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Plant architecture results from a balance of indeterminate and determinate cell fates. Cells with indeterminate fates are
located in meristems, comprising groups of pluripotent cells that produce lateral organs. Meristematic cells are also found in
intercalary stem tissue, which provides cells for internodes, and at leaf margins to contribute to leaf width. We identified
a maize (Zea mays) mutant that has a defect in balancing determinacy and indeterminacy. The mutant has narrow leaves and
short internodes, suggesting a reduction in indeterminate cells in the leaf and stem. In contrast, the mutants fail to control
indeterminacy in shoot meristems. Inflorescence meristems are fasciated, and determinate axillary meristems become
indeterminate. Positional cloning identified growth regulating factor-interacting factor1 (gif1) as the responsible gene. gif1
mRNA accumulates in distinct domains of shoot meristems, consistent with tissues affected by the mutation. We determined
which GROWTH REGULATING FACTORs interact with GIF1 and performed RNA-seq analysis. Many genes known to play
roles in inflorescence architecture were differentially expressed in gif1. Chromatin immunoprecipitation identified some
differentially expressed genes as direct targets of GIF1. The interactions with these diverse direct and indirect targets help
explain the paradoxical phenotypes of maize GIF1. These results provide insights into the biological functions of gif1.

INTRODUCTION

Plant architecture results from the activity of meristems, com-
prising populations of dividing cells that are totipotent and in-
determinate. The shoot apical meristem is an indeterminate
meristem, initiating primordia indefinitely. Meristematic cells are
also found ingrowingorganssuchasstemsor leaves, contributing
to the height of the plant or width of a leaf (Alvarez et al., 2016;
Tsuda et al., 2017). Meristematic cells lose their indeterminacy
as their fate becomes determined. Floral meristems are consid-
ered determinate, as they terminate after the production of floral
organs. Although leaf initiation is often considered to involve a
switch from indeterminate todeterminatecell fates, populationsof
indeterminate cells are included in that leaf initiation event. Every
leaf has an axillary meristem, a group of totipotent cells located at
the base of the leaf. The axillary meristem may become a branch,
a flower, or remain dormant. Leaf initiation also includes cells for
the internode, the stem tissue between leaves. The leaf, sub-
tending internode, andaxillarymeristemunit is calledaphytomer
(Galinat, 1959; Howell, 1998; Chuck et al., 2010).

Most developmental mutants identified so far affect one or two
parts of the phytomer and rarely play a role in multiple aspects of
shoot architecture. We identified a pleiotropic maize (Zea mays)

mutant that affects multiple meristems, but in different ways.
Intercalary meristems of the stem often fail to proliferate and
leaves are narrow. At the same time, inflorescence meristems
are fasciated, with an overproliferation of meristematic cells, and
determinacy is lost innormallydeterminateaxillarymeristems.The
mutant was identified in two populations, one resulting from EMS
mutagenesis and the other as a naturally occurring variant. We
positionally cloned the gene in both populations and identified
it as growth regulating factor-interacting factor1 (gif1).
Growth regulating factors (GRFs) are a class of plant-specific

proteins involved in the regulation of stem and leaf develop-
ment that mainly act as positive regulators of cell proliferation
(Omidbakhshfard et al., 2015). The first member of the GRF family
identified was OsGRF1 in rice (Oryza sativa). Its expression in the
intercalary meristem of internodes is inducible by gibberellic acid
(van der Knaap et al., 2000). In Arabidopsis thaliana, grf mutants
develop smaller and narrower leaves compared with the wild type
(Debernardi et al., 2014; Horiguchi et al., 2005; Kim et al., 2003).
In rice, repression of GRF3, GRF4, and GRF5 results in dwarfism
and delayed inflorescence development (Kuijt et al., 2014), while
enhancing expression of GRFs results in significant increases in
panicle lengthandgrain length,width, andweight (Cheetal., 2015;
Duan et al., 2015; Li et al., 2016; Sun et al., 2016). Overexpressing
a GRF1 resistant to the microRNA miR396a in maize increases
thenumberof dividingcells, resulting in larger leaves, although the
overall plant height is reduced (Nelissen et al., 2015).
GRFsfunctionby interactingwithmembersof theGRF-interacting

factor (GIF) family in vivo to establish plant-specific transcriptional
complexes (Hoe Kim and Tsukaya, 2015). In Arabidopsis, GIF1 in-
teracts with GRF3 (Debernardi et al., 2014) and GRF5 (Horiguchi
et al., 2005). gif1 mutants show a narrow-leaf phenotype due to
adecrease incell number. Incontrast, overexpressingGIF1enlarges
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leaf size by enhancing cell proliferation in leaf primordia (Horiguchi
et al., 2005). The GIF family in maize is composed of three
members, gif1, gif2, and gif3. In particular, the composition of
the GIF1-interacting complex within the growing leaf is variable:
GRF1/6/7/12/15/17 are significantly enriched in the division
zone, while bothGRF4 andGRF10 are enriched in the expansion
zone of the growing leaf (Nelissen et al., 2015), indicating that
growth anddevelopmentof agiven tissueandorganmaybe fine-
tuned by a specific GIF-interacting complex.

In this study, we provide a description of a gif1 loss-of-function
mutant in maize. gif1 promotes meristematic function in leaves
and stems, but restricts indeterminacy in inflorescence mer-
istems.We show thatGIF1 binds to the inflorescence architecture
gene unbranched3 (ub3) and regulates expression of several
known inflorescence architecture-related genes. We hypothesize
that the interaction with specific maize targets explains the dif-
ferent phenotypes observed in gif1.

RESULTS

gif1 Mutants Are Dwarf with Narrow Leaves and
Sterile Florets

Thegif1mutationwas foundasbothanaturallyoccurringmutation
and an EMS-inducedmutation. gif1-1was identified in the BS238
family line derived from the elite Stiff Stalk Synthetic population
BSSSC9, and gif1-2 was identified in an EMSmutagenized A619
F2 family and characterized after backcrosses tomultiple inbreds.
The phenotypes of both alleles are similar (Figures 1 and 2). Most
agronomically important traits, including plant height, ear height,
length and width of ear leaf, tassel length, and branch number
differed significantly from that in the wild type (Supplemental
Figure 1). The most dramatic phenotypes were semidwarf plants
(Figures 1A and 2A), narrow and small leaves (Figures 1B and 2B),
and a reduced number of branches in the tassel (Figures 1C and
2C).Conversely, branchesdevelopedat thebaseof theear (Figure
1D), and mutants developed fasciated ears (Figures 2D to 2N).
Ears are normally surrounded by sterile husk leaves. The gif1
mutants often contained axillary shoots in the axils of husk leaves
(Figures 2I to 2L), which contained fasciated secondary ears
(Figures 2M and 2N). Wild-type female florets have a single pistil,
known as the silk. In both gif1 alleles, multiple silkswere found per
floret (Figures 1E, 2O, and 2P). Nucellar tissue, which surrounds
the female gametophyte and is normally confinedwithin the fused
carpels of the silk, proliferated in the gif1 mutants (Figure 2P),
indicating that the floral meristem was also indeterminate. Both
alleles were male and female sterile.

