auxiliary functions. Prokaryotic RNAP is com- 
osed of fiv e core sub units: two catalytic sub units ( �/ �’),
wo homodimeric assembly subunits ( �/ �), and one auxil- 
ary subunit ( � ) ( 8–10 ). Eukaryotic Pol I, II and III com-
lexes consist of 14, 12 and 17 subunits, respecti v ely, and 

hey share a conserved core of 12 subunits that includes 5 

ubunits to common all three polymerases (RNA Pol sub- 
nit ABC1 [RP ABC1], RP ABC2, RP ABC3, RP ABC4 and 

PABC5) and 7 additional subunits that are distinct but 
aralogous across RNAPs ( 11 ). 
RNAPs are at the core of all cellular and de v elopmental 

rocesses, particularly during cell-cycle progression and or- 
an de v elopment. For instance, yeast ( Sacchar om y ces cer e-
isiae ) RPC53 encodes a subunit of Pol III, whose loss-of- 
unction mutation leads to a predominantly G1 arrest ( 12 ). 
n mice ( Mus musculus ), mutation of the Pol III subunit 
olr3b decreases cell proliferation in intestinal crypts dur- 

ng early postnatal de v elopment ( 13 ). In zebrafish ( Danio 

 erio ), a muta tion in RPC2 caused a delay in the G1–S tran-
ition in highly proliferati v e tissues, such as the li v er, retina,
nd terminal branchial arches ( 14 ). In plants, the Arabidop- 
is ( Arabidopsis thaliana ) Pol II subunit RPB1 plays a role 
n the maintenance of stem cell niches and cell-cycle control 
 15 ), while RPB3 (also named NRPB3, for the third largest 
ubunit of nuclear Pol II) is essential for stomatal patterning 

nd dif ferentia tion ( 16 ). In rice ( Oryza sativa ), the Pol III
ubunit C53 interacts with the transcription factor GRAIN 

ENGTH6 (GL6) to regulate the expression of genes in- 
olved in rice grain de v elopment ( 17 ). In maize ( Zea mays ),
he Pol III subunit NRPC2 interacts with subunits RPC53 

nd AC40 and the transcription factor Floury3 (Fl3) to reg- 
late Pol III activity during kernel de v elopment and storage 
eserve filling ( 18 , 19 ). The existence of subunits common to 

ll three RNAPs indicates the tight coordination between 

NAP functions. In yeast, the common subunits RPABC1, 
P ABC2, RP ABC3 and RP ABC5 are each essential for cell 

iability ( 20 , 21 ). Compared to the functional clues reported 

or non-common subunits, functions for common subunits 
re largely unknown. 

Maize is an important crop that serves as a model plant 
or r esear ch on kernel de v elopment. Although numerous 
enes regulate kernel de v elopment in maize ( 22–29 ), how 

NAPs might contribute to kernel de v elopment is un- 
no wn. Ho we v er, two recent reports re v ealed the impor-
ant roles of Pol III in maize kernel de v elopment. Maize 
l3 can interact with Pol III subunit RPC53 and the tran- 

cription factor C1, and the fl3 mutant exhibits small and 

oury endosperm ( 18 ). In addition, a mutation in NRPC2 , 
hich is the second largest subunit of Pol III, disrupts Pol 

II activity and affects the expression of genes involved in 

ell proliferation, impairing maize kernel de v elopment ( 19 ). 
espite these findings, little is known about the function 

f common RNAP subunits in plants and how the RNAP- 
ncoding genes themselves might be regulated during kernel 
e v elopment. 
In this study, we characterized the maize defective k er - 

el ( dek ) mutant dek701 . We cloned Dek701 and report 
ere that it encodes the RN A pol ymerase common sub- 

nit ZmRPABC5b. Loss-of-function mutation of Dek701 u
mpaired the function of all three types of RNAPs, affect- 
ng the transcription of genes related to RNA biosynthesis, 
hytohormone responses, cell-cycle progression and starch 

ccumulation, as well as the transcription of rRNA, tR- 
 As and ncRN As. We also discovered that DEK701 in- 

eracts with the other common subunit ZmRPABC2, and 

hat Dek701 transcription is regulated by Opaque2. These 
 esults r e v ealed that the acti vation of Dek701 transcription 

y Opaque2 is integral to coordinating transcription and 

ndosperm growth at the grain filling stage, providing new 

nsight into the regulatory mechanism of endosperm filling 

n maize. 

ATERIALS AND METHODS 

lant materials 

ek701 was isolated as a spontaneous mutant after multi- 
le rounds of self-pollination from the progeny of a hybrid 

lant deri v ed from a cross between inbred lines Chang7-2 

nd G38. The heterozygous dek701 was self-pollinated to 

r oduce F 2 ears, fr om which WT and dek kernels were used 

or phenotype analysis. The dek701 was crossed to B73, 
heng58, Chang7-2 and Mo17 inbred lines to produce seg- 

ega ting popula tions for genetic analysis, and the BC 4 F 2 
opulations crossed to B73 were used for RNA-seq anal- 
sis. All plants were grown in Beijing (summer) and Hainan 

winter), China. 

uantification of starch and protein contents 

wenty mature WT or mutant kernels were collected from 

he same ear. Endosperm was separated from the embryo 

nd pericarp and pulverized with a mortar in liquid nitro- 
en. The resulting po w der was collected after being freeze- 
ried with Labconco FreeZone 18 (Labconco Corpora- 
ion, Kansas, MO, USA) until the weight stopped decreas- 
ng, then the po w der was weighed and r ecorded. Star ch 

as extracted and measured in 100 mg of po w dered sam- 
le using an am yloglucosidase / a-am ylase starch assay kit 
Megazyme, Bray, Ireland). 

Total protein, z ein, and nonz ein proteins were extracted 

rom 50 mg of dried endosperm flour, according to the 
ethod of Wallace ( 30 ). Briefly, 1 ml petroleum ether was 

dded into 50 mg po w der, and the mixture was oscillated 

nd incubated at 4 

◦C for 1 h; the mixture was centrifuged 

t 13 000 rpm for 10 min, then the supernatant was dis- 
arded, and the precipitate was drained by FreeZone 18 

reeze Dryer. The precipitate was added with 1 ml of 12.5 

M sodium borate, 20 �l of 2% mercaptoethanol, and in- 
ubated overnight in a shaker a t 37 

◦C . The mixture was cen-
rifuged at 13 000 rpm for 10 min, and the supernatant was 
he total protein extract. To isolate zein and nonzein pro- 
eins, 300 �l of total protein was mixed with 700 �l of anhy- 
rous ethanol, and incubated at room temperature for more 
han 2 h. The mixture was centrifuged at 13 000 rpm for 10 

in, then the supernatant was drained by FreeZone 18 as 
ein protein, and the precipitate consisted of nonzein pro- 
eins.Quantification analyses of the total protein, zein, and 

onzein proteins were performed as described by Smith ( 31 ) 
sing an Easy II protein quantitati v e 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 

De v eloping 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- �m sections, stained with 0.2% tolui-
dine blue and inspected under a Nikon Ti Microscope. 

