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Arabidopsis AINTEGUMENTA (ANT), an AP2 transcription factor, is
known to control plant growth and floral organogenesis. In this
study, our transcriptome analysis and in situ hybridization assays
of maize embryonic leaves suggested that maize ANT1 (ZmANT1)
regulates vascular development. To better understand ANT1 func-
tions, we determined the binding motif of ZmANT1 and then
showed that ZmANT1 binds the promoters of millet SCR7, GNC,
and AN3, which are key regulators of Kranz anatomy, chloroplast
development, and plant growth, respectively. We generated a mu-
tant with a single-codon deletion and two frameshift mutants of
the ANT1 ortholog in the C4 millet Setaria viridis by the CRISPR/Cas9
technique. The two frameshift mutants displayed reduced photo-
synthesis efficiency and growth rate, smaller leaves, and lower
grain yields than wild-type (WT) plants. Moreover, their leaves spo-
radically exhibited distorted Kranz anatomy and vein spacing. Con-
ducting transcriptomic analysis of developing leaves in the WT and
the three mutants we identified differentially expressed genes
(DEGsS) in the two frameshift mutant lines and found many down-
regulated DEGs enriched in photosynthesis, heme, tetrapyrrole
binding, and antioxidant activity. In addition, we predicted many
target genes of ZmANT1 and chose 13 of them to confirm binding of
ZmANT1 to their promoters. Based on the above observations, we
proposed a model for ANTT regulation of cell proliferation and leaf
growth, vascular and vein development, chloroplast development,
and photosynthesis through its target genes. Our study revealed
biological roles of ANT1 in several developmental processes beyond
its known roles in plant growth and floral organogenesis.

AINTEGUMENTA | vascular development | Kranz anatomy |
chloroplast development | photosynthesis

rabidopsis thaliana AINTEGUMENTA gene (AtANT), which

belongs to the APETALA 2 (AP2) transcription factor (TF)
family, was first discovered for its role in ovule development and
floral organ growth (1, 2). Later, AtANT was found to be involved
in organ primordium initiation, female gametophyte formation,
and organ growth and polarity (1-6). For example, transgenic
Arabidopsis plants overexpressing AtANT exhibited large leaves,
stems, sepals, and other organs, while its loss-of-function mutants
showed a smaller organ size (1-4). It has been suggested that the
ANT gene maintains meristematic competence and acts as an
organ-size checkpoint (7). Moreover, ANT has been linked to
gynoecium development and vascular development in roots in
Arabidopsis (8, 9). Recently, Krizek et al. (10) described the roles
of ANT in floral growth and patterning in Arabidopsis. According
to the Arabidopsis eFP browser (11), the expression of AtANT is
predominant in but not restricted to the shoot apex, suggesting
that AtANT has other functions in addition to regulating cell
proliferation and organogenesis.

www.pnas.org/cgi/doi/10.1073/pnas.2012245117

In this study, we found from our previous time-course tran-
scriptomes of maize leaf development (12) that ZmANTI is
coexpressed with the SCARECROWI gene (ZmSCRI, Zm00001d
052380), which is a key regulator of Kranz anatomy development
in C4 plants (13). This observation suggested that ZmANTI is a
regulator of ZmSCRI1. This possibility is worth pursuing because
Kranz anatomy, in which the vein is wrapped by one layer of
bundle sheath cells and then one layer of mesophyll cells, is the
structure that underlies the superior photosynthetic efficiency of
C4 plants. We therefore determined the ZmANT1 binding motif
and showed that ZmANT1 binds the promoter of ZmSCRI. To
further understand the biological function of the ANTI gene in C4
plants, we pursued a loss-of-function study of ANTI. For this
purpose, we used Setaria viridis as the model because it has a
shorter generation time and is more amenable to transformation
than maize. The SvANT1 gene was then edited via a CRISPR/Cas9

Significance

Arabidopsis ANT controls plant growth and floral organogenesis.
We determined the binding motif of maize ANT1 (ZmANT1),
showing that ZmANT1 binds promoters of millet SCR1, GNC, and
AN3, key regulators of Kranz anatomy, chloroplast development,
and plant growth, respectively. We generated mutants of the
ANT1 ortholog in the millet Setaria viridis. Two frameshift mu-
tants displayed reduced photosynthesis efficiency and growth
rate, smaller leaves, and lower yields than WT plants. Moreover,
their leaves sporadically exhibited distorted vein structure.
Transcriptomic comparison of WT and mutant leaves identified
down-regulated genes enriched in photosynthesis and tetrapyr-
role binding in ant? mutants. Thus, our study identified ANT7 as a
master switch functioning upstream of key regulators of signa-
ture developmental processes beyond plant growth and floral
organogenesis.

Author contributions: W.-Y.L., H.-H.L., S.-L.T., S.-H.S., S.-H.W., M.S.B.K., and W.-H.L. de-
signed research; W.-Y.L,, H.-H.L,, C.-P.Y., C-K.C,, H.-).C,, J.-J.L, M.-Y.J.L, M.S.B.K., and
W.-H.L. performed research; W.-Y.L., H.-H.L., C.-P.Y., and J.-J.L. analyzed data; and
W.-Y.L., H.-H.L., C.-P.Y., C.-K.C., H.-J.C,, J.-J.L., M.-YJ.L., S.-L.T., S.-H.S., S.-H.W.,
M.S.B.K., and W.-H.L. wrote the paper.

Reviewers: A.Y.C., University of Massachusetts Amherst; and N.J.P., University of Toronto.
The authors declare no competing interest.
Published under the PNAS license.

Data deposition: The transcriptome data and DAP-seq data have been deposited to the
National Center for Biotechnology Information Sequence Read Archive (NCBI SRA) with
accession number PRINA633079.

To whom correspondence may be addressed. Email: shuwu@gate.sinica.edu.tw, mku@
mail.ncyu.edu.tw, or whli@uchicago.edu.

