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Maize domestication phenotypes reveal strigolactone
networks coordinating grain size evolution with
kernel-bearing cupule architecture
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Abstract

The maize (Zea mays) ear represents one of the most striking domestication phenotypes in any crop species, with the cob conferring
an exceptional yield advantage over the ancestral form of teosinte. Remodeling of the grain-bearing surface required profound de-
velopmental changes. However, the underlying mechanisms remain unclear and can only be partly attributed to the known domes-
tication gene Teosinte glume architecture 1 (TgaT). Here we show that a more complete conversion involves strigolactones (SLs), and
that these are prominent players not only in the TgaT phenotype but also other domestication features of the ear and kernel. Genetic
combinations of a teosinte tga1 allele with three SL-related mutants progressively enhanced ancestral morphologies. The SL mutants,
in addition to modulating the tgaT phenotype, also reshaped kernel-bearing pedicels and cupules in a teosinte-like manner. Genetic
and molecular evidence are consistent with SL regulation of TGA1, including direct interaction of TGA1 with components of the SL-
signaling system shown here to mediate TGAT1 availability by sequestration. Roles of the SL network extend to enhancing maize seed
size and, importantly, coordinating increased kernel growth with remodeling of protective maternal tissues. Collectively, our data
show that SLs have central roles in releasing kernels from restrictive maternal encasement and coordinating other factors that in-
crease kernel size, physical support, and their exposure on the grain-bearing surface.

Introduction of a cob gave the grain-bearing surface of maize an unsur-
passed strength, area, and yield-enhancing architecture.
Central to this grain-bearing surface was the restructuring
of tissues that previously enveloped each kernel with a
grass ancestor, teosinte (Zea mays spp. parviglumis) (Beadle,  hard fruitcase (Figure 1A). The radical retraction of these
1979). Not only were seed size and number under selection  fruitcases into stems accompanied the extreme compaction
but also the structures that bear them. The pivotal formation  of kernel-bearing internodes, adding strength to thickness of

Remarkable transitions produced the ear of modern maize
(Zea mays spp. mays L.), from the tiny seed head of its wild-
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Background: The prehistoric ancestor of modern maize (Zea mays) is unrecognizable, lacks a cob, and protects each of
its tiny kernels inside an acorn-like shell. Evolution of the maize ear during domestication transformed these hard
coverings to cob tissue, which not only freed kernels to become the largest known grains but also helped convert
spindly stems to the most massive, seed-bearing surfaces of any cereal crop. Only a small fraction of this pivotal con-
version is currently understood. We knew from our previous work on overall plant architecture that strigolactone
hormones (SLs) could be involved.

Question: Could SLs be among the missing factors in evolution of the maize ear from its wild ancestor, teosinte? We
hypothesized that SLs could restructure kernel-bearing surfaces of cobs, increase seed size, and coordinate these
changes. We also proposed that SLs could regulate a known domestication gene as well as act alone.

Findings: A rare combination of domestication features emerged in maize mutants unable to form or sense SLs.
Kernels were small, cobs primitive, and seed-bearing cupules larger. Also, when SL-deficient mutants were combined
with an ancestral form of the known domestication gene, Teosinte glume architecture 1 (Tgal), ears and kernels
showed the most primitive, teosinte-like features yet observed. In addition, without SLs coordinating development,
rigid seed-bearing cupules often ruptured growing kernels. Finally, analysis of underlying mechanisms indicated
that SLs could act alone as well as regulate Tgal by sequestering its protein. Evidence included RNA-seq expression
analysis, protein—protein interactions, and additional maize genetics.

Next steps: We now will intensify our focus on identifying genetic modifiers and other means of modulating SL ac-
tivity in maize. The results presented here show that impacts could coordinate ear and kernel features in addition to
known roles of SLs in maize architecture, mycorrhizal symbioses, and vulnerability to devastation by witchweed
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(Striga) in Africa.

the evolving cob. Withdrawal of these casings also allowed a
10-fold increase in grain mass from teosinte to current-day
maize (Flint-Garcia, et al., 2009; Figure 1A). The casing-to-cob
transition involved two key structures: the cupule (rachid,
stem internode tissue) and the outer glume (persistent floral
structure). The cupule (rachid) of teosinte changed from a
broad, vertical pocket that enveloped most of the grain, to
a much shorter, horizontal, tightly folded structure im-
bedded in the maize cob (ear axis) (Beadle, 1979). Likewise,
the outer glume of teosinte moved from its protective pos-
ition forming one side of the casing to a small vestigial struc-
ture on the cob surface (Figure 1A). The resulting exposure of
kernel surfaces and their re-orientation on the ear has facili-
tated grain expansion as well as harvest and human con-
sumption (Beadle, 1979; Matsuoka et al, 2002; Doebley,
2004; Flint-Garcia, et al., 2009; Piperno et al. 2009).

Thus far, the only identified contributor to this morpho-
logical conversion has been Teosinte glume architecture 1
(Tgat), a locus supported by analysis of quantitative trait
loci (QTL) and molecular genetic data (Dorweiler et al,
1993; Dorweiler and Doebley, 1997; Doebley, 2004; Wang
et al, 2005, 2015; Preston et al, 2012). A partial transition
of ear architecture is mediated by the maize Tga1l, which is
a dominant, gain-of-function mutation that arose from its re-
cessive tgal progenitor in teosinte (Dorweiler et al, 1993;
Dorweiler and Doebley, 1997). The TGA1 protein belongs
to the SPL (Squamosa-promoter binding Protein-Like) family
of transcription factors that have a wide spectrum of roles in
vegetative and reproductive development (Moreno et al,
1997; Chuck et al,, 2007, 2010, 2014; Jiao et al,, 2010; Miura

et al, 2010; Preston et al, 2012; Wang et al, 2012; Zhu
et al, 2013). Despite the importance of this gene in maize do-
mestication, TgaT can account for only a fraction of the ob-
served differences between ears of teosinte and modern
maize.

Possible roles for strigolactones (SLs) in domestication of
the maize ear remain unexplored. The SLs can affect diverse
developmental processes in other species, and the vegetative
architecture of maize (Guan et al,, 2012). These carotenoid-
derived phytohormones are synthesized primarily in roots
and either secreted or transferred upwards through the xy-
lem to above-ground tissues (Al-Babili and Bouwmeester,
2015). The first phytohormone activity recognized for SLs
was the control of lateral shoot branching (Gomez-Roldan
et al, 2008; Umehara et al, 2008). SL functions are now
known to include a breadth of developmental and physio-
logical processes (Al-Babili and Bouwmeester, 2015; Aliche
et al, 2020; Chesterfield et al.,, 2020). Among these roles are
contributions to recruitment of beneficial microbes, in-
creased stress tolerance, and modification of agronomic
traits, all of which raise prospects for SL applications in agri-
culture (Aliche et al, 2020; Chesterfield et al, 2020). Rice
(Oryza sativa) architecture, especially tillering, is associated
with natural variation in SL biosynthesis (Jamil et al., 2012;
Cardoso et al, 2014; Sang et al, 2014; Song et al, 2017;
Wang et al,, 2020), but broader implications of SLs in agro-
nomic traits have received little attention. Initial studies
with some crop species have suggested that SL deficiency
could lead to decreases in size or biomass of seeds and other
reproductive structures (Kohlen et al,, 2012; Liu et al, 2013;
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Figure 1 Phenotypes reveal SLs to be among the players in domestication of maize ears, kernels, and cupules. A, Comparisons of ear and kernel
morphologies for maize and its ancestor, teosinte. Note the 3.5-fold difference in magnification of teosinte and maize ears imaged at 12 and 10
DAP, respectively (upper panel). Teosinte kernels are approximately 10-fold smaller (middle panel) and each is enveloped by unusual extensions
of maternal-stem and floral tissue that form hard, protective fruitcases around them (lower panel). Diagrams and fresh-tissue images show how
the fruitcase-to-cob conversion reconfigured two key structures, the cupule (rachid, a stem internode) and the outer glume (a persistent floral struc-
ture). B, Impact of SLs on kernel-bearing support structures of ears and shanks from wild-type maize (W22 inbred control) and SL-deficient mutant,
ccd8. Arrows indicate single internodes. C, Quantified effects of ccd8 on total shank length, internode number, internode length, and dry weight
[means + SEM (standard error of the mean), n = 25]. D, Staminate spikelets (arrow) of an ancestral phenotype (Doebley, 2004) observed at the distal
tip of almost half the SL-deficient ccd8 ears (11 out of 24 ears from the spring field of 2010). E, Number of cupules per kernel row (means + SEM, n =
24; far right) and diagnostic domestication features of the ccd8 cupule that phenocopy those of the teosinte allele for Tga1 (Wang et al., 2005; left
panel). F, Outer-glume lengths from comparable sites on ears (positioned fourth to sixth from the base; means + SEM, n = 48) and average cupule
(rachid) lengths (five rows per ear, six ears per genotype, means + SEM, n = 6) determined after removing glumes and kernels from fresh, mature
ears, and dividing length of each row by the number of internodes (kernel cupules) as per Dorweiler and Doebley (1997). G, The 100-kernel dry
weight of ccd8 and wild-type maize grains (means + SEM, n = §; left panel) and images of kernel morphology (right; bar = 1 cm). H, Rice-grain phe-
notypes conferred by mutation of the ccd8 ortholog (d10; bar =0.5 cm). I, Crowns of mature ccd8 and wild-type maize kernels at 35 DAP (bar =
0.5 cm). J, Morphology and angle of exposure for mid-ear kernels at 8 DAP on ccd8 and wild-type ears (bar = 0.5 cm). (* indicates P < 0.01, t test.)

Pasare et al., 2013; Yamada et al., 2019). Likewise, our previous narrower (Guan et al, 2012), a finding indicative of SL impact
work in maize showed that ears of an SL-deficient mutant  on the developing female inflorescence and its productivity.
(carotenoid cleavage dioxygenase 8, ccd8) were shorter and  Studies from chemical profiling of root exudates and
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biochemical analysis of biosynthetic enzymes indicate that
maize produces a unique mixture of SLs (Yoneyama et al.,
2015, 2018, 2020; Charnikhova et al., 2017; Xie et al,, 2017).
Among them, zealactone (methyl zealactonoate) is the pre-
dominant stimulant for seed germination of the devastating
root-parasitic witchweeds, Striga hermonthica and Striga
asiatica (Charnikhova et al.,, 2017; Xie et al,, 2017). Recently,
the discovery of SL catabolism by carboxylesterases has
opened new avenues of manipulation for hormonal roles of
SLs and thus their impacts on agriculturally important traits
in crops (Roesler et al,, 2021; Xu et al., 2021).

Here, we reveal unexpected roles for SLs in maize domes-
tication phenotypes that operate not only through SL regu-
lation of traits previously ascribed to TGA1 alone but also via
coordination of other SL-responsive features under selection.
We first demonstrated the SL-specificity of distinctive do-
mestication phenotypes in ears and kernels of mutants defi-
cient in SL biosynthesis or signaling. Next, we analyzed
genetic combinations of the recessive teosinte tgal and the
SL-deficient maize mutant, ccd8, which uncovered increas-
ingly primitive ear morphologies. We then defined a molecu-
lar basis for regulatory input by SLs into action of TGA1 using
a combination of yeast two-hybrid (Y2H) and in planta assays
for binding by TGA1 to both the SL receptor and specific
components of the SL signaling network. We further con-
firmed these interactions using SL-signaling mutants in
maize. A mechanism is thus in place for SL modulation of
TGAT. Since this system operates by sequestering target pro-
teins, we additionally demonstrated its potential for en-
hanced influence when concentrations of TGA1 and its
Neighbor Of Tga1 (NOT1) paralog were limiting, a condition
caused by the domestication mutation in maize that con-
verts TgaT to a repressor (Wang et al., 2015). Lastly, we iden-
tified distinctive, TGA1-independent contributions by SLs to
seed size, pedicel structure, and in-rolling of rachid tissues.
We propose a two-step scenario in which domestication of
maize would have required an essential, permissive mutation
in tgal that concurrently enhanced its SL-responsiveness
while releasing kernels from protective maternal tissues.
This conversion would have allowed subsequent selection
for additional SL-regulated kernel enlargement (beyond
that mediated by TGA1 and NOT1) and further enhance-
ment of specific, yield-related aspects of cob architecture
in the female inflorescence. Throughout this process, the

Table 1 Analysis of grain weight from rice SL-pathway mutants and
wild-type plants

Genotype 100 grain weight (g) Reduction percentage (%)
Shiokari 2.74+0.01 -

di17-1 2.05+0.01* 25.18

d10-1 2.04+0.03* 25.55

d27-1 2.26+0.02* 17.52

di14-1 2.11+0.04* 2299

*P <0.001 (ANOVA). Values are means + SEM (n=3).
Shiokari is the wild-type background of rice dwarf (d) mutants.
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SL signaling network would have been poised to coordinate
developmental changes in maternal and kernel tissues.

