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Overexpression of ZmDWF4 improves major agronomic
traits and enhances yield in maize
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Abstract Brassinosteroids (BRs) are a class of plant-
specific steroid hormones and play an essential role in
plant growth and development. The DWARF4 (DWF4)
gene encodes a C-22 hydroxylase, which is a rate-limiting
enzyme in BR biosynthesis pathway. Here, the DWF4
(ZmDWF4) in maize (Zea mays L.), the ortholog of
Arabidopsis DWF4 (CYP90BI), was transformed into elite
inbred Q319 and driven maize ubiquitin promoter. In
transgenic lines, the level of the endogenous BR precursor
canosterone (CS) was significantly enhanced. ZmDWF4
overexpression greatly improved grain yield per ear from
28.3 to 33.5% in transgenic lines compared with that in
non-transgenic Q319 plants. Moreover, ZmDWF4 overex-
pression significantly enhanced heterosis of combinations
by increasing both seed number and seed weight up to
20.4% in transgenic hybrids. Further analysis revealed that
ZmDWF4 overexpression significantly improved several
agronomic traits and leaf photosynthetic ability in trans-
genic lines. Finally, RNA-seq analysis suggested that over-
expressing ZmDWF4 improved cell growth, cell division,
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and nutrient assimilation in transgenic kernels. Altogether,
our results demonstrate that manipulating BR level by
overexpressing ZmDWF4 effectively improves maize ag-
ronomic traits, and thus, provides a useful biotechnological
strategy for the genetic improvement and further commer-
cially favorable maize breeding.

Keywords Maize - Brassinosteroids - ZmDWF4 -
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Introduction

Maize is one of the most important crops in the world.
Using transgenic engineering to genetically improve
yield traits has been considered as an effective strategy
to alleviate the increasingly prominent conflicts between
crop supply and global food demands. In recent years,
functional genes have been chosen as the targets of
genetic manipulation for improving grain yields in terms
of promoting starch synthesis, cell division, and sugar
transport (Hannah et al. 2012; Li et al. 2013; Sun et al.
2017; Wu et al. 2008; Wu et al. 2019; Xie et al. 2018).

Brassinosteroids (BRs) are plant-specific steroid hor-
mones that play important roles in plant growth and
development by regulating cell elongation, division,
and differentiation (Fridman and Savaldi-Goldstein
2013; Singh and Savaldi-Goldstein 2015; Tian et al.
2018; Tong et al. 2014; Xia et al. 2015). The study
demonstrate that BRs are essential for various plant
development processes, such as pollen development,
root growth, flowering time, and seed production (Best
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et al. 2016; Choudhary et al. 2012; Feng et al. 2016; Kir
et al. 2015; Liu et al. 2016; Shimada et al. 2015; Singh
etal. 2016; Tong etal. 2012; Vogler etal. 2014; Wei and
Li 2016; Zhang et al. 2014a; Zhang et al. 2012). The
classical BR-deficient or BR-insensitive mutants show
diverse phenotypes, including dwarf plant architecture,
small leaf blade, dark green leaves, abnormal vascular
tissue, delayed flowering, delayed aging, and reduced
fertility (Guo et al. 2013; Li et al. 1996; Szekeres et al.
1996; Wang et al. 2012).

The BR biosynthesis process has been well charac-
terized. Campesterol was converted into campestanol,
then followed by the formation of canosterone (CS),
eventually leading to the formation of brassinolide
(BL) from CS (Fujioka et al. 1998). Notably, several
key genes involved in BR biosynthesis have been iden-
tified in Arabidopsis, for example, de-etiolated-2
(DET2) encoding a steroid 5«x-reductase, DWF4
encoding a C-22 hydroxylase, and constitutive photo-
morphogenesis and dwarfism (CPD) encoding a C-23
hydroxylase (Choe et al. 1998; Fujioka et al. 1998; Li
et al. 1996; Szekeres et al. 1996). Moreover, several key
BR biosynthetic genes have been identified in maize. A
classical dwarf maize plant nana plantl (nal), was
characterized, and NA/ is an ortholog of Arabidopsis
DET? that catalyzes the limited step of BR synthesis
(Hartwig et al. 2011). The NA2 gene, which is involved
in plant height, tillers, leaf morphology, and tassel de-
velopment, encodes a maize ortholog of the Arabidopsis
BR biosynthesis gene DWFI (Best et al. 2016).