This article contains supporting information online at https:/www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2012245117/-/DCSupplemental.

First published August 19, 2020.

PNAS | September 1,2020 | vol. 117 | no.35 | 21747-21756

>
o
=]
=
e
o
(=
=
<
=
o


https://orcid.org/0000-0001-5150-7619
https://orcid.org/0000-0002-6806-9157
https://orcid.org/0000-0002-4053-4889
https://orcid.org/0000-0001-6470-235X
https://orcid.org/0000-0002-7179-3138
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2012245117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
http://www.ncbi.nlm.nih.gov/sra/PRJNA633079
mailto:shuwu@gate.sinica.edu.tw
mailto:mku@mail.ncyu.edu.tw
mailto:mku@mail.ncyu.edu.tw
mailto:whli@uchicago.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012245117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012245117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2012245117

Downloaded by guest on April 19, 2021

system to generate three homozygous mutant lines for phenotypic,
genetic, and molecular analyses to examine the function of ANTI
in S. viridis. These mutant lines displayed a slower growth rate,
smaller leaves and spikes, and lower grain yield than the wild type
(WT). Moreover, the two mutant lines with a ANTI frameshift
mutation displayed distorted Kranz anatomy and vein spacing in
some regions. We used transcriptomic analysis to identify genes
that were differentially expressed in these mutant lines compared
to WT. We predicted the target genes of SvANT!I and identified
those differentially expressed between WT and a mutant line. Of
particular interests are SYGNC and SvAN3, which are key regula-
tors of chloroplast development and plant growth, respectively. We
further showed that ZmANT1 binds the promoters of SvSCRI,
SvGNC, SvAN3, and many other genes involved in leaf vascular
development and photosynthesis. Taken together, our data provide
evidence that SvANTI and ZmANT1I play an important role in leaf
vascular development, chloroplast development, photosynthesis,
plant growth, and grain yield.

Results

ZmANT1 Is a Potential Regulator of ZmSCR1. While Arabidopsis has
only one ANT gene, Zea mays (maize) has four (ZmANTI-4) and
S. viridis has three (SvANTI-3). Their phylogenetic relationships
are shown in SI Appendix, Fig. S1. Among the four maize ANT
genes, only ZmANT] is coexpressed with ZmSCRI during the
development of maize embryonic leaves (Fig. 14); the coex-
pression is also supported by qRT-PCR data (SI Appendix, Fig.
S2). We used the DNA affinity purification and sequencing
(DAP-seq) technique (14) to determine the binding motif of
ZmANT] (see the position weight matrix [PWM] in Fig. 1B). We
mapped this PWM to the promoter of ZmSCRI and also to the
SCRI orthologs in Brachypodium distachyon, Oryza sativa Japon-
ica, and Sorghum bicolor by FIMO with P value <0.001. We found
putative ZmANT1 binding sites in the promoter regions of maize,
sorghum, and rice SCRI genes (Fig. 1C), suggesting good con-
servation of the putative binding motif in evolution. Electropho-
resis mobility shift assay (EMSA) demonstrated that ZmANT1
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Fig. 1. Testing the binding of maize ANT1 the SCRT promoter. (A) Expression profiles of maize ANT and SCR1 genes under natural light/dark cycles and
Pearson correlation coefficients (PCCs) between the expression levels of maize SCRT and ANT genes in the time-series transcriptomes of maize embryonic
leaves (12). The time course was from T0O (dry seed) to hour 72 (T72) postimbibition. (B) The transcription factor binding site (TFBS) of maize ANT1
(Zm00001d052380) determined by DAP-seq. The TFBS is represented by a PWM. (C) Alignment of a conserved cis motif within the promoter region of ZmSCR1,
SbSCR1, OsSCR1, and BdSCR1 to the ZmANT1 TFBS (consensus sequence) (bold and colored). Abbreviations: Zm, Zea mays; Sb, Sorghum bicolor; Os, Oryza
sativa; and Bd, Brachypodium distachyon. (D) Gel shift showing binding of maize ANT1 to the motif sequence (hot probe) in the ZmSCRT promoter region.
Lane 1 contained no protein. Lane 2 contained the ANT1 protein and the hot probe. Lane 3 contained the protein and the cold probe. Lane 4 contained the
protein and a mutant probe. The same amount of ANT1 protein was used in lanes 1 through 4. Red and black arrowheads indicate TF-probe complexes and

free probe, respectively.
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protein can indeed bind the predicted motif of ZmSCRI specifically
(Fig. 1D).

ANT1 Is Expressed in Vasculatures of Developing Leaf Primordia.
Tissue- or cell-type expression patterns of ZmANTI may help
to infer its biological functions. We therefore conducted an
in situ hybridization study of ZmANT]I by selecting a 3’-UTR
region unique to ZmANT]I to synthesize a probe. We found that
ZmANT]I transcripts accumulate in vasculatures of developing
leaf primordia (Fig. 2), similar to the expression of AtANT in
cells in an internal zone extending over the length of a cotyledon
at the torpedo stage (1). Transverse sections through the shoot
apex at the level of the leaf founder cells revealed a punctuated
accumulation of ZmANTI transcripts that preceded the differ-
entiation of vascular bundles in developing leaves (Fig. 2B).
Accumulation of ZmANT]I transcripts was initially localized as a
single spot within each developing vascular bundle of young leaf
primordia and then occurred in vascular tissues of secondary
veins in P3 leaf primordia (Fig. 2C). This pattern of ZmANTI
transcript accumulation is consistent with the view that ZmANTI
plays a general role in organ primordium initiation and organ
growth during shoot development (4).