Results

SL-specific domestication phenotypes in the ear of
ccd8 maize

Our first goal was to determine the extent to which SLs regu-
late the structure of modern-maize ears and kernels. To this
end, we focused on distinctive domestication-related aspects
of SL-deficient ccd8 maize. We showed previously that this
pleiotropic phenotype included a smaller ear (Guan et al.,
2012; Figure 1B) in addition to the excessive vegetative
branching shared with SL-deficient mutants in other species
and with the ancestral teosinte (Guan et al., 2012). We thus
looked closely at SL roles in ear size and related domestica-
tion features of ccd8. The SL-deficiency does not lead to long-
er ear shanks (lateral branches; Figure 1, B and C); however,
fewer shank internodes in ccd8 were countered by greater
elongation of each (about 40% more). Shank dry weight
also dropped markedly in the mutant (about 50% less),
which was noteworthy given the role of this structure in
physical support and nutrient supply to the ear
(Figure 1C). In addition, SL-deficiency enhanced the portion
of ccd8 ears forming stamens at their distal tips (a primitive
feature; Doebley, 2004) to almost half (46%, 11 out of 24 ears)
compared to 8% (2 out of 25 ears) in wild-type controls
(Figure 1D). Importantly, a closer examination of ccd8 ears
after kernel removal revealed key changes in cupule number
per row (20% less than wild type) and their structure
(Figure 1E). In particular, the glumes and cupules that form
a protective cover around the teosinte kernel were enlarged
in maize ears if SLs were lacking (Figure 1F). Outer glumes
and cupules were both about 20% longer in the mutant.
This distinctive phenotype, especially the modified glumes
and cupules, has thus far been seen only in association
with the known domestication gene, TgaT (Dorweiler et al,,
1993; Dorweiler and Doebley, 1997; Wang et al.,, 2005). In add-
ition, the size and dry weight of ccd8 kernels decreased by
around 22% relative to wild-type controls (Figure 1G). To de-
termine whether this role of SLs in seed size is also conserved
in rice (Oryza sativa L.), we quantified grain weights for three
SL-deficient rice mutants, dwarf10 (d10), dwarf17 (d17), and
dwarf27 (d27), and one SL-signaling mutant, dwarf14 (d14),
that encode CCD8, CCD7, an isomerase, and an SL receptor,
respectively. Seed weights of all mutants were reduced by
17%-25% (Figure 1H and Table 1). Results are consistent
with analysis of these rice mutants by Yamada et al. (2019).
The maize and rice data together implicate a broad relevance
for SL signaling in mediating seed size during grain develop-
ment of crops. In addition, grain shape was affected, with the
SL-deficient ccd8 kernels having more rounded domes at ma-
turity compared to the flatter, wild-type tops (Figure 1l).
During early development, the mutant maize kernels were
also narrower, more pointed, and grew at an angle closer
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to the axis of ear elongation (Figure 1)). These results indicate
central roles for SL signaling in the transition from primitive
ear and kernel structures to modern-day ears and exposed
kernels.

Three strategies were used to test the hypothesis that the
ear and kernel-size phenotypes observed here were due solely
to the SL deficiency caused by the ccd8 mutation. The first
approach was to identify a ccd8-specific revertant that re-
stored normal function to an otherwise isogenic mutant.
This process required a reversal of the same insertion event
that created the ccd8:Ds mutant allele by disrupting the
wild-type sequence with a Dissociation (Ds) element. To ini-
tiate this excision, we generated homozygous, Ac-active, ccd8
plants by introducing an immobilized Activator (Ac:im;
Vollbrecht et al, 2010) into the ccd8-mutant line. Two gen-
erations of self-pollination produced enough material for a
seedling-stage screen using the yellow-stripe leaf feature of
the ccd8 phenotype as a convenient visual marker for rever-
tants. We thus identified a green-leafed revertant after evalu-
ating about 1,200 ccd8 maize seedlings (F5; Figure 2A). The
revertant status was confirmed by two diagnostic changes
in the CCD8 gene sequence. First, the Ds insertion was absent.
Second, an important, imperfect repair during the Ds exci-
sion created a readily distinguishable, single-nucleotide
C-to-G transversion. This change converted an arginine (R)
to a glycine (G) at position 426 of the CCD8 protein
(Figure 2, B and C). Comparative analysis of this site indicated
that the Ac/Ds reversion had created a distinctive, new allele
not evident in any maize inbreds or teosinte lines (Figure 2B).
To determine whether this revertant allele encoded a func-
tional enzyme, a complementation test was performed by
overexpressing the new CCD8***C allele in an Arabidopsis
thaliana ccd8 mutant (max4-6; Guan et al, 2012). As pre-
dicted, the CCD8"*%“ allele successfully rescued the
SL-deficient phenotype of Arabidopsis max4-6 plants, bring-
ing their otherwise short stature and abundant branching to
wild-type levels (Col-0; Figure 2D). The rosette branch num-
bers for 15 out of 29 independent transgenic lines were far
below those of max4-6 mutants at 3 weeks after flowering
(Supplemental Table 1). The CCD8***“ revertant allele
thus encoded a functional enzyme for SL biosynthesis. In add-
ition, at all stages of maize development, the phenotype of
revertant maize plants was indistinguishable from that of in-
bred (wild type) controls with functional, unaltered CCD8
genes (Figure 3A). Importantly, the phenotypic equivalency
was clearly apparent for ear morphology, kernel size, and
overall rachid length (Figure 3A). The revertant allele de-
scribed here provided an especially effective genetic confirm-
ation that the ear and kernel-size phenotype of ccd8 resulted
specifically from impaired SL biosynthesis.

The second approach to test whether the rachid pheno-
type of ccd8 arose specifically from SL deficiency was to apply
steady-state levels of the synthetic SL analog, rac-GR24, to
the ccd8 mutant (Figure 3B). To do so, we devised a string-
feeding method for delivery of either GR24 or a control solv-
ent (DMSO). By threading cotton strings through the stem
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with a sewing needle, a wicking system was established in
which the two ends of each string could absorb and transfer
fluid from small, tightly wrapped vials of solution (typically
2-mL microcentrifuge tubes; Figure 3B). Uptake into each
plant was quantified as the depletion of liquid volume in
the sets of sealed vials. Treatments were applied to both mu-
tant and wild-type plants. The GR24 supplements decreased
rachid length of ccd8 mutants to that of wild-type plants
(Figure 3B). In contrast, DMSO controls showed no effect.
These results further support the direct and specific role of
SLs in the structure of the kernel-bearing cupule and the ra-
chid in particular, both of which are characteristic of modern
maize.

The third approach was to test whether specific disrup-
tions to SL signaling could duplicate the cupule and kernel
phenotypes observed in ccd8 mutants. The key to this strat-
egy was perturbation of the SL receptor (D14) encoded in
maize by two homologous genes, D14a (Zm00001d028294)
and D14b (Zm00001d048146). To develop the required mu-
tants, we characterized Mu-insertion alleles from the
UniformMu (McCarty et al, 2013) and Mu-lllumina
(Williams-Carrier et al, 2010) populations (4 alleles for
D14a and 3 alleles for D14b; Supplemental Figure 1).
Possible hybrid effects were avoided by five generations of
back-crossing Mu-lllumina materials into the W22 inbred
(UniformMu genetic background). As expected, no visible
phenotypes were evident in any of the single mutants due
to the extensive sequence similarity between D14a and
D14b proteins (95%) and their predicted functional redun-
dancy. In contrast, double mutants of d14a-4 and d14b-3
(Supplemental Figure 1) showed plant and ear morphology
comparable to ccd8 mutants (Figure 3C). Shared phenotypes
included additional lateral branches (two more) and shorter
ears (reduced by 43%). In particular, cupules of double mu-
tants (d14a/d14b) had rachid rinds that were similarly wi-
dened, elongated, and invaginated as those of ccd8 ears.
Collectively, this evidence further supports a role of SL signal-
ing in maize ear architecture and seed development.

Ear phenotypes regulated by SL-deficient ccd8 and
alleles of the domestication gene Tga1

Commonalities in underlying mechanisms for SLs and the
domestication gene Tgal were implicated by the distinctive
phenotypic features they shared and by their previous attri-
bution to TGA1. To test the extent of overlap at the genetic
level, we developed a ccd8/tgal double-recessive line (tga1
being a non-mutant recessive ancestor). The tgal parent
line was created by introgressing the teosinte Tgal allele
(tgal) into the W22 inbred (Dorweiler et al, 1993; Wang
et al, 2005). We initially hypothesized that a fully shared
path would be evident for SL and tgal given the known
role of TGA1 in glume and cupule phenotypes. If so, the
double-recessive ears would resemble those of tga1 single re-
cessives. Unexpectedly, additional and even complementary
effects of the ccd8 and tga1 genes were evident (Figure 4A).
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B CCD&_Revertant CGGGCCGTGGTGTTGGGCGGGACGGGACGGGACATACAGEGTGGGCGGCTTCAGGATCCC
CCD8_B73 CGGGCCGTGGTGTTGGGCGGGACGGGACGGGACATACAGIEGTGGGCCGCTTCAGGATCCC
CCD8_W22 CGGGCCGT--——=————~— GGTGTTGGGCGGGACATACAGHEGTGGGCCGECTTCAGGATCCC
CCD8 Mol7 CGGGCCGTG—-——~— GTGTTGGGCG——-—— GGACATACAGGGTGGGCCGCTTCAGGATCCC
CCD8 HP301 CGGGCCGTGGTGTTGGGCGGGACGGGACGGGACATACAGEGTGGGCCGCTTCAGGATCCC
CCDB:P39 CGGGCCGTGGTGTTGGGCGGGACGGGACGGGACATACAGEGTGGGCCGCTTCAGGACCCC
CCD8_ys* CGGGCCGTGGTGTTGGGCGGGACGGGACGGGACATACAGIEGTGGGCCGCTTCAGGATCCC
CCD8_Till CGGGCCGT-—-———————~— GGTGTTGGGCGGGACATACAGGGTGGGCCGECTTCAGGATCCC
CCD8_Tilll CGGGCCGTG-———-- GTGTTGGGCGGGACGGGACATACAGGGTGGGCCGECTTCAGGATCCC
CCD8 Till4 CGGGCCGTG—-—-—- GTGTTGGGCGGGACGGGACATACAGGTGGGCCGECTTCAGGATCCC
CCD8 Till5B CGGGCCGT--——=————~— GGTGTTGGGCGGGACATACAGEGTGGGCCGECTTCAGGATCCC
CCDB:Till7 G-TGGTGT----—————~— TGGGCGGGACGGGACATATAGEGTGGGCCGECTTCAGGATCCC
CCD8_parviglumis CGGGCCGTG————-~— GTGTTGGGCGGGACGGGACATACAGGGTGGGCCGECTTCAGGATCCC
CCD8_mexicana CTACGGGCCGTGG—=-—==—— TGTTGGGTGGGACATACAGEGTTGGCCGCTTCAGGATCCC
CCD8_huehuetenangenSis CGGGCCGTG——-——-- GTGTTGGGCG—--—-— GGACATACAGGGTGGGCCGCTTCAGGATCCC
CCDB_luxurians CGGGCCGT———=—————~— GGTGTTGGGCGGGACACACAGEGTGGGCCGECTTCAGGATCCC
CCD8 diploperennis CGGGCCGT--———————~— GGTGTTGGCCGGGACATACAGEGTGGGCCGECTTCAGGATCCC