DWF4 belongs to P450 family and functions as the
key rate-limiting enzyme in a BR biosynthesis pathway
(Choe et al. 1998; Fujita et al. 2006). In Arabidopsis,
overexpression of ZmDWF4 gene, has increased plant
height, branch number, and seed yield (Liu et al. 2007),
whereas overexpression of the Populus euphratica
PeDWF4 gene in Arabidopsis has reduced seed yield
and delayed flowering time (Si et al. 2016). These
results suggested that DWF4 and its orthologs have
diverse functions in different plant species. Here, we
introduced ZmDWF4 driven by a maize ubiquitin pro-
moter into maize plants. Independent ZmDWF4-overex-
pressing (ZmDWF4-OE) transgenic maize lines and
their hybrid combinations showed enhanced BR level
and significantly improved grain yields including in-
creased seed number and grain weight. Furthermore,
we showed that the overexpression of ZmDWF4 result-
ed in enlarged leaf area, increased photosynthesis, de-
layed leaf senescence, and significantly changed the

@ Springer

transcription factors involved in grain filling. This study
provides an alternative for genetic breeding through
biotechnology in maize.

Materials and methods
Plant materials

Maize (Zea mays L.) inbred Q319 was grown in the field
at the Experimental Station of Shandong Agricultural
University (Tai’an, Shandong, China) and used as the
transgenic receptor. TO transgenic plants were trans-
ferred from the growth chamber to the greenhouse,
and T1 to T4 transgenic lines were planted at the Ex-
perimental Station. T1 to T4 transgenic lines were gen-
erated by self-pollination.

For hybrid combinations, the T4 plants of the
ZmDWF4-OE transgenic lines L100, L166, and L225
were crossed as the maternal parents with different
inbred lines, including 9801, 3841, V3B1, and Zheng58
(Z58). Non-transgenic Q319 was crossed with these
four inbred lines, and their F1 hybrids were considered
as wild-type controls.

ZmDWF4 gene cloning and overexpressing vector
construction

The full-length ZmDWF4 (Zm00001d028325) cDNA
was amplified by PCR using RNA from two-week old
seedling leaves of the maize inbred Q319 with the
primer pair ZmDWF4-F and ZmDWF4-R. All primers
used in this study are listed in Table S3. After verifica-
tion by DNA sequencing, ZmDWF4 cDNA was inserted
into pPZP211 vector downstream of maize ubiquitin
promoter (Ubi,,,) with restriction enzyme sites
BamHUKpnl. The recombinant plasmid was designed
as pPZP211-Ubi,,,,::ZmDWF4 and was introduced into
Agrobacterium tumefaciens LBA4404 for subsequent
maize transformation.

Maize transformation and characterization of transgenic
maize plants

To obtain ZmDWF4-overexpressing transgenic maize,
the Agrobacterium-mediated genetic transformation
was carried out as described by Ishida et al. (2007)).
Briefly, immature embryos (11-13 days after pollina-
tion, DAP) were isolated and infected by Agrobacterium



Mol Breeding (2020) 40: 71

Page3 of 12 71

tumefaciens LBA4404 with the plasmid pPZP211-
Ubi,,,,::ZmDWF4. Kanamycin-resistant maize seedlings
were transplanted in the greenhouse and were verified
by PCR. Total genomic DNA was isolated from young
leaves of the TO transgenic maize plants and wild-type
controls using the 2 x CTAB (hexadecyl trimethyl am-
monium bromide) buffer, and then amplified using 2 x

Taq Plus Master Mix (Dye Plus) (Vazyme Biotech,
China). The PCR was performed with the following
procedures: 94 °C for 5 min; 35 cycles of 94 °C for
305,56 °C for30s, 72 °C for 1 min; 72 °C for 5 min. T1
to T4 transgenic progenies were identified by both PCR
analysis and obtained by self-pollination. To distinguish
the transgene with the endogenous gene, a forward
primer named US5-1 was designed at the 3’ end of
maize ubiquitin promoter and the reverse primer named
ZmDWF4-A was designed at the coding region of
ZmDWF4 gene.

Southern blotting analysis to confirm transgenic plant

Genomic DNA was extracted from young leaves of
transgenic T4 generation maize plants using the 2x
CTAB buffer as described by Zhao et al. (2016).
Forty-five micrograms of genomic DNA was digested
with BamHI and further separated with 0.8% agarose
gel, and then the DNA was transferred onto nylon
membranes (GE Healthcare, Mannheim, Germany).
The PCR product amplified by the primer pair
ZmDWF4SF and ZmDWF4SR was labeled with
digoxin-dUTP (Roche, Mannheim, Germany). Southern
hybridization was performed with DIG High Prime
Labeling and Detection Starter Kit I as described in the
manufacturer’s protocol (Roche). The hybridization sig-
nals on the nylon membrane were detected with a
ChemiDOC™ XRS* (BIO-RAD, Hercules, America).