CRISPR/Cas9-Mediated Targeted Mutagenesis of SVANTT in S. viridis.
To further assess the function of ANT1, we generated ANT! gene
mutants in S. viridis, a close relative of maize, using a CRISPR/
Cas9 gene editing protocol. Our mutagenesis targeted the first
exon of SvANT1, which contains restriction sites that can be used
for screening mutations using a PCR-based restriction enzyme
digestion assay (Fig. 34). We obtained three S. viridis mutant lines.
Among them, Svantl-1 carries an in-frame 3-bp deletion, whereas
SvantI-2 and SvantI-3 are both frameshift mutants, carrying 2-bp
and 1-bp deletions, respectively (Fig. 3B). The deduced amino
acid (aa) sequences of SvantI-2 and Svantl-3 mutants contain no
AP2 domain, so they are unlikely to have retained the ANT1
function (Fig. 3C).

Using the web tool CRISPOR (crispor.tefor.net) (15), we
predicted nine putative off targets of the sgRNA used (S/
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Appendix, Table S1). Six of the putative off-target sites were
located in coding regions, containing three or four mismatches
within the sgRNA1-PAM sequence. We sequenced the region of
each predicted off-target site in the wild-type and mutant lines,
but did not find any sequence changes (SI Appendix, Fig. S3).

Svant Mutations Affect Plant Growth, Development, and Yield.
Svantl-2 and -3 plants showed significantly shorter plant height
(from soil surface to the flag leaf) and reduced leaf length com-
pared to WT (SI Appendix, Fig. S4 A-C), possibly due to the pre-
dicted truncations of the SYANT1 protein caused by the frameshift
mutations (Fig. 3C). In contrast, Svantl-1 has phenotypes resem-
bling those of WT, implying the 1-aa deletion in Svantl-1 protein
does not seriously compromise its biological functions.

Svantl-2 and -3 plants had significantly shorter panicles than
those of WT and Svanti-1 plants (Fig. 4 A and C), but similar
grain sizes (Fig. 4B). Smaller tillers and total seed weight per
plant compared to WT were observed for both SvantI-2 and
Svant1-3 mutants (Fig. 4 D and F), although SvantI-2 plants have
more tillers (Fig. 4E). Thus, Svantl-2 and especially Svantl-3
plants tend to produce a lower grain yield than WT plants.

As ZmANT1 appears to regulate ZmSCRI, a key regulator of
vascular development, we compared the vascular patterns in
SVANTI mutant and WT leaves by Lugol staining (Fig. 5 A-C).
Cross-section histological analyses revealed sporadically two
minor veins with merged bundle sheath (BS) cells, smaller Kranz
anatomy, or only one mesophyll (M) cell between two veins
(Fig. 5 D-F). The distorted vascular patterning and reduced
veins appeared significantly more frequently in Svant/-2 and -3
plants than in WT and Svanti-1 plants (Fig. 5G). Taken together,
the above observations suggest that SYANT1 functions in plant
growth, leaf development, vein patterning, and grain yield.

Transcriptome Analysis of Svant Mutant Lines. We compared the
leaf transcriptional profiles of WT and the three SvANT mutant
lines (SvantI-1, -2, and -3). Total RNA samples were extracted
from 10-d-old seedling leaves and sequenced to identify differ-
entially expressed genes (DEGs) (Dataset S1). We found 520,

Fig. 2. Insitu hybridization assays of ZmANT1 transcript accumulation in the maize seedling shoot. (A and B) Transverse sections of wild-type seedling apices.
The sections reveal a punctuated, interspersed accumulation pattern of ZmANTT transcripts (purple) over the vasculature and in the shoot apical meristem
(SAM), and primordia 1 (P1), P2, and P3 primordia prior to the development of vasculature. Gradients of ZmANT1 expression are also noted between vascular
bundles in the leaf (A) sense and (B) antisense. (C) Accumulation of ZmANTT transcript occurs in vascular tissues of veins in P3 leaf primordia (arrows) in the
undifferentiated vascular bundle of the fourth leaf from the SAM. P1, P2, P3, and P4 denote leaf primordia. (Scale bar in A and B, 100 um; in C, 20 pm.)
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Fig. 3. CRISPR/Cas9 mutagenesis of the SVANTT gene. (A) The 20-bp target
sequence of sgRNA is indicated by a yellow box, including a NGG proto-
spacer adjacent motif (PAM) sequence. (B) Sequences of the first SYANT1
exon in the WT and three transgenic lines. The yellow dashes and letters
indicate the identified mutations. The sgRNA targeting sequence and PAM
are indicated by red boxes. The sizes of deletions are shown at the Right of
each mutated sequence: A1, A2, and A3 denote the deletions of 1, 2, and 3
nt, respectively. The numbers on Top of the sequence are the nucleotide
numbers. (C) Schematic presentation of the deduced SVANT amino acid se-
quences of the WT and three mutants. The orange rectangles indicate AP2
domains. SYANT7-1 mRNA encodes an ANT1 protein with a single amino acid
deletion because of an in-frame 3-bp deletion. Svant7-2 and Svanti-3 each
may generate a protein without any AP2 domain because of the frameshift
mutations.

700, and 784 up-regulated and 289, 636, and 418 down-regulated
DEGs in Svantl-1, -2, and -3, respectively, compared to WT
(Fig. 6 A and C). To identify the biological processes in which
DEGs are involved, we performed a singular enrichment analysis
(SEA) using agriGO (16) (Dataset S2). Svantl-1 did not show
enriched gene ontology (GO) terms in up-regulated DEGs, and
showed significant enrichments only in “biosynthetic process” and
“transcription factor activity” among down-regulated DEGs. In con-
trast, in Svant1-2 and -3 the GO terms of “carboxylic acid biosynthetic
process,” “single-organism cellular process,” “coenzyme metabolic
process,” “chromatin,” and “intracellular non-membrane-bounded
organelle” were enriched among the up-regulated DEGs (Fig. 6B).
Moreover, down-regulated DEGs were enriched in “photosynthesis,”
“response to stress,” “response to stimulus,” “iron-sulfur cluster
binding,” “metal cluster binding,” “thylakoid part,” “thylakoid,”
“photosynthetic membrane,” and “photosystem” (Fig. 6D).