- * * ok ok k k * * % ok ok * ok Kk fek kK khkkkk KkKkk

C CCDS8::Rev: R426=»G D

CCD8  RSSTGQDVLPDARVGRFRIPLD 430
D10 RLLRGKDVLPNARVGRFRIPLD 412
MAX4  RSSHGHDVLPDARIGRFRIPLD 432
DAD1  RSFDGVDVLPDARVGRFRIPFD 418
RMS1  RSFNGKDVLPDAKVGRFRIPLD 423
* * ****:*::******:*
CCD8  GSPFGELEPALDPDQHGRGMDM 452

D10 GSPFGELETALDPEEHGRGMDM 434

MAX4 GSKYGKLETAVEAEKHGRAMDM 454
DAD1 GSPDGELEAALDPNEHGRGMDM 440
RMS1 GSPYGTLEAALDPNEHGRGMDM 445

* % * **.*::'.:***'***
CCD8 CSINPAHVGKKYRYAY 470

D10 CSINPARLGRKYQYAY 452

MAX4 CSINPLYLGQKYRYVY 472 max4-6/35S:CCD8R426G
DAD1  CSINPAYLGLKYRYAY 458 ccos
RMS1  CSINPNYLGMKYRYTY 463

Figure 2 A revertant CCD8 allele was identified and characterized. A, High-throughput screening for a naturally occurring revertant of the ccd8
mutant. Fourteen day-old Ac-active ccd8 seedlings grown in a plastic bin were screened for leaves without the yellow-stripe phenotype. The juvenile
leaf of a revertant (magenta arrow heading to the rght) did not show the yellow-stripe leaf phenotype typical of ccd8 mutants (blue arrow heading to
the left). B, Nucleotide sequence alignment of the revertant CCD8 allele (CCD8::Rev) with other CCDS alleles from diverse maize inbreds and teo-
sintes. Only the regions flanking the Ds insertion site are shown. The red box indicates the 8-bp direct repeat induced by the transposon insertion.
The revertant allele has a C-to-G transversion (red letter), which is at the 3’-end of the direct repeat. This transversion changes the codon of “CGC”
for arginine (R) to “GGC” for glycine (G). There is no polymorphism detected at the place of the conserved nucleotide “C” (blue) in maize inbreds or
teosintes. The underlined “AG” is the left border of the second intron. C, Partial amino-acid alignment of CCD8 orthologs from rice (D10),
Arabidopsis (MAX4), petunia (DAD1), and pea (RMS1). Alignment is shown where encoded by the Ds insertion-flanking region. The arginine
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Strigolactones-shaped ear evolution

Although the length of double-recessive ears was intermedi-
ate between that of the singles (ccd8 and tgal), their
diameter was significantly smaller (by 11% and 20%, respect-
ively; Figure 4A). Of special interest in double recessives was
the prominent size of cupules. In teosinte, cupules envelope
the grains, whereas they form unusually large, cradle-like cav-
ities under developing kernels in the double recessive
(Figure 4A). Cupules of double recessives were about 30%
longer than those of single recessives (Figure 4A). At the
same time, cupule width was greater for only the tga1 reces-
sives, while those of ccd8 mutants were significantly nar-
rower, opposite effects that left the width of tgal/ccd8
cupules unchanged (Figure 4A). The importance of these
morphologies is their progressive enhancement of an ances-
tral phenotype with more vertical cupules and decreasing
width-to-length ratios. These dimensions dropped from 1.9
in wild type (inbred control) to 1.5, 1.4, and 1.2 in tgal,
ccd8, and double-recessive cupules, respectively. A full spec-
trum of this gradation in verticality is depicted in Figure 4B
together with that initially observed by G. W. Beadle for mod-
ern maize to teosinte, including ancient ear morphology
(Beadle, 1979; Ramos-Madrigal et al, 2016). Cupules of
tgal/ccd8 shown here closely resemble those of maize x teo-
sinte hybrids. When young ears of these genotypes are com-
pared to those of teosinte (Figure 4C), rachid rinds of cupules
can be seen extending outward around the kernel like a pair
of protective arms that hold both the kernel and outer glume
close to the stem axis. This configuration is especially prom-
inent in teosinte but was also recapitulated in the double
recessive tgal/ccd8, indicating that this ancestral state can
be restored particularly well by the combination of a reces-
sive tgaT and SL deficiency. However, the long axis of each
glume was aligned with that of the ear such that these pro-
tective structures restricted perpendicular growth of kernels.
Co-ordination was thus lost between expansion of envelop-
ing maternal glumes and that of developing kernels.
Consequently, the hard, protective glumes often damaged
expanding kernels by distorting, rupturing, and even decapi-
tating them (Figure 4D). Collective distortion of double-
recessive kernel shape by both glumes and cupules is evident
in Figure 4D, along with the more pointed tips of these grains.
In addition to their altered shape, the size of double-recessive
kernels was also reduced by 23% and 38% relative to ccd8 and
tgal single recessives, respectively (Figure 4E). Collectively,
these data support a contribution of SL signaling to the en-
hancement of kernel accessibility on the ear surface by aiding
coordination of kernel enlargement with reduction of cupule

Figure 2 (Continued)
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and glume development during ear formation. We also
tested the hypothesis that SLs mediate cell-level features of
the outer glumes and rachid rinds in their conversion to
cob structures as occurred during domestication
(Dorweiler and Doebley, 1997). In modern maize, the outer
glume is essentially vestigial, whereas its ancestral form pro-
vided a hard, lignified covering for the outer face of the ker-
nel. Here, a partial restoration of the ancestral outer-glume
morphology was evident in both the single recessive (ccd8
and tgal) and the double-recessive genotypes (Figure 4).
However, a cell-level investigation revealed important differ-
ences, including evidence consistent with distinct, but over-
lapping roles for SLs (ccd8) and tgal. Both recessives
increased cell length and cell number, but to differing degrees
depending on position in the organ. In modern maize, cells of
the outer, abaxial mesophyll are only slightly elongated
(Dorweiler and Doebley, 1997), and to a lesser extent in
the distal half of the glume (Figure 5A). This is consistent
with the straightening of glumes and their reduced intrusion
into the kernel-development space. In contrast, cells in this
outer, abaxial layer of ccd8 are smaller throughout the glume,
and their greater number is responsible for the increase in
overall length of this organ. Cell numbers also increased in
the tgal glume, but as observed in previous work
(Dorweiler and Doebley, 1997), this enhances both thickness
and length of the structure. In addition, cells between the ab-
axial and adaxial layers of parenchyma in tgal glumes are
elongated with spirally lignified cell walls (Figure 5).
Double-recessive glumes showed features of both ccd8 and
tgal. Although cell number did not increase to the degree
observed for tgal, the small cell size, thick cell walls, and
dense packing led to a particularly hard glume with a pro-
nounced curl into the kernel-development space
(Figure 5A, tgal/ccd8). Results indicate that both SLs and
TGAT1 regulate induration of maize glumes through their im-
pact on shape and size of abaxial cells.

Architecture of the cupule cavity showed still more prom-
inent roles for SLs and their proposed interaction with TGA1.
Both the teosinte tgaT allele and the SL-deficient ccd8 muta-
tion were required for the most effective recapitulation of a
teosinte-like cupule (Figure 5B). A key change centered on
the rachid rind, a layer of hypodermis lining the innermost
cavity of the cupule. This structure is tightly curled (360°)
and deeply imbedded in the cob of modern maize.
However, the rachid rind uncurled slightly in the presence
of teosinte tgal (322° arc) and strongly uncurled in the
SL-deficient ccd8 genotypes (184° and 148° arcs in ccd8 and

(R) residue(blue) is conserved in all species and was replaced by a glycine (G) in the revertant CCD8 (CCD8:Rev). D, The newly identified, second
allele of the CCD8"%°° shows a potentially valuable, partial complementation of the excessive-branching typical in ccd8 mutants such as the
Arabidopsis max4-6. Note that the height of transgenic plants is greater than that of mutant (max4-6) and comparable to wild type (Col-0).
The revertant allele is driven by a constitutive expression promoter (CaMV35S) and its relative expression was quantified by RT-PCR. Data for
each transgenic plant is shown in an ethyl bromide-staining agarose gel (bottom panel). Expression of the Arabidopsis Tubulin (AtTub) gene provides

an internal expression control.
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Figure 3 Three lines of evidence support SL-specificity of the ccd8 domestication phenotype. A, A confirmation-by-reversion rescue of the
ccd8-mutant phenotype by excision of its causal transposable element. Comparisons of wild-type, revertant, and ccd8-mutant phenotypes for plant
architecture (top), ear and shank morphology (second panel), kernel size and shape (third panel), and cupule structure (bottom; means + SEM, n =
14, n =10, n=6, and n = 4, respectively; * indicates differences between revertant and ccd8 mutant at P < 0.01, t test). B, Pharmacological comple-
mentation of the SL-deficient ccd8-mutant phenotype using a string-wick delivery (left) to supply a synthetic SL analog (rac-GR24 at 1 uM) or
DMSO (0.02% trace solvent control) and compare to additional controls without wicking strings. Quantified responses of cupule lengths (right;
means =+ SEM, n = 6, * indicates difference between GR24 and either of the controls at P <0.01, t test). C, Phenocopy of the SL-deficient, ccd8 mutant
by disruption of the SL-signaling system at its SL receptor (D14) evident in structural images (left) and quantifications (right) for plant form and
branch number (top), ear shape and length (middle), and rachid structure and length (bottom; means + SEM, n =14, 10, and 18, respectively,
* indicates difference at P <0.01, t test). (See Supplemental Figure 1 for generation of the dysfunctional d14 maize line [double for d14a/d14b].)

Note that the genetic background for this set of comparisons is the color converter W22 inbred.

tgal/ccd8, respectively). When SL was lacking, the rachid rind
uncurled and extended into a flatter shape like that of teo-
sinte (193° arc). Strictly comparable sections were centered
through glumes and pedicels. Effects of tga7 and ccd8 predo-
minated in different tissues, with tgal primarily impacting
glumes and ccd8 primarily affecting cupules. The influence
of tgal on overall cupule size was mediated largely by its ef-
fect on thickness of the glume and pedicel (Figure 5B).
Nonetheless, synergistic effects of SL deficiency and teosinte
tgal were apparent at the cell level in the cupule, where re-
duced thickness and extended length were observed in both

single and double recessives (Figure 5B and Table 2). In dou-
ble recessives, a greater portion of the cupule was comprised
small, highly lignified cells (Figure 5B). These results indicate a
prominent contribution of SLs to the cupule changes under-
lying modern ear architecture, and further, that both SLs and
TGA1 do this by modulating cell shape, size, and cell wall
structure. Alterations in pedicel shape were also mediated
by both TGA1 and SL, with deficiency of the latter leading
to a near right-angle bend in the pedicel that moves its
upper, kernel-bearing region into a position essentially paral-
lel to the long axis of the ear (as in teosinte). When the
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Figure 4 Distinctive ancestral ear and kernel features are mediated by independent and overlapping contributions from SL deficiency and the Tga1
teosinte allele. A, Ear and cupule morphologies of wild type (W22 inbred control), teosinte tgaT (introgressed into W22), SL-deficient ccd8, and tga1/
ccd8 double recessive (teosinte tgal being a nonmutant, recessive ancestor). Ears were imaged at 14 DAP (about 1/2 mature; left) with exposed
cupules enlarged below and morphological quantifications at right. (means = SEM, n = 10 for ears, n = 6 ears for cupules, * indicates difference be-
tween wild type and mutants at P <0.01, t test, lower-case letters show differences between genotypes). B, Progression of cupule shape from hori-
zontal to vertical along a gradient from modern maize (left) to primitive teosinte (right) in diagrams above [cupules other than tga1/ccd8 were
redrawn from Beadle (1979)] and photographic images below. The image of a 5,310-year-old cob was adapted from Ramos-Madrigal et al.
(2016) with permission from Elsevier (License # 5431490269821). C, Cupule constraints to kernel expansion in young ears of the tga1/ccd8 double
recessive (left), a maize X teosinte hybrid (center), and teosinte (left), showing outer glumes (white arrows), outer edges of enveloping cupules
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teosinte allele of tga1 is also present, the bent pedicel is mark-
edly thickened (Figure 5B; see also below).