Western blotting

Total proteins were extracted from young leaves as
described by Ren et al. (2020). The proteins were sep-
arated using SDS-PAGE and then transferred onto a
polyvinylidene difluoride (PVDF) membrane (Sigma-
Aldrich, Merck-Millipore, Darmstadt, Germany). The
membranes were blocked using 5% skim milk for 2 h
at room temperature. Then, the membrane was incubat-
ed with primary antibodies for 2 h and secondary anti-
bodies for 1 h at room temperature. Secondary antibod-
ies were visualized using Pierce™ ECL Western

Blotting Substrate (Thermo Fisher Scientific). The re-
combinant ZmDWF4 protein was used as the antigen,
and the antibodies were prepared in rabbits by Abclonal
(Abclonal Technology, Wuhan, China). The dilution of
antibodies against ZmDWF4 was 1:1000. Antibodies
against actin were obtained from Agrisera (Www.
agrisera.com) and were used according to the
instructions.

qPCR analysis

Total RNA was extracted from leaves, roots, 5 days after
pollination (DAP), 10 DAP, and 15 DAP kemels as
described by Li et al. (2015), respectively. FastQuant
RT Kit (TTANGEN BIOTECH, Beijing, China) was
used to synthesize the first-stand cDNA. Expression of
genes was analyzed by quantitative real-time PCR
(qPCR) using SuperReal PreMix Plus (TIANGEN BIO-
TECH, Beijing, China) on the Bio-Rad CFX96 quanti-
tative PCR system (Bio-Rad Laboratories, Inc., USA).
The primer pairs for qPCR are listed in Table S3. The
UBIQUITIN gene was used as an internal reference to
normalize all data. The relative expression fold changes
were calculated by the 22" method.

Endogenous BR content determination analysis

The T4 ZmDWF4-OE transgenic line L100 and wild-
type inbred were planted in the greenhouse. We sampled
ear leaves from L100 and wild-type plants at the anthe-
sis stage. BRs were measured in the phytohormone
platform of the Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences according to the
Xin’s method (Xin et al. 2018). Three biological repeats
were ultimately used to assay endogenous BRs level.

Yield trials

For comparing the grain yield traits of T4 ZmDWF4-OE
transgenic inbred lines and Q319 wild-type plants, field
trials were carried out in Tai’an in 2015. Each line was
planted in four-row plots with a row spacing of 65 cm
and plant spacing of 25 c¢m in three replicates. Ten ears
of each line were measured for ear length, ear diameter,
kernel row number, and grain number per row. Kernel
traits were measured when the seeds were dried till
constant weight in 42 °C; the traits measured were
1000-grain weight, kernel length, kernel width, kernel
thickness with three replicates of ten seeds of each line.
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Field trials for comparing the yield parameters of
ZmDWF4-OE hybrid combinations were carried out in
Tai’an in 2016. The F1 hybrid plants were planted at
67500 plants per hectare on two-row plots of three
replicates in the field. At 10 DAP, agronomic traits of
the plants were measured, including plant height, ear
height, leaf number, and leaf area. After harvest, ear
traits and kernel traits were measured using the same
method as above. Ten plants of each hybrid combination
were randomly selected for measuring ear length, kernel
length, kernel width, kernel thickness, and grain weight.

Phenotype analysis of transgenic lines

Seeds of T4 ZmDWF4-OE transgenic lines L100, L166,
and L225, as well as the wild-type control (inbred
Q319), were planted in the greenhouse. Plant traits were
measured at the six-leaf stage, including plant height
and leaf areas (from bottom to top, the fourth, fifth, and
sixth leaves) with ten replicates of each transgenic line.
At 10 DAP, we recorded agronomic traits of transgenic
lines, including leaf number, photosynthesis rate, and
areas of upper- and lower-ear leaves (UEL and LEL)
and the ear leaf (EL). Ten plants of each transgenic line
were sampled to measure the photosynthesis rate using
the CIRAS-2 photosynthetic instrument (PP-systems,
Hitchin, Hertfordshire, UK). Chlorophyll indices of ear
leaves (15 cm from the leaf sheath) were measured at 0
DAP, 10 DAP, 20 DAP, 30 DAP, and 40 DAP using the
CCM-200 chlorophyll content index tester (Zhirun, Bei-
jing, China) as parameters to assess leaf senescence.