Todetermine thecauseof thedwarfphenotype,wecounted leaf
number andmeasured internode length. The leaf number was the
same as nonmutant siblings (wild type), but internodes were often
dramatically shortened (Figures 1F and 1G). The decrease in in-
ternode size of gif1-2 in the B73 background was highly irregular
and differed from plant to plant. Short internodes were often
asymmetric, with the side of the internode that is attached to the
midrib shorter than the side attached to the margins (Figures 1F
and2Q). Thedecrease in height and leafwidthwas independent of
background (Table 1).

To determine if the small leaf size was due to the presence of
fewer or smaller cells, we observed the lower epidermal cells of
leaves. Cell number per microscopic field in the wild type was
significantly more than in gif1-1 (P = 3.0E-09, n = 30; Figures 1H
and 1I), but cells were larger in gif1-1 (P = 7.39E-08, n = 100;
Figures 1H and 1J). This result points to supra-cellular control of
leaf shape in which individual cells try to compensate for fewer
cells by expanding more than normal. This phenomenon is also
observed in Arabidopsis gif1 an3mutants (Horiguchi et al., 2005).

Maize gif1 Mutants Have a Loss of Determinacy in
Axillary Meristems

To better understand the ontogeny of the defective inflorescence
architecture, we subjected the developing gif1-1 tassels and
ears to scanning electron microscopy. The wild-type female in-
florescence meristem (IM) forms rows of spikelet pair meristems
(SPMs), which produce two spikelet meristems (SMs) (Figures 3A
and 3B), and these initiate two floral meristems (FMs). All three
meristem types (SPM, SM, and FM) are considered determinate,
as they produce a defined number of organs and then terminate
(Bortiri et al., 2006; Chuck et al., 2007; Laudencia-Chingcuanco
and Hake, 2002). The lower floral meristem aborts, as do the
stamens, to make a single female flower per spikelet. The male
inflorescence meristem is similar but first produces branch mer-
istems that themselvesproduceSPMs (Figures 3Cand3D). Pistils
in the tassel abort, thereby producing male flowers.
In thegif1-1mutant, the tipsof bothear and tassel inflorescence

meristemswere fasciated (Figures 3E and 3G). The fasciationwas
alsoobserved in the tasselandearofgif1-2andwasquitesevere in
the ear (Figures 2D to 2H). The axillary meristems found inside the
normally sterile husk leaves had small ears that were usually
fasciated (Figures 2M and 2N). At the same time, SPMs were
indeterminate, withmore than twoSMsgenerated fromanSPM in
both the tassel and ear (Figures 3F and 3H). We also observed
reduced and developmentally delayed branch meristems in the
tassel (Figure 3G), but increased short branches in the ear (Figure
3E) compared with the wild type (Figure 3A). Glume primordia
produced from the SM of male florets were arrested (Figure 3L),
and degeneration of the lower floret and stamen primordia of the
female inflorescence was delayed (Figure 3J) compared with the
wild type (Figures 3I and 3K).
These resultssuggest that the functionofGIF1 is tissuespecific.

Determinate axillary meristems become indeterminate in the gif1
mutants and the indeterminate inflorescence meristems become
fasciated. This loss of control contrasts with what happens in
vegetative tissues, where leaves are narrow and internodes short,
suggesting a loss of meristematic cells. Thus, GIF1 promotes
determinacy in one tissue and promotes indeterminacy in others.

Loss of Function of gif1 Is Responsible for the
Mutant Phenotypes

We mapped gif1-1 to the long arm of chromosome 1 by bulked
segregant analysis and performed fine mapping by genotyping
4270 individuals from self-pollinated progenies of heterozygous
plants (Figure 4A). Two newly developed markers (MJD-53 and
HD802) delineated a 49-kb region containing two annotated
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genes, GRMZM2G481211 and GRMZM2G180246. The former
encodes a CBS domain-containing protein that is expressed
at a low level in immature tassels and did not show an expres-
sion difference between the wild type and gif1-1 (Figure 4B). The
latter is homologous to AtGIF1/ANGUSTIFOLIA3 (AN3) and
OsGIF1 (Supplemental Figure 2). Importantly, the expression
of GRMZM2G180246 was significantly higher in the wild type
compared with gif1-1 in immature tassels (Figure 4B). Fur-
thermore, we sequenced the two genes and found that the DNA
sequence of GRMZM2G481211 was conserved between the
wild typeandgif1-1,whileGRMZM2G180246exhibited sequence
differences between the wild type and gif1-1, including four

insertions/deletions in introns, two single nucleotide poly-
morphisms in exon 4, and a 51-bp insertion composed of a 43-bp
Popin transposon and an 8-bp target site duplication in the third
exon (Figure 4C). These results suggest that the 51-bp insertion
leads to a loss of function of AN3/GIF1 in gif1-1.
gif1-2 was mapped to chromosome 1 using bulked segregant

mapping. Analysis of DNA from 668 mutant plants identified
64 recombinants, narrowing the position to a 2.76-Mb region
containing 70 genes. RNA-seq analysis was performed to
identify the candidate gene. gif1was the only gene in the interval
with a T to C mutation, resulting in a CAG (Gln/Q) converted into
a TAG (stop codon) (Figure 4D).

Figure 1. Vegetative and Inflorescence Traits in gif1-1.

Phenotypes of gif1-1. In each, the wild type is on the left and gif1-1 is on the right (n $ 30).
(A) Whole plants during vegetative development.
(B) Excised mature leaf blades.
(C) Mature tassels.
(D) Immature, unpollinated ears. gif1-1 has ectopic branching at the ear base.
(E) Ear spikelets. Arrows indicate three rather than the two spikelets in gif1-1.
(F) Internodes subtending the tassel, with leaves removed.
(G) Progressive internode lengths with the topmost internode on the right.
(H) Cells of the abaxial epidermis are larger in gif1-1.
(I) Quantification of cell number per microscopic field. Error bars indicate the SD.
(J) Quantification of cell size. Error bars indicate the SD.
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Figure 2. Vegetative and Inflorescence Traits in gif1-2.