Photosynthesis and Chloroplast-Related Genes. The DEGs identified
above included many genes involved in heme and tetrapyrrole
binding, or antioxidant activity. Tetrapyrroles provide critical func-
tions to important processes, such as light signaling, detoxification
of reactive oxygen species, assimilation of nitrate and sulfate, res-
piration, programmed cell death, and light-harvesting reactions of
photosynthesis (17). Twenty-seven DEGs that participate in heme
binding, tetrapyrrole binding, and/or oxidoreductase activity were
down-regulated in both Svanti-2 and -3 mutants, including Hemal

21750 | www.pnas.org/cgi/doi/10.1073/pnas.2012245117

(Sevir.9G250700), which is involved in the early steps of chlorophyll
biosynthesis, and in plastid-to-nucleus retrograde signal transduc-
tion, respectively (Fig. 6E). Moreover, the DEGs identified eight
genes involved in photosynthesis that were down-regulated in both
Svanti-2 and -3 lines (Upper part of Fig. 6F). These included three
light harvesting genes: LHCA2 (Sevir.2G377600), LHB1B2-1 (Sev-
ir.3G146000), and LHB1B2-2 (Sevir.5G222600) and five photosys-
tem genes: PSAG (Sevir.2G259000), PSI-H (Sevir.3G151700),
PSBWI (Sevir.3G189600), PSBW2 (Sevir.5G340900), and PSAF
(Sevir.9G068500) (Upper part of Fig. 6F).

Many TF genes regulating chloroplast development were
down-regulated in the Svantl-2 and -3 lines (Lower part of
Fig. 6F), including two master regulators of chloroplast devel-
opment GLKI (Sevir.4G123200) and GNC (Sevir.4G246900)
(18) and also regulators of chlorophyll biosynthesis by light, such
as GBFI (Sevir.4G207900) and GBF3 (Sevir.3G143000) (19).
Another down-regulated TF gene is the RNA POLYMERASE
SIGMA SUBUNIT 1 (Sevir.6G047300) (Lower part of Fig. 6F),
which is the most abundant sigma factor that binds to the pro-
moters of photosystem I and II genes and may be a key factor
that regulates the expression of the above genes (20).

The enrichment of DEGs in chloroplast function and photo-
synthesis prompted us to examine the photosynthetic rate of
mutant and WT plants. The net photosynthetic rate (Pn) in
mature leaves were significantly reduced in the Svant transgenic
plants (Fig. 6G). Taken together, these and the above results
indicate that SYvANT is involved in the regulation of chloroplast
development and photosynthesis and that mutations in SYANT
can reduce photosynthesis efficiency and grain yield.

Predicting and Validating SVANT1 Target Genes. Using the S. viridis
genome, the DAP-seq data and the binding motif (PWM) of
SvANTI, which was predicted to be the same as that of ZmANTI
(Fig. 1C), we predicted potential target genes of SvANTI,
i.e., genes that possess SYANT1 binding motif in their promoters
(Materials and Methods and Dataset S1). Those potential target
genes with “differential expression” between wild-type and mu-
tants were considered candidate differentially expressed target
genes (DETGs). A set of 247 “putative DETGs” of SVANT1 was
identified by adding the evolutionary conservation test of Yu
et al. (21) (Dataset S1). From these putative DETGs, we iden-
tified enriched GO terms mainly in “photosynthesis,” “thylakoid
part,” “thylakoid,” “photosynthetic membrane,” and “photosys-
tem” (Dataset S2). We are particularly interested in the down-
regulated DETGs because many of them are photosynthesis and
photosystem genes that have not been reported to be regulated
by ANT1. Among the 247 putative DETGs, 26 Arabidopsis ho-
mologs showed aberrant phenotypes when defective (22). In
addition, by comparing against a list of down-regulated DETGs,
we found six DETGs that are involved in vascular development
or photosynthesis: SvHB7 (Sevir.7G194700) and SvVIN2 (Sev-
ir.3G333700), which are involved in vascular development (23,
24); SvBBX22 (Sevir.5G141601), which is involved in photo-
morphogenesis (25); and SYHEMAI (Sevir.9G250700), SvSIG1
(Sevir.6G047300), and SvRBCL (Sevir.9G044690), which are
involved in the early steps of chlorophyll biosynthesis and pho-
tosynthesis (26-29). SI Appendix, Table S2 lists the above 32
putative target genes.

EMSA was used to show that ZmANT1 can physically bind to
the promoters of 13 candidate target genes, which are classified
into four groups in terms of function (SI Appendix, Table S3 and
Fig. S5). Group L. Vascular development: 1) SvSCRI, which is a
key Kranz anatomy regulator (13); 2) SvHB7, which is homolo-
gous to Arabidopsis HB7 (AtHB7), which is involved in vascular
development (23, 30); and 3) SvVIN2, which is a NAC domain
transcription factor that negatively regulates xylem vessel forma-
tion in Arabidopsis (24). Group II. Plant growth: 1) SvAN3, which
is a transcriptional coactivator involved in cell proliferation during
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Fig. 4. Effects of SYANTT mutations on teller number, panicle number, and grain yield. (A and B) Representative panicles and seeds of 8-wk-old WT and
mutant plants (Scale bar in A, 1 cm; in B, 1 mm.) (C) Panicle lengths. (D) The number of tillers per plant at week 7. (E) The number of panicles per plant at week
7. (F) The total seed weight per plant. ***P value <0.001, *P value <0.05 (Student’s t test). The error bars represent SDs obtained from 10 replicates.