For scanning microscop y, matur e kernels wer e 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 adhesi v e silv er tape, coated with gold / palladium by
a sputter-coating unit (EIKO IB-3), and scoped by a scan-
ning electron microscope S-3400N (Hitachi, Tok yo , Japan).

Map-based cloning 

Thirty kernels (pericarp removed) each with the WT
Dek701 or dek701 mutant phenotype were collected from
the same F 2 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 DN A (cDN A) 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 r efer ence genome (B73 RefGen v3)
using HISAT2 (v.2.1.0). Only reads that ma pped uniquel y
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 2 populations deri v ed from the
crosses dek701 × B73 and dek701 × Zheng58. The molec-
ular mar kers de v eloped for fine-mapping are listed in Sup-
plemental Data Set S1. 

RN A e xtraction, R T-PCR and R T-qPCR 

Plant tissues were frozen in liquid nitrogen and ground to
po w der with a mortar. Total RNA was extracted using the
RN A pr ep pur e 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 II re v erse tr anscriptase (Tr ansgen Biotech, Bei-
jing, China). RT-PCR was performed using the primers
listed in Supplemental Data Set S1. 

qPCR was performed using the TranStart Green qPCR
SuperMix (Transgen Biotech) on a 7300 Real-time PCR
system (Applied Biosystems, Waltham, MA). The 2 

– �� C t 

method was employed to calculate relati v e gene e xpression
le v els, 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 w e b base r esour ce ( http://crispr.
hzau.edu.cn/CRISPR2/ ) ( 34 ), and 20 bp sgRNA sequence
(CTACT GCT GCAGGCGAAT GC) was chosen. The PCR
fragments amplified from pCBC-MT1T2 were inserted be-
tween the Bsa I 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 ov ere xpression
vector 35Spr o:RPABC5 . Agr obacterium tumef aciens 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-
Ga te101 and pEarleyGa te104 e xpression v ectors to gen-
erate Dek701-YFP and YFP- Dek701 fusion vectors, re-
specti v ely, using LR-mediated Gateway recombination (In-
vitrogen, Carlsbad, CA). The fusion constructs were in-
troduced into maize protoplasts using the polyethylene
glycol / calcium-media ted transforma tion 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
r ed fluor escent protein. The fluor escence signals wer e mon-
itored under a Zeiss LSM700 confocal microscope after a
48-h incubation. 

Yeast one-hybrid (Y1H) assay 

The Opaque2 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 dri v en 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- �-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
RN AP subunit genes. A ppropriate pairs of constructs were
co-tr ansformed into y east str ain MaV203. Positi v e colonies
were first selected on SD medium lacking leucine and tryp-
tophan (SD –Leu –Trp) and then r estr eaked onto a SD –Leu
–Trp –His –Ade medium containing 3-amino-1,2,4-triazole
as a competiti v e inhibitor of the product of the HIS3 gene,
and 5-br omo-4-chlor o-3-indolyl- �-d-galactopyranoside for
blue color development. Primers used for cloning the cod-
ing sequences are listed in Supplemental Data Set S1. 

http://www.illumina.com
http://crispr.hzau.edu.cn/CRISPR2/
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uciferase complementation image (LCI) and bimolecular 
uorescence complementation (BiFC) assays 

he coding sequences of Dek701 and ZmRPABC2 were 
loned into pCAMBIA-nLUC and pCAMBIA-cLUC 

onstructs, respecti v ely. The LCI assay was performed in N. 
enthamiana leaves by Agrobacterium-mediated infiltration 

 39 , 40 ). Two days after infiltration, Luciferin (100 mM) was 
pread on the back of leaves for 15 min under dark condi- 
ion, and luciferase activity was analyzed using a LB985 

ightSHADE (Berthold Technologies, Bad Wildbad, 
ermany). 
BiFC was performed in N. benthamiana leaves according 

o a pre vious wor k ( 41 ). The coding sequences of Dek701
nd ZmRPABC2 were individually cloned into the pEarley- 
a te201 and pEarleyga te202 vectors harboring the nYFP 

nd cYFP sequences, respecti v ely, and co-infiltrated into N. 
enthamiana leaves through Agrobacterium-mediated tran- 
ient infiltration. YFP fluorescence was detected after 48 

 using a Zeiss LSM700 fluorescence microscope. Primers 
sed for cloning of LCI and BiFC constructs are listed in 

upplemental Data Set S1. 

NA-seq analysis 

otal RNA was extracted from WT and dek701 kernels 
seed coat removed) as three replicates using the RN A prep 

ure plant kit (TianGen). Sequencing libraries were gener- 
ted according to the Illumina standard protocol. These li- 
raries were sequenced on an Illumina NovaSeq platform 

y BerryGenomics Corporation (BerryGenomics, Beijing, 
hina), as 150-bp paired-end reads. Clean reads were ob- 

ained through processing with Perl scripts, followed by 

ligning to the maize B73 genome (RefGen V3) using 

opHat (version: 2.0.12) ( 42 ). Estimations of gene expres- 
ion le v els were e xpressed as fr agments per kilobase of tr an-
cript sequence per millions base pairs sequenced ( 43 ). Cuf- 
inks (version: 2.2.1) ( 44 ) was employed to assemble the 
ranscripts and tests for differential expression across RNA- 
eq samples. Corrected P value ≤0.05 and fold change > 2 

ere set as the threshold for significant DEGs. The RNA- 
eq data are available from the National Center for Biotech- 
ology Information Gene Expression Omnibus ( www.ncbi. 
lm.nih.gov/geo ) under the series entry PRJNA792688. 
For the differential analyses of lncRNAs in the RNA-seq 

ata sets of WT and dek701 , all lncRNA loci identified by 

i ( 45 ) in the maize genome were included for estimating 

heir expression levels and conducting differential expres- 
ion tests first with Cufflinks. Significant DELs were then 

dentified with the same settings as DEGs above (corrected 

 value ≤ 0.05 and fold change > 2). 

lectrophoretic mobility shift assay (EMSA) 

he Opaque2 coding sequence was cloned into the Bam HI 
nd Not I sites of the vector pET-32a+ . The resulting con- 
truct was transformed into Esc heric hia coli BL21 cells, 
hich were grown at 37 

◦C in LB medium, and induced 

y the addition of isopropyl �- D -1-thiogalactopyranoside 
o a final concentration of 1 mM when the optical den- 
ity at 600 nm was 0.6. The cells were harvested for pu- 
ification of recombinant 6 × His-Opaque2 fusion protein 
ith Ni-NTA agarose (QIAGEN, Dusseldorf, Germany) 
nd used for EMSA. Oligonucleotide probes (Supplemental 
ata Set S1) were synthesized and labeled according to the 

tandard pr otocol fr om Invitr o gen Technolo gy (Invitro gen, 
arlsbad, CA). Standard r eaction mixtur es for EMSA were 

reated and observed as reported previously ( 46 ). Biotin- 
abeled DNA was detected using the LightShift Chemilu- 

inescent EMSA kit (ThermoFisher, Waltham, MA). 