(A) Whole plants during vegetative development.
(B) Excised mature leaf blades.
(C) Mature tassels. gif1-2 has fewer tassel branches.
(D) Immature, unpollinated ears. gif1-2 has fasciated ears.
(E) to (H)Maleand female inflorescenceobservedbyscanningelectronmicroscopy.Male (E)and female (G) inflorescencesof thewild type, andmale (F)and
female (H) inflorescences of gif1-2; gif1-2 has a fasciated inflorescence meristem in the tassel and ear.
(I) Entire ear of gif1-2 (5xB73).
(J) Outer nine husk leaves excised. Most husk leaves enclosed small axillary ears (white asterisks).
(K) Remaining husk leaves and any axillary ears (asterisks) excised. The primary ear is marked with a red star.
(L) Close-up of primary ear.
(M) Close-up of an axillary ear.
(N) A second axillary husk ear.
(O) Pistil. gif1-2 generates multiple silks per floret.
(P) Unfused carpels of the silk of gif1-2. Arrow points to expanded nucellus.
(Q) Internodes with leaves removed. gif1-2 has short and asymmetric internodes.
Bars = 100 mm in (E) to (H) and (L) to (N).
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To further confirm the identity of the gif1 gene, three lines with
UniformMu insertions in GRMZM2G180246 were obtained from
the Maize Genetics Cooperation Stock Center (http://maizecoop.
cropsci.uiuc.edu).AMu7elementwaslocated inthe59-untranslated
region (UTR) of gif1-mum1, while gif1-mum2 and gif1-mum3
contain Mutator elements located in the first and second intron of
gif1, respectively (Figure 4E). TheMu insertion in gif1-mum1 led to
a significant reduction in gif1 expression in immature tassels and
developing leaves relative to that in W22 (the inbred background
of UniformMu) (Figure 4F). Genotyping 202 individuals from self-
pollinated progeny of +/gif1-mum1 identified 48 gif1-mum1 ho-
mozygous individuals.Allgif1-mum1plantsdevelopedasemidwarf
phenotype (Figure 4G),with narrow and short leaves (Supplemental
Table1;Figure4H), small femaleandmale inflorescences (Figures4I
and4J), andshort pistils on theear (Supplemental Figure3A). Plants
genotyped for the homozygous gif1-mum2 allele were similar, with
reducedheight, narrow leaves (Table 1), and tassels similar to those
of gif1-1 and gif1-2 in multiple inbreds (Figure 4K).

We crossed gif1-2 to gif1-mum3 and gif1-mum2 for comple-
mentation tests. Although gif1-mum3 homozygotes are slightly
shorter with smaller tassels (Figure 4L), gif1-mum3 failed to
complement gif1-2 and gif1-mum2 (Figures 4K to 4N, Table 1;
Supplemental Figures 3B and 3C). The double gif1-2/gif1-
mum2 heterozygotes had inflorescence phenotypes including
fewer upright tassel branches, increased spikelet density,
branched ears, andaxillary husk ears (Figure 4M;Supplemental
Figures 3D to 3G). Collectively, these results confirm that muta-
tions in GRMZM2G180246 are responsible for the gif1 phenotype
and that the inflorescence phenotypes are a consistent trait in
multiple gif1 alleles.

gif1 Is Expressed in Actively Dividing Cells of Shoot Apical
and Inflorescence Meristems

We analyzed the expression of gif1 by qRT-PCR. gif1 was highly
expressed in dividing tissues, including shoot apical meristems
(SAMs), ;5-mm tassels and 5- to 10-mm ears (Supplemental
Figure 4A). This result was supported by RNA-seq data
(Supplemental Figure 4B), showing that gif1 expression was
higher in early stages (stage 1 and stage 2) than in later stage

(stage 3) of tassel development and that its expression in IM
and SPMwas higher than in SM and FM of ears. RNA-seq data
also showed that gif1 expression is reduced in stage 1 of all three
ramosa (branched) mutants, ra1, ra2, and ra3 (Eveland et al., 2014).
mRNA in situ hybridization showed that gif1 transcripts were

enriched in the SAM but were excluded from the tip (Figures 5A
and 5B). Strong expressionwas found in young leaf primordia and
at thepositionsof leafmargins. Expressionat thebaseof theSAM,
adjacent to the recently initiated leaf,wasdetectedat thesiteof the
future internode. TheSAMand leaf expressionpatternwas absent
in gif1-1 (Figure 5B). We used the glutaredoxin genemsca1 (Yang
et al., 2015) as a positive control for gif1-1 meristems. msca1
hybridized to the leaf initial cells of gif1-1 meristems in a similar
pattern to that of wild-type meristems (Figures 5C and 5D). High
levels of expressionwere seen in the IM except at the tip, and in or
surrounding SPM and SM (Figure 5E). Expression patterns at
slightly later stages include a ring around the FMand in the lemma
and palea primordia (Figure 5F). Expression was not detected in
the mutant (Figures 5G to 5I). The expression pattern overlapped
with that of ra2 in the SPM and SMmeristems (Figures 5J and 5L)
(Bortiri et al., 2006). The expression of ra2 was greatly reduced in
the mutant (Figures 5K and 5M). In control experiments, a 443-bp
sense probe produced no signal (Figure 5N). The expression pat-
terns ofgif1 are consistentwith the defects in internode elongation,
leaf width, and inflorescence meristem determinacy in gif1-1.

GIF1 Protein Interacts with Multiple GRFs

It is well established that GIF1 is a transcriptional coactivator
that interactswithGRF1 inArabidopsis (KimandKende, 2004). To
identify the maize GRFs that interact with GIF1, we performed
yeast two-hybrid assays. GIF1 interacted in vitro with 13 of
16 GRFs tested (Figure 6A). Only GRF7, GRF11, and GRF20 did
not interact. The results were consistent with the findings of
Nelissen et al. (2015), who performed tandem affinity purification
followed by mass spectrometry using leaf and ear tissue, except
for GRF11, which they found to be an interactor. Interaction of
GIF1 with tissue-specific GRFs may explain the diversity of gif1
phenotypes, for example, why loss of indeterminacy is found in
the leaf and stem, while gain of indeterminacy is found in the

Table 1. The Phenotypic Effects of gif1 Alleles on the Decrease in Plant Height and Leaf Width in Different Genetic Backgrounds

Inbred Line Genotype No. of Samples Plant Height (cm) % Reduction Leaf Width (cm) % Reduction

A619 gif1-2 20 98 6 14 51 5.8 6 1.2 44
+/gif1-2 13 198 6 36 10.4 6 1.4

B73 gif1-2 5 67 6 11 64 5.2 6 1.0 46
+/gif1-2 5 185 6 12 9.6 6 0.9

Mo17 gif1-2 7 74 6 20 58 4.5 6 0.4 54
+/gif1-2 6 177 6 19 9.8 6 1.7

B73/W22 gif1-mum2 9 88 6 20 62 4.6 6 1.1 58
gif1-mum2/+ 6 230 6 34 11 6 0.9

A619/W22 gif1-mum2/gif1-2 7 129 6 47 37 6.1 6 0.8 47
gif1-mum2/gif1-mum3 9 139 6 31 32 8.3 6 2.2 28
+/gif1-2 16 204 6 20 11.5 6 1.1

