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Biofortification of iron content by regulating a NAC
transcription factor in maize

Pengshuai Yan™?, Qingguo Du!, Huan Chen?, Zifeng Guo', Zhonghua Wang?,

Jihua Tang?%*, Wen-Xue Li'*

Iron (Fe) deficiency remains widespread among people in developing countries. To help solve this
problem, breeders have been attempting to develop maize cultivars with high yields and high

Fe concentrations in the kernels. We conducted a genome-wide association study and identified

a gene, ZmNAC78 (NAM/ATAF/CUC DOMAIN TRANSCRIPTION FACTOR 78), that regulates

Fe concentrations in maize kernels. We cultivated maize varieties with both high yield and high

Fe concentrations in their kernels by using a molecular marker developed from a 42-base pair
insertion or deletion (indel) in the promoter of ZMNAC78. ZmNAC78 expression is enriched in the basal
endosperm transfer layer of kernels, and the ZmNAC78 protein directly regulates messenger RNA
abundance of Fe transporters. Our results thus provide an approach to develop maize varieties

with Fe-enriched kernels.

ron (Fe) is an essential microelement for

human health. Fe deficiency occurs of-

ten in human diets and affects an esti-

mated 2 billion people, especially infants,

young children, and pregnant women
(1, 2). Therisk of Fe deficiency is much greater
in sub-Saharan Africa (3, 4)—where maize is
a staple food providing at least 30% of total
calorie intake (5)—as compared with other
regions. A diet high in maize, however, makes
people prone to Fe deficiency, and Fe con-
centrations in maize endosperm are low (6).
In Zimbabwe, for example, about 30% of preg-
nant and lactating women suffer from Fe de-
ficiency, which weakens the immune system,
stunts growth, and impairs cognitive develop-
ment (7, 8).

Although supplementation, dietary diversi-
fication, and commercial food fortification
have been used to increase the micronutrient
content of human diets, these measures have
been unsatisfactory in developing countries
because of low economic sustainability and
low consumer acceptability (9, 10). By contrast,
biofortification through genetic modification
of crops appears to be more promising (Z1).
Genes related to Fe uptake and metabolism
have been successfully genetically engineered
to increase Fe content in edible parts of crops.
For example, synergistic expression of AtNASI
(NICTOTIANAMINE SYNTHASE 1), POFERRITIN,
and AfPHYTASE increased Fe concentrations
in rice endosperm (12); endosperm-targeted
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overexpression of TaFERRITINI-A resulted
in a 50 to 85% increase in the Fe content in
wheat grain (73); and coexpression of a mutated
AtIRTI IRON-REGULATED TRANSPORTER 1)
and AtFERRITINI increased the Fe content in
field-grown cassava (14,).

Developing biofortified maize with high Fe
concentrations in the kernels should be an ef-
fective way to alleviate Fe deficiency-induced
anemia in sub-Saharan Africa, but the develop-
ment of biofortified maize varieties has been
limited. One challenge to biofortifying Fe in
maize is that Fe concentrations in grain are
negatively correlated with maize yield (6, 15).
In addition, the process of Fe loading into maize
kernels is almost completely unknown. It is
therefore valuable to identify genetic resources
that could enhance Fe concentrations in maize
kernels without reducing yield.

Results
Identification of ZmMNAC78

We determined Fe concentrations in kernels of
a maize natural-variation population growing
in Sanya, Hainan Province, China. The pop-
ulation consisted of 273 maize inbred lines,
including introgression lines, Chinese elite in-
bred lines [SPT (Sipingtou), LRC (Lvda Red
Cob), PA (group A germplasm derived from
modern US hybrids in China), PB (group B
germplasm derived from modern US hybrids
in China), Reid, Lancaster, and Iodent], and
inbred lines from the US (table S1). The Fe
concentrations in the kernels of this popula-
tion ranged from 4.90 to 55.18 mg kg, with a
mean of 24.15 mg kg (Fig. 1A and table S1).
From this population, we randomly selected
20 inbred lines and planted them in Shunyi,
Beijing, to investigate the repeatability of the
Fe concentration phenotypes. Fe concentra-
tions in maize kernels are substantially affected
by soil conditions (3). Although soil proper-
ties differ considerably between Sanya (pH 4.9)
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and Shunyi (pH 8.2), the Fe concentrat Checkfor |

in maize kernels produced in Sanya were ...
related with those produced in Shunyi [Pearson’s
correlation coefficient (R) = 0.83; P = 5 x 107
(Fig. 1B).