 r ansient expr ession assay 

he full-length open reading frame (ORF) of Opaque2 were 
loned into the effector vector pGreen II 62-SK under the 
ontrol of the CaMV 35S promoter. The promoter frag- 
ent of Dek701 (2.1 kb upstream of ATG) was cloned 

nto the reporter vector pGreen II 0800-LUC. CaMV35S 

romoter-dri v en REN was used as an internal control. In- 
ividual combinations of effector and reporter vectors were 
o-transformed into Agrobacterium strain GV3101 (pSoup- 
19) cells, and the transformed Agrobacterium strains were 
sed for the infiltration of young N. benthamiana leaves. Af- 
er 3 d of incubation, firefly and Renilla luciferase signals 
ere assayed using a Dual Luciferase Reporter Assay Kit 

Vazyme, Nanjing, China). 

low cytometry 

i v e WT or dek701 mutant kernels were collected from 

he same ear. Three ear replicates were used. Flow cytome- 
ry was performed as previously described ( 47 ). A total of 
5000 particles were collected and analyzed using Flowjo 

oftware (FlowJo, Ashland, OR). 

hylogeny and comparative genome analysis 

he protein and coding sequences of RPABC5 genes from 

iffer ent species wer e collected from Phytozome ( https:// 
hytozome-next.jgi.doe.gov/ ). The protein sequences were 
ligned with MUSCLE and converted into the correspond- 
ng codon alignment using PAL2NAL. Poorly aligned se- 
uences were then removed by GBLOCKS. A neighbor- 

oining phylogenetic tree was constructed by MEGA soft- 
are using 1000 bootstrap replicates. 
Location of the rice WGD (inner-species collinearity) 

as extracted from the rice genome annotation project 
 http://rice.uga.edu ) ( 48 ). Macr o-collinearity acr oss cereal 
enomes over the RPABC5 and RPABC2 genomic regions 
as extracted from www.gramene.org ( 49 ). 
The Ha pma p3 SNPs located in the gene and the flank- 

ng 5-kb regions were used to estimate the nucleotide di- 
ersity ( �) of teosinte and maize lines. Nucleotide di v ersity 

as calculated by Vcftools in sliding window mode (win- 
ow size = 1000 bp; step size = 100 bp). The selection pres- 
ure of domestication was measured as the ratio between �
alues from teosinte and maize. The loss of genetic di v er- 
ity observed within maize was explained by the bottleneck 

f maize domestication; coalescent simulations following 

he demo gra phic history of maize domestication inferred by 

 50 ) were performed by Hudson’s Ms program, with param- 
ters assigned as previously described ( 51 , 52 ), and 10 000 

oalescent simulations were performed. The observed val- 
es tha t devia ted significantly from expecta tions under the 

http://www.ncbi.nlm.nih.gov/geo
https://phytozome-next.jgi.doe.gov/
http://rice.uga.edu
http://www.gramene.org
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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 associa tion popula tion 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 × 10 

−6 . 

RESULTS 

The dek701 mutant displa ys dela y ed endosperm development

dek701 is a spontaneous mutant isolated after multiple
rounds of self-pollination from the progeny of a hybrid
plant, which was deri v ed fr om a cr oss 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 1 A
and B). The 100-kernel weight of the dek701 mutant was
48.8% that of the WT (Figure 1 C). We crossed dek701 to
inbred lines B73, Z58, Chang7-2 and Mo17 to generate seg-
rega ting popula tions, with which we determined that WT
and dek kernels in F 2 ears follow a 3:1 segrega tion ra tio
( � 2 = 0.27–2.02 < � 2 

0.05 = 3.84) (Supplemental Figure S1A
and B), indicating that dek701 is a monogenic and recessi v e
mutation. 

We observed that both mature dek701 endosperm and
embryo are smaller in size than those of the WT (Figure
1 D). 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 1 E). 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 de v elopment
were abnormal in dek701 , whereas dek701 embryos retained
the ability to form typical embryonic structures. The germi-
na tion ra te of dek701 seeds decr eased to 68.6%, compar ed
to the germination rate of 98.2% seen for the WT (Figure
1 F 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 under de v eloped 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 1 J
and K), indicating that dek701 embryos retained full ger-
mination capacity. Howe v er, these rescued dek701 seedlings
show ed w eak 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% relati v e to the
WT (Supplemental Figure S4B); total pr otein, zein pr otein
and nonzein protein contents in dek701 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 dek701 endosperm (Sup-
plemental Figure S4D and E). Howe v er, 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 2 ears deri v ed fr om a dek701 × B73 cr oss.
We mapped the Dek701 locus to a 3.09-Mb interval on
chromosome 8 (Supplemental Figure S5). We de v eloped
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 r efer ence genome (Ref-
Gen V3): GRMZM2G316214, GRMZM5G834335,
GRMZM2G020583 and GRMZM2G020594 (Figure
2 A). Transcripts for GRMZM2G316214 and GR-
MZM2G020583 were undetectable in either dek701 or
WT kernels in our RNA-seq dataset. GRMZM2G020594
exhibited similar expression levels in WT and dek701 , while
the expression of GRMZM5G834335 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 GRMZM5G834335 from WT and
dek701 , but failed to obtain a PCR product for the 5 