A619/W22 gif1-mum3/gif1-2 10 160 6 13 25 10.0 6 1.0 12
+/gif1-2 9 214 6 14 11.3 6 0.8

The phenotypic values of plant height and leaf width are shown as the mean value 6 SD.
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inflorescence. These tissue-specific GIF/GRF complexes may
then regulate distinct downstream targets.

gif1 Regulates Expression of Cell Cycle, Inflorescence
Development, and Hormone-Related Genes

To gain insight into transcriptional regulation by GIF1, we profiled
genome-wide expression changes in the developing tassel of

gif1-1 using RNA-seq. RNA-seq reads from two biological repli-
cates of the wild type and gif1-1weremapped separately to the
maize reference genome (B73 RefGen_v3) and were used to
quantify expression of the high-confidence filtered gene set.
Each replica contained 10 tassels. We identified 1468 differ-
entially expressed genes (DEGs) (q < 0.05). Among these,
350 (24%) DEGs were upregulated, while 1118 (76%) were
downregulated in the gif1-1 tassel (Supplemental Data Set 1)

Figure 3. Male and Female Inflorescences Observed by Scanning Electron Microscopy.

(A), (B), and (I) SMs in developing ears of the wild type.
(C) and (D) SMs in developing tassels of the wild type.
(E) and (F) SMs in developing ears of gif1-1.
(G) and (H) SMs in developing tassels of gif1-1.
(J) Indeterminacy of tassel SPM shown by supernumerary SM.
(K) FM of wild-type ear.
(L) Indeterminacy of FM shown by supernumerary floral organs. Stars indicate SMs. st, stamen; pi, pistil; gl, outer glume; lf, lower floret; s, supernumerary
organs.
Bars = 500 mm in (A), (C), (E), and (G) and 100 mm in (B), (D), (F), and (H) to (L).
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Figure 4. Molecular Cloning of gif1-1 and Complementation Test.

(A) Two markers delineated a 49-kb region containing two annotated genes: GRMZM2G481211 and GRMZM2G180246.
(B) Expression of GRMZM2G481211 (left) and GRMZM2G180246 (right) in immature tassels (;5 mm) of wild type and gif1-1. The columns are the mean
value of expression level detected in three separate experiments, each with three technical replicates. Error bar show the SD.
(C) Genic lesions of gif1-1. Exons are represented by black boxes; UTRs are indicated by gray boxes; introns are indicated by thin black lines.
(D) Genic lesion of gif1-2; the CAG (Q92) codon is mutated to TAG (stop).
(E) Diagram of gif1 Mutator insertion sites.
(F) gif1 expression in the wild type (W22) and gif1-mum1.
(G) A gif1-mum1 plant during vegetative development.
(H) Excised mature leaf blades of gif1-mum1.
(I) Tassel phenotype of gif1-mum1.
(J) Ear phenotype of gif1-mum1.
(K) Tassel phenotypes of mutants in different inbred backgrounds.
(L) Tassels of gif1-mum3 in the family 2189.
(M) Tassels of +/gif1-mum3, gif1-2/gif1-mum2, and gif1-mum2/gif1-mum3 segregating in the family 2193.
(N) Tassels of +/gif1-mum3 and gif1-2/gif1-mum3 in the family 2192.
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relative to thewild type.We validated the expression patterns of
19 randomly selected DEGs using qRT-PCR (Supplemental
Figure 5A). Gene Ontology analysis revealed that the down-
regulated genes were highly enriched for biological pro-
cesses associatedwith transcriptional regulation, biosynthetic

processes, metabolic processes, cellular processes, response
to stimulus, and protein modification and were also enriched
for molecular function categories related to regulation of tran-
scription, transferase and catalytic activity (Supplemental
Figure 5B).

Figure 5. mRNA in Situ Hybridization Pattern of gif1.

(A), (B), and (E) to (I) Hybridizations with a gif1 antisense probe.
(A) Wild-type shoot meristem. Arrow at the margin of a leaf primordium.
(B) gif1-1 shoot meristem.
(C) and (D) Expression domains of msca1 in wild-type (C) and gif1-1 (D) shoot meristem. Arrow indicates the future leaf primordium expressing msca1.
(E) and (F) Immature tassels of the wild type.
(G) to (I) Immature tassels of gif1-1.
(J) to (M) Hybridizations with a ramosa2 (ra2) antisense probe.
(J) and (K) Immature tassels of wild type (J) and gif1-1 (K).
(L) and (M) Immature ears of wild type (L) and gif1-1(M).
(N) Hybridization of a wild-type inflorescence with a gif1 sense probe.
le, lemma; pa, palea. Bars = 100 mm.
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Many downregulated genes in the gif1-1 mutant encode key
regulators of axillary meristem identity and determinacy in maize,
suchasub3, ra2, terminal ear1 (te1),Zeafloricaula/leafy1 (zfl1), and
zfl2 (Figure 6B; Supplemental Table 2). Auxin biosynthesis and
signalinggeneswerealsosignificantlydownregulated in the tassel
of gif1-1, as were auxin biosynthesis gene vanishing tassel2

(vt2) and auxin-responsive genes including a number of auxin-
responsiveGH3familymembersandAux/IAAgenefamilymembers.
In addition to auxin, some brassinosteroid- and gibberellin-related
genes were also downregulated in the gif1-1 tassel. Intriguingly,
manyof thegenes thatweresignificantlydownregulated ingif1-1
are involved in the cell cycle and cell expansion, such as six

Figure 6. GIF1-Interacting Proteins and Association Mapping.

(A) Identification of GIF1-interacting GRFs by yeast two-hybrid analysis. BD, binding domain; AD, activation domain.
(B) Expression changes for inflorescence architecture genes, and cell cycle and cell expansion genes in;5-mm tassels of gif1-1 compared with wild-type
siblings. The number in the box represents expression alteration of the gene in log2 (RPKM in gif1-1/RPKM in the wild type). *P < 0.001, **P <0.0001, and
***P <0.00001.
(C) Venn diagram showing the number of peaks and genes identified in two biological replicates. Each replicate contained 10 tassels. rep, replicate.
(D) Distribution of high-confidence peaks. GIF1 binds in various genomic contexts, with high proportion of peaks located within genes. TSS, transcription
start site; TTS, transcription termination site.
(E) Venn diagram representing a comparison between RNA-seq and ChIP-seq results.
(F) GIF1-bound regions in UB3 and GIF1. GIF1 can binds to its own fourth exon and 39-UTR.
(G) PCR verification of GIF1-bound regions. The columns are the mean value of fold enrichment detected in three separate experiments, each with three
technical replicates. Error bar show the SD. The statistical significance was estimated using a Student’s t test. *P < 0.05, **P < 0.01, and ***P < 0.001.
(H) A hypothetical model describing the GIF1 regulatory pathway in maize inflorescence development.
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cyclin-like protein-encoding genes and three expansin protein-
encoding genes (Figure 6B; Supplemental Table 2). Of the GRF
familymembers, grf3was upregulated, while both grf7 and grf17
weresignificantly downregulated. Theexpressionofgif2andgif3
was not affected in gif1-1 tassels compared with the wild type.