Using 301,603 single-nucleotide polymor-
phisms (SNPs) with a minor allele frequency
>0.05 and a missing rate <10.0% covering the
whole maize genome, we conducted a genome-
wide association study (GWAS) for Fe concen-
trations in maize kernels with the general linear
model approach controlling population struc-
ture. On the basis of a linkage-disequilibrium
region [coefficient of determination (R?) = 0.1]
(16), a total of 11 SNPs were significantly as-
sociated with the Fe concentrations in maize
kernels (Fig. 1C). All of the identified candidate
genes associated with Fe concentrations in
maize kernels are listed in table S2. In the pop-
ulation, Fe concentrations in kernels were sig-
nificantly negatively correlated with 100-kernel
weight (fig. S1A). To detect potential genes
regulating kernel Fe concentrations in maize,
we performed RNA sequencing (RNA-seq) on
six inbred lines with different kernel Fe con-
centrations but similar 100-kernel weights to
reduce bias from bioaccumulation by small
kernels (fig. S1B). The RNA libraries yielded a
total of >0.32 billion reads after adaptor trim-
ming, and ~91.05% of the clean reads could be
perfectly mapped to the maize B73 v4 refer-
ence genome (7). The abundance of each gene
was determined in terms of reads per kilo-
base per million mapped reads (I8). A total of
1531 genes differentially expressed between
high- and low-Fe inbred lines on the basis of
fold-change criteria >1.5 and P < 0.05 (19, 20).
Among the differentially expressed genes,
857 were up-regulated and 674 were down-
regulated in high-Fe lines relative to low-Fe
lines (fig. S1C).

We then investigated the mRNA abun-
dances of the 11 candidate genes identified by
GWAS in these RNA libraries. Because its ex-
pression level was low in all six inbred lines,
Zm00001d027400 was excluded from our anal-
ysis. Among the remaining 10 candidate genes,
only Zm00001d027395 [ZmNAC78 (NAM/ATAF/
CUC DOMAIN TRANSCRIPTION FACTOR 78)]
had consistently higher expression in high-Fe
lines compared with low-Fe lines (fig. S2A),
and the expression levels of ZmNAC78 were
significantly positively correlated with Fe con-
centrations in the kernels of 30 randomly
selected inbred lines (11 with high Fe concen-
trations, 4 with medium Fe concentrations,
and 15 with low Fe concentrations) (fig. S2B).
We therefore inferred that ZmNAC78 might
regulate Fe concentrations in maize kernels.

ZmNAC78 regulates Fe concentrations
in maize kernels

We investigated the expression patterns of
ZmNAC?78 in the Maize eFP Browser RNA-seq
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Fig. 1. ZmNAC78 regulates Fe concentra-
tions in maize kernels. (A) Fe concentrations
in kernels are consistent with a normal
distribution in a maize natural-variation
population. (B) Pearson’s correlation
coefficient of Fe concentrations in

kernels of randomly selected maize

grown in Hainan Province versus randomly
selected maize grown in Beijing. n = 20
inbred lines. (C) Manhattan plot for the
GWAS. The dashed line represents

the Bonferroni-adjusted significance threshold
(P = 3.3 x 107%). (D) Diagram illustrating

the EMS-mutated site and synthetic guide
RNAs (sgRNAs). The gene model is from
MaizeGDB (41). (E) Effects of ZmNAC78 EMS
mutation on maize growth and Fe concentra-
tions in kernels. (F) Effects of ZmNAC78

loss of function on maize growth and Fe
concentrations in kernels. (G) Detection of
ZmNAC78 mRNA abundance in ZmNAC780E
transgenic maize. (H) Effects of ZmNAC78
overexpression on maize growth and Fe
concentrations in kernels. () Fe concentrations
in kernels of ZMNAC78 loss-of-function
mutants and ZmNAC780E transgenic maize
in Beijing. Scale bars in (E), (F), and (H),

30 cm. Error bars in (E) through (1) represent
the standard deviation of three biological
replicates. Asterisk in (E) indicates significant
difference at P < 0.05 according to t tests.
Means with the same letter in (F) through (1)
are not significantly different at P < 0.05
according to one-way analysis of variance
(ANQVA) followed by Tukey's multiple com-
parison test.

database (21) and found that ZmNAC78 is
preferentially expressed in the endosperm at
16 to 24 days after pollination (DAP) (fig. S3A),
when nutrients rapidly accumulate in maize
kernels. The expression patterns of ZmNAC78
were verified by reverse transcription quan-
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titative polymerase chain reaction (RT-qPCR)
(fig. S3, B and C).