RNA-seq analysis

Total RNA was extracted from the seeds (10 and 15
DAP) of the ZmDWF4-OE transgenic line L100 and
wild-type plants. The cDNA libraries were constructed
in BIOMARKER, and original reads were sequenced
based on an Illumina HiSeq2000 (Illumina, Inc., USA),
and by rRNA and low-quality-fragment filtering, we
obtained 99.30 Gb of high-quality, cleaned reads. The
RNA-seq data was analyzed as described by Zhang et al.
(2014b). GO (Gene Ontology) enrichment of differen-
tially expression genes (DEGs) were analyzed in
Metascape Enrichment Analysis tool (http://metascape.
org/). Gene annotations were based on the AGPv3 5b60
gene annotation system (https://www.maizegdb.org/).
Gene function classifications were based on the
Omicshare tool (http://www.omicshare.com/).
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We have submitted maize seed RNA-seq raw data
(GSE108628, http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE108628) to the NCBI
GEO database.

Results

Generation of transgenic maize with ZmDWF4
overexpression

To determine the role of ZmDWF4 in maize agronomic
traits, we inserted the full-length cDNA of ZmDWF4
from the elite inbred Q319 into the expression vector
pPZP211 driven by the maize ubiquitin promoter
(Fig. la). Transgenic plants were obtained by an
Agrobacterium-mediated transformation (Ishida et al.
2007) using the resistance gene NPTII as the selected
marker for transgenic screening. Overall, we obtained
twenty-two ZmDWF4 overexpression (ZmDWF4-OE)
transgenic events, and three positive lines L100, L166,
and L225 with high transgene expression levels were
chosen for further analysis (Fig. 1b, ¢). These transgenic
lines were further confirmed as independent transgenic
events by southern blotting. The specific hybridization
signal of both endogenous and transgenic ZmDWF4
gene was detected in the transgenic lines L100, L166
and L255 (Fig. 11). These results indicated that T-DNA
was stably inserted as a single copy into the genomes of
these transgenic lines. Western blotting confirmed the
elevated ZmDWF4 protein levels in the three lines (Fig.
le). To detect BR levels, the contents of endogenous BL
and CS in the leaves of the ZmDWF4-OE transgenic line
L100 and wild type were measured using liquid
chromatography-mass spectrography (LC-MS). Endog-
enous BL was not detected in the transgenic line L100
and wild type, consistent with the previous report by Wu
et al. (2008). However, the endogenous CS level was
dramatically increased by 92.6% in the transgenic line
L100 compared with wild type (Fig. 1d).

ZmDWF4 expression promotes grain yield

To assess whether the enhanced expression of ZmDWF4
could increase grain yield, field trials were conducted
using T4 generations of ZmDWF4-OE lines and wild-
type plants in 2015, and agronomic traits were deter-
mined with three replicates. As shown in Fig. 2 a and d,
the ear length of the transgenic lines was significantly
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Fig. 1 Molecular identification of ZmDWF4 overexpression
transgenic lines. a T-DNA structure of the vector pPZP211-
Ubiyeo:ZmDWF4. Ubi,,,, the maize ubiquitin promoter;
CaMV35S,,, the cauliflower mosaic virus 35S promoter; NPT,
the neomycin phosphotransferase gene. b PCR analysis for the
genes NPTII or ZmDWF4 in transgenic lines. NC, no template
control; PC, plasmid pPZP211-Ubiy,:ZmDWF4 positive control;
M, DL2000 DNA marker. ¢ qPCR analysis for ZmDWF4 gene in

increased in line L100 (181.9+9.5 cm), L166 (193.2+
14.2 cm), and L.225 (184.6 6.4 cm) by 14.4%, 21.4%,
and 16.0%, respectively, compared with the ear length
in the wild-type inbred Q319 (159.1 + 10.8 cm); the ear
diameter was significantly increased by 10.5%, 9.5%,
and 13.4%, respectively (Fig. 2b, e), and the row num-
ber per ear was also increased by two rows in transgenic
lines (Fig. 2c, Fig. S2b). Moreover, the kernel number

N Il

transgenic lines and wild-type controls. d The content of the BR
precursor canosterone (CS) in transgenic and wild-type plants. e
Western blot analysis for ZmDWF4 protein in transgenic lines and
wild-type controls. WT, non-transgenic Q319 control. f Southern
blot analysis of the ZmDWF4 gene in transgenic lines and wild-
type controls. WT, non-transgenic Q319 control. Means with the
same letter are not significantly different at the 0.05 threshold
using Tukey’s HSD test

per row was increased by 5 kernels (Fig. S2a) and there
was a~15% increase in the kernel number per ear in
transgenic lines compared with wild-type ears (Fig.
S2c). For analyzing changes in kernel size, we measured
the length, width, and thickness of the kernels. The
results showed that the kernel length of transgenic lines
was significantly increased by up to 12.5% in
ZmDWF4-OE lines (Fig. S2d) while the kernel width