To determine the targets occupied by GIF1, we performed
chromatin immunoprecipitation sequencing (ChIP-seq) to im-
munoprecipitate GIF1-bound DNA regions in immature tassels
(;5 mm) of transgenic maize overexpressing GIF1-GFP using
GFP antibody with two biological replicates. We identified 2158
high-confidence peaks by comparing significantly GIF1-enriched
peaks with the input control (P < 1e-05) (Figure 6C). A total of
1582 peaks were detected in replicate 1, 1160 peaks were de-
tected in replicate 2, and 584 peaks were shared between repli-
cates. GIF1 bound in various genomic contexts, with a high
proportion (47.6%) of binding within gene bodies and 12.0% of
binding within 1.0-kb promoter regions upstream of the tran-
scription start site (Figure 6D). Within 10 kb of high-confidence
peaks from either replicate or both, we identified 1275 genes as
putative targets of GIF1, with an overlap of 341 genes (Figure 6C;
Supplemental Data Set 2). PutativeGIF1 targets include a number
of known transcriptional regulators, including UB3, ZMPLATZ5,
ZMARR7, bHLH, and MYB family members (Supplemental Data
Set 2). We found 50 differentially expressed genes in the gif1-1
mutant that were bound by GIF1 in either replicate or both, in-
cluding 37 downregulated and 13 upregulated genes (Figure 6E),
suggesting that GIF1 can act as an activator or repressor of gene
expression. GIF1 could strongly bind to its own gene body,
showing self-regulation at the transcriptional level (Figures 6F and
6G). ub3 is a strong candidate for a key target gene. ChIP-qPCR
showed a 4-fold enrichment in binding over the Input control, and
the RNA-seq showed a 50% decrease in expression. Like gif1
mutants,ub3mutantplantshave fasciatedmeristemswith reduced
tassel branches (Chucketal., 2014). Theexpressionpatternsofgif1
and ub3 overlap in the shoot apical and inflorescence meristems.
Four other genes were differentially expressed and bound by GIF1
in both replicates (Supplemental Figure 6).

DISCUSSION

The gif1 mutation affects both lateral organs and meristems:
mutants have narrow leaves, short internodes, fewer tassel
branches, and indeterminate axillary meristems compared with
the wild type. Despite this pleiotropy, the phenotype is consistent
between alleles and in different inbred backgrounds, unlike other
pleiotropic mutants analyzed (Rosa et al., 2017). We positionally
cloned the gene responsible for the mutant phenotype from two
distinct populations and found that it encodes the maize ortholog
of GIF1, also known as AN3. Analysis of the direct and indirect
targets begins to explain these striking phenotypes.

The maize mutant shares some aspects of the Arabidopsis
mutant phenotype, but affectsmanymore tissues and processes.
In Arabidopsis, loss of GIF1/AN3 function results in plants with
small and narrow leaves caused by the repression of cell pro-
liferation (Kim and Kende, 2004; Horiguchi et al., 2005). Unlike the
Arabidopsis mutants, maize gif1 mutants are also dwarf due to
short and asymmetric internodes. The narrow leaves and reduced
stature correlate with the expression domain of gif1, which is

highly expressed inpresumptive leafprimordia andenrichedat the
base of the SAM in the future internode.
The Arabidopsis gif1 mutant is reported to be partially fertile,

producing 30% fewer seeds than the wild type. This sterility is
dependent on the dosage of grfmutations (Kim andKende, 2004),
indicating that the gif1 and grf mutations act synergistically to
cause sterility in Arabidopsis. Four of the five maize alleles are
completely male and female sterile in multiple genetic back-
grounds. The female sterility may result from an indeterminate
floral apex.Arabidopsis triplemutants (gif1,gif2, andgif3) aremale
and female sterile, but the female sterility appears to be due to
failure of the carpel margin meristems and not to indeterminacy
(Lee et al., 2014). Thesedifferences suggest that theGIFs function
redundantly in Arabidopsis, whereas in maize, GIF1 alone plays
acrucial roleduring reproduction.gif1 is expressedatmuchhigher
levels than either gif2 or gif3, which may explain the severe
phenotype of the maize gif1 mutant. GIF1 also has novel roles in
regulating determinacy because of the complexity of branching
within maize inflorescences (Tanaka et al., 2013).
In addition to fertility defects, we found that inflorescence ar-

chitecture is markedly affected in gif1 mutants, indicating the im-
portant role of gif1 in the regulation of inflorescence development.
Tassel branchnumber is reduced,whereasshort branchesdevelop
in ears. Both the tassel and ear apices are fasciated, revealing
a failure tomaintain a single, cohesive inflorescencemeristem. The
normally sterile husk leaves produce small axillary shoots that
contain fasciated and branched ears. Spikelet pair meristems ini-
tiate more than two spikelets, indicating that the determinacy of
axillary meristems is altered in gif1 mutants. Floral meristems are
defective; the nucellus expands outside of the carpels and glumes
arrest in all florets of gif1-1. Pistil degeneration in male florets and
stamen degeneration in female florets is delayed. These findings
uncover roles for GIF1 in promoting meristem determinacy within
the inflorescence and regulating floral organ fate in maize.
Intriguingly, several well-characterized inflorescence archi-

tecture genes were significantly downregulated in the gif1-1
tassel. ub3 mutants have fewer tassel branches than wild-type
and fasciated inflorescence meristems, which is consistent with
the gif1 phenotype (Chuck et al., 2014). ramosa2 mutant tassels
have indeterminate spikelet pairmeristems, leading tobranches in
ears and increased indeterminacy in tassels (Bortiri et al., 2006).
Downregulated expression of ramosa2 provides an explanation
for the branching phenotype in the ear and the indeterminate
spikelet pairmeristems in the tassel.AlthoughRA2containsaLOB
domain (Shuai etal., 2002), thephenotype isunique tomaize. te1 is
involved in the regulation of leaf initiation: Loss of its function
causes an increase in the frequency of leaf primordia initiation and
irregular internode length (Veit et al., 1998). The downregulation of
te1 is consistent with the short and variable internodes of gif1.
Double mutants of the maize LEAFY orthologs, zfl1 and zfl2, have
the same ear phenotype as gif1, with axillary branches inside the
husk leaves (Bomblies et al., 2003). The zfl1 zfl2 double mutant
also has extra silks in the ear, likegif1. TE1 and LEAFY are found in
other species, but their mutant phenotypes in maize are unique.
Finally,VT2 isagrass-specific tryptophanaminotransferase that is
involved in auxin biosynthesis and is required for vegetative and
reproductive development. vt2 mutants are short, with barren
tassels (Phillips et al., 2011). Similarly, gif1mutants are short, with
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reduced tassel branch number. The downregulated expression of
the key auxin biosynthesis gene vt2 and auxin-signaling genes
in gif1-1 highlight the importance of auxin accumulation for
inflorescence development and the regulation of GRFs-GIF1
complexes to auxin pathways. Thus, most of the inflorescence
phenotypes of the maize gif1 mutant can be explained by the
downregulation of putative target genes.