′ un-
translated region of GRMZM5G834335 in dek701 . We thus
applied se v er al rounds of thermal asymmetric inter laced
PCR, culminating in the identification of a large fragment
replacement (Supplemental Data Set S3) from –4130 bp to
+ 113 bp relati v e to the ATG of GRMZM5G834335 in
dek701 (Figure 2 B), which only caused the defect of GR-
MZM5G834335 gene, but not affected the structure and
expression of other three nearby genes. In addition, re v erse
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Figure 1. Phenotypic characterization of kernels from the dek701 mutant. ( A ) A mature self-pollinated heterozygous dek701 ear . Red arrows indicate 
dek701 kernels. Bar = 1 cm. ( B ) Mature dek701 kernels and wild-type (WT) siblings from a mature self-pollinated heterozygous dek701 ear. Scale bar = 1 
cm. ( C ) Mean 100-kernel weight calculated from (B). Values are means ± standard deviation (SD, n = 3; *** P < 0.001 as determined by Student’s t -test). 
( D ) Longitudinal sections of mature dek701 kernel and WT sibling. En, endosperm; Em, embryo. Scale bar = 2.5 mm. (E) Longitudinal paraffin sections 
of WT sibling and dek701 kernel at 21 DAP. SC, scutellum; LP, leaf primordia; SAM, shoot apical meristem; RAM, root apical meristem. Scale bars = 1 
mm (0.5 mm in magnified picture). ( F ) Germination performance of WT siblings and dek701 mature kernels. Picture was taken 5 d after seed hydration. 
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 t -test). ( H ) Representati v e 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 t -test). ( J ) Germination performance of 
WT siblings and dek701 embryos harvested at 16 DAP on half-strength Murashige and Skoog medium f or 6 da ys. ( 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 t -test). 
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Figure 2. Positional cloning and identification of Dek701. ( A ) The dek701 mutant was crossed to B73 and Z58 inbred lines to generate F 2 ears. The numbers 
in parentheses below each molecular marker indicates the number of recombinant kernels identified from the 11520 investigated kernels. The Dek701 locus 
was narrowed down to a 22-kb interval (from 164 706 812 bp to 164 728 730 bp) on chromosome 8, which contained four candidate genes. ( B ) Structure of 
the GRMZM5G834335 locus and position of dek701 alleles. Lines, introns; black ellipses, exons; white rectangles, untranslated regions. The gRNA target 
sequence and the protospacer-adjacent motif (PAM) in the GRMZM5G834335 gene region for CRISPR / Cas9 editing are shown. Dek701 -F1, dek701 -F2 
and R1 r epr esent the primer sites. ( C ) RT-PCR analysis of Dek701 expression in WT sibling and dek701 kernels from the self-pollinated heterozygous 
dek701 ear at 16 DAP. ( D ) The mutation of Dek701 in two independent CRISPR-Cas9 mutants. Red letters and dashes r epr esent insertions and deletions, 
respecti v ely. ( E ) The deduced partial amino acid sequence of DEK701 from dek701-cas9 plants. ( F ) Sequence peaks of heterozygous dek701-cas9-1 and 
dek701-cas9-2 at target site. Red arrows indicate the editing sites. ( G ) Mature self-pollinated heterozygous ears of dek701-cas9-1 (Z31 background) and 
dek701-cas9-2 (CAL backgr ound). Arr ows indicate the mutant kernels. Bars = 1 cm. ( H ) F 2 ear pr oduced fr om a cr oss between a transgenic e v ent (T / –) and 
a dek701 heterozygous plant ( dek701 / Dek701 ). Red arrows indicate dek701 mutant kernels. ( I ) Representati v e kernels with the WT (1 to 15) and mutant 
(16 to 20) phenotype from (H). ( J ) WT sequence at dek701 locus was identified in the kernels from (I) by PCR using primers Dek701 -F1 and R1, which 
are indicated in (B). CAL, the maize inbred line used for transformation. dek701 , homozygous dek701 ; –, water. ( K ) mutant sequence at dek701 locus was 
identified in the kernels from (I) by PCR using primers dek701 -F2 and R1, which are indicated in (B) . CAL, the maize inbred line used for transformation. 
dek701 , homozygous dek701 ; –, water. ( L ) PCR detection of the transgene in the kernels from (I) using primers (T -F / T -R) specific for the transgene. +, 
plasmid; –, water. 
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ranscription PCR (RT-PCR) analysis showed that GR- 
ZM5G834335 transcripts are not detected in dek701 ker- 

els (Figure 2 C). Altogether, these results indicated that 
RMZM5G834335 is a strong candidate for the causal lo- 

us Dek701 . 

llelism and complementation test of dek701 

o confirm the identity of Dek701 as GRMZM5G834335, 
argeted mutation of GRMZM5G834335 was performed 

sing the CRISPR / Cas9 system. The guide RN A (gRN A) 
pacer sequences were designed to target the third exon of 
RMZM5G834335 (Figure 2 B). The constructed plasmid 

as transformed into maize inbred lines Z31 or CAL, and 

wo independent CRISPR / Cas9 transgenic lines ( dek701- 
as9-1 , Z31 backgr ound; dek701-cas9-2 , CAL backgr ound) 
ere obtained that contained a substitution or insertion at 

he target sequence (Figure 2 D and F), resulting in early ter- 
ination of GRMZM5G834335 protein translation (Fig- 

re 2 E). The F 2 ears generated by self-crossing of + / dek701- 
as9-1 or + / dek701-cas9-2 plants displayed a 3:1 (307 : 89, 
2 = 1.21; 181 : 52, � 2 = 0.76 < � 2 

0.05 = 3.84) segregation 

f WT and mutant kernels (Figure 2 G). Allelism tests were 
erformed by crossing heterozygous dek701 with heterozy- 
ous dek701-cas9-1 and dek701-cas9-2 , respecti v ely. The F 1 
ars displayed a 3:1 (281 : 97, � 2 = 0.06; 256 : 73, � 2 = 1.24)
egregation of WT and dek kernels (Supplemental Figure 
6A), and the randomly selected dek kernels contained both 

he dek701 locus and the dek701-cas9 locus (Supplemental 
igure S6B to D). These results demonstrate that dek701- 
as9 mutants and dek701 mutant cannot rescue the dek phe- 
otype one another, supporting that GRMZM5G834335 is 
ek701 . 
As an independent confirmation that GR- 
ZM5G834335 is Dek701 , we amplified the coding 

egion from inbred line B73 and placed it under the control 
f the cauliflower mosaic virus 35S promoter. We intro- 
uced the resulting construct into inbred line CAL and 

dentified transgenic e v ents with a single-copy insertion 

hrough identifying 3:1 segregation of transgene in T 2 
eneration (Supplemental Figure S7A). We obtained three 
ndependent transgenic e v ents that were then crossed to 

ek701 / Dek701 plants to generate heterozygous F 1 plants. 
he individual F 1 plants with heterozygous dek701 / + 

enotype and hemizygous for the transgenic locus were 
dentified and self-crossed to obtain F 2 ears. As expected 

n the case of complementation, all the F 2 ears exhibited 

 phenotypic segregation ratio of 15:1 between WT and 

ek701 mutant kernels (Figure 2H; Supplemental Figure 
7B and C). Furthermore, we genotyped kernels from the 
 2 population of e v ent 1 with specific primers to identify 

ek701 locus (Figure 2 J and K), followed by genotyping 

o detect the presence of the 35Spro:Dek701 transgene 
Figure 2 L). We determined that all homozygous dek701 

ernels carrying the transgene showed a WT phenotype, 
hereas kernels lacking the transgene retained the mutant 
henotype (Figure 2 I). Altogether, Allelism test and trans- 
enic rescue assays demonstra ted tha t GRMZM5G834335 

s the causati v e gene for Dek701 . 
ek701 encodes the common RNA polymerase subunit 
PABC5b 

ek701 was predicted to encode the RNA Pol com- 
on subunit RPABC5, comprising 71 amino acids. The 

enome for each of six typical seed plants selected har- 
ored two RPABC5 copies: the gymnosperm Norway 

pruce ( Picea abies ), the dicot angiosperms Arabidop- 
is and black cottonwood ( Populus trichocarpa ), and the 
onocot angiosperms purple false brome ( Brachypodium 

istac hy on ), rice, sorghum ( Sorghum bicolor ) and maize. 
y contrast, we identified a single copy in the green alga 

hlam ydomonas r einhardtii , the bryophyte Physcomitrium 

atens , and the pteridophyte Selaginella moellendorffii 
Figure 3 A). 