@ Springer
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Fig. 2 Agronomic traits of ZmDWF4-overexpressing (ZmDWF4-
OE) transgenic inbred lines in the field in 2015. a Ear phenotypes
of ZmDWF4-OE lines and wild-type plants harvested at full ma-
turity. b Transections of ears showing the kernel row number in
transgenic and wild-type plants. ¢ Seed phenotypes of transgenic
and wild-type plants. d Ear length of ZmDWF4-OE maize com-
pared with wild-type plants. e Ear diameter of ZmDWF4-OE

was increased more than 10% compared with the wild
type (Fig. S2e). The kernel thickness of transgenic
plants was not changed, and the kernel thickness of
L100 was slightly reduced but not significantly (Fig.
S2f). The 1000-grain weight of transgenic plants was
also increased (Fig. 2f). Moreover, the grain weight per
ear of ZmDWF4-OE transgenic lines was increased to
about 28.3% to 33.5% more than that of wild-type
controls (Fig. 2g).

Overexpressing ZmDWF4 enhances heterosis and grain
yield of hybrids

To determine whether the overexpression of ZmDWF4
gene promotes grain yield in the transgenic hybrids, we
used the ZmDWF4-OE transgenic inbred lines L100,
L166, and L225, which were crossed to four commer-
cially elite maize inbred lines in China, including two
inbred lines of the Huanggai group (inbred 9801, 3841),
one inbred line of Lancaster group (inbred V3B1), and
one inbred line of the modified Reid group (inbred Z58)

@ Springer

transgenic lines and wild-type plants. f 1000-grain weight of
ZmDWF4-OE maize and wild-type plants. g Grain weight per
ear of ZmDWF4-OE maize compared with wild-type plants.
Values are means of ten replicates = SD. Means with the same
letter are not significantly different at the 0.05 threshold using
Tukey’s HSD test

to generate F1 hybrids. For field trails, 67,500 F1 hybrid
plants per hectare were grown in Tai’an in 2016. As
shown in Fig. S1 and Table S1, these ZmDWF4 trans-
genic hybrids exhibited evidently improved both vege-
tative growth and yield traits compared with their cor-
responding non-transgenic hybrids control, such as in-
creased ear length, ear diameter, kernel number, and
kernel weight per ear. Among them, four hybrid com-
binations (ZmDWF4-OEx9801, ZmDWF4-OEx3841,
ZmDWF4-OExV3B1, and ZmDWF4-OExZ58) showed
more significant improvements in agronomic traits. As
shown in Table 1, the ear length was increased between
6.4 (3.1%) and 15.7 cm (7.6%) (in ZmDWF4-OEx9801
hybrid), between 7.9 (3.9%) and 16.4 cm (8.3%) (in
ZmDWF4-OE%3841 hybrid), between 8.2 (4.0%) and
13.3 cm (6.5%) (in ZmDWF4-OExV3B1 hybrid), and
between 12.5 (6.2%) and 39.8 cm (20.4%) (in
ZmDWF4-OExZ58 hybrid), respectively, in the trans-
genic hybrids compared with non-transgenic control
hybrids. The ear diameter was also enhanced in the
transgenic hybrids. The kernel row number was
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Table 1 Agronomic traits of ZmDWF4 overexpression transgenic hybrid combinations in 2016