The inflorescence phenotypes of maize gif1 provide insights
intoGIF1-GRFcomplexes. InArabidopsis, themiR396-GRF-GIF1
pathwaycontrols leaf, seed,andSAMsize (Debernardi etal., 2012;
Gonzalez et al., 2010; Liang et al., 2014; Rodriguez et al., 2010). In
rice, this regulatory pathway alsomodulates tissue and organ size
(Che et al., 2015; Duan et al., 2015; Li et al., 2016). Intriguingly,
overexpression of a recombinant GRF1 gene that is resistant to
microRNA regulation led to larger leaves but shorter internodes
(Nelissen et al., 2015).Weshow thatmaizeGIF1not only regulates
organ size, but also the balance between indeterminacy and
determinacy. The different aspects of the phenotype may be due
to interaction of GIF1 with different GRFs or with the balance of
either protein in a complex. GIF1 is highly expressed in meriste-
matic tissue, whereas the expression levels of GRFs are more
variable. Using tandem affinity purification followed by mass
spectrometry, GIF1 copurified distinct GRFs in the ear compared
with the leaf (Nelissen et al., 2015). Thus, the composition ofGIF1-
GRF complexes is likely to be highly dynamic based on the
temporal andspatial patternsofGRFexpression.Wepropose that
diverse GIF1-GRF complexes are established in the SAM to
promote leaf and internode development, in the IM to promote
cohesive growth, and in axillarymeristems tomaintaindeterminacy
(Figure 6H).

METHODS

Plant Material and Phenotypic Characterization

Themaize (Zeamays)gif1-1mutantwasoriginally found in theBS238 family
line, which was derived from the elite Stiff Stalk Synthetic population
BSSSC9. Heterozygous siblings of BS238 (BS238H) were continuously
self-pollinated to transmit the gif1-1 allele and to develop a segregating
population for phenotyping and gene mapping. The selfed progeny
showed a segregation ratio of 143 wild types to 49 gif1-1 phenotypes
(mutants), which is consistent with the expected ratio of 3:1 (x2 test, P <
0.87). The phenotypes of traits including plant height, ear height, total leaf
number, length and width of ear leaf, leaf number above ear, tassel length,
andtasselbranchnumberwerecharacterized intheS6andS7self-pollinated
progeny of BS238H. The sample size for each phenotypic value was more
than 30 individuals. In addition to the traits observed in mature plants, the
heightofmore than50seedlingsat 4 to15daftergerminationwasmeasured
to reveal the difference between the wild type and the gif1-1 mutant.

gif1-2 was identified in a screen of an EMS mutagenized A619 F2
population. Heterozygous, normal plants were crossed to B73 and self-
pollinated. Homozygotes are sterile, so this processwas repeated through
three backcrosses before phenotypic analysis. Several plant traits were
observed, including plant height, leaf number, length and width, and in-
ternode length.Observedpost-flowering traits included: spikelet density of
the tasselmain spike, unfused carpels, and inflorescence fasciation in both
the tassel and ear.

Three Mutator-mediated mutants, UFMu-05726 (gif1-mum1), UFMu-
06440 (gif1-mum2), and UFMu-04889 (gif1-mum3) were requested from
the Maize Genetics Cooperation Stock Center (http://maizecoop.cropsci.

uiuc.edu). The Mutator insertion site was characterized using PCR with
gif1-specific and Mutator-specific primers (Supplemental Table 3). Het-
erozygous individuals (+/gif1-mum1) were backcrossed to W22 for one
generation. The heterozygous individuals (+/gif1-mum1) in the BC1 family
were self-pollinated and then 202 individuals were developed for the
progeny test. The phenotypes of plant, leaf and inflorescence architecture-
related traits were measured at the mature plant stage.

To determine if the gif1-2 phenotype is caused by a mutation in
GRMZM2G180246,we crossedgif1-2/+ bygif1-mum2 andgif1-mum3, as
well as crossed gif1-mum2 by gif1-mum3, and then assayed the pheno-
type following genotyping. Traits measured included plant height, spikelet
density, and gross morphology.

Cytological Observation

Immature male and female inflorescences (5–10mm) of gif1-1, gif1-2, and
the wild type were sampled at the same leaf age according to the de-
scriptionof Li et al. (2006). Asequential samplingprocedurewasperformed
fromthebeginningof theninth leaf stage inorder toobserve the timecourse
of inflorescence development. Inflorescence samples were fixed in a glu-
taraldehyde fixative solution (2.5% glutaraldehyde in 0.08 M phosphoric
acid buffer) for 24 h at 4°C and then dehydrated through a graded series of
ethanol from 30 to 90%. Samples were dried using a critical point dryer,
sputter coated with gold palladium for 45 s, and observed on a Hitachi
S-4700 scanning electron microscope at an accelerating voltage of 5 kV.

Tomeasure cell size,mature leaves at the ear position of five individuals
were sampled from gif1-1 and the wild type. The lower epidermal cells on
the central region of the leaf were observed using a Nikon Eclipse 80i
uprightmicroscopeon thebright-fieldsetting.Twofieldswereobserved for
each leaf, and ;20 to 30 cells per field were measured under 310 mag-
nification. The average length of measured cells from five leaves was used
to represent cell size for each genotype.

Positional Cloning of gif1-1 and gif1-2

Preliminary mapping of gif1-1 was performed using bulked segregant
analysis (Michelmore et al., 1991). Thirtygif1-1 and30wild-type individuals
from BS238H selfed progeny were pooled. Genomic DNA was extracted
using the CTAB method and quantified by NanoDrop 2000c (Thermo
Scientific) to pool an equivalent amount from every sample. Genotyping
analysisof twopools andall individuals in theF2populationwere subjected
toelectrophoretic separationby6%SDS-PAGE.Approximately 1000pairs
of SSR markers were used to identify the causal locus. Only one marker,
umc1726on the longarmof chromosome1,wasassociatedwith thegif1-1
phenotype. To clone gif1-1, 14 newly developed markers (Supplemental
Table 3)within a 10-Mb interval flanking umc1726were used to furthermap
gif1-1. Furthermore, a total of 4270F2 individuals derived from theBS238H
selfedprogenyweregenotyped to identify the recombinants thatwere then
phenotyped at Wuhan (30°N, 114°E) and Sanya (18°N, 109°E), China in
2015.