‘We obtained an ethyl methanesulfonate (EMS)
mutant of ZmNAC78 in the B73 background
from the Maize EMS-induced Mutant Data-
base (mutant ID: EMS4-16d24b) (22). EMS4-
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16d24b contains a C/T substitution in the fourth
exon of ZmNAC78, which leads to a premature
stop codon in the gene (Fig. 1D). We designated
the mutant as 2mnac78ems. The mutation in
2mnac’8enms did not affect maize development
(Fig. 1E). However, the Fe concentration in
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Fig. 2. Natural variation in the ZmNAC78 core promoter is associated with Fe concentrations in
maize kernels. (A) Diagram illustrating the differences in the core promoter between five high-Fe and
five low-Fe inbred lines. (B) Identification of ZmNAC78 haplotypes (Hap) on the basis of consistent
variations in a maize natural-variation population. n = 226 inbred lines. (C) Fe concentrations in kernels in
Hapl and Hap2. (D) Expression levels of ZmNAC78 in the kernels of Hapl and Hap2. Asterisks in (C) and
(D) indicate significant differences according to t tests. **P < 0.01, ***P < 0.001.

the Kkernels of the smnac78.,s mutant was
22.69 mg kg™, which was 40% lower than that
found in the kernels of the control line, B73
(Fig. 1E).

‘We generated ZmNAC78 null mutants (zmnac78)
in the Zong31 background with CRISPR-Cas9.
Two guide RNAs were designed that targeted the
sequence at nucleotides 677 to 695 and 1185 to
1203 after the ATG codon (Fig. 1D). The smnac78
mutants exhibited deletions of 35-base pair (bp)
or 71-bp fragments in the coding sequence,
which resulted in frameshifts (fig. S4;). Con-
sistent with observations in £mnac78eys, the
zmnac78 mutant was similar to the control
line Zong31 during vegetative development
(Fig. 1F). Although the kernel length, kernel
width, and 100-kernel weight were reduced in
the smnac78 mutants (table S3), the Fe con-
centrations in kernels were still much lower
in zmnac78 mutants than in Zong3l1 (Fig. 1F).
ZmNACY78 is closely related to ZmNAC57 in
maize (fig. S5A), but the cDNA sequence and
mRNA abundance of ZmNAC57 were not al-
tered in 2mnac78 mutants (fig. S5, B and C). This
indicated that CRISPR-Cas9 did not produce off-
target effects and that the reduction of Fe
concentrations in kernels of the zmnac78 mu-
tants was due to ZmNAC78 loss of function.

‘We constructed transgenic maize lines over-
expressing ZmNAC78 in the KN5585 back-
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ground. We chose two transgenic lines (OE#1
and OE#2) for further analysis (Fig. 1G). Over-
expression of ZmNAC78 did not affect the growth
or 100-kernel weight of maize but significantly
increased the Fe concentrations in kernels
(Fig. 1H and table S3). The Fe concentrations in
the kernels of ZmNAC78-overexpressing trans-
genic maize ranged from 49.4 to 70.5 mg kg™,
which was 2.5 to 3.6 times the range in KN5585
(Fig. 1H).

All of the results presented to this point
were from 2mnac78.n,s, ¥#mnac78 mutants, and
ZmNAC780E transgenic maize grown in Sanya,
Hainan Province. The smnac78 mutants and
ZmNAC?78 OE transgenic maize were also grown
in Nankou (soil pH 7.5), Beijing. Compared
with the Fe concentrations in the wild-type
(WT) maize, those in kernels were reduced in
zmnac78 mutants and increased in ZmNA-
C780E transgenic maize grown in Nankou,
Beijing (Fig. 1I). These results demonstrated
that ZmNAC78 regulates Fe concentrations
in maize kernels and that the regulation is
independent of maize genotype and grow-
ing site.