The short protein length made it difficult to unambigu- 
usly assign phylogenetic relationships among RPABC5 

omologs, prompting us to perform a synteny analy- 
is (comparati v e genome analysis) focusing on RBABC5 

enes from the Poaceae, since Poaceae species e volv ed 

rom a common ancestor 50–70 million years ago (mya) 
 56 ). Cross-species comparisons at the micro-collinearity 

e v el showed that GRMZM5G803992 is located on 

ollinear chromosomal regions in B. distac hy on (contain- 
ng the ortholog Bradi4g41090), rice (containing the or- 
holog Os12g07980), and sorghum (with the ortholog 

obic.008G058300), suggesting that these four orthologs 
 volv ed from a common ancestor before the split of Poaceae 
pecies (Figure 3 B). Thus, we named these evolutionarily 

onserved orthologs RPABC5a and the others (including 

ek701 ) RPABC5b . 
A whole-genome duplication (WGD) was predicted to 

ave occurred in the common rice ancestor about 70 mya 

 48 ). Rice and sorghum RPABC5b mapped to chromoso- 
al regions sharing micro-collinearity over the RPABC5a 

 egions (Figur e 3 B), indica ting tha t rice and sorghum 

P ABC5a and RP ABC5b ar e the r esult of the WGD in the
ereal ancestor. Howe v er, maize ZmRPABC5a and Dek701 

 ZmRPABC5b ) mapped to different chromosomes, indi- 
a ting tha t Dek701 was duplicated via an intrachromoso- 
al duplication of a maize chr omosome, pr obably by un- 

inked (tr ansposed) duplication, r ather than by linked (tan- 
em) duplica tion ( 57 ). RT–quantita ti v e PCR (RT-qPCR) 
nalysis re v ealed that Dek701 is constituti v ely e xpressed 

n a broad range of maize tissues , including stems , roots , 
eaves , bracts , tassels , silk, embryos and endosperm, with 

elati v ely high e xpression le v els in kernels, especially in the
ndosperm (Figure 3 C). During kernel de v elopment, ZmR- 
ABC5a and Dek701 expr ession incr eased gradually from 

2 DAP to 24 DAP and decreased slightly at 30 DAP 

Figure 3 D). 
To examine the subcellular localization of DEK701, we 

enerated constructs encoding a fusion between full-length 

EK701 and the N or C terminus of the yellow fluores- 
ent protein (YFP). We transiently expressed the resulting 

onstructs in both maize protoplasts and Nicotiana ben- 
hamiana leaf epidermal cells; we observed YFP fluores- 
ence in the nucleus and the cytoplasm (Figure 3 E and F), 
ndica ting tha t DEK701 accumula tes in the nucleus and the 
ytoplasm. 
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Figur e 3. Phylo genetic anal ysis, expression pattern of Dek701 , and subcellular localization of DEK701. (A, B) Phylogenetic tree of plant RPABC5 proteins. 
RPABC5-like proteins were identified by BLASTP searches at Ph ytozome. ( A ) Ph ylogenetic tree of RPABC5 genes based on DNA sequence alignment with 
ClustalW using the neighbor-joining method with 1000 bootstrap replicates. ( B ) Collinearity analysis of ZmRPABC5 genes in rice, B. distac hy on , sorghum 

and maize. (C, D) RT-qPCR analysis of relati v e transcript le v els of Dek701 and ZmRPABC5a in major maize tissues ( C ) and in kernels at different DAP 

( D ). Stem, root, bract, leaf, silk, and tassel tissues were collected from B73 plants at the flowering stage. The whole seed, endosperm, embryo in (C) was 
harvested at 12 DAP. ZmGAPDH was used as internal r efer ence. Values ar e means ± SD of three biological replicates. (E, F) Subcellular localization of the 
DEK701-YFP fusion in maize leaf protoplasts ( E ) and N. benthamiana leaf epidermal cells ( F ). YFP, yellow fluorescence protein; DAPI, 4,6-diamidino-2- 
phenylindole staining to re v eal nuclei; Athook, a nuclear marker; RFP, red fluorescent protein. 
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ek701 expression is transcriptionally regulated by Opaque2 

uring kernel de v elopment, Dek701 and ZmRPABC5a 

howed similar expression patterns, howe v er, Dek701 had 

pecifically higher expression level in endosperm and was al- 
ays expressed at a higher le v el than ZmRPABC5a (Figure 
 C and D). To dissect the expression regulation, we investi- 
ated the expression quantitati v e trait loci (eQTLs) that as- 
ociated with the expression of Dek701 using the published 

ata from 368 maize lines ( 54 ), and a cis -eQTL was found
n the promoter region of Dek701 (Figure 4 A). We there- 
ore analyzed the Dek701 and ZmRPABC5a promoter se- 
uences at the PlantCARE w e bsite ( https://bioinformatics. 
sb.ugent.be/w e btools/plantcare ) and identified a GCN4 

general control nondepressible4) motif specifically in the 
ek701 promoter that is a known target site for the key 

ndosperm de v elopmental regulator Opaque2 ( 58 , 59 ) (Sup- 
lemental Figure S8). We confirmed that Opaque2 can bind 

o the promoter of Dek701 , but not that of ZmRPABC5a , in 

 yeast one-hybrid (Y1H) assay (Figure 4 B). To further con- 
rm the binding of Opaque2 to cis -elements in the Dek701 

romoter, we performed electrophoretic mobility shift as- 
ays (EMSAs) with purified recombinant His-Opaque2 pro- 
ein and a labeled 50-bp DNA probe containing the GCN4 

otif from the Dek701 promoter. A probe that has been ex- 
erimentally confirmed to the target of Opaque2 ( 46 ) was 
ynthesized as a positi v e Opaque2 pr obe contr ol, and a 

hift in mobility was detected (Figure 4 C, lane 2). When re- 
ombinant His-Opaque2 protein was incubated with the la- 
eled Dek701 probe, a clear binding was also detected and 

his binding gradually decreased with increasing amount 
f unlabeled DNA (Figure 4 C), supporting the notion that 
paque2 can directly bind to the Dek701 promoter in vitro . 
oreover, lucifer ase based tr ansient tr ansactivation assays 

erified that Opaque2 activates the expression of Dek701 

Figure 4 D). 
We also investigated whether the loss of Opaque2 func- 

ion affected Dek701 e xpression. Relati v e Dek701 transcript 
e v els were about two-fold lower in the endosperm of the 
2 mutant compared to WT (W22 inbred line) but accumu- 
ated to comparable levels in WT and o2 in other tissues 
Figure 4 E). We did not observe significant expression dif- 
erences between WT and the o2 mutant for ZmRPABC5a . 
hese results indicate that the evolutionary gain of a GCN4 

is -element in the Dek701 promoter may have contributed 

o its high expression in maize endosperm. 
To assess whether Dek701 was a target of selection dur- 