Fertile, heterozygous sibs of gif1-2 were crossed to A188 and self-
pollinated to create the F2 mapping population for bulked segregant
analysis. Pools of DNA from 18 mutant and 18 normal individuals were
sent to Iowa State for single nucleotide polymorphism genotype map-
ping. Linkage was found on chromosome 1L. Positional cloning using
668mutants fromaself-pollinated outcross toB73wasused tonarrow this
interval to 2.76 Mb containing 70 genes, at which point we found a lack of
polymorphism. To narrow down the list of possible candidate genes re-
sponsible for the gif1-2 phenotype, an RNA-seq library was constructed
from young gif1-2 ears, and likely EMS lesions were identified in the
mapping interval. Total RNAwas extracted from a pool of ten ears of gif1-2
and an RNA-seq library was prepared and indexed as described by Tsuda
et al. (2014), except that 6 mg of total RNA was used rather than 2 mg. The
librarywassequencedonaNextSeq IlluminaplatformwithPE75(paired-end).
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Reads were aligned to the maize genome (AGPv3.31) using Tophat2-PE
(2.0.9) (Trapnell et al., 2009) hosted in the Discovery Environment at Cy-
verse (Goff et al., 2011; Merchant et al., 2016). A GFF file containing co-
ordinatesofmRNA,exon, andcodingsequenceofnuclear-encodedgenes
for maize (AGPv3.31) was used to guide annotation. This and
the genome file are available at Ensembl Genome Archive (ftp://ftp.
ensemblgenomes.org/pub/plants/) (Kersey et al., 2016). Mapped reads
were visualizedusing IntegrativeGenomicsViewer (IGV; Thorvaldsdóttir
et al., 2013).

Gene Expression Analysis

To analyze the expression of gif1, developing tissues, including roots,
shoots, and SAMs of seedlings at 14 d after germination, mature leaves,
stems, immatureear (;5mm), and immature tassel (;5mm)werecollected
from gif1-1 and wild-type plants. Total RNA was extracted from plant
tissuesusingAmbionPureLinkPlantRNAReagent (Life Technologies) and
reverse-transcribed with M-MLV reverse transcriptase (Life Technologies)
according to the manufacturer’s instructions. qRT-PCR was performed
using a SYBR Green qRT-PCR kit (Bio-Rad) according to the manu-
facturer’s instructions with three biological replicates, each replica con-
tained 10 individuals. The maize gapdh gene (GRMZM2G046804) was
used as the internal control. All reactionswere performed on aCFX96 real-
timesystem (Bio-Rad). TotalRNAwasextracted from immature tasselsand
mature leaves of gif1-mum1 and W22. All primers used for qRT-PCR and
RT-PCR analysis are listed in Supplemental Table 3). Expression data for
grfs and gifs in B73 were downloaded from the qTeller website (www.
qteller.com) and the MaizeGDB website (www.maizegdb.org).

Phylogenetic Analysis

The GIF sequences of maize, rice (Oryza sativa), and Arabidopsis thaliana
were retrieved from the MaizeGDB (http://maizegdb.org/), TIGR (http://
www.tigr.org/), and TAIR (http://www.arabidopsis.org/) databases, re-
spectively. The GIF sequences of poplar (Populus trichocarpa) and soy-
bean (Glycine max) were retrieved from Gramene (http://www.gramene.
org/). Multiple sequence alignment was performed by ClustalX 2.0 using
defaultparameters. ThephylogeneticanalyseswereconstructedbyMEGA
software version 6.0 using the neighbor-joining method. Bootstrap anal-
ysis was performed with 1000 replicates, and bootstrap values are shown
at eachnode.Protein sequencesused toproduce thephylogenetic treeare
shown in Supplemental File 1.

Transcriptome Profiling

Ten immature tassels (;5mm) fromhomozygousgif1-1mutant plants and
fromwild-typesiblingswerecollectedandpooled for eachof twobiological
replicates. Fresh immature tassels were immediately frozen in liquid ni-
trogen. Total RNA was extracted from each pool using Trizol (Life Tech-
nologies, Invitrogen). After removingDNAwith RQ1DNase (Promega), 10mg
of the total RNA was used for RNA-seq library preparation. Polyadenylated
mRNAs were purified and concentrated with oligo(dT)-conjugated magnetic
beads(LifeTechnologies).PurifiedmRNAswerefragmentedat95°Cfor1min,
followedbyend repair and59 adaptor ligation.Reverse transcriptionwas then
performedwithaRTprimerharboringa39 adaptor sequenceand randomized
hexamer. The cDNA was purified and amplified, and PCR products corre-
sponding to 200 to 500 bpwere purified, quantified, and subjected to paired-
end sequencing on the Illumina HiSeq 2000 system at BGI.

For RNA-seq analysis, clean readsweremapped to themaize reference
genome (B73 RefGen_v2) using SOAPaligner/SOAP2 (Li et al., 2009) with
no more than five mismatches allowed in the alignment. Gene expression
levels were calculated using the RPKM method (reads per kilobase tran-
scriptome per million mapped reads). The DEGs in gif1-1 and the wild type
were identified as those showing at least 2-fold difference between gif1-1

and thewild type at an adjusted false discovery rate#0.001. TheDEGs are
listed in Supplemental Data Set 1. To confirm the DEGs, 19 randomly
selected genes were analyzed by qRT-PCR with the gene-specific
primers listed in Supplemental Table 3, using the maize GAPDH gene
(GRMZM2G046804) as the internal control. Gene ontology analysis
(by Cytoscape v3.2.1) and KEGG analysis (Kanehisa et al., 2008) was
used to identify pathways enriched among the DEGs.

mRNA in Situ Hybridization

Shoot apical meristems of seedlings at 14 d after germination and de-
veloping inflorescences (;5-mm tassel and 2- to 5-mmear) from thegif1-1
mutant and the wild type were fixed in a solution containing 5% formalin,
50% ethanol, and 5% acetic acid for 16 h at 4°C, which was then replaced
with 70%ethanol twice anddehydratedwith an ethanol series, substituted
with xylene, embedded inParaplast Plus (Sigma-Aldrich), and sectioned to
a thickness of 8 mm. To construct sense and antisense RNA probes, the
primer set GIF1_F, 59-TGAACCCGCAGTCGCTGATG-39, andGIF1_R, 59-
TCAAAGCTACCTGCTAATCC-39, was used to amplify a 443-bp fragment
including the 75-bp 39-UTR and 368-bp coding region of gif1. The am-
plification products were cloned into pSPT18 (Roche) and linearized with
HindIII and EcoRI, respectively. Sense and antisense probes were then
synthesized using SP6 and T7 RNA polymerase, respectively, with di-
goxigenin-UTP as a label. Themsca1 and ramosa2 probes were prepared
asdescribedbyYangetal. (2015) andBortiri et al. (2006), respectively.RNA
hybridization and immunologic detection of the hybridized probes were
performed as described previously (Greb et al., 2003), with the addition
of 8% polyvinyl alcohol to the detection buffer to minimize diffusion of
the reaction products. The slides were exposed for ;12 to 15 h before
mounting and imaging and visualized under a microscope (Nikon eclipse
80i). gif1 in situ hybridization was performed using sense and antisense
probes, with the sense probe used for the control.