Molecular dissection of the proposed interface
between TGA1 and the SL signaling network
To address molecular-level aspects of the interface between
SL signaling and TGAT1, we generated and compared RNA-seq
profiles from immature ears (2.5-3.0 cm) of wild type (W22
inbred control), recessive-mutant (ccd8), recessive-ancestral
(nonmutant teosinte tga7), and the double-recessive com-
bination (tga1/ccd8) plants. This developmental stage imme-
diately precedes detectable differences in phenotypes of the
mutant and nonmutant TgaT alleles. Since our genetic and
structural analyses were consistent with overlapping, as
well as independent effects of ccd8 and tga on ear features,
we expected to see evidence of both in the RNA-seq data.
Results indicated extensive commonalities between effects
of the SL signaling network and that of TGA1. Over half of
the genes that were upregulated two-fold or more in tga1
ears were also upregulated in the absence of SLs (ccdS8;
53%; Figure 6A). The same was observed for downregulated
genes, indicating that TGA1 and SL signaling share common
direct and/or independent paths in their mediation of ear de-
velopment. Most of these genes have putative roles in tran-
scriptional regulation, cell division, protein metabolism, or
cell wall biosynthesis (Supplemental Data Set 1). Among
the latter were 15 sequences that encoded putative enzymes
for cell wall quality and lignin biosynthesis (Sekhon et al,
2011), consistent with the enhanced lignification of ccd8
and tgal/ccd8 glumes and rachid rinds described here.
Further analysis of the putative lignin biosynthetic genes in
the maize genome indicated that the most prominent en-
hancement in expression included that of Phenylalanine am-
monia lyase (PAL), Ferulate (coniferyl alcohol/aldehyde)
5-hydroxylase (F5H), p-Coumarate 3-hydroxylase (C3H),
Cinnamate 4-hydroxylase (C4H), and 4-Coumaric acid
CoA-ligase (4CL; Supplemental Data Set 1). The nature and
extent of this shared regulation spurred further investigation
into possible points of control, our first target being the
interface between SL signaling constituents and TGAT1 itself.
To test the physical basis for potential interactions be-
tween the SL signaling network and TGA1, we began with
three key players of the SL signaling pathway (Biirger and
Chory, 2020; Chesterfield et al, 2020). All three of these,
D53, D14, and D3, are named for the DWARF vegetative
phenotype (Ishikawa et al, 2005) that results from a defi-
ciency in SL signaling. The first of these proteins, D53, oper-
ates by sequestering targets like UNBRANCHED2/

Figure 4 (Continued)

Guan et al.

UNBRANCHED3/TASSELSHEATH4  (UB2/UB3/TSH4; Liu
et al, 2021) through direct or indirect interaction. The D53
protein is a class | Clp ATPase that lacks a DNA-binding do-
main (BD) of its own, but acts as a negative regulator of SL
signaling (Jiang et al, 2013). The way D53 exerts this control
is by aiding sequestration of transcription factors into in-
active complexes (Biirger and Chory, 2020). The second pro-
tein, D14, operates as a dual-function SL receptor and
deactivator of SLs. The third, D3, is also known as MAX2
(More AXillary branching 2) in Arabidopsis, where its role
as an F-box protein in an SCF (Skp1-Cullin-F-box) E3 ubiqui-
tin ligase complex mediates ubiquitination of D53 for deg-
radation by the 26S proteasome. This breakdown of D53
releases the initially sequestered transcription factor in an
SL-dependent manner. The entire process depends on
SL-dependent interactions among these three components,
which thus control availability of target transcription factors
(like TGA1 in this instance).

To investigate the possibility of direct interaction between
these SL signaling components and TGA1, we utilized the
toxic effects of TGA1 overexpression on cell viability. The
toxicity was evident in our initial yeast work and consistent
with an inability to recover viable calli when TGA1 was
used in vectors by Wang et al. (2015). The extent of this im-
pact enabled tests of protein—protein interactions in planta
as well as in Y2H assays. For both approaches, all DNA con-
structs were expressed using an improved bimolecular fluores-
cence complementation (BiFC) vector (Gookin and Assmann,
2014) designed for this dual-purpose use. Here, transient expres-
sion of TGA1 in leaf tissue of Nicotiana benthamiana induced
chlorophyll loss and necrosis in the agro-infiltrated areas
(Figure 6B). In contrast, leaves remained normal and green at
sites transformed with maize orthologs of either D53
(Zm00001d023208) or D14a (Zm00001d028294; Figure 6B).
The deleterious effects of TGA1 persisted when the Tgal
gene was co-expressed with either D53 or D74a, but not
when all three genes were transfected together (Tgal, D53
and D14a). The toxic effect of excess TGA1 in leaves was thus
mitigated if the two key participants in the SL signaling pathway
were also present (Figure 6B). The mitigation did not appear to
require additional SLs, since none was applied exogenously to
inoculated leaves. Results were quantified by analysis of chloro-
phyll content in the infiltrated areas (Figure 6C), which also
showed that the consistently deleterious effects of TGA1 alone
or with either D14a or D53 were countered only when all three
genes were co-expressed. To determine whether the toxic effect
on leaf discs resulted specifically from TGA1, we deleted the
seven-residue core (HNRRRRK, from amino acid (aa) 172 to

(white triangles), and a site of kernel rupture (blue triangle). Teosinte ears are imaged prepollination, others at 12 DAP. D, Ear and kernel features of
the tga/ccd8 double recessives (left) showing teosinte-like extensions of outer glumes and cupules (white arrows) and sites where these have rup-
tured kernels (blue triangle). Comparison of wild-type kernels (upper right) and those of tga1/ccd8 double recessives (lower right) at 35 DAP, with
and without their outer glumes (left and right, respectively). E, Kernel profiles and abaxial faces (left) and seed weight (right) of all four genotypes
(wild type, tgaT, tgal/ccd8, and ccd8; means & SEM, n =6 ears, with lower-case letters for differences between ccd8 and tga1/ccd8, and * for differ-

ences between wild type and mutants at P <0.01, t test).
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Figure 5 Glume and cupule (rachid) morphologies also reveal independent and overlapping effects of SL deficiency and the teosinte allele of Tga1. A,
Sagittal sections through the centers of outer glumes at 10 DAP (about 1/3 mature). Entire outer glumes (top) with boxed areas enlarged below
(middle and bottom). B, Sagittal faces of cupules (outlined in black) in fresh, mature ears at 35 DAP (above) and in sections from 10 DAP (middle)
enlarged below (bottom). Strictly comparable locales were centered using pedicels and glumes. For fresh-tissue images, one of the two side-by-side
kernels in each cupule pocket of modern maize (teosinte has only one) was removed to clarify the profile of maternal tissues. Rachid rinds are visible

as elongated hypodermal cells lining the cupule cavity.

Table 2 Depth and cell number in mesoderm layer of rachid rinds

Genotype Depth of long-cell layer (um) Cell number
Wild type 480.03 + 1523 147 £09
ccd8 358 +9.14** 123+0.7
tgal 37843 +19.12* 123407
tgal/ccd8 253.53 + 13.94** M+1*

*P < 0.05 (ANOVA); **P <0.01 (ANOVA). Values are means &+ SEM (n=3).

178) of the putative nuclear localization sequence in its SBP box
and tested the modified construct (TGA1%”). No chlorophyll
loss or necrosis was observed in leaf discs transfected with the
TGA1 alone or together with D53, indicating that it was in-
deed TGA1 that specifically triggered deleterious effects in
the infiltrated leaf discs. As shown in Figure 6D, interactions
among TGA1, D14a, and D53 were implicated by the strong
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Figure 6 Molecular interactions between the SL-signaling network and that of TGA1 regulate ear and kernel development. A, Venn diagram for
DEGs in prepollination ears (2.5-3.0 cm) for each of three genotypes (ccd8, tgaT, tgal/ccd8) relative to wild-type controls (W22). Differences greater
than two-fold were included for genes upregulated (magenta text at the upper row) or downregulated (green text at the lower row). B,
Transient-expression assays in Nicotiana benthamiana leaves for in vivo interactions between TGAT and two key proteins of the SL-signaling system
in maize, D53 and D14a. Toxic effects of overexpressing TGA1 (Wang et al,, 2015) identify in planta interactions with other proteins that modify this
response. A single leaf was used for each set of experiments, with TGA1 transfected alone and in combination with one or more proteins of the
SL-signaling system as shown (agroinfiltration sites outlined in black, combinations of cultures in white text). C, Chlorophyll content at agroinfil-
trated sites in replicate experiments 6 days after infiltration (means + SEM, n = 6, * indicates difference from control at P <0.01, t test). D, Tobacco
leaf mesophyll imaged 48 h after agroinfiltration with BiFC transient-expression constructs carrying maize Tga1l together with D53 (pDOE06-TGAT:
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fluorescent signals of complemented monomer Venus fluores-
cent protein (mVen) in leaf cells where the three genes were
concurrently expressed (Figure 6D). To test the specific involve-
ment of TGA1 as the source of fluorescent signals, we fused the
small C-terminal fragment of mVen to both D14a and D53, thus
limiting fluorescence to instances where TGA1 was present. For
contrast, images from combinations of different constructs are
shown in Supplemental Figure 2. These results support a phys-
ical interaction among TGA1, D14a, and D53 proteins, as well as
the specific importance of TGA1.

We next used Y2H assays to corroborate the in planta tests
of protein interactions. We first confirmed that known inter-
actions between SL signaling proteins in other systems
(Gomez-Roldan et al, 2008; Umehara et al, 2008) operated
similarly in maize. As predicted, the SL receptor (maize D14a)
could interact in an SL-dependent manner with the maize
F-box protein, D3a (Zm00001d045313), and separately with
the transcription co-repressor, D53. Their SL-responsiveness
was demonstrated using the SL analog rac-GR24 (Figure 6E).
To analyze interactions with TGA1, we circumvented the po-
tential for self-activation observed in fusions to the Gal4
DNA-BD by focusing on assays using TGA1 fusions with the
Gal4 activation domain (AD). The full-length TGA1-AD fusion
suppressed growth of yeast cells and thus interactions could
not be analyzed; nonetheless, AD fusions with separate frag-
ments of TGA1 allowed us to identify regions that interacted
in the presence or absence of GR24. The maize D14a interacted
directly with the SBP box of TGAT1 regardless of whether GR24
was present. However, GR24 enhanced this interaction as well as
broadening the interface to include a strongly SL-dependent do-
main immediately adjacent to the SBP box of TGA1. Similar
analysis of D53 binding to strategically truncated TGA1 frag-
ments showed that interaction was limited to a 10-aa domain
(from aa 171 to 180) of the SBP box. Further evidence from
the TGA1 paralog, NOT1, showed that a comparable region
of this protein could interact with D53 (Figure GE).
Conservation of this domain interaction in NOT1 provides add-
itional molecular evidence for an interface with the SL signaling
system. Moreover, Wang et al. (2015) showed that Not1 is a dir-
ect target of TGAT repression. Consistent with proposed SL

Figure 6 (Continued)
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modulation of this TGA1 activity, we observed a ~two-fold in-
crease in NotT mRNA levels in SL-deficient genotypes
(Figure 6F). We also found upregulation of Tgal mRNA levels
in the recessive tgal background, an effect not seen by Wang
et al. (2015). This divergence is likely attributable to differences
in developmental staging. Nevertheless, combined TGA1 and
NOT1 protein detected by antibody rose two-fold in the ab-
sence of the maize TGA1 (dimerizing repressor; Figure 6F).
Results are consistent with the model below for contributions
of SL signaling to ear architecture through effects on TGA1 pro-
tein function, stability, and/or abundance of NOT1 and TGA1
proteins.