leaf and flower development; its loss-of-function mutations exhibit
narrow, pointed leaves and narrow floral organs (31, 32). Group
III. Chloroplast development: 1) SYGNC, which regulates the
development of the chloroplast from the proplastid and controls
chloroplast growth and division (33, 34); 2) SYHEMA1, which is
involved in the early steps of chlorophyll biosynthesis (28); and 3)
SvSIG1, which is the most abundant sigma factor that accumulates
during leaf development and binds to promoters of photosystem I
and II genes (29). Group IV. Photosynthesis: 1) SvABCIS, which
encodes an iron-stimulated ATPase and is involved in Fe-S cluster
assembly (35); 2) SvPSBWI, which encodes the photosystem II
reaction center subunit W; in Arabidopsis, loss of PSBW destabi-
lizes the supramolecular organization of PSII (36); 3) SvPSBW2,
4) SvPSAG, which encodes subunit G of photosystem I, an 11-kDa

Liu et al.

membrane protein that plays an important role in electron
transport between plastocyanin and PSI and is involved in the
stability of the PSI complex (37); 5) SvPSI-H, which is an intrinsic
membrane protein that is a subunit of photosystem I; PSI-H is
required for stable accumulation of PSI and efficient electron
transfer in the complex (38); and 6) SYCHL, which is involved in
the protection of thylakoidal membrane lipids against reactive
oxygen species, especially singlet oxygen, produced upon excess
light (39). CHL (chloroplastic lipocalin) is required for sustained
photoprotective energy dissipation or NPQ (qH) to occur (39). As
the binding motif of SVANT1 is predicted to be the same as that of
ZmANT]I, the S. viridis orthologs of these 13 genes are expected
to also be the target genes of SYANT1.
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Fig. 5. Leaf vascular phenotypes of 5-wk-old WT and SVANTT mutant plants. (A-C) Light micrographs of Lugol’s staining leaf tissue [I2KI (iodine-potassium
jodide)-stained to reveal starch] of WT, Svant1-2, and Svant1-3 plants. Small arrowheads indicate merged veins. (D-F) Transverse sections of WT, Svant7-2, and
Svant1-3 leaves. Svant1-2 showed an example of two minor veins with merged bundle sheath cells. Svant7-3 also showed two minor veins with merged
bundle sheath cells. (Scale bar, 20 pm.) Small arrowheads indicate merged veins. Large arrowheads indicate minor veins with merged BS cells, smaller Kranz
anatomy, or only one M cell between two veins. (G) Percentage of distorted veins in a middle cross-section of the first leaf. **P < 0.01,***P < 0.001. Error bar

represents SD (n = 9 leaves).

These 13 putative target genes are further supported by their
down-regulation in SvantI-2 and -3 developing leaves compared
to WT, except that SvAN3 was not significantly down-regulated
in Svantl-2 (SI Appendix, Fig. S6A4). Conducting a qRT-PCR
analysis, we found that the expression level of SvAN3 was sig-
nificantly lower in Svantl-2 and Svantl-3 than WT (SI Appendix,
Fig. S6B). Previously, AtAN3 has been identified as a potential
target gene of AtANT (10).

Discussion

Nole-Wilson and Krizek (40) used the systematic evolution of li-
gands by exponential enrichment (SELEX) technique and Krizek
et al. (10) used chromatin immunoprecipitation sequencing
(ChIP-seq) to determine the binding motif (PWM) of AtANT
(Arabidopsis ANT), and in this study we used DAP-seq to deter-
mine the PWM of ZmANT!1 (SI Appendix, Fig. S74). We found
substantial differences between the two PWMs. The Pearson
correlation coefficients (PCCs) are only 0.54 to 0.64 between our
PWM and those of the other two studies (SI Appendix, Fig. S7B).

21752 | www.pnas.org/cgi/doi/10.1073/pnas.2012245117

ANT is an AP2 TF that contains two DNA binding domains and
its binding motif can be divided into the left and right motif cores
(SI Appendix, Fig. S7A). If we restrict the comparison to the left
and right core motifs, then the PCCs become 0.73 between our
PWM and those of Nole-Wilson and Krizek (40) and meme-3 of
Krizek et al. (10). The PCC between our left motif core and
meme-1 is 92%, but meme-1 does not possess a right motif core
(SI Appendix, Fig. S7A). The low correlations between our motif
of ZmANT1 and that of AtANT and the differences in the tissues
used between the two studies (developing leaves vs. developing
flowers) may explain why there were only 23 overlaps between our
millet ANT1 and Krizek et al.’s Arabidopsis ANT candidate target
genes (Dataset SI).

We have shown that ZmANT]1 binds the promoter of ZmSCRI
(Fig. 1), which is a key regulator of Kranz anatomy development.
However, using FIMO to scan the promoter sequence of the
Arabidopsis SCR gene (AtSCR), we cannot find a binding site of
AtANT on the promoter with P value <107, If we relax the P
value threshold to 1.2 x 107>, we can find a potential binding site
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Fig. 6. DEGs, functional enrichment analysis, and reduced photosynthesis rates in mutants. (A) Venn diagrams of up-regulated DEGs. The numbers of up-
regulated DEGs were 520 in Svant1-1, 700 in Svanti1-2, and 784 in Svant1-3. (B) GO enrichment analysis of up-regulated DEGs. (C) Venn diagrams of down-
regulated DEGs. The numbers of down-regulated DEGs were 289 in Svant1-1, 636 in Svant7-2, and 418 in Svant1-3. (D) GO enrichment analysis of down-
regulated DEGs. Fisher’s exact test was applied to identify the significant GO categories and false discovery rate (FDR) was used to correct the P value. The P
values are presented in a heat map. Red and yellow colors represent significant GO enrichment, while gray color represents nonsignificant enrichment. (€ and
F) Heat maps of DEGs in WT and mutant lines. (E) Genes related to heme and tetrapyrrole binding, and oxidoreductase activity. (F) Genes related to pho-
tosynthesis and light-harvesting complex, and TF genes. The bar represents the scale of the expression levels for each gene in WT and mutant lines as in-
dicated by red and blue rectangles. Red indicates up-regulation (1.0) and blue indicates down-regulation (-1.0) as compared with the wild type. (G)
Photosynthetic rate (Pn). Data comparison between transgenic and wild-type plants was performed using R (Student'’s t test, P = 0.05); values are expressed as
means (n > 5 plant for each test); error bars indicate SD. ***P < 0.001 for t test.
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on the promoter of AtSCR. However, this site is not present in the
orthologous SCR genes in its related species, including Arabidopsis
lyrata, Brassica oleracea, and Brassica rapa. Thus, it is unlikely that
AtANT can bind the promoter of AtSCR. Therefore, it is likely
that the binding of ZmANT]1 to the promoter of ZmSCRI is an
evolved function.