Line Ear length (cm) Row number Grain number Grain number  1000-grain Grain weight Yield per Yield
per ear per row per ear weight (g) per ear (g) plot (kg) per mu
(kg)
WTx9801 2052 +14.7 162 +2.0 398+ 1.5 643.8 £ 73.6 3733 +£24.5 240.1 +30.7 8.20 673.2
L100x9801 2209 £8.3* 164 +1.3 46.1 £3.0 ** 745.0 £ 64.3 ** 429.6 £ 21.9 ** 3204 + 36.2 ** 10.28 ** 843.9%*
L166x9801 220.7 £7.1* 162 +0.6 425 £ 1.4 %+ 698.8 + 34.9 408.8 £23.9* 281.6 +£24.6** 881* 723.2%
L225x9801 211.6 +11.0  17.6 £2.1 445 £ 3.1 ** 780.0 £ 75.1* 396.0+ 169* 3089 +32.9** 98] ** 805.3%*
WTx3841  198.5+£8.6 138 £ 1.1 434 +2.0 599.4 £ 60.4 322.0 +18.9 1929 +21.9 6.97 5722
L100x3841 2064 +3.6% 162+ 1.5 %% 46.1 + 2.8 ** 744.6 + 553 ** 363.1 £26.0 ** 269.9 +£22.2 ** 9,03 ** 74]3%*
L166x3841 212.0 £ 52%% 158 + 1.1 ** 47.1 + 1.9 ** 743.6 £ 532 %% 3526 + 13.6 ** 262.3 £22.0 ** 826 ** 678.1%*
L225x3841 2149 + 6.2%* 16.0 £ 0.9 ** 43.0 +2.4 688.2 + 57.1 ** 393.6 +31.0* 2709 +30.5** 836 ** 686.3%*
WTxV3B1 203.3 + 10.1 152+ 1.7 423 +1.7 6432 £ 789 324.7 +£30.1 209.8 £ 41.0 7.50 615.7
L100xV3B1 2132 +6.9*% 164 +0.8 474 £3.9 %% 777.0 £ 70.5%* 351.1 £8.6*  268.1 £26.8 ** 9.20 ** 7552%*
1166xV3B1 216.6 £ 6.3** 16.2 + 0.6 46.0 £ 2.1 ** 753.6 £ 36.4 ** 3672 +£22.8 ** 276.3 + 14.1 ** 892 ** 732 3%*
L225xV3B1 211.5+52% 166+1.0*% 448 +3.1* 7428 +538**% 3534 +£21.1* 259.7+259%* 863* 708.5*%
WTXZ58 192.0+9.2 146 £1.0 419 +2.1 611.8 +£52.0 3155+ 18.1 193.1 +20.6 7.21 591.9
L100xZ58 2045+ 7.0% 154+1.3 453 £32% 6746 +51.2% 3773 +£29.4 %% 2556+ 39.0 %% 838 ** (87.9%*
L166xZ58  207.2 + 8.1** 15.0 + 1.1 444 £24% 664.6 +37.2% 364.0+41.7** 241.8 +30.5** 7.53 618.2
L225%7Z58  231.8 £10.2%* 132+ 1.4 46.2 £3.0 ** 626.5 + 40.6 4103 £ 28.5 ** 248.6 + 17.6 ** 783 *  642.8%

Values are means of ten replicates = SD
*P<0.05; ¥*¥P<0.01, Duncan’s test

increased from 14 to 16 only in ZmDWF4-OEx3841
hybrid. The kernel number per row was also increased
between 6.0 and 15.8% in the transgenic hybrids. Con-
sequently, the seed number per ear was markedly im-
proved between 2.4 and 24.2% in the transgenic hybrids
compared with non-transgenic control hybrids. In addi-
tion to the increased kernel size and 1000-grain weight,
the grain weight per ear was ultimately increased be-
tween 17.3 and 40.4%.

Overexpressing ZmDWF4 improves vegetative
development and photosynthetic ability

Next, we examined agronomic traits in the transgenic
plants. As expected, a number of agronomic traits were
significantly improved, such as increased plant height,
node number, and leaf area, delayed leaf senescence,
and enhanced photosynthetic ability (Fig. 3 and S3). At
the seedling stage, the transgenic lines grew faster than
wild-type plants (Fig. 3a). At the six-leaf stage, the plant
height and leaf area of transgenic plants were dramati-
cally increased. As shown in Fig. 3d, the fourth leaf area
increased by 26 cm? (48.9%), the fifth leaf area in-
creased by 37 cm? (43.6%), and the sixth leaf area by

36 cm® (22.4%) on average in transgenic plants com-
pared with wild-type plants. At 10 DAP, the ZmDWF4-
OE transgenic lines showed significant differences in
many agronomic traits. Plant height increased by 26.0 to
53.0% in transgenic lines compared with wild-type
plants (Fig. 3b, g) and the nodes number was increased
from 16 in the wild type to 19 in the transgenic line
L100 (Fig. 3c, e). In addition, ear leaf (EL) area in-
creased by 235 cm?, 190 cm?, and 64 cm? in the trans-
genic lines L100, L166, and L225, respectively. Simi-
larly, the upper ear leaf (UEL) area and the lower ear leaf
(LEL) area increased up to 40% compared with the
corresponding areas of wild-type plants (Fig. 3h, 1).
Photosynthetic performance of the transgenic lines
was also improved. The net photosynthesis rates were
significantly increased in transgenic lines compared
with that in the wild type at the 10 DAP (Fig. S3a, b).
The chlorophyll index of the leaves of both transgenic
lines and wild-type plants decreased over time after 10
DAP; however, the decrease was faster in wild type
plants than in ZmDWF4-OE plants (Fig. 3f). This might
have resulted from the delayed leaf senescence in trans-
genic lines. Thus, we evaluated the leaf senescence by
examining the expression of the senescence marker
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Fig. 3 Phenotypic analysis of ZmDWF4-overexpressing
(ZmDWF4-OE) transgenic plants. a Young seedlings of
ZmDWF4-OE transgenic lines and wild-type Q319. b Phenotype
of transgenic and wild-type plants at 10 days after pollination
(DAP). ¢ The stems of ZmDWF4-OE L100 and wild-type plants.
Arrows point to the nodes. d Leaf area of the fourth, fifth, and sixth
leaves of transgenic and wild-type plants at the six-leaf stage. e
The number of nodes in mature transgenic and wild-type plants. f