A model for SL regulation of TGA1

To further evaluate the possible role of SLs in regulating
TGA1, we proposed and tested a model based on known
mechanisms of SL signaling (Figure 7). We also present
this model in the context of contrasting abundance and
functionality of TGA1 protein in maize and teosinte. The
maize TGAT1 is a known repressor that downregulates ex-
pression and protein abundance of its closely related Not1
paralog (see data above [Figure 6F] and Wang et al.,
2015). This decrease in NOT1 levels would proportionally
enhance the impact of SL signaling on sequestration of
TGA1 and NOT1 proteins, thus curtailing their action in
maize (Figure 7). In contrast, the teosinte TGAT1 is not a
repressor, so Not1 expression and protein levels rise,
allowing the collective NOT1 and TGA1 abundance to
overwhelm the SL signaling system (thus minimizing
SL-responsiveness). Here we focused on the SL signaling me-
chanisms in maize, where combined results from our assays
above indicated that TGA1 and NOT1 could interact with
both D53 and D14, and that this in turn could suppress ac-
tion of TGA1 as a transcription factor. By analogy with the
known function of D53 in SL signaling networks, D53 would
bind TGA1 (or NOT1) in a complex (aided here by D14) un-
til the SL-sensing system (including SL responses of both
D14 and D3) triggered breakdown of D53 and subsequent
release of the TGA1. All interactions involved in this model

NmVenus/CVenus:D53), and D14a (pDOE05-NmVenus/D14a:CVenus; X20 magnification, scale bars = 100 um). E, Interactions between TGA1, D3a,
D14a, and D53 in Y2H assays with bait proteins expressed as fusions with Gal4 DNA-BDs and prey proteins with Gal4 ADs. Blue colonies (Y2HGold)
indicate protein—protein interactions under high-stringency conditions (see Methods). Specificity of SL-responsive interactions is shown using the
synthetic SL analog, rac-GR24 and DMSO controls. A Known affinity between p53 and the large T-antigen (T) provided a positive control for inter-
actions, and a noninteracting lamin (Lam) was used with the T-antigen for a negative control (see Methods). Progressively truncated TGA1 con-
structs are diagrammed (left) and named (right) to indicate the remaining protein region (N-terminal or C-terminal) and its length in numbers of
amino acids. Ovals indicate the SBP (Squamosa-promoter Binding Protein) domain. F, Levels of mRNA for Tga7 and its paralog Not1 (upper panels)
together with abundance of encoded protein (lower panel) in developing ears (2.3-2.8 cm) of wild-type controls, ccd8, tga1, and ccd8/tgal. Absolute
expression of Tgal and Not7 mRNAs were determined using corresponding cDNA fragments as standards (* indicates increased expression of Not1 at
P <0.01, t test, with lower-case letters for expression of the teosinte allele of Tgal, means + SEM, n =3, and dots indicating data from individual
bio-replications). The combined abundance of TGA1 and NOT1 proteins is compared between genotypes using anti-TGA1 serum that recognizes
both the teosinte and maize TGAs as well as their NOT1 paralog (provided by Dr. John Doebley). Relative levels of the TGA1/NOT1 protein are
shown above a representative protein gel blot (* indicates increases at P <0.05, ANOVA and Tukey-Kramer HSD test, with lower-case letters
for differences between relative protein levels, means = SEM, n =3, and dots indicating data from individual bio-replications).
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are supported by molecular evidence from the two in vivo
systems shown above and are consistent with conserved
components of SL signaling mechanisms in other species.
Since D53 acts as a negative regulator by sequestering its
targets in complexes, knockouts of D53 should free TGAT1,
which in maize would suppress glume and cupule develop-
ment. If so, then d53 mutants would lack elongated glumes
and cupules, as well as suppress the ear phenotypes of ccd8
mutants by releasing TGA1 from its complexed form.

To test this prediction of D53 function in maize, we iden-
tified two Mu-insertion alleles of d53 from the UniformMu
(McCarty et al. 2013) and Mu-lllumina (Williams-Carrier
et al,, 2010) maize mutant resources and focused on d53-2
due to its coding sequence disruption (Figure 8A). As hy-
pothesized, the modified SL signals resulting from a dysfunc-
tional d53-2 led to responses typical of SL abundance, even in
the SL-deficient ccd8/d53 double mutant (Figure 8B). The
well-studied inhibition of lateral branching by SL signals
was lacking in the ccd8 mutants (Guan et al,, 2012), but fully
countered in double mutants with d53-2 (Figure 8B). Similar
signals of SL abundance also negated effects of SL deficiency
in the shortening of ccd8 ears (Figure 8B). Particularly rele-
vant to the model above was the impact of d53-2 on revert-
ing the elongated cupule length of the SL-deficient ccd8
mutant back to the shorter dimensions of domesticated,
wild-type maize. Collectively, the genetic evidence presented
here supports our hypothesis that the maize SL signaling net-
work enhances key ear domestication traits, and could do so
in part by modulating the availability of the maize TGA1
protein.

Our primary aim was not to determine whether CCD8
itself was a domestication gene, but rather to use this
SL-deficient mutant to elucidate the role of SLs in domesti-
cation phenotypes of the maize ear. We were nonetheless
interested in the extent to which CCD8 might have been
under selection during domestication or modern breeding.
We therefore amplified, sequenced, and compared the
CCDS8 alleles from six maize inbreds and five teosinte inbreds
(Supplemental Figure 3). Data indicated that protein se-
quence was mostly conserved (Supplemental Figure 3B).
Sequences allowed primer design (Supplemental Figure 3C)
and allele-specific quantification of CCD8 mRNA levels. The
maize CCD8 alleles were more strongly expressed in maize
than were the teosinte alleles in teosinte and were at least
two-fold to over four-fold greater depending on the maize
inbreds and teosinte accessions tested. In addition, expres-
sion of teosinte CCD8 alleles rose when introgressed into
B73 maize (Liu et al., 2016) where CCD8 mRNAs are normally
more abundant but remained two-fold lower than those of
endogenous alleles (Figure 9A). Results indicate the presence
of a regulatory mechanism in or near the teosinte CCD8 itself.
The potential for these differences in CCD8 expression to af-
fect SL profiles of young ears cannot be determined using
current technologies (Ravazzolo et al, 2019), but emerging
methods allowed quantification of SLs in root exudates of
2-week-old seedlings (Figure 9B). When measured in this
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Figure 7 A putative mechanism is diagrammed for SL-responsiveness
and its acquisition by maize TGA1. Protein-level impacts of repression
by maize TGA1 (light gray ovals) and activation by teosinte TGA1 (dark
gray ovals; upper panels), with subsequent abundance affecting seques-
tration by SL-signaling components (blue ovals; based on data in
Figure 6 and Wang et al, 2015). Release of TGA1 and its NOT1 paralog
(light yellow panels) begins when SL (lavender circle) binds to its D14
receptor (blue). Conformational changes in D14 expand its TGAT inter-
action beyond the SBP box (internal oval) to adjacent sequences
(bright pink) and initiate binding between D14 and D53 in the seques-
tration complex. Subsequent action by D14 recruits the ubiquitination
system via D3, which completes the release of TGA1 and NOT1 by tar-
geting the D53 protein for degradation (D14 follows). This progression
halts in the absence of SL (as in the ccd8 mutant), leaving sequestered
TGA1 to remain complexed with D53 and D14. The two-fold decrease
in abundance of TGA1 and NOT1 protein in maize (Figure 5) would

(continued)
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way, SL profiles in teosinte exudates varied markedly com-
pared to those of maize, with an especially large range
for zealactone, the major SL. Although much lower zealactone
levels were detected from many root exudate samples of teo-
sinte relative to maize (Figure 9B), overall no significant differ-
ence was evident between maize and teosinte. As with other
domestication features, variability may have decreased during
selection (Flint-Garcia et al, 2009). In addition, the exudate
does not necessarily reflect the production or transport of SLs.
The elevated CCD8 expression in developing ears (Guan et al,
2012) implies a potential for localized SL biosynthesis in this ma-
jor sink organ. Moreover, domestication of teosinte may have
selected for partitioning of SLs to above-ground roles as op-
posed to the possibly greater requirements for SL exudation
by roots to aid mycorrhizal associations of teosinte.

The overall elevation of CCD8 expression in maize relative
to teosinte suggested a possible target of selection in the
regulatory regions of the gene, so we surveyed these zones
using the genotypic data (179 single-nucleotide polymorph-
isms, SNPs) of 1,210 maize lines and the “Diversity” program
at MaizeSNPDB (Zhou et al,, 2019). Two regulatory regions
were identified (about —350 and —800 bp relative to the
transcription start site) that showed modest reductions in
nucleotide diversity of improved maize lines (Figure 9C).
This narrowing in nucleotide diversity is consistent with a
possible selective advantage during maize improvement,
but its magnitude is minor compared to known domestica-
tion genes.

We thus took a broader look at the SL signaling network
responsible for key domestication phenotypes to identify
other genes in this system that bore signatures of domestica-
tion or improvement. Analysis of RNA-seq data from
ccd8-mutant ears revealed 44 candidate genes for domestica-
tion and 77 for improvement (Hufford et al, 2012), each
showing at least a two-fold level of SL-responsive expression
(Supplemental Data Set 2). Several prominent candidates of
selection included SL-regulated phytohormone genes for lat-
eral organ development and other mRNAs for control of
trehalose-6-phosphate (T6P) levels that provide putative sig-
nals of sucrose abundance. A drop in levels of this T6P would
be favored by respective down- and upregulation of genes for
its biosynthesis (T6P synthase, TPS) and metabolism (T6P
phosphatase, TPP) that occur when SLs are lacking.
Additional SL-regulated candidates of selection include
Fructokinase-1 (upregulated), Sugary2/Starch synthase 2
(downregulated), and a transketolase (downregulated).

Figure 7 (Continued)

allow a greater impact of the SL-signaling system (bottom panels). Each
of the SL-signaling components is orthologous to its counterpart in rice,
where D53 is a transcription co-repressor, D14 is an SL receptor, and D3
is an F-box protein in the ubiquitin proteasome pathway (Chesterfield
et al, 2020). Each interaction shown here is also supported by molecu-
lar evidence from two in vivo systems (Figure 6) and genetic data here
and elsewhere. (For clarity, proteins are not diagrammed in proportion
to actual size.)
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Impacts of grain-bearing cupules on kernels within
them: Roles of SLs and TGA1

Lastly, Figure 10 places kernel configuration and size together
with full silhouettes of the distinctive cupule phenotypes
mediated by ccd8 and Tgal. These include the
fruitcase-to-cob transitions of glumes, cupules, and pedicels,
as well as yield-enhancing increases in seed size and accessi-
bility. A primitive teosinte-like glume is characteristic of both
recessive alleles studied here (tga1 and the SL-deficient ccd8),
but more pronounced for tga1 (Figure 10, top). Most import-
antly, although both recessives also enlarge the cupule, tga1
does so primarily by thickening the glume and pedicel,
whereas ccd8 broadens the cupule cavity by unfolding the
pronounced curl at the cupule base (shown in magenta in
Figure 10, row 2). Together, tgal and ccd8 in the double re-
cessive generate the most teosinte-like cupule architecture
yet observed. The SLs also have a prominent role in restructur-
ing pedicels such that the portions directly supporting each
kernel lie parallel to the ear axis (as in teosinte). The vascular
path to kernels is similarly altered (Figure 10, row 3). Seed ac-
cessibility is still more prominent, as are seed-size effects, the
latter evident in Tgal- and SL-mediated kernel-weight pheno-
types (Figure 10, row 4). Impacts of Tga1 on grain size are most
apparent when SLs are lacking, and otherwise are potentially
masked by additional SL-responsive seed-size factors. The
most notable effects of ccd8 are shared with teosinte and in-
clude a primitive cupule architecture and small-seed size.