Promoter natural variation affects ZmNAC78
mRNA abundance

In the natural-variation population, the ex-
pression levels of ZmNAC78 were significantly
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positively associated with Fe concentrations
in kernels (fig. S2B). We cloned the coding se-
quence (CDS) and the core promoter of ZmNAC78
in five randomly selected high-Fe lines and
five randomly selected low-Fe lines. The core
promoter was defined as the ~500-bp region
upstream of the transcription start site (TSS),
which is where cis-regulatory elements accu-
mulate (23). The CDS sequences of ZmNAC78
were identical between high- and low-Fe lines
(fig. S6). By contrast, the core promoter of
ZmNAC?78 in high- and low-Fe lines differed
at nine SNPs and one indel-276 (Fig. 2A and
fig. S7).

We resequenced the core promoter of ZmNAC78
from 226 maize inbred lines. SNP-330, SNP-
366, SNP-371, and indel-276 showed consistent
variations among the inbred lines. We grouped
lines into two major haplotypes (Hapl and
Hap2) on the basis of these consistent variants
(Fig. 2B). Fe concentrations in kernels were
significantly higher in Hapl than in Hap2
(Fig. 2C). We also determined the abundance
of ZmNAC78 mRNA in 55 randomly selected
Hapl inbred lines and 40 randomly selected
Hap?2 inbred lines. The abundance of ZmNAC78
mRNA was much higher in Hap1 kernels than
in Hap2 kernels (Fig. 2D), consistent with the
high Fe concentrations in Hapl Kernels. These
results suggested that natural variation in the
core promoter region affects the expression
levels of ZmNAC78.

Molecular marker-assisted selection of maize
varieties with Fe-enriched kernels

To determine whether ZmNAC78 underwent
selection during maize breeding, we sequenced
the core promoter of ZmNAC78 from a previ-
ously reported maize population (24). The pop-
ulation included 60 public US inbred lines
(Public-US), 83 USA elite commercial lines with
expired Plant Variety Protection Act Certif-
icates (Ex-PVP), 28 Chinese inbred lines re-
leased during 1960 to 1979 (CN1960&70s), 87
Chinese inbred lines released during 1980 to
1999 (CN1980&90s), and 20 Chinese inbred
lines released after 2000 (CN2000&10s). We
found that the frequency of the Hapl allele
increased over time, which was consistent with
the inference that ZmNAC78 was selected for
during modern breeding in both the US and
China (Fig. 3A). We further analyzed the fre-
quency of the Hapl1 allele in 168 Chinese elite
inbred lines and found that the frequency of
the Hapl allele was high in SPT, Reid, and
Lancaster (Fig. 3B). Reid x Lancaster is a very
important heterotic combination in temper-
ate regions (25). This suggested that the fa-
vorable Hapl allele could be used for modern
breeding.

To test this hypothesis, we conducted a hybrid
cross between B73 (Hapl) and KIN5585 (Hap2)
to construct an F,.3 population with 75 families.
‘We randomly selected three Hapl homozygous
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families and three Hap2 homozygous families
for analysis of Fe concentrations in kernels.
Consistent with observations in our natural-
variation population, the Hapl families in the
F,.; population had higher Fe concentrations
and higher ZmNAC78 mRNA abundances
in kernels than were found in Hap2 families
(fig. S8).

We therefore developed an indel marker to
perform molecular marker-assisted selection
of maize varieties with Fe-enriched kernels
(fig. S9). The parents originated from Reid
and/or Lancaster. Zhengdan958 was selected
as the control because it has been grown in 13%
of the maize planting area in China since 2004
(26). Five self-breeding varieties, including three
from Hapl (variety 1, 2, and 3) and two from
Hap?2 (variety 4 and 5), were planted along-
side Zhengdan958 in Yuanyang, Henan Prov-
ince (soil pH 8.5). Compared with Zhengdan958,
variety 1 had both higher grain yield and higher
Fe concentrations in kernels, and variety 2 had
similar grain yield and higher Fe concen-
trations in kernels (Fig. 3, C and D). The self-
breeding varieties and Zhengdan958 were
also grown in Nanning, Guangxi Province (soil
PH 6.4). In the subtropics (Nanning), grain
yield and Fe concentrations were higher in
variety 1 than in Zhengdan958 (Fig. 3, E and
F). In both locations, the average Fe concen-
tration was higher in Hapl varieties than in
Hap?2 varieties (Fig. 3, C and E). These results
suggested that ZmNAC78 is a useful gene
resource for achieving Fe biofortification in
maize without reducing yield.