Yeast Two-Hybrid Assay

The yeast one-hybrid assay was performed using the Matchmaker Gold
Yeast One-Hybrid Library Screening System (Clontech) and Yeastmaker
Yeast Transformation System 2 (Clontech) according to the manu-
facturer’s instructions. Based on the amino acid sequence QLQ (Gln-Leu-
Gln) and the WRC (Trp-Arg-Lys) domains of nine GRFs in Arabidopsis,
16 GRF family genes (ZmGRFs) in themaize genome were identified using
the Hidden Markov Model and isolated by amplifying cDNA from in-
florescence meristems. To investigate the interaction between the GIF1
protein and 16 GRFs, the full-length coding sequences of GIF1 and 16 GRFs
were fusedwith theGAL4-BD andGAL4-ADdomains, respectively, in vectors
pGBKT7 and pGADT7 (Clontech). The yeast strains Y2H (MATa, trp1-901,
leu2-3,112,ura3-52,his3-200,gal4D,gal80D, LYS2:-GAL1UAS–Gal1TATA–His3,
GAL2UAS–Gal2TATA–Ade2URA3:MEL1UAS–Mel1TATAAUR1-CMEL1) andY187
(MATa, ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4D, gal80D,
met–, URA3:GAL1UAS–Gal1TATA –LacZ, MEL1) were transformedwith bait and
prey plasmids, mated overnight, and plated on selective dropout medium
without Leu/Trp or Ade/His/Leu/Trp. The primers used to produce these
constructs are listed in Supplemental Table 3.

ChIP-Seq and Data Analysis

Approximately 1 g immature tassel (;5 mm) tissue was harvested from
35Spro:GIF1-GFP plants grown in the greenhouse with two biological
replicates. Expression of the transformed target gene was verified by
protein gel blot analysis using GFP antibody (AB290; Abcam), at a dilution
of 1:1000 (v/v) in Tris-buffered saline buffer containing 5% nonfat milk
powder. The inflorescences were immediately cross-linked in buffer
containing 1% formaldehyde for 15 min under a vacuum, followed by the
additionof glycine to aconcentrationof 0.1Mand infiltration for 5min.After
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three washes with distilled water (4°C), the cross-linked tissues were dried
with paper towels and flash frozen in liquid nitrogen. The frozen tissues
were ground thoroughly to a fine powder, which was then transferred to
a precooled 50-mL tube with 20 mL of cold complete extraction buffer
1 (0.4 M sucrose, 10 mM Tris-HCl pH 8.0, 10 mM MgCl2, 5 mM b-
mercaptoethanol, andPlantProtease InhibitorCocktail).Homogenized tissues
were centrifuged for 20 min at 1000g at 4°C. The pellets were washed five
times with 5 mL complete extraction buffer 2 (0.25 M sucrose, 10 mM Tris-
HCl, pH 8.0, 10 mM MgCl2, 1% Triton X-100, 5 mM b-mercaptoethanol,
and Plant Protease Inhibitor Cocktail) and once with extraction buffer
3 (1.7 M sucrose, 10 mM Tris-HCl, pH 8.0, 2 mM MgCl2, 0.15% Triton
X-100, 5 mM b-mercaptoethanol, and Plant Protease Inhibitor Cocktail).
The washed pellets were resuspended in 300 mL of sonication buffer
(50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS, and Plant Protease
Inhibitor Cocktail), and the suspension was treated with a Bioruptor for 8 to
10 cycles with the settings 30 s ON/30 s OFF at 4°C. The sonicated sample
was centrifuged for 10 min at 12,000g at 4°C, and the supernatant was
collected and used for chromatin isolation. Chromatin extracted from
35Spro:GIF1-GFP plants was immunoprecipitated with anti-GFP antibody
(A11122; Invitrogen) with a Plant ChIP-seq kit (Diagenode) according to the
manufacturer’s instructions. Following de-cross-linking, isolation, and
purification of the immunoprecipitated DNA, libraries were constructed
using an Ovation Low Input DR kit (NuGEN Technologies). Two input and
two IP libraries were subjected to sequencing on the Illumina HiSeq
2000 platform.

ChIP-seq reads were aligned to the maize reference genome (AGPv2)
using Hisat2 (v.2.0.5; Kim et al., 2015). Only uniquely mapped reads were
considered for further processing. PCR duplicates were removed using
PICARD Picard MarkDuplicates (v.2.9.0; http://picard.sourceforge.net/).
Peak callingwasperformedwithMACS (v.1.4.2) (Zhang et al., 2008). Peaks
were identified as significantly enriched (P < 1e-05) in each of theChIP-seq
libraries compared with input DNA. FGS gene model within 10 kb of the
peak summit was considered as a putative target of GIF1. ChIP tracks
showing GIF1-GFP fusion protein binding sites were visualized using IGV
(Thorvaldsdóttir et al., 2013).

To detect specific DNA targets, ChIP-qPCR was performed to quantify
DNA targets immunoprecipitated by anti-GFP antibodies relative to input
DNA using SYBR Green qPCR Master Mix (Bio-Rad) with three biological
replicates each with three technical replicates. The DNA target-specific
primers used for the ChIP-PCR assay are listed in Supplemental Table 3.
Theabundanceof a targetwasnormalized tononspecificgenomic regions,
and fold enrichment of theDNA target relative to the input samplewas then
calculated. Significance of differenceswas estimated by aStudent’s t test.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL li-
braries under the following accession numbers: gif1, MG893020; ra2,
AC233943.1_FG002; ub3, GRMZM2G460544; vt2, GRMZM2G127308;
and te1, GRMZM2G085113. SRA accession numbers are as follows:
SRP131943containingSRR6660960,SRR66609601,andSRR66609602 for
ChIP-seq,andSRR6660963,SRR6660964,SRR6660965,andSRR6660966
for RNA-seq.
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