Discussion

We show here that SLs have a potentially two-fold role in maize
domestication and improvement including first, an independ-
ent SL contribution to distinctive phenotypes that enhances
the grain-bearing surface, pedicel shape, and seed size, and se-
cond, SL-regulation of Tga7-mediated alterations in kernel size,
ear diameter, and proposed interactions in cupule structure.
The magnitude and SL-responsiveness of these domestication
traits is demonstrated using diverse molecular approaches to-
gether with mutants in SL biosynthesis and signaling (Figures
1-4). Of particular importance are the SL impacts that extend
beyond those of TGA1 on seed size (Figures 1 and 4) and newly
resolved aspects of the maternal architecture (Figure 5). The
latter include SL regulation of teosinte-like pedicels and kernel-
bearing cupules. An underlying basis for proposed SL control of
Tgal is defined via the molecular and genetic analyses in
Figures 6-8. The dramatic relationship between maternal
architecture and positioning of kernels is evident in composite
morphological analyses of contributions by Tgal and SLs (as
ccd8; Figure 10). Overall, our data are consistent with SLs as ma-
jor players in the ongoing process of maize domestication re-
gardless of whether individual genes in the SL signaling
system were under selection (ccd8 was used here to uncover
SL roles). In addition, the present work reveals a breadth of
SL-responsiveness among domestication traits that provides
a critical mechanism for coordinating progressive restructuring
of maternal features with those of seed size increases.
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A potentially direct role for SL signaling in domestication is
supported by two observations. First, our results show that
Tga1 is itself a SL-response factor. Thus, SL signaling is integral
to the maize Tgal phenotypes that were under positive selec-
tion during domestication. Second, our results delineate a
distinct set of Tgal-independent SL-regulated traits that
are of central importance to formation of the modern-maize
ear (see summary in Figure 10). Key roles of SLs that are in-
dependent of Tga1 include their separate contributions to ef-
fects on seed size and especially cupule architecture (a
pivotal and minimally understood domestication feature).
The SL traits noted here would have been opened to add-
itional selection following the advent of Tga1, since this mu-
tation would have (1) removed physical constraints to
SL-mediated kernel expansion, (2) facilitated SL coordination
of growth by maternal and filial tissues, and (3) relieved limit-
ing capacity of SL receptors for sequestration caused by over-
whelming levels of TGA1 and NOT1 protein. Without these

changes, selection on SL signaling may have had less impact.
In any case, due to the number of genes involved in SL signal-
ing, domestication signatures distributed over multiple genes
may escape detection, and it is likely that additional genes in
the complex SL biosynthesis and signaling pathways remain
to be discovered.

Genetic data are consistent with impacts of SL signaling
that include both independent effects and direct regulation
of TGA1. Potential interactions are clearer for kernel size and
some aspects of ear morphology but less so for cupule archi-
tecture. Additivity in structural features of cupules (Figures 4,
5,and 10) conferred by the tga1/ccd8 combination cannot be
interpreted classically as evidence of independent pathways
because teosinte tgal is a wild-type allele rather than a
loss-of-function mutation. Although recessive to the Tgal
mutant of maize, teosinte tgal (1) is expressed, (2) encodes
a functional protein, (3) is self-activating, and (4) acts redun-
dantly with the Not7 paralog. The TGA1/NOT1 proteins are
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Figure 9 Maize and teosinte differ in their CCD8 expression, SL content,
and nucleotide diversity of their CCD8 alleles. A, Abundance of CCD8
mRNAs in maize and teosinte (left panel). Transcript levels of teosinte
CCD8 alleles after introgression into maize (right panel). Absolute ex-
pression levels of CCD8 were determined using the CCD8 cDNA frag-
ment as a standard. Roots were sampled from 14-day-old seedlings.
Maize inbred lines and teosinte subspecies tested appear on the x
axis (huehuetanengensis is shortened to “huehue”). Bars show copy
number of CCD8 mRNA per microgram of total RNA. Values are
means + SEM (n = 3). Asterisks indicate a statistically significant differ-
ence between the wild-type allele (W22 or B73) and each teosinte allele
(P <0.05, t test; dots indicate data from individual bio-replications). B,
Quantification of zealactone levels in exudates of maize and teosinte
roots. The major form of SL, zealactone, was quantified by LC-MS/
MS in root exudates from seedlings of maize inbreds (B73, W22, and
Mo17) and teosinte after 2 weeks of culture in 50-mL falcon tubes.
Zealactone levels were determined by calculating area under the
peak at m/z 377 > 97. C, Comparison between nucleotide diversity of
maize and teosinte lines in the genomic regions flanking their CCD8
gene. Divergence in the genomic region is indicated by the teosinte/
maize ratio for nucleotide diversity from the two populations. The x
axis indicates coordinates of the genomic region surrounding CCDS8.

thus both present in maize and teosinte to interact with SLs
in a manner consistent with our molecular data and model.
We would not expect a strictly epistatic interaction even if
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SLs acted solely through TGA1/NOT1. A related consider-
ation is that the teosinte tgaT allele by itself confers only a
small portion of the teosinte phenotype. Substantial input
from additional genes is thus implicated yet other than a
complex QTL on chromosome 3L (Doebley, 2004), the ex-
pected modifiers have eluded discovery. We suggest that
SL-related genes may be one class of such modifier.

A prominent aspect of this work is its delineation of regula-
tory mechanisms that could allow the SL signaling network to
modulate input by TGA1 into yield-related components of
the kernel-bearing surface and of seed size itself. Dissection
of the interface between SL signaling and the TGA1 network
revealed prominent commonalities in modes of action. At the
transcript level, overlap extended to half the genes differen-
tially expressed in ears of the recessive tgal and a third of
those in the SL-deficient ccd8 (Figure 6A). Analysis of individ-
ual mRNAs upregulated in all three genotypes (ccd8, teosinte
tgal, and tgal/ccd8) showed that SL-modulated genes in the
TGAT1 network included those for lignin biosynthesis with po-
tential roles in rigidity of outer glumes. In addition, SL defi-
ciency altered expression of genes for production and
consumption of T6P, a putative signal of sucrose abundance,
that would reduce levels of this signal (mRNAs for TPS and
TPP were respectively down- and upregulated in the absence
of SLs). Data also indicate genes for secondary contributions
by other phytohormones such as observed by Dong et al.
(2019) for TB1 control of a different, core domestication net-
work that modulates vegetative architecture. Interactions
with auxin could be particularlyimportant given the potential
for SL impact on PIN-based auxin transport (Zhang et al,
2020) and for sugar-mediated repression of auxin-enhanced
SL signaling (Bertheloot et al., 2020). Collectively, our results
are consistent with a SL network that includes interactions
with other plant growth regulators as well as sugar substrates
and signals (Doll et al,, 2017; Koch and Ma, 2017).

Further resolution of network structure and interactions
emerged from identifying two points of direct molecular-
level interface between the SL signaling system and the
TGA1 regulatory network. Focus was targeted to maize
orthologs of proteins with conserved functions in SL signal-
ing, since these would have potentially analogous roles in
maize and a predicted capacity for interaction with TGAT.
The combination of in planta and Y2H assays (Figure 6) con-
firmed the potential for TGA1 to be sequestered through
interaction with D53 and D14 in maize. By analogy with de-
fined mechanisms in the SL signaling network, a lack of SLs
could attenuate transcriptional activity of TGA1 by seques-
tering its protein (together with that of NOT1) in
SL-responsive complexes (Figure 7). When SL levels are low,
TGA1 would bind to D53 (shown here) and be incorporated
into a still larger SL-regulated complex with D14 (the SL re-
ceptor; also shown here). When D14 interacts with SL, it
will recruit D3 (a director of SL-responsive ubiquitination),
which will mediate SL-triggered breakdown of the entire
complex. In maize, this release would allow TGA1 to form di-
mers that repress target genes (Figure 7), whereas the
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Figure 10 Distinctive contributions by SLs and TGA1 are summarized visually alone and together to clarify their impacts on domestication phe-
notypes of grain-bearing cupules and kernels within them. Composite silhouettes of cupule and kernel architectures are shown for modern maize
(TGA1/CCD8 in a W22 inbred), tga1 (tga1/CCD8), ccd8 (TGA1/ccd8), double recessive (tgal/ccd8), and teosinte (tga1/CCD8*). Maternal profiles were
taken directly from fresh sections most closely representing mean values for quantified structural parameters at 35 DAP, with mean cupule lengths
measured as per Dorweiler and Doebley (1997). Kernel profiles were obtained similarly. All images are aligned relative to the deepest visible, adaxial
point of each cupule. Outer glumes are shown in blue with black outline. Rachid rinds (magenta with black outline) are defined by visibly thickened
layers of hypodermis lining the inner-cupule cavity. Pedicel shape, angles, and vascular tissues are in light gray, with dark gray highlighting altered
angles between outer glumes and kernels. Seed weight and shape are presented in context with the cupules that bore them.

repression would be compromised in the absence of SLs
(confirmed for ccd8), where TGA1 would remain sequestered
with D53 and D14. Interestingly, this mechanistic signaling
model predicts a phenotype like that of SL-deficient ccd8
plants for lines where TGA1 levels are reduced by RNAi rather
than sequestered by the SL signaling system (Wang et al,
2015). Reported similarities confirm this expectation and ex-
tend from prominent aspects of the vegetative plant to its
shanks, tassels, ears and kernels (Figures 1 and 3, see also
Wang et al., 2015). Together these results show how specific
aspects of the S, L signaling network could modulate those of
the TGA1 regulatory system in a manner consistent with
their impact in maize and teosinte (Figure 7).

Three central features of this regulatory scenario differ be-
tween maize and its teosinte ancestor (Figure 7). The first is
the well-defined contrast between teosinte tgal and its
gain-of-function Tgal mutant in maize (Dorweiler et al,

1993; Dorweiler and Doebley, 1997; Wang et al, 2005,
2015). Analyses indicate that a single amino-acid change (ly-
sine to arginine) converts the maize TGA1 protein from a
transcriptional activator to a homo-dimerizing repressor
(Wang et al,, 2005, 2015). The second difference arises from
the first, because transcriptional repression by the maize
TGA1 reduces the TGAT1/NOT1 protein abundance by at
least two-fold in maize relative to teosinte (Figure 6F and
Preston et al, 2012; Wang et al, 2015). A third contrast be-
tween maize and teosinte is revealed here and lies not only
in evidence for SL-regulation of the maize TGA1 transcrip-
tion factor, but also in its independent control of additional
domestication features in ear and kernel structure. The TGA1
signaling system would become SL-responsive when it con-
verts from an activator in teosinte to a repressor in maize,
where it would reduce levels of TGA1/NOT1 protein to
such an extent that these would fall within range of control
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by sequestration in the SL-regulated network. Selection for
enhanced SL impact during maize improvement is consistent
with the multifold elevated expression of the CCD8 gene for
SL biosynthesis (two- to 10-fold depending on maize line,
Figure 9A), as well as the SL-responsive phenotypic features
observed earlier for vegetative architecture (Guan et al,
2012) and here for reproductive development (Figures 1, 3,
4, 6, and 10). In addition, domestication of maize took place
in the New World where a selective advantage of elevated SLs
would not have been impacted by associated susceptibility
to Striga hermonthica, a parasitic plant that devastates maize
yields in many parts of the globe.

Independent SL effects include striking alterations of the
kernel-bearing cupules, particularly the shortening of rachid
rinds and altered pedicel structure, whereas other impacts
are consistent with evidence for an SL-responsive portion of
the TGA1 network (Figure 10). Absence of SLs contributes
characteristic features that, together with tga7, recapitulate
the most primitive, teosinte-like grains and grain-bearing sur-
faces yet recovered. Key contributions by tga7 alone include
elongation and in-curved growth of a teosinte-like outer
glume and a partial uncurling of the rachid rind (Figure 10)
as observed in previous work on this gene (Dorweiler et al,,
1993; Dorweiler and Doebley, 1997; Wang et al., 2005, 2015).
In contrast, specific impacts of low-SL status (as in ccd8)
have a greater effect on unfolding of the rachid rind and en-
largement of the cupule cavity. Shape and position of the
pedicel are also converted to a primitive, teosinte-like angle
when SLs are lacking. These changes demonstrate that both
tgal and ccd8, separately and together, mediate distinctive
contributions to architecture of the grain-bearing surface, ex-
posure of kernels on ears, and the size of resulting seeds.