ZmNAC?78 is enriched in the basal endosperm
transfer layer

To clarify the molecular pathways by which
ZmNAC78 regulates Fe concentrations in maize
kernels, we first determined the subcellular lo-
calization of ZmNAC78 protein. ZmNAC78-GFP
and GFP-ZmNACY78 signals were detected only
in the nucleus of maize leaf protoplasts (Fig. 4A).
The localization was confirmed by colocali-
zation with the nuclear marker gene, NFYA4
(NUCLEAR FACTOR'Y, SUBUNIT A 4) (27).

ZmNAC78 contains a NAC domain, indi-
cating that ZmNAC?78 should have transcription-
regulation activity. To test this hypothesis,
pGBKT7-ZmNAC?78 fusion plasmid was gen-
erated and cotransformed with the pGADT7
vector into the yeast strain Y2HGold. The yeast
could survive on selective medium [synthetic
defined (SD)/-Leu/-Trp/-His] along with an
o-galactosidase activity (Fig. 4B). These re-
sults indicated that ZmNAC?78 protein might
have transcriptional-activation activity.

We then investigated the expression pat-
terns of ZmNAC78 by performing mRNA in situ
hybridization using the 15-DAP B73 Kkernels.
A clear signal was detected in the basal endo-
sperm transfer layer (BETL) during the fill-
ing stage, and signals were also detected in

Yan et al., Science 382, 1159-1165 (2023)
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Fig. 3. Molecular marker-assisted breeding of maize with both increased Fe concentrations in the
kernels and high yield. (A) Haplotype (Hap) frequency changes during breeding in the USA and China.
(B) Hap frequency changes in Chinese elite inbred lines. The orange and blue colors in (A) and (B)
represent Hapl and Hap2, respectively. (C) Fe concentrations in kernels of Zhengdan958 and self-breeding
varieties planted in Yuanyang, Henan Province. (D) Grain yields of Zhengdan958 and self-breeding
varieties planted in Yuanyang, Henan Province. (E) Fe concentrations in kernels of Zhengdan958 and
self-breeding varieties in Nanning, Guangxi Province. (F) Grain yields of Zhengdan958 and self-breeding
varieties in Nanning, Guangxi Province. Error bars in (C) through (F) represent the standard deviation

of three biological replicates. Asterisks in (C) through (F) indicate significant differences according to t tests.
*P < 0.05, **P < 0.01, ***P < 0.001; N.S., not significant.
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and a negative control, respectively. (C) Expression ZmNAC78 to the ZmHMAS8, ZmYSL11, and ZmNRAMP3 promoter. (D) Transient-transactivation assay of
patterns of ZmNAC78, ZmNRAMP3, ZmHMAS, and ZmNAC78 protein with the ZmHMAS, ZmYSL11, and ZmNRAMP3 promoter in maize mesophyll protoplasts.
ZmYSL11 in 15-DAP (days after pollination) B73 kernels | Relative REN (Renilla luciferase) activity was used as an internal control, and the relative LUC (Firefly
as determined by in situ hybridization analysis. luciferase)/REN ratios are shown. (E) Effects of ZmNRAMP3 or ZmHMAS EMS mutation on Fe concentrations
Scale bars in the whole kernels, 500 um. Scale barsin | in maize kernels. Error bars represent the standard deviation of three biological replicates in (C) and (E)
the magnified views of the regions marked by the and of five biological replicates in (D). Asterisks in (C) and (D) indicate significant differences according
dashed red boxes, 100 um. V, vascular; BETL, basal to t tests. **P < 0.01, ***P < 0.001. Means with the same letter in (E) are not significantly different
endosperm transfer layer. at P < 0.05 according to one-way ANOVA followed by Tukey's multiple comparison test.
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the vascular end of the pedicel, the pericarp,
other endosperm cells, and the embryo (Fig.
4C and fig. S10).