Previous studies focused on the roles of Arabidopsis ANT in
floral organogenesis and plant growth (1-6, 10), while in this
study we studied the roles of maize and millet ANT1 not only in
plant growth but also in vascular development, chloroplast de-
velopment, and photosynthesis. From our study, we propose four
regulatory pathways of SYANT]1 in Fig. 7. These pathways and
their relevance to observations in this study are discussed below.

ANT1 Regulates Kranz Anatomy and Vascular Development. Our
observation that ZmANT1 is a regulator of ZmSCRI may explain
why loss-of-function mutations of SvANTI caused defects in
Kranz anatomy (merged BS cells, smaller Kranz anatomy, and
only one M cell between two veins). The observed defects in
Svantl-2 and -3 plants were mild and occurred only sporadically
likely because there are two other ANT genes in S. viridis and
there might be other regulators yet to be identified. We found
that SvANT1 also likely regulates SvHB7 and SvVIN2 (SI Appen-
dix, Figs. S5 and S6), which are involved in vascular development
(23, 24). We propose that, through SYvHB7, SvWIN2, and SvSCR1,
SVANTI regulates vascular and Kranz anatomy development
(Fig. 7). The expression of ANT! in leaf primordia (Fig. 2) sug-
gests that its role in vascular development is likely at an early stage
of leaf development.

SVANT1 Modulates Plant Growth. It is known that Arabidopsis AtANT
regulates AtAN3, which is a transcriptional activator of the GIF
family and is involved in leaf growth (10, 41). Loss-of-function
mutants of AtAN3 exhibited smaller and narrower leaves due to
reduced cell numbers (31, 32), while ectopic overexpression of
AtAN3 resulted in enlarged leaf size (32, 42). In this study, SvAN3
was down-regulated in SvantI-2 and -3 and our EMSA assay indi-
cated that ZmANT1 binds the promoter of SvAN3 (SI Appendix,
Figs. S5 and S6). Thus, SvANT1 likely directly regulates SvAN3, and
through SvAN3 it regulates plant growth (the second pathway in
Fig. 7). This may explain why SvantI-2 and -3 mutants had shorter
leaves and reduced stature (SI Appendix, Fig. S4). There are other
potential growth-related target genes of SVANT1 (SI Appendix,
Table S2).

SVANT1 Regulates Chloroplast Development. Our study suggests
that SvANTI regulates chloroplast development via activating
genes known to regulate chloroplast development. GATA tran-
scription factor GNC is known to regulate chloroplast develop-
ment (43, 44). Our target gene predictions and EMSA validation
indicated that GNC is an ANT1 target gene. Thus, a possible
pathway for regulating chloroplast development is that ANTI
directly regulates GNC (the third pathway in Fig. 7) and triggers
the transition of proplastid to chloroplast growth and division
(33, 34, 45).

In addition, we showed that ANT1 regulates AN3 in S. viridis.
In Arabidopsis, the transcription factor AtGRFYS is a direct target of
AtAN3 (46). AtGLKI was shown to be up-regulated by AtGRF5
overexpression during early leaf development (47). Therefore, a
second possible route for SYANT1 to regulate chloroplast devel-
opment is that it indirectly regulates SYGLKI (Sevir.4G123200)
(Fig. 7). In addition, it has been shown that AtCRF2, an AP2
transcription factor, is a direct target of AtAN3 and it regulates
chloroplast development (47). Thus, a third possible route for
SVANTI to modulate chloroplast development is through SvAN3
and SvCRF2 (Sevir.5G014500) (Fig. 7).

Taken together, our findings imply that in maize and millet,
ANT1 directly or indirectly regulates three master regulators
(GNC, GLK1, and CRF2) of chloroplast development (Fig. 7).

SVANT1 Modulates Photosynthesis. Six of the 13 direct target genes
of SYANTI are photosynthesis genes, including SvABCI8 and
SvCHL, and photosystem I and II genes, including SvPSBWI,
SvPSBW?2, SvPSI-H, and SvPSAG. These 6 genes were all down-
regulated in Svanti-2 and SvantI-3 mutants (SI Appendix, Fig. S6).
Therefore, SvANT1 likely modulates photosynthesis by activating
the expression of these genes (the fourth pathway in Fig. 7). This
may explain the reduced expression of 1) genes involved in the
early steps of chlorophyll biosynthesis and in plastid-to-nucleus
signal transduction such as SvHemal, and SvSIG1 in Svantl-2 and
-3 mutants (Fig. 6 E and F); 2) three light harvesting genes:
SvLHCA2, SvLHBIB2-1, and SvLHBI1B2-2 and five photosystem
genes: SYPSAG, SvPSI-H, SvPSBW1, SvPSBW2, and SvPSAF
(Fig. 6F); and 3) regulators of chlorophyll biosynthesis by light,
such as GBF1 and GBF3 (Fig. 6F). It may also explain why
Svant1-2 and -3 mutant plants showed reduced photosynthesis
efficiency (Fig. 6G). Some other potential target genes of SVANT1
are related to photosynthesis (S Appendix, Table S2).