Kernel size is a pivotally important domestication trait that
increases multifold from teosinte to maize (Flint-Garcia et al.,
2009; Figure 10). Although Tga1 is well known for its regula-
tion of maternal seed-bearing structures, its full impact on
grain size during domestication may have been underesti-
mated (Wang et al, 2005). A clear role of TGA1 in kernel
size is revealed here in an SL-deficient background
(Figure 10) yet is lacking when examined in the high-SL state
of modern maize (Figure 10 and previous studies [Dorweiler
et al,, 1993; Dorweiler and Doebley, 1997; Wang et al., 2005,
2015]). The absence of a kernel-size effect by Tga1 if SLs are
abundant contrasts with the role of its rice ortholog,
OsSPL16, in seed size, shape, and grain quality (Wang et al.,
2012). Elevated expression of the wild-type OsSPL16 allele in
rice promotes cell division and grain filling in high-yield var-
ieties, whereas loss-of-function mutations lead to slender,
high-quality grains like Basmati rice (Wang et al, 2012).
Although results for maize are similar when RNAi is used to
generate Tgal loss-of-function mutants, these mutants do
not parallel the unusual, native mutation in maize. Instead,
the teosinte tga1 is converted from a transcriptional activator
to a transcriptional repressor (TGAT) thus generating a
gain-of-function rather than loss-of-function mutation. In
addition, results here show that the seed-size effect of the
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maize TGAT1 is less than that of SLs (compare ccd8 and tga1
recessives to wild type [Figure 10]). The double recessive
(tgal/ccd8) leads to a particularly small seed. This genetic
combination also uncovers the presence of additional seed-
size factors that are controlled independently by SLs.
Collectively, these results indicate that SLs mediate grain
size partially through Tga7 and that depletion of TGA1 pro-
tein by either RNAi (Wang et al, 2015) or sequestration by
SL-responsive complexes (as inferred for ccd8) leads to an es-
sentially identical small-seed phenotype (together with a full
spectrum of ear and vegetative features [Figure 1 and Guan
et al, 2012]). In addition, evidence extends beyond maize,
since the prominent role of SLs in seed size is shown here to
include other grains such as rice (Figure 1 and Table 1) and
previously, tomatoes as well (Kohlen et al,, 2012). These find-
ings are further supported by analysis of the rice SL-deficient
d10 (ccd8), d17 (ccd7), d27 (isomerase) and signaling-mutant
d14 (SL receptor, o/p fold hydrolase; Yamada et al., 2019).

A critical aspect of maize domestication is the coordination
between seed size increase and changes in the grain-bearing sur-
face. A prominent example is the protective effect of maternal
tissues surrounding kernels, since we show here that these cu-
pule structures can become detrimental if kernel growth is
not controlled. In part, release of this restraint could occur if
the proposed SL-regulation of TGA1 enhances retraction of ma-
ternal structures. However, the present work also shows that a
more complete restructuring of the kernel-bearing surface and
cupules involves additional, TgaT-independent impacts of SLs
on ear architecture. These SL-mediated features include distinct-
ive transitions of pedicel shape and cupule (rachid) structure
that would further enhance kernel exposure, harvestability,
and capacity for expansion. Comparisons in Figure 10 indicate
that although TgaT controls prominent changes in “teosinte
glume architecture,” SLs mediate a “teosinte rachid architec-
ture.” Concurrent regulation of seed size by SLs placed a critically
important set of domestication traits under the umbrella of
SL-coordination. We suggest that emergence of such a mechan-
ism for dual control of kernel growth and cupule architecture
would have been paramount during selection of modern-maize
phenotypes. The SL-modulation of these features and related
regulatory genes was apparently maintained during selection,
where balance within this network would have been paramount.

Materials and methods

Plant materials and growth conditions

The W22 and B73 inbreds of maize (Zea mays ssp. mays L.)
were used for wild-type and mutant genotypes compared
in this study. The Ds insertion mutant of CCD8 (ccd8:Ds;
W22 background) was developed by Vollbrecht et al.
(2010) and initially characterized by Guan et al. (2012). The
W22-tgal line (W22 background) was developed by Dr.
John Doebley and coworkers (Dorweiler et al.,, 1993), and pro-
vided through the Maize Genetics Coop Stock Center. Seeds
of teosinte (Zea mays ssp. parviglumis H.H. lltis & Doebley, ac-
cession: P1384061) were obtained through the North Central
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Region Plant Introduction Station of the United States
Department of Agriculture-Agricultural Research Service.
The Ac-active line (Ac-immobilized, Ac:im; W22 background)
was provided by the Boyce Thompson Institute (Ithaca, NY,
USA; Vollbrecht et al, 2010). The Mutator (Mu) insertion
lines of maize D53, D14a, and D14b (W22 background)
were developed at the University of Florida from alleles ini-
tially created by the UniformMu (McCarty et al, 2013)
and/or Mu-illumina (Williams-Carrier et al, 2010) groups.
To minimize effects of hybrid vigor or additional Mu inser-
tions in the mutant lines, all experimental material was back-
crossed to the W22 inbred for at least 2 (UniformMu) or 5
(Mu-illumina) generations. Two near-isogenic lines (NILs)
carrying teosinte alleles of CCD8 (Z033E0039 and
Z031E0519; B73 background) were selected from the teosinte
NIL set described in Liu et al. (2016). The polymerase chain
reaction (PCR) genotyping primers used to distinguish the
W22 TGA1 from the teosinte tgal are listed in
Supplemental Data Set 3. Young seedlings of maize and teo-
sinte were sampled after 14 days of growth in plastic contain-
ers of soil under controlled-chamber conditions at 24°C with
photosynthetic active radiation (PAR) at 450 umol m~2s™"
and a 16/8-h light/dark cycle. Greenhouse-grown materials
were used for string-feeding experiments and field-grown
plants for developmental analyses of plant morphology and
ears. The University of Florida research farm (Plant Science
Research and Education Unit) is located at Citra, FL, USA.

Genetic crosses and screening for development of a
ccd8::Ds revertant (CCD8::Rev)

A population for this mutant screen was developed by crossing
the homozygous Activator (Ac)-inactive ccd8:Ds mutant with
the Ac:im line (Vollbrecht et al,, 2010). The F, plants were self-
pollinated to produce F, seeds. The F, plants that segregated for
both homozygous ccd8:Ds and Ac activity were again self-
pollinated to produce F; kernels. A revertant (CCD8:Rev) was
identified from approximately 1,200 of these F; seedlings by
screening for the solid green leaves that lacked yellow stripes
typical of the ccd8 phenotype. The revertant genotype was veri-
fied by PCR and sequence analysis. Primers used for PCR geno-
typing are listed in Supplemental Data Set 3. The revertant was
self-pollinated and its ear and plant phenotypes were character-
ized at the F, and F5 generations.

Complementation of the revertant CCD8 allele

(CCD8***%®) in an Arabidopsis max4-6 mutant

To generate the construct for complementation analysis in
Arabidopsis, the maize CCD8 coding region was first sub-
cloned between the restriction sites BamH | and EcoR | of
the pGEX-2 T vector. The C nucleotide at the 1,276th pos-
ition of the CCD8 coding sequence in maize was then re-
placed with a G nucleotide by using the Q5 Site-Directed
Mutagenesis kit (NEB, Ipswich, MA, USA) according to the
manufacturer’s instructions. After confirming the change
by Sanger sequencing, the CCD8"***° coding region was
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amplified by PCR and then subcloned between the Spe |
and BstE Il sites of the pCAMBIA1305.1 vector placing it
downstream of the cauliflower mosaic virus (CaMV) 35S pro-
moter. The primers used for cloning are listed in
Supplemental Data Set 3. The constructs were transformed
into Agrobacterium tumefaciens strain GV3101 and used
for transforming Arabidopsis max4-6 via floral dip (Clough
and Bent, 1998). The T, seeds were selected on culture plates
with hygromycin (30 pg mL™") in half-strength MS. Surviving
seedlings were transferred to soil and grown in germination
mix (Sun-Gro) under controlled conditions at 22°C and
PAR at 150 umol m~2 s~ with a 16/8-h light/dark cycle.
The wild-type (Col-0) control and max4-6 seeds were germi-
nated without antibiotics under the same culture conditions.
The number of rosette branches on all seedlings was recorded
at 3 weeks after flowering, For expression analyses, leaves from
each independent line were harvested at 3 weeks after planting.
Total RNA was extracted from leaves and purified using the
plant RNeasy kit (Qiagen, Valencia, CA, USA). Concentration
of RNA was determined spectrophotometrically with a
NanoDrop 1000 (Thermo Fisher Scientific). Genomic DNA
was removed with RQT1 RNase-free DNase (Promega,
Madison, WI, USA). To quantify expression of CCD8***“ in
transgenic plants, 50 pg total RNA were used in the
SuperScript Il One-Step reverse transcription (RT)-PCR system
(Invitrogen, Carlsbad, CA, USA). The Arabidopsis Tubulin gene
provided an internal control. Primers used for RT-PCR analyses
are listed in Supplemental Data Set 3.

String-feeding system

To test if the cupule enlargement observed in ccd8 ears was
due to SL deficiency, the synthetic SL analog, GR24, was de-
livered into greenhouse-grown mutant and wild-type plants.
The GR24 was obtained and prepared as described in our
previous work (Guan et al,, 2012). Mercerized cotton thread
(size 3) and a sewing needle were purchased from a local
vendor (Walmart). When plants reached the 11-leaf stage
of development, the first set of cotton wicking threads
were inserted. The needle was used to guide each thread
through the fourth internode of the stem and then through
the cap of a 2-mL microcentrifuge tube. A knot was tied in-
side the cap and the remaining thread immersed in a solution
of either 1 uM GR24 or 0.02% (v/v) DMSO (the solvent used
for GR24). The other end of the wicking thread was treated
similarly prior to sealing the caps by snapping their lids. Two
threads were used for the first wicking system of each indi-
vidual plant. Two weeks later, another two threads were
used to set up the second wicking system at the internode
just below that of the ear. The level of solution was checked
twice per day during the first few days, then once per day.
Solutions were replenished as needed and treatments were
continued until ears were ready for harvest.

Comparison of ear phenotypes
Architecture of ears and cupules was quantified using meth-
ods established previously for domestication features of tga1
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mutants (Guan et al, 2012). The cupule length (rachis inter-
node), outer-glume thickness, and outer-glume length were
measured at 21 days-after-pollination (DAP). All analyses
were done using spikelets in the fourth to sixth positions
from the base of the ear. Cupule length was determined by
measuring the total length of 8-10 consecutive internodes
starting near the base of the ear and then dividing by that num-
ber to get the average cupule length. Student’s t test (Excel,
Microsoft) was used to test for statistically significant differ-
ences between the ccd8 mutants and normal wild-type siblings.

Histological analysis

Ears of field-grown plants were harvested at 10 days postpolli-
nation (summer 2013), dissected, and vacuum-infiltrated with
FAA (3.7% (v/v) formaldehyde, 5% (v/v) acetic acid and 50% (v/
v) ethanol). Samples were dehydrated through an ethanol ser-
ies, treated with Histoclear (Thermo Scientifc), and embedded
in Paraplast (Thermo Scientifc). Sectioning (4 1m) was done
using protocols at the Molecular Pathology Core (Dept. of
Pathology, Immunology and Lab. Medicine, University of
Florida) followed by Hematoxylin and Eosin (H&E; Thermo
Scientifc) staining. Brightfield scanning (Aperio Scanscope
CS) was used for image acquisition and ImageScope software
(Aperio) for viewing and analysis.

Molecular analysis of CCD8 alleles in maize and
teosinte

The seeds of teosinte inbreds were kindly provided by Dr.
John Doebley. For preparation of genomic DNA, leaf tissues
(~ 0.1 g) were ground first in liquid nitrogen, then extracted
in 0.5-mL DNA extraction buffer (6.93 M urea, 50 mM Tris—
HCI [pH 8.0], 0.3125 mM NaCl, 20 mM EDTA [pH 8.0], and
1% [w/v] SDS). The genomic DNA fragment containing
CCD8 was amplified with the primer pair for CCD8-Fw-2
and either CCD8-Rv-2 or CCD8-Rv-3 (Supplemental Data
Set 3) using the Phusion Green Hot Start Il High-Fidelity
PCR Master Mix (Thermo Scientific). The PCR products
were purified after gel elution using the Agarose Dissolving
Buffer (ADB; Zymo Research, Irvine, CA, USA) and verified
by Sanger sequencing (GENEWIZ). Nucleotide sequences
were aligned using the Clustal Omega program (https://
www.ebi.ac.uk/Tools/msa/clustalo/). To calculate differences
in the nucleotide diversity between maize and teosinte in
the CCD8 genomic region, we used the “Diversity” program
in the MaizeSNPDB database (http://150.109.59.144:3838/
MaizeSNPDB/; Zhou et al, 2019). The genotype database con-
tains 1,111 improved maize lines, 25 maize landraces, 20 teo-
sinte lines, and 54 other maize lines. Each sliding window
contains five SNP sites. There are 179 SNPs across 15 kb up-
stream and downstream of the CCD8 genomic region.