ZmNAC78 regulates Fe uptake-related genes

To gain insight into the molecular events in
the ZmNAC78-mediated signaling pathway,
we compared the whole-transcriptome pro-
files of kernels of the ZmNAC780E line, the
gmnac78 mutant, and their corresponding
WT Kkernels at 15 DAP. The total of 12 RNA
libraries yielded more than 0.25 billion reads
after adaptor trimming, and ~89.70% of the
clean reads could be mapped to the maize
genome. We identified the genes directly af-
fected by ZmINAC78 on the basis of the follow-
ing criteria: (i) fold-change > 1.5, (ii) P value <
0.05, and (iii) expression levels showing op-
posite trends between ZmNAC780E maize
and the smnac78 mutant. The expression lev-
els of 99 genes were positively affected, and
1132 genes were negatively affected by ZmNAC78
mRNA abundance (fig. S11 and table S4). Gene
Ontology (GO) analysis showed that the 99 genes
were related to metal ion binding (GO:0046872,
P =0.048), ion binding (GO:004:3167, P = 0.044:),
and cation binding (GO:0043169, P = 0.049)
(Fig. 5A).

We found that some genes or homologous
genes have been previously reported to be es-
sential for Fe distribution in maize kernels or
the mobilization of vacuolar Fe stores in Ara-
bidopsis seeds, such as genes that encode yel-
low stripe-like family (YSL) proteins (28) and
natural resistance-associated macrophage pro-
tein (NRAMP) family proteins (29, 30). In ad-
dition, proteins encoded by some of the genes
have been reported to be involved in iron up-
take, such as heavy-metal adenosine triphos-
phatases (HMASs) (31). We chose ZmHMAS8
(Zm00001d027884), ZmYSLII (ZmO000Id025888),
and ZmNRAMP3 (Zm00001d048129) for fur-
ther research. RT-qPCR data verified that these
genes were up-regulated in ZmNAC780E maize
and down-regulated in the smnac78 mutant
(fig. S12A). In agreement with the expression
patterns of ZmINAC78, these three genes were
preferentially expressed in the early stage of
kernel development (fig. S12B). The promoter
regions (2,000-bp region upstream of TSS) of
ZmHMAS8, ZmYSLI11, and ZmNRAMP3 con-
tain one, one, and five NAC binding motifs,
respectively (fig. S13). Electrophoretic mobility
shift assay (EMSA) and chromatin immuno-
precipitation (ChIP) analysis revealed that
ZmNAC78 can directly bind to the promoters
of ZmHMAS8, ZmYSL11, and ZmNRAMP3 (Fig.
5, B and C). Transient-expression assays in
maize-leaf protoplasts further demonstrated
that ZmNAC78 could activate the expression
of the three genes (Fig. 5D).

We investigated the expression patterns of
ZmHMAS8, ZmYSL11, and ZmNRAMP3 by per-
forming mRNA in situ hybridization using
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15-DAP B73 kernels. Although the expression
patterns of ZmHMAS, ZmYSLI11,and ZmNRAMP3
varied in maize kernels, each of them could
be detected in the BETL (Fig. 4C and fig. S10),
which is at least partly consistent with the lo-
cation of ZmNAC78. We then searched the EMS
mutant collections and obtained two EMS
mutants of ZmNRAMPS3 (mutant ID: EMS4-
obfcc9 and EMS4-1¢b309) and two EMS mu-
tants of ZmHMAS8 (mutant ID: EMS4-1ce8be
and EMS4-0c5a57). We could not obtain EMS
mutants of ZmYSLII. The substitution in the
exon of ZmNRAMP3 and ZmHMAS8 leads to a
premature stop codon in the two genes (Fig.
5E). Stop-gained ZmNRAMP3 and ZmHMAS8
significantly reduced Fe concentrations in
maize Kernels (Fig. 5E). These results suggest
that ZmNRAMP3 and ZmHMAS8 are involved
in loading of Fe into maize kernels.

Discussion

Micronutrient deficiency, also known as “hidden
hunger,” reduces nutritional security world-
wide. The United Nations Sustainable Develop-
ment Goal 2 is to end global hunger and reduce
all kinds of malnutrition by 2030 (4). This goal
could be partly achieved by the biofortification
of staple food crops. Even though Fe-enriched
rice, wheat, and cassava have been reported
(12-14), Fe-enriched maize varieties have not
been popular because of the negative correla-
tion between Fe concentrations in kernels and
grain yield (6, 15). In this study, we eliminated
the trade-off between kernel Fe concentra-
tion and grain yield by using molecular-
assisted breeding to develop maize varieties
with both high yield and high Fe concentrations
in kernels.