genes ZmSEEI (Zm00001d020636) at different time
periods after pollination. After peaking at 20 DAP,
transcriptional levels of ZmSEEI decreased slower in
the transgenic lines than in wild-type plants (Fig. S3c),
indicating that the overexpressing ZmDWF4 delays the
senescence of transgenic plants.

The analysis of seed wide-genome expression profiles
of transgenic plants

Next, we examined gene expression in the kernels. We
generated RNA-seq libraries of seeds at 10 and 15 DAP
in the ZmDWF4-OE transgenic line L100 and wild-type
plants, respectively. Forty genes randomly selected from
the pool of DEGs were detected using qPCR to monitor
the reliability of the RNA-seq data, and qPCR results
were consistent with RNA-seq results (Fig. S4). At 10
DAP, there were 447 DEGs, and at 15 DAP, there were
645 DEGs; 117 DEGs were common between 10 DAP
and 15 DAP (Fig. 4a). Volcano plots of the DEGs
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UEL EL LEL UEL EL LEL UEL EL LEL

L100 L166 L225 UEL EL LEL

Chlorophyll index, relative to 0 DAP, of transgenic and wild-type
plants. g Plant height of transgenic and wild-type plants. h, i The
area of the UEL, the EL, and the LEL in transgenic and wild-type
plants. Values are means of ten replicates + SD. d, e, g, i Means
with the same letter are not significantly different at the 0.05
threshold using Tukey’s HSD test. UEL, upper ear leaf; EL, the
ear leaf; LEL, the lower ear leaf

showed that activated genes outnumber the repressed
genes (Fig. 4b, c¢). The significant enriched GO terms
showed that the most significant enrichments were in-
volved in innate immune response, nucleus importing,
RNA synthesis and transporting, developmental process
regulation, cell death, and defense response signaling
pathway (Fig. 4d, e). Further, based on the Kyoto ency-
clopedia of Genes and Genomes (KEGG) pathway anal-
ysis, 53 DEGs in both 10 DAP data and 15 DAP data
were mainly involved in 32 kinds of early seed devel-
opment processes, which could be divided into five
categories: cell growth and cell division, stress and
immune response, hormone-related progress, nutrient
reservoir activities, transport related processes (Fig.
4f). Most of DEGs had similar expression changes at
both 10 DAP and 15 DAP. Notably, a great majority of
DEGs involved in cell growth and cell division were
upregulated. To assess the effect of ZmDWF4-OE on
grain filling, we tabulated DEGs of transcription factors
involved in starch synthesis. There were 10 DEGs and
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Fig. 4 Distribution and classification of differentially expressed
genes in the seed RNA-seq expression analysis. a Number of
differentially expressed genes (DEGs) and their overlap at 10
and 15 DAP. b, ¢ A volcano plot of expressed genes; red points,
upregulated; green points, downregulated; black points, not differ-
entially expressed. FC, fold change (L100/WT), FDR, false

12 DEGs at 10 and 15 DAP, respectively (Table S2).
Meanwhile, we examined the expression levels of 2
genes in kernels, ZmCYP85A and ZmDET?2, which were
involved in BRs biosynthesis and signal pathways by
qPCR at three stage (5, 10 and 15 DAP) of the trans-
genic line L100 and wild-type plants (Fig. S5). The
transcriptional levels of ZmCYP85A and ZmDET?2 were
significantly increased to higher levels compared with
wild-type plants. Overall, these results indicated that
overexpressing ZmDWF4 gene affected both the BRs
biosynthesis and signaling pathway. Taken together,
these results indicated that overexpressing ZmDWF4

£ £
3 3

discovery rate. d, e GO enrichment analysis of differentially
expressed genes (DEGs), the X-axis represents the negative loga-
rithm (base 10) of the corrected P value. f Heatmaps of genes
differentially expressed in both 10 DAP and 15 DAP seed RNA-
seq data involved in five selected Kyoto Encyclopedia of Genes
and Genomes pathways

promotes the expression of the genes regulating cell
division and storage reservoir, thus promoting endo-
sperm development and grain filling, leading to the
significantly increased seed yield of transgenic plants.