ng domestication, we analyzed nucleotide di v ersity around 

he Dek701 locus using the third-generation Zea mays hap- 
otype map (HapMap 3) ( 60 ). A sliding-window analy- 
is re v ealed ele vated DN A pol ymorphism rates between 

eosinte and maize lines over the Dek701 promoter re- 
ion ( � teosinte / � maize = 4.25), indicati v e of a de-
rease in nucleotide di v ersity in modern maize compared 

o teosinte germplasm (Figure 4 F and G). Coalescent sim- 
la tions incorpora ted the demo gra phic history of maize 
omestication and showed a significant ( P < 0.01) de- 
iation from the neutral expectation. These results in- 
ica te tha t the Dek701 promoter region was subjected 

o strong artificial selection during the domestication of 
aize. 
oss of function of DEK701 affects function of RNA pols 

s DEK701 is a common subunit of Pol I, II and III, 
e specula ted tha t loss of DEK701 function might af- 

ect RNAP complex formation and transcription effi- 
iency in dek701 mutants. To re v eal the effects associ- 
ted with loss of DEK701 function on transcription, we 
erformed an RNA-seq analysis using dek701 and WT 

ibling kernels at 15 DAP. We identified 1565 upregu- 
ated and 930 downr egulated differ entially expr essed genes 
DEGs) in dek701 relati v e to WT (Supplemental Data Set 
2), of which 1736 DEGs were functionally annotated 

y Gene Ontolo gy (GO) anal ysis ( http://systemsbiolo gy. 
au.edu.cn/agriGOv2/ ). Notably, 488 DEGs were related 

o RNA biosynthesis, transcription regulator activity, and 

NA binding, all GO terms that play important roles 
n transcription (Figure 5A; Supplemental Data Set S4). 

e also determined that 107 DEGs are associated with 

esponse to phytohormone stimulus (GO:0009725), of 
hich 24 DEGs wer e r elated to auxin signaling, with 

1 genes encoding r epr essors from the auxin / indole-3- 
cetic acid (IAA) family being upr egulated (Figur e 5 B). 
n addition, nine DEGs were involved in abscisic acid 

ABA) signaling, with fiv e downregulated genes encod- 
ng ABA receptors PYR1 / PYL / RCAR (PYRABACTIN 

ESISTANCE1 / PYR-LIKE / regulatory component of 
BA receptor) and the positi v e ABA signaling component 
nRK2 (Snf1-related protein kinase2), while four upregu- 

ated genes encoded negati v e regulators of ABA signaling 

rom the protein phosphatase 2C (PP2C) family (Figure 
 B). These results suggested that both auxin and ABA sig- 
aling pathways are repressed in dek701 . GO terms associ- 
ted with nutrient reservoir activity (GO:0045735) and car- 
ohydrate metabolism (GO:0005975) were also enriched. 
ost of the genes related to these GO terms exhibited 

ower expression in dek701 than in WT. For e xample, se v- 
ral genes participating in starch biosynthesis were down- 
egulated, such as Shrunken 1 ( Sh1 ), Sh2 , Starch synthase I 
 SSI ) and SSIIa (Supplemental Data Set S4). 12 key genes 
GO:0045735) involved in protein metabolism were also sig- 
ificantly downregulated in dek701 (Supplemental Data Set 
4). These r esults wer e consistent with the lower accumula- 
ion of nutrient reservoirs in dek701 kernels. 

We also investigated whether the transcription of long 

cRN A (lncRN A) was affected in dek701 , leading to the 
dentification of 279 upregulated and 329 downregulated 

iffer entially expr essed lncRNAs (DELs) in dek701 com- 
ared to the WT (Figure 5 C and Supplemental Data Set 
5), indica ting tha t loss of DEK701 function also influ- 
nced the transcription of lncRNA loci. We validated the 
 xpression le v els of 33 randomly selected genes involv ed in 

NA biosynthesis, phytohormone signal transduction, and 

tarch biosynthesis, as well as 10 lncRNAs, by RT-qPCR 

nalysis (Figure 5 D and E). 
As DEK701 is also a common subunit of Pol I and 

II, we investigated whether the transcription of rRNA 

nd tRNA was altered in 15-DAP dek701 kernels by RT- 
PCR. We observed a marked decrease in the levels of the 
hree rRNAs tested in dek701 compared to WT, indicating 

hat Pol III is also affected by the loss of DEK701 func- 
ion (Figure 5 F). Furthermore, we determined that riboso- 

https://bioinformatics.psb.ugent.be/webtools/plantcare
http://systemsbiology.cau.edu.cn/agriGOv2/
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Figure 4. Dek701 expression is transcriptionally regulated by Opaque2 (O2). ( A ) Genome-wide distribution of eQTLs for Dek701 in de v eloping maize 
kernels. ( B ) Y1H assay showing that Opaque2 directly binds to the Dek701 promoter but does not bind to the ZmRPABC5a promoter. ( C ) EMSA with 
recombinant purified His-Opaque2 fusion protein and DNA probes. Labeled probe, GCN4 motif from the Dek701 promoter; labeled Opaque2 probe, 
Opaque2 binding site from the promoter of an Opaque2 target gene GRMZM2G086294 ( 46 ). The probe sequences are listed in Supplemental Data Set 
S1. ( D ) Opaque2 activates the Dek701 promoter in transient dual-luciferase transactivation assay. Left: plasmids for transactivation assay. Right: data 
are shown as relati v e ratios of the transcriptional activities conferred by Opaque2 expression to the empty vector control. LUC / REN, ratio of firefly 
luciferase to Renilla luciferase activity. Data ar e pr esented as means ± SD (n = 3). ** P < 0.01 (Student’s t -test). ( E ) RT-qPCR analysis of Dek701 (top) 
and ZmRPABC5a (bottom) expression in major maize tissues in WT (W22 inbred line) and o2 (W22 background) plants. Values are means ± SD ( n = 3; 
*** P < 0.001; NS, no significant difference as determined by Student’s t -test). ( F ) Signature of artificial selection at the Dek701 locus, as determined by 
the ratio between � values from teosinte and maize. ( G ) Resequencing analysis and coalescence simulations validating the 5 ′ regulatory region of Dek701 
as a target of selection. P values were determined using coalescence simulations: ** P < 0.01. 
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Figure 5. Transcriptome alterations in dek701 . ( A ) Top most significantly enriched GO terms among DEGs between WT sibling and dek701 mutant, based 
on RN A-seq anal ysis. The number of genes and the P value for each GO term are shown. E indicates 10 raised to the indicated power in scientific notation. 
( B ) Identified DEGs involved in response to phytohormone stimulus. The signal transduction pathways are as previously described ( 61 ). The colored boxes 
to the left of the gene name r epr esent upr egulated (r ed) and downr egulated (gr een) genes in dek701 compar ed 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 r epr esentati v e 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 t -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 t -test). All transcript le v els were normalized to GAPDH . 