There is some evidence that the NAC gene
family may affect Fe homeostasis in plants.
OsNAP is connected to Fe remobilization asso-
ciated with senescence in rice (32). Additionally,
Uauy et al. reported that NAM-BI accelerates
senescence and increases Fe remobilization
from leaves to developing grains in wheat (33).
However, the adverse effects of senescence have
limited the use of NAM-BI to increase Fe con-
centrations in grain. Our data suggest that the
NAC family could directly regulate Fe uptake-
related genes and enhance Fe concentrations
in maize kernels. However, excessive Fe is toxic
to plant cells, so it remains a possibility that
higher ZmNAC78 expression might suppress
crop growth.

Transfer cells are located in the maize BETL,
which is the only exchange surface between
maternal and filial tissues in maize (34-36). By
comparison, there is no morphologically dis-
tinct endosperm transfer region in rice, indi-
cating that Fe loading may operate differently
in rice as compared with maize (37, 38). Al-
though substantial progress has been made
in elucidating the pathway of iron loading into
rice grains (39, 40), Fe biofortification in maize
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has not been well explored. Our results con-
tribute to understanding the process of Fe
loading into crop kernels.

REFERENCES AND NOTES

1. P. J. Aggett, in Present Knowledge in Nutrition, B. P. Marriott,
D. F. Birt, V. A. Stallings, A. A. Yates, Eds. (Academic Press,
ed. 11, 2020), pp. 375-392.

2. J.F. Briat, C. Dubos, F. Gaymard, Trends Plant Sci. 20, 33-40
(2015).

3. D. Gashu et al., Nature 594, 71-76 (2021).

4. T. Godecke, A. J. Stein, M. Qaim, Glob. Food Secur. 17, 21-29
(2018).

5. 0. Ekpa, N. Palacios-Rojas, G. Kruseman, V. Fogliano, A. R. Linnemann,
Glob. Food Secur. 17, 48-56 (2018).