Discussion
BRs signaling pathway plays a pivotal role in regu-
lating plant growth and development (Best et al.

2016; Choe et al. 2001; Koh et al. 2007; Li et al.
2016; Makiko et al. 2003; Ming et al. 2007;

@ Springer
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Tomoaki et al. 2005; Wu et al. 2008). The
Arabidopsis DWF4 gene encodes the sterol C-22
hydroxylase which catalyzes the key step in the
BR biosynthesis pathway (Choe et al. 1998). In this
study, we generated ZmDWF4 maize overexpression
lines and found that elevated BR levels lead to a
remarkably increased grain yield of both transgenic
inbred corn plants and the hybrid combinations.
Morphological and transcriptomic analysis revealed
that BRs promoted development of agronomic trait,
such as increased nodes number, plant height, leaf
area, photosynthesis rate, length and row number of
ears, as well as relative gene expression. Our results
suggest a promising approach for high-yield breed-
ing in maize by modification BR levels through
transgenic biotechnology.

In terms of crop genetic improvement, the use of
different regulatory elements might result in varying
degrees of effectiveness for its purpose. Previously, the
AtCYP90BI gene, encoding a sterol C-22 hydroxylase,
when it was specifically expressed in the embryo or
endosperm of rice, and transgenic rice seed weight is
not significantly increased (Wu et al. 2008). However,
overexpression of At{CYP90BI gene driven by CaMV
35S promoter in Arabidopsis and tomato results in 59 to
95% increases in yield, respectively (Choe et al. 2001;
Li et al. 2016). When AtCYP90B1, ZmCYP724B3, or
OsCYPY0B2 was expressed under the control of the pAS
promoter in rice, which specifically active in vegetative
tissues, the transgenic rice plants showed more tillers
and increased seed production about 40%. To achieve
the maximum stimulation of yield, we chose the ubig-
uitin promoter rather than spatiotemporal-specific pro-
moters to drive ZmDWF4 expression. Overexpression
of the ZmDWF4 gene in both vegetative and reproduc-
tive organs improves vegetative growth and increases
seed number, as well as 1000-grain weight. Meanwhile,
we observed that all three ZmDWF4-OE transgenic lines
showed early flowering phenotype (Fig. S6). The earing
time and heading time of ZmDWF'4-OE transgenic lines
were about five to 7 days earlier than that of wild-type
plants. This might be resulted from improved vegetative
growth in ZmDWF4-OE plants. Thus, we propose that
the overexpression of ZmDWF4 in both vegetative and
reproductive organs might promote seed-filling in trans-
genic plants. These results imply that simultaneous ex-
pansion of plant vegetative and reproductive tissues is
an effective strategy for high-yield crop breeding by

@ Springer

enhancing carbon fixation in the leaf and nutrition ac-
cumulation in the seed.

In agricultural practice of maize plantation, hybrid
seeds are planted rather than inbred lines due to
heterosis. Considering that genetic diversity of dif-
ferent maize germplasm has an impact on heterosis of
the same parental inbred maize, we chose four elite
inbred lines for mating to evaluate the transgene
efficacy of ZmDWF4 overexpression on grain yield.
In this study, we generated 16 hybrids using these
four cultivars mated with non-transgenic Q319 and
T4 plants of ZmDWF4-OE transgenic lines L100,
L165, and L225. During field trials, all the transgenic
hybrids showed increased grain yield compared with
corresponding wild-type controls; however, the yield
increasing was variable among hybrid combinations
(Table 1 and Fig. S1). The ear length was increased
by 3.1 to 20.4%, and the kernel number per row was
increased by 6.0 to 15.8% leading to an average final
grain yield increase of more than 17.3%. Although
the 1000-grain weight was not significantly elevated
in the transgenic inbred Q319 plants, the grain size
was significantly larger in transgenic hybrids. As
reported in early maize ear inflorescence develop-
ment, the expression patterns of many transcription
factors in BR signaling pathways are changed, such
as the ZmBZR1 gene, which is upregulated in F1
hybrid compared with its Mol7 parent (Ding et al.
2014). We suggested that the increased BR levels
enhance heterosis not only in terms of ear architec-
tural traits but also in terms of kernel size. For the
limitation of field trial (just 1 year and one location),
the extent of yield increase might be slightly inaccu-
rate and multi-year/location field trials are needed to
further confirm the increase extent of grain yield. Our
results show that enhancing endogenous BR levels
can effectively increase grain yield in hybrids maize
plants containing the overexpressing ZmDWF4. Such
transgenic lines might be valuable for further high-
yield maize breeding.
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