7844 Nucleic Acids Research, 2023, Vol. 51, No. 15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mal protein genes encoding small ribosomal subunits ( Rps )
and large subunits ( Rpl ) ar e expr essed to higher le v els in
dek701 kernels relati v e to WT, which might make up for
the lower abundance of rRNAs through a compensatory
mechanism (Figure 5 G). Among the 17 tRNAs in the maize
genome ( 18 ), we detected the expression of 14 tRNAs, 13
of which accumulated to lower le v els in dek701 compared
to WT (Figure 5 F), 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 de v el-
oping dek701 and WT sibling kernels. Compared to WT,
dek701 kernels were characterized by structurally irregu-
lar basal endosperm tr ansfer lay er cells with defecti v e cell
wall ingrowth (Figure 6 A). Howe v er, embryo cells were uni-
formly arranged in both WT and dek701 (Figure 6 B), with
similar cell number and cell size (Figure 6 C and D). In
WT endosperm, cells wer e r egularl y and closel y arranged,
whereas the dek701 endosperm typically comprised cells
that were arranged irregularly and loosely (Figure 6 E).
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 6 E and
F). Howe v er, 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 6 G). 

Fewer cells are always correlated with slower cell-cycle
progression and lower cell-proliferation activity ( 62 ). To
assess the possible influence of the dek701 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 6 H and I). The 3C peak was
the tallest in both WT and dek701 , followed by peaks of
decreasing intensity with progressi v ely higher C numbers
(from 6C to 96C in WT; from 6C to 48C in dek701 ) (Fig-
ure 6 H). The relati v e 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 indicati v e of nuclei in the G1 phase of mitosis ( 63 ),
the higher 3C peak in dek701 relati v e to WT indicated
that the cell cycle is arrested at the G1 phase in dek701
(Figure 6 I). 

Cell proliferation is generally regulated by plant hor-
mones ( 64 , 65 ). GO analysis in this study re v ealed 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 chromato gra phy–tandem mass spectrometry (LC-
MS / MS). Le v els of ABA, MeJA and brassinosteroids in-
creased significantl y, w hile those of IAA and GA 4 de-
cr eased, in dek701 compar ed to the WT ( P < 0.05 or P <
0.01; Figure 6 J). 
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 putati v e 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-
PABC2a1 (GRMZM2G086904) and ZmRPABC2a2 (GR-
MZM2G013600) (Figure 7 A 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 ZmRPABC2a1 or ZmRPABC2a2
resulted in strong luciferase activity (LCI) and YFP fluores-
cence signal (BiFC) (Figure 7 B and C). Furthermore, BiFC
assays allowed us to localize the site of interaction to the nu-
cleus and the cytoplasm (Figure 7 C), which was consistent
with the subcellular localization of DEK701 (Figure 3 E and
F). These results confirm that DEK701 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 fiv e core
subunits: �, �’, �, � and � ( 8–10 ). Eukaryotic Pol I, II
and III contain 10 core subunits. In this study, we identified
DEK701 as a core subunit of maize Pol I, II and III, whose
loss of function disrupted the activity of all RNAPs, result-
ing in the altered abundance of mRN A, tRN A, rRN A and
ncRNA. We detected an interaction between DEK701 and
ZmRPABC2 by Y2H assay but failed to detect a compa-
r able inter action between DEK701 and other RNAP sub-
units (Figure 7A; Supplemental Figure S9). LCI and BiFC
assays confirmed the interaction between DEK701 and Zm-
RPABC2 in vivo (Figure 7 B and C). ZmRPABC2 is also
a common subunit of RN APs w hose loss of function in
maize generated a defecti v e kernel phenotype similar to that
seen in dek701 , strongly suggesting that ZmRPABC2 might
share a similar function with ZmRPABC5. 

Research from yeast showed that RPABC5 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 Rpac19 (RPB11) of Pol II but also with the
two largest subunits Rpa190 (RPB1) and Rpa135 (RPB2)
of Pol I ( 71 , 72 ). Likewise, human RPABC5 (RPB10 �) in-
teracts strongly with RPB3 and weakly with RPB1, RPB2
and RPABC1 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 RPABC5 (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 (ZmRPABC5b) 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 �m. ( B ) Longitudinal paraffin sections of WT sibling and dek701 embryos from the same segregating ear at 21 DAP. Scale bars 
= 1 mm (500 �m in magnified pictures). (C, D) Total area of the de v eloping 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 t -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 �m. (F, G) Total area of the de v eloping 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 t -test), which wer e r ecorded 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 relati v e nuclear DNA contents (in relati v e 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 t -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; GA 4 , 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 t -test). 



7846 Nucleic Acids Research, 2023, Vol. 51, No. 15 

Figur e 7. Interaction anal ysis between DEK701 and ZmRPABC2. ( A ) Y2H assay showing the interaction between DEK701, ZmRPABC2a1 and Zm- 
RPABC2a2. The plasmids pGADT7-T (pAD-T) and pGBKT7-53 (pBD-53) serv ed as positi v e controls; pAD-T and pGBKT7-Lam (pBD-Lam) serv ed 
as negati v e controls. ( B ) LCI analysis in N. benthamiana leav es for the indicated pairs of constructs. Luminescence signal intensity r epr esents interaction 
strength. ( C ) BiFC assay in N. benthamiana leaves for the indicated pairs of constructs. YFP fluorescence was detected by confocal microscopy 48 h after 
infiltration. Scale bars = 20 �m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

obtained in Arabidopsis. These results thus suggest that
RPABC5 may interact with distinct subunits in different
eukaryotic species and that the assembly of RNAPs might
vary between species. False positi v e or false negati v e results
may stem from limita tions associa ted 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 ( o2 ) defecti v e in endosperm
de v elopment, endosperm de v elopment 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 III-
specific subunit gene NRPC2 that regulates Pol III activity
and endosperm de v elopment in maize, underscoring the im-
portant roles of Pol III in endosperm de v elopment. Here, we
cloned Dek701 encoding a common subunit of Pol I, II and
III and demonstrated that its genetic inactivation leads to
lower transcription le v els of most RNAs, including rRNAs,
mRN As, tRN As and lncRN As, resulting in the arrest of
maize endosperm de v elopment (Figure 5 ). Our results thus
confirm the important roles played by RNAP in regulating
maize endosperm de v elopment. 