6. M. Banziger, J. Long, Food Nutr. Bull. 21, 397-400 (2000).

7. P. L. Sikosana, S. Bhebhe, S. Katuli, Cent. Afr. J. Med. 44,
297-305 (1998).

8. R.E. Black et al., Lancet 371, 243-260 (2008).

9. E. Pyo, B. L. Tsang, M. E. Parker, Nutr. Rev. 80, 1062-1085
(2022).

10. R. D. Semba, S. Askari, S. Gibson, M. W. Bloem, K. Kraemer,
Adv. Nutr. 13, 80-100 (2022).

11. D. Kong, S. A. Khan, H. Wu, Y. Liu, H. Q. Ling, J. Integr. Plant
Biol. 64, 1157-1167 (2022).

12. J. Wirth et al., Plant Biotechnol. J. 7, 631-644 (2009).

13. S. Borg et al., J. Cereal Sci. 56, 204-213 (2012).

14. N. Narayanan et al., Nat. Biotechnol. 37, 144-151 (2019).

15. J. K. Long, M. Banziger, M. E. Smith, Crop Sci. 44, 2019-2026
(2004).

16. S. Purcell et al., Am. J. Hum. Genet. 81, 559-575 (2007).

17. Y. Jiao et al., Nature 546, 524-527 (2017).

18. G. P. Wagner, K. Kin, V. J. Lynch, Theory Biosci. 131, 281-285
(2012).

19. L. Wang, Z. Feng, X. Wang, X. Wang, X. Zhang, Bioinformatics
26, 136-138 (2010).

20. F. Feng et al., Plant Cell 30, 375-396 (2018).

21. G. M. Hoopes et al., Plant J. 97, 1154-1167 (2019).

22. X. Lu et al., Mol. Plant 11, 496-504 (2018).

23. C. Zou et al., Proc. Natl. Acad. Sci. U.S.A. 108, 14992-14997
(2011).

24. B. Wang et al., Nat. Genet. 52, 565-571 (2020).

25. Z. Chen et al., Am. J. Plant Sci. 10, 298-308 (2019).

26. H. Liu et al., Plant Biotechnol. J. 18, 185-194 (2020).

27. S. F. Zhou et al., New Phytol. 208, 188-197 (2015).

28. J. Zang et al., J. Exp. Bot. 71, 5896-5910 (2020).

29. E. L. Bastow et al., Plant Physiol. 177, 1267-1276 (2018).

30. V. Lanquar et al., EMBO J. 24, 4041-4051 (2005).

31. E. L. Zielazinski et al., Metallomics 5, 1614-1623 (2013).

32. C. Liang et al., Proc. Natl. Acad. Sci. U.S.A. 111, 10013-10018
(2014).

33. C. Uauy, A. Distelfeld, T. Fahima, A. Blechl, J. Dubcovsky,
Science 314, 1298-1301 (2006).

34. F. C. Felker, J. C. Shannon, Plant Physiol. 65, 864-870
(1980).

35. R. D. Thompson, G. Hueros, H. Becker, M. Maitz, Plant Sci. 160,
775-783 (2001).

36. R. W. Davis, J. D. Smith, B. G. Cobb, Can. J. Bot. 68, 471-479
(1990).

37. K. J. Oparka, P. Gates, Planta 151, 561-573 (1981).

38. S. Krishnan, P. Dayanandan, J. Biosci. 28, 455-469 (2003).

39. J. Che, N. Yamaji, J. F. Ma, New Phytol. 230, 1049-1062
(2021).

40. J. Che, K. Yokosho, N. Yamaji, J. F. Ma, Plant Physiol. 181,
276-288 (2019).

41. J. L. Portwood 2nd et al., Nucleic Acids Res. 47, D1146-D1154
(2019).

42.Y. Xue et al., Nucleic Acids Res. 51, D18-D28 (2023).

ACKNOWLEDGMENTS

We thank Y. Li, B. Wang, C. Zhang, and C. Chu for their suggestions
on the manuscript and H. Wang, L. Zhang, and X. Zhang for

their technical assistance. Funding: This work was supported by
the National Key Research and Development Program of China
(2021YFF1000500), the Innovation Program of the Chinese
Academy of Agricultural Sciences, the National Natural Science
Foundation of China (grant 31861143004), and the Hainan Yazhou
Bay Seed Lab (B23YQ1507). Author contributions: W.-X.L.

and J.T. designed the research and supervised the project. P.Y.
performed the experiments. Q.D. analyzed RNA-seq data. H.C.,
Z.G., and Z.W. performed the iron assay. W.-X.L. wrote the
manuscript. Competing interests: The authors declare that they
have no competing interests. Data and materials availability:

6 of 7

€202 ‘80 Joquiesed U0 S0 ‘S90ueds [ednno by Jo Awepesy asauiy) e 610°80us 105" MMM//:SANY WO} popeo|umod



RESEARCH | RESEARCH ARTICLE

Raw sequence data generated during this study have been
deposited in the BIG sub (42) with accession nos. CRA011946 and
CRA011945 for RNA-seq. All other data needed to evaluate the
conclusions in the paper are present in the paper or the
supplementary materials. License information: Copyright © 2023
the authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science. No claim to original

US government works. https://www.science.org/about/science-
licenses-journal-article-reuse

SUPPLEMENTARY MATERIALS

science.org/doi/10.1126/science.adf3256
Materials and Methods
Figs. S1 to S13

Yan et al., Science 382, 1159-1165 (2023) 8 December 2023

Tables S1 to S7
References (43-57)
MDAR Reproducibility Checklist

Submitted 13 October 2022; resubmitted 23 August 2023

Accepted 6 November 2023
10.1126/science.adf3256

7of 7

€202 ‘80 Joquiesed U0 S0 ‘S90ueds [ednno by Jo Awepesy asauiy) e 610°80us 105" MMM//:SANY WO} popeo|umod


https://www.science.org/about/science-licenses-journal-article-reuse
https://www.science.org/about/science-licenses-journal-article-reuse
http://science.org/doi/10.1126/science.adf3256

Science

AVAAAS

Biofortification of iron content by regulating a NAC transcription factor in maize
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Editor’'s summary

Fortifying crops with micronutrients could be a good way to improve population health. Maize is a staple for many in
sub-Saharan Africa, but the edible portions are typically low in iron. By investigating a population of natural genetic
maize variants, Yan et al. identified a transcription factor that regulates iron content in the kernels. The authors found
that some maize lines exhibited different sequences in the NAC78 promoter, and the presence of these promoter
variants was correlated with the expression of NAC78 in the endosperm transfer cells. In these cells, iron transporters
are up-regulated, suggesting that more iron is transferred into the kernel. This work opens a route to enhancing maize
iron content, which may help to address iron deficiency where it is prevalent. —Madeleine Seale
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