In conclusion, our study not only has confirmed ANT1’s roles
in plant growth by showing that SYANT1 regulates SvAN3, but
also has revealed its roles in vascular development, chloroplast

SvANTI

1 / 3 4

SvSCRI, SvWIN2

2
SvAN3 — | SYGRFS SvGNC, SYHEMAL,
IT‘ &SvSIGI

SvABCIS8, SvPSBWI, SyPSBW2,

& SYHB7 SvPSAG, SvPSAH2, & SvCHL
SvGLK1
Vascular & | cen proliferation & Chloroplast Photosynthesis
Kranz development leaf growth development

Fig. 7. A model for ANT1 regulation of vascular and Kranz anatomy development, leaf growth, chloroplast development, and photosynthesis in developing
leaves. Pathway 1: SYANTT regulates vascular and Kranz anatomy development through its regulation of SvSCR1, SvVIN2, and SvHB7. Pathway 2: SVANT1
regulates SVAN3 and thus modulates cell proliferation and leaf growth. Moreover, SYANTT also regulates chloroplast development because it regulates
SVCRF2 and SVGRF5; SVGRF5 in turn regulates SvGLK1. Pathway 3: SVANTT regulates chloroplast development through its regulation of SvGNC, SYHEMAT, and
SvSIG1. Pathway 4: SYANTT regulates photosynthesis through its regulation of SVABCI8, SvCHL, PSI genes (SYvPSAH2 and SvPSAG), and PSIl genes (SvPSBW1

and SvPSAW2).
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development, and photosynthesis. Thus, ANTI is a key gene in
plant development and growth. Further study of its paralogs in
maize and millet may reveal even more functions.

Materials and Methods

Plant Materials and Growth Conditions. Seeds of S. viridis accessions A10.1 and
Svant mutant lines were germinated in pots containing soil and Metro mix 360
potting mix. Plants were grown under a 16-h light/8-h dark photoperiod,
450 umol m=2 57" light intensity, 25 + 2 °C, and 50 to 60% relative humidity to
maturity. Agronomic traits shown in S/ Appendix, Fig. S4 were examined. At
least 10 plants were scored for each genotype in each experiment.

Sequence Analysis. All sequence analyses were performed using MEGA 7 (48).
Amino acid sequence alignment was done using Muscle (49). The phyloge-
netic tree was constructed using full-length A. thaliana, rice, Setaria italica,
S. viridis, and maize ANT protein sequences obtained from Phytozome v12.1
(https:/phytozome.jgi.doe.gov/). The evolutionary history was inferred using
the neighbor-joining method (MEGA 7). The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (1,000
replicates) is shown next to each branch. The evolutionary distances were
computed using the Poisson correction method and are in the units of
number of amino acid substitutions per site. All positions containing align-
ment gaps and missing data were eliminated.

Construction of the CRISPR/Cas9 Expression Vector and sgRNA Design. To
construct a plasmid vector carrying both sgRNA and Cas9 cassettes, assembled
and fused with ZmUbi1 (Z. mays ubiquitin 1) promoter. Sequence information
for S. viridis were downloaded from the Phytozome (https:/phytozome.jgi.
doe.gov/). sgRNAs were designed using the web tool CRISPOR (crispor.tefor.
net/) (15), which displayed all optional sgRNA sequences (20 bp) immediately
followed by 5-NGG (PAM, protospacer adjacent motif) in the forward or re-
verse strand (S/ Appendix, Table S5). Sequence corresponding to sgRNA was
integrated upstream of the sgRNA scaffolds in the pBUN411 vector (50). The
vector also harbored a customized sgRNA driven by the rice U3 promoter and
a bar gene driven by a CaMV 35S promoter as a screening marker.

Transformation of S. viridis and Screening for Mutations. Agrobacterium
tumefaciens strain AGL1 carrying CRISPR/Cas9 expression vectors was used to
transform S. viridis (accession A10.1) by following the procedures described
by Brutnell et al. (51). Briefly, S. viridis seeds with seed coats mechanically
removed were sterilized before plating on callus induction medium (CIM).
After 4 wk in the dark at 24 °C, any seedling structures or gelatinous calli
were removed and the remaining calli were transferred to fresh CIM for 2
wk. After dividing calli and incubating them on fresh CIM for 1 wk, these
calli were ready for transformation as described below.

AGL1 harboring the construct of interest was grown in Luria-Bertani (LB)
medium with 50 pg I=! kanamycin and 25 pg I rifampicin with shaking at
28 °C to ODgpo = 0.5, spun down, and resuspended in CIM without Gelzan and
hormones. Acetosyringone (200 pM) and synperonic (0.01% [wt/vol]) were
added to the Agrobacterium culture before incubating with the calli in the
medium for 5 min at room temperature. The calli were blotted dry on sterile
filter paper, and transferred to selective CIM and incubated at 22 °C for 3 d in
the dark. The calli were then transferred to selective CIM (CIM containing 3 mg
I~ glufosinate, 150 mg I=" timentin) and incubated in the dark at 24 °C for 16
d. Calli were then transferred to selective plant regeneration medium (PRM)
and maintained at 24 °C under a 16-h light/8-h dark photoperiod with a light
intensity of 60 pmol m~2 s~". Developing shoots were transferred to selective
rooting medium (RM). Shoots that survived and developed roots were geno-
typed using primers against the bar gene by PCR, and positive transformants
were transplanted to soil (S/ Appendlix, Table S5).

Genotyping was conducted by genomic PCR with the DNA isolated from
each individual TO plant and with the specific primers listed in S/ Appendix,
Table S5. The PCR products were digested with the Bs/l and resolved on 1.5%
agarose gel. The nature of edited SVANT1 in each TO line was confirmed by
sequencing. TO plants with desirable mutations were propagated and
screened for homozygous lines.