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 6 G). 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 relati v e to WT, with a much
lower proportion of duplicated nuclei with C values of 6C
or greater (Figure 6 H 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
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unction ( 19 ). As 6C reflect duplica ted intermedia te DNA 

ontents of nuclei ( 63 ), the mutations of Dek701 and ZmR- 
ABC2 might affect the cell cycle by blocking DNA replica- 
ion at the G1–S phase. The cell cycle is controlled by cyclin- 
ependent kinases (CDKs), which are either activated by 

yclins and cell division cycle proteins or r epr essed by CDK 

nhibitors ( 79 ). The expression of CDK genes was not af- 
ected in dek701 compared to WT (Supplemental Data Set 
2), indica ting tha t the observ ed cell-cy cle arrest in dek701 

ight result from d ysregula tion of a pa thway tha t does not
nvolve the transcription of cell cycle–related genes. Mu- 
ations in the RNA Pol C (III)-specific subunit RPC53 in 

east and rice, RPC2 in zebrafish and Polr3b in mice cause a 

elay in the G1–S transition ( 12–14 , 17 ), indicating that dys- 
unction of Pol III, rather than Pol II, might lead to the cell 
ycle phenotypes detected in dek701 . RNAP can function as 
 primase that generates small RNAs used as primers for the 
nitia tion of DNA replica tion ( 80–83 ), raising the possibil- 
ty that the lower biosynthesis of small RNAs resulting from 

he defect in Pol III function as in dek701 might explain the 
mpaired DNA duplication and cell-cycle progression of the 

utant during endosperm de v elopment. 
Phytohormone signaling plays critical roles in the con- 

rol of endosperm de v elopment. Auxin is a main contrib- 
tor in regulating endosperm de v elopment ( 84–87 ). Auxin 

ontent in maize increases at the beginning of endoredupli- 
ation and remains at high le v els throughout kernel de v el-
pment ( 88 , 89 ). ABA also regulates many de v elopmental
rocesses in plants, including seed de v elopment and ger- 
ination ( 90 , 91 ). In individual Arabidopsis knockdowns 

f the RNA Pol subunits NRPC2 , NRPC3 , NRPC8 , NR- 
 ABC1 , and NRP ABC2 , the most common DEGs are en-

iched in the biosynthesis and signaling of phytohormones 
uch as ABA, auxin and jasmonic acid ( 74 ). In this work, 
oss of DEK701 function resulted in lower IAA contents 
n maize kernels and affected the expression of nine ABA 

ignal transduction genes and 24 auxin signal transduction 

enes, with 11 genes encoding r epr essors of auxin signaling 

eing upregulated. Consistent with these changes in tran- 
cript le v els, we detected the altered contents for IAA and 

BA in dek701 kernels, compared to WT (Figure 6 J). These 
esults suggest that the loss of Pol II activity in the dek701 

utant changes the expression of genes related to auxin 

ignaling, thus inhibiting auxin signaling and endoredupli- 
a tion, ultima tely leading to the lower cell number seen in 

ek701 . 
During the grain filling period of maize, grain volume 

ncreases ra pidl y and the endosperm synthesizes a large 
mount of nutrients for storage. In maize kernels, starch and 

roteins account for ∼70% and ∼10% of the total kernel 
eight, respecti v ely ( 92 ). Interaction of the maize Fl3 pro- 

ein with RNA Pol III subunit RPC53 affects the transcrip- 
ion of tRNA and 5S rRNA during endosperm de v elop- 
ent and storage reserve filling ( 18 ). Downregulated genes 

n the fl3 mutants were enriched in genes encoding storage 
rotein and starch biosynthesis enzymes related to nutrient 
eservoir activity, which was accompanied by lower starch 

nd total protein contents in the fl3 mutant compared to 

he WT. These results thus demonstrate the critical role of 
he Fl3-mediated modulation of RNAP III function in en- 
osperm nutrient storage. In this study, GO terms associ- 
ted with nutrient reservoir activity (GO:0045735) and car- 
ohydrate metabolism (GO:0005975) included 16 and 118 

EGs, respecti v ely. Most of these genes were downregu- 
ated in dek701 compared to WT, which is consistent with 

he lower accumulation of reserves in dek701 kernels, sug- 
esting that DEK701 contributes to storage reserve accu- 
ulation. Howe v er, the maize nrpc2 mutant did not affect 

utrient storage capacity ( 19 ). These results thus illustrate 
he common and unique features of different RNAP sub- 
nits, providing a novel entry point to understand the func- 
ion of individual subunits. 

Taken together, the results of this study show that RNAP 

cts as a central hub for regulating endosperm de v elop- 
ent in maize, through the coordinated interplay of the cell 

ycle, transcription, phytohormone signaling and nutrient 
etabolism. 

he Opaque2– Dek701 transcriptional regulatory module 
ontrols maize endosperm development 

paque2 directly regulates multiple genes for storage re- 
erve accumulation during seed development, by directly 

inding to the Opaque2 box or a GCN4 motif within the 
romoter of its target genes ( 46 , 93 , 94 ). Using RNA-seq and
hroma tin immunoprecipita tion followed by deep sequenc- 
ng, Zhan ( 95 ) identified 186 putati v e direct Opaque2 tar- 
ets, among which RNAP subunit genes were notably not 
ncluded. Opaque2 transactiva tes Sucr ose synthase1 ( Sus1 ) 
nd Sus2 transcription to enhance import of sugars from 

ource organs to the de v eloping seed for protein and starch 

iosynthesis during endosperm filling ( 96 ). In addition, 
paque2 directly binds to the ZmGRAS11 promoter to ac- 

ivate its transcription to promote cell expansion in the fill- 
ng endosperm ( 97 ). In the o2 endosperm, expression of 
ek701 was about two-fold lower than that in WT (Figure 
 E), indicating that Dek701 might be a target of Opaque2. 

RPABC5 is highly conserved in all investigated species, 
rom yeast to plants and animals (Figure 3 A). We checked 

igital expression data for rice, sorghum, and B. distac hy on : 
n all species, RPABC5a was highly expressed in endosperm, 
 hereas its ortholo g RPABC5b was almost not expressed 

r expressed to very low levels (Supplemental Table S2). 
lthough ZmRPABC5a expression is also high in maize, 
ek701 ( ZmRPABC5b ) expression levels were significantly 

igher than those of ZmRPABC5a , especially in seeds (Fig- 
re 3 C and D). The Dek701 promoter contained a unique 
CN4 cis -element that is missing from the promoters of its 

ice, sorghum, and B. distac hy on paralo gs. We hypothesize 
hat the highly specific expression of Dek701 in maize en- 
osperm is likely due to Opaque2 regulation via binding 

o the GCN4 element (Figure 4 B and C), which was sup- 
orted by the Y1H and EMSA results and the identification 

f a strong cis -eQTL in the Dek701 promoter region map- 
ing only 435 bp away from the GCN4 motif (Figure 4 A). 
is -eQTLs are generally under negati v e selection ( 98 , 99 ), al-
hough some cis -eQTLs have been subjected to positi v e se- 
ection for the upregulation of their cognate genes ( 100 ). 
here is a SNP (S 164712777) located within the Opaque2 

inding motif (T GT GTCAT) of Dek701 . Analysis of the al- 
ele frequencies of the SNP in maize Ha pma p3 panel, w hich 

onsists 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 r esour ce panel, which consists 507 maize lines and
70 teosinte lines, showed more significant enrichment of T
allele in maize sub-population (Supplemental Figure S10).
Ther efor e, on a population genetic scale, the upregulation of
Dek701 probably resulted from strong artificial selection on
the upstr eam cis -r egulatory r egion 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 de v elopment. 
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