RNA-Seq Library Construction, Sequencing, and Analysis. Ten-day-old WT and
mutant seedlings were snap-frozen in liquid nitrogen and ground into fine
powder using 3-mm tungsten-carbide beads in a Tissue Lyser-Il (Qiagen). Total
RNA was extracted using the Direct-Zol RNA Purification Kit (Zymo Research)
with on-column DNase | digest following the manufacturer’s protocols. The
RNA samples were quantified using a Qubit RNA HS Assay Kit (Thermo Fisher
Scientific) and assessed for purity and quality using NanoDrop (Thermo Fisher
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Scientific) and BioAnalyzer (Agilent). RNA-seq libraries were constructed using
the TruSeq Stranded mRNA Library Prep Kit (lllumina) following the manu-
facture’s protocol. RNA-seq reads were generated by paired-end 2 x 151 bp
sequencing on the Illumina HiSEq. 2500 platform at the High Throughput
Genomics Core in Academia Sinica, Taiwan.

The read processing procedure was the same as in Liu et al. (12). The
processed reads were mapped to the S. viridis A10.1 reference genome
(https:/phytozome.jgi.doe.gov/; v1.1) using TopHat (52) (version 2.0.10) and
its embedded aligner Bowtie2 (53) (version 2.1.0). The expression level (reads
per kilobase of transcript per million mapped reads [RPKM]) of each gene
was estimated using Cufflinks (54) (v2.1.1). To compare the RPKMs of the
selected genes across time points in a set of transcriptomes, we applied the
upper quartile normalization procedure (55). Gene-level expression values
were represented by RPKMs and a consensus RPKM was determined for each
gene based on its representation across two biological replicates. Differen-
tial expression was determined using NOI-sEq (56, 57). with q 2 0.8. Gene
ontology enrichment analysis was performed using the agriGO v2.0 (16).

Measurement of Photosynthetic Rates. Leaf photosynthetic rate was measured
with a LI-6400 XT portable photosynthesis system (LI-COR) under 1,500
umol m~2 s™" photosynthetic active radiation (PAR) by using an LED red-blue
light source. Net photosynthetic rate Pn (mol m=2 s™") of leaves were de-

termined between 9:00 and 11:00 from fully expanded first blades.

EMSA Assays. The protocol is as described in Yu et al. (21) Ten nanograms of
biotin-labeled promoter probes (S/ Appendix, Table S4) were incubated with
~50 ng of GST or recombinant TF protein expressed in and purified from
Escherichia coli Rosetta (DE3) for 20 min at 22 °C. Competition experiments
were performed with 100 ng of unlabeled or mutated promoter probes
(Fig. 1 and S/ Appendix, Fig. S6). The EMSA mixture was separated by a 4%
polyacrylamide native gel and transferred to a Hybond N+ membrane (GE)
by semidry transfer cell (Bio-Rad). The biotin-labeled probe and the TF-probe
complexes were detected by streptavidin-horseradish peroxidase (HRP)
conjugates (Life Technologies) with substrates from ECL Plus (GE). The
chemiluminescent signals were visualized by the BioSpectrum imaging
system (UVP).

DAP-Seq Workflow and Inference of TF Binding Motif. Our protocol is as de-
scribed in O'Malley et al. (14) and Bartlett et al. (58) with minor modifica-
tions. Genomic DNA was extracted from 4-d-old millet (S. italica) leaves,
fragmented, and ligated with the truncated adaptor from NEBNext Ultra Il
DNA Library Prep Kit for lllumina (NEB). For protein expression, the TF
coding sequence was cloned into the pIX in vitro expression vector with
N-terminal HALO-Tag (from Ecker Laboratory) using LR Clonase (Thermo
Fisher Scientific) and expressed using the TNT T7 Coupled Wheat Germ Ex-
tract System (Promega). The GST sequence was cloned into the pIX and used
as an experimental protein control. HALO-tagged TF and GST proteins were
immobilized on Magne HaloTag beads (Promega), washed, and incubated
with 350 ng of the adapter-ligated gDNA library. After bead washing, the
bead-bound gDNA fragments were eluted and amplified with the NEB
indexing primers. Sequencing was performed on Illumina HiSEq. 2500 with
paired-end 2 x 101 bp at the High Throughput Genomics Core, Academia
Sinica, Taiwan.

To infer the binding motif of a TF from DAP-seq data, the paired-end (PE)
reads were preprocessed to remove adapters, and low-quality bases were
trimmed off using Trimmomatic (v0.39) (59) with options: ILLUMINACLIP:-
TruSeq3-PE.fa:2:40:12:8:true LEADING:10 SLIDINGWINDOW:4:15 MINLEN:50.
The trimmed reads were aligned using Bowtie2 (v2) (53) to the S. viridis
genome (v2.1) in which the repetitive sequences were masked. Those reads
aligned to multiple loci and those duplicate reads aligned to the same locus
were filtered out using SAMtools (60). The enriched binding events were
identified by comparing reads coverage between GST-ZmANT1 treatment
and GST-only control using MACS2 (v2.1.2) (61) with g-value <0.05. The top
500 peaks (summits.bed by MACS2) of binding regions based on the
MACS2 g-values were selected to extract sequences from two 100-bp
flanking regions of the peaks, 200 bp in total. The top five motifs (PWM:s)
were then identified using MEME-ChIP (v5.0.5) (62). The PWM having the
largest number of occurrences (at least 100 sites) among the top 500 peak
sequences was selected as the PWM of the TF under study.

TF Target Gene Prediction. We used the PWM of a TF to find its potential
target genes by mapping the PWM to the promoter sequences of all millet
genes using FIMO (63) with P value <0.005. The promoter sequence of a
gene was defined as the region from —1,000 bp to +200 bp relative to the
transcription start site (TSS) of the gene. We then added the genes with
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promoters covered by DAP-seq peaks (as described above), even though
they did not pass the search of PWM sequence. From this set of genes, we
selected those that showed differential gene expression to form a set of
candidate DETGs. Then, following the method of Yu et al. (64), we re-
quired that a PWM sequence be found in at least two of the orthologous
promoters in the following four species: O. sativa Japonica, B. distachyon,
S. bicolor, and Z. mays. These genes were considered the putative DETGs
(Dataset S1).
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