RNA-seq profiling and analysis

Juvenile ears (~2.5 cm) were harvested from plants grown
under controlled-chamber conditions of 24°C with PAR at
450 umol m™*s™" and a 16/8-h light/dark cycle. Three
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biological replicates were sampled from each genotype and to-
tal RNA was extracted using RNeasy Plant Mini Kits (QIAGEN).
Transcript quality was verified with a Bioanalyzer (Agilent) at
the UF-ICBR (Interdisciplinary Center for Biotechnological
Research) core facility. Each sublibrary for multiplexing was
constructed from 1pg of total RNA from each sample.
Individual sublibraries were generated using TruSeq Stranded
Total RNA Sample Preparation Kit with Ribo-Zero Plant
(llumina). For quality control analysis, the quality and quantity
of sublibraries was checked with the Bioanalyzer as noted above.
The DNA library templates were quantified by qPCR with KAPA
Library Quantification Kits (KAPA BIOSYSTEMS) following man-
ufacturer’s instructions. Libraries were multiplexed, then se-
quenced using NexSeq500 (lllumina; instrument at the
UF-ICBR core facility). Data from RNA-seq were analyzed using
the Tuxedo suite in the Galaxy platform hosted at UF
Research Computing (Goecks et al,, 2010). The read alignment
workflow progressed from fastq groomer to fastq QC, fastq trim-
mer, then Tophat2 (Trapnell et al, 2012). Parameters were ad-
justed for read lengths (typically about 150 bp for NexSeq500).
Default settings were otherwise used. Differentially expressed
genes (DEGs) were identified by Cuffdiff (Trapnell et al, 2012).

Gene expression analysis by quantitative real-time
RT-PCR

Total RNA was isolated from immature ears (2.3-2.8 cm in length
to ensure developmentally equivalent samples) and root systems
of 14-day-old seedlings using the plant RNeasy kit (Qiagen).
Tissues were ground in liquid nitrogen and half the resulting pow-
der from each sample was kept for protein extraction.
Concentration of RNA was determined using a NanoDrop
1000 spectrophotometer (Thermo Scientific). Total RNA from
each sample was treated with the RQ1 RNase-free DNase
(Promega) to remove traces of genomic DNA. For quantitative
RT-PCR, the Power SYBR green RNA-to-C, 1-step kit (Applied
Biosystems) was used with an iCycler iQ real-time PCR detection
system (Bio-rad). For absolute quantification, the gene-specific
DNA fragments used as standards were amplified by PCR.
Resulting products were purified after gel elution, their concen-
trations determined using a NanoDrop 1000 spectrophotometer
(Thermo Scientific), and their identity verified by Sanger sequen-
cing. The copy number per nanogram of fragment was then de-
termined to establish a standard curve. For analysis of CCD8
expression, DNA fragments were amplified using W06.1407-F1
and WO06.1407-R1 as primer pairs (Supplemental Data Set 3).
For quantitative RT-PCR, CCD8-qRT-F3 and CCD8-qRT-R3 were
used (Supplemental Data Set 3). For analysis of TGAT and
NOTT1 expression, primer pairs were adapted from Preston et al.
(2012). The primers for TGAT were Tgal-gRT-F and
Tga1-qRT-R (Supplemental Data Set 3), and those for NOT1
were Not1-gRT-F and Not1-qRT-R (Supplemental Data Set 3).

Immunoblot analysis
Powdered samples of the immature ears described previously
were used for protein extraction using a Plant Total Protein

€202 1oquieydag | | U Josn AleiqiT J9)uaQ 20USIOS Yl eaH BPUOIS JO "N AQ GZ1L9BY/ELOL/E/SE/RIOIHE|[90]d/Ww0d dNOd1LSpEO.)/:Sd)lY WOy PapEOjUMOd


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac370#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac370#supplementary-data
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
http://150.109.59.144:3838/MaizeSNPDB/
http://150.109.59.144:3838/MaizeSNPDB/
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac370#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac370#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac370#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac370#supplementary-data

1034 | THE PLANT CELL 2023: 35; 1013-1037

Extraction kit (Sigma, Saint Louis, MO, USA) as described by
Wang et al. (2005). Protein concentrations were determined
using the Bradford dye reagent (Bio-Rad, Hercules, CA, USA)
and purified BSA (Bio-Rad) as a standard. For immunoblot-
ting, 25 pg of protein from each sample was loaded onto a
precast TGX stain-free AnyKD gel (Bio-Rad), separated, and
transferred to the Sequi-blot PVDF membrane (Bio-Rad)
using the Trans-blot SD Semi-Dry transfer cell (Bio-Rad).
To block nonspecific sites, the membrane was incubated in
a shaking solution of 1Xx TBS and 1% casein blocker
(Bio-Rad) at room temperature for at least 1h. The blot
was then probed with anti-TGA1 primary antibody (1:1,000
dilution; kindly provided by Dr. John Doebley) and anti-actin
(I-19)-R (sc-1616) antibody (1:1,000 dilution; Lot # G0312;
Santa Cruz Biotechnology, Santa Cru, CA, USA). Actin level
provided a loading control as described by Wang et al.
(2005). The HRP-conjugated goat anti-rabbit secondary anti-
body (1:10,000 dilution; Lot# DF720699, Pierce, Rockford, IL,
USA) was used to recognize primary antibodies. The Clarity
western ECL substrate (Bio-Rad) was used to visualize HRP
on the blot and the chemiluminescent signal was imaged
by a CCD camera system (Bio-Rad). Signal strength on the
immunoblot was quantified with Image) software.

Y2H assays

The Matchmaker Gold Yeast Two-Hybrid System (Takara,
Mountain View, CA, USA) was used to test potential pro-
tein—protein interactions. Total RNA from immature ears
provided templates for cDNA synthesis and PCR amplifica-
tion of coding sequences of TgaT and the maize genes for
D53a and D14a. The Superscript Il One-Step High-Fidelity
RT-PCR kit (Invitrogen) was used for this purpose. Primers
for vector construction are listed in Supplemental Data Set 3.
The RT-PCR products were cloned into a pCR4 TOPO TA
cloning vector (Invitrogen). Plasmids were prepared using a
Zyppy Plasmid Miniprep kit (Zymo Research, Irvine, CA,
USA) and the nucleotide sequence of each cDNA clone was
verified by Sanger sequencing. Validated plasmids provided
templates for PCR amplification of DNA fragments to con-
struct Y2H vectors. The coding sequences of each full-length,
deleted, or truncated TGAT were separately cloned into the
site between EcoR | and BamH | for fusion in frame with the
GAL4 AD in the pGADT7 vector. In contrast, the coding se-
quence of maize D53a was cloned into the site between
EcoR | and BamH 1 for fusion in frame with the GAL4
DNA-BD of the pGBKT7 vector. For the 7 aa, truncated
TGA1 (pGADT7ZTGA1Y7), we first cloned the coding sequence
of TGA1 into the site between Bam HI and Eco Rl of the
pGEX-2T vector to obtain pGEX-2T-TGA1. The residues
from positions 172 to 178 (HNRRRPK) of TGA1 were then
truncated from the pGEX-2T-TGA1 using a Q5 Site-Directed
Mutagenesis kit (NEB, Ipswich, MA, USA). The resulting
pGEX-2T-TGA1Y’ construct provided the template for cloning
into the pGADT7 vector. The DNA fragments were amplified
using the Phusion Green Hot Start High-Fidelity DNA poly-
merase (Thermo Scientific). After restriction enzyme
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treatment (NEB), fragments were purified using a
Zymoclean DNA Recovery kit (Zymo Research). For ligations,
purified DNA fragments were joined to linearized vectors
using a Quick Ligation kit (NEB). Ligated products were trans-
formed into the NEB 5-a Competent E. coli (NEB). After veri-
fying nucleotide sequences of each construct by Sanger
sequencing, pGADT7-TGA1 and pGBKT7-D53a constructs
were co-transformed into the Y2HGOLD yeast strain
(Saccharomyces  cerevisiae) using the Frozen-EZ Yeast
Transformation Il kit (Zymo Research). Transformed yeast cells
were plated on selection medium without leucine or trypto-
phan (double dropout selection medium, DDO: -LT) or on se-
lection medium without adenine, histidine, leucine or tryptophan
(quadruple dropout selection medium, QDO: -LTHA) containing
40 pg mL™" X-0-Gal and 125 ng mL™" aureobasidin A at 30°C
for 3—5 days. For clarity, the positive colony (1~2 mm in diameter)
was harvested, suspended in 50-L sterile water, and 1-pL of the
resulting cell suspension spotted on the selection medium as indi-
cated. Colonies were imaged after incubation at 30°C for 2~3 days.
A Known affinity between p53 and the large T-antigen (T) pro-
vided a positive control for interactions, and a noninteracting lamin
(Lam) was used with the T-antigen for a negative control.

BiFC assays and confocal microscopy

For assessment of in vivo protein—protein interactions, we used
a Double ORF Expression BiFC system (pDOE), which has a
high signal-to-noise ratio and a significant reduction of non-
specific assembly (Gookin and Assmann, 2014). To fuse with
the 210-amino-acid N terminus of monomeric Venus flores-
cent protein (NmVen210) in the pDOE-06 vector, the coding
sequences of full-length TGA1, or truncated TGA1 (TGA1Y)
were separately cloned into the MCS1 restriction sites between
Spe | and BamH |I. Resulting constructs were designated
pDOE-06-TGAT:NmVen and pDOE-O6-TGA1A7:NmVen. For
testing the interaction between TGA1 and the maize D53,
the coding sequence of D53 was cloned into the Pml | site in
the MCS3 of either pDOE-06, pDOE-06-TGAT:NmVen, or
pDOE-06-TGAT*:NmVen. The resulting constructs were
pDOE-06-D53:CVen, pDOE-06-TGAT:NmVen-D53:CVen and
pDOE-OG-TGA1N:NmVen-DSS:CVen. The coding sequence
of D14a was cloned into the sites between San DI and Pml |
in the MCS3 of pDOE-05 vector to construct pDOE-05-D14a:
Cven. In this arrangement, interaction between D53 and D14a
will prevent assembly of a functional florescent protein. All con-
structs were verified by Sanger sequencing (GENEWIZ). Each
construct was introduced into Agarobacterium tumefaciens
strain GV3101 by electroporation (Bio-rad) and selected on
YM agar plates supplemented with 50 ug mL™" kanamycin
and 15 pg mL™" gentamicin. After incubation at 30°C for 2-3
days, one colony were inoculated into LB medium with
50 ug mL™" kanamycin, 15 ug mL™" gentamicin and 100 uM
acetosyringone (Sigma-Aldrich) at 30°C and incubated over-
night. Cells were pelleted and resuspended in infiltration buffer
(10 mM MES, 10 mM MgCl,, pH 5.6 with KOH, 100 M aceto-
syringone). Cell concentrations were adjusted to 0.2 (ODgg)
and the final concentration for infiltration was 0.1 (ODgq) for
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each vector. Nicotiana benthamiana plants were grown in ger-
mination mix (Sun-Gro) under controlled-chamber conditions
at 22°C with PAR at 150 umol m~2s™", and a 12-h light/dark
cycle. Each set of multiple infiltrations was tested on a single
leaf at the fifth to seventh position on an N. benthamiana plant
at the nine-leaf stage. Experiments were replicated three times,
with each replicate involving leaves on at least three different
plants. To quantify the effects of different constructs on leaf ne-
crosis or senescence, the chlorophyll contents or “greenness” of
leaves were determined by a SPAD 502 Chlorophyll Meter
(Spectrum Technologies, Plainfield, IL) at 6 days after infiltra-
tion. SPAD values are defined by Konica Minolta as indicators
of relative chlorophyll levels present in plant tissues.
Subcellular imaging was done with a Leica TCS SP5 confocal
microscope at light wavelength and parameters described by
Gookin and Assmann (2014).

Quantification of SLs

Individual two-week-old seedlings were each cultured in
50-mL Falcon tubes and grown under conditions described
by Charnikhova et al. (2017, 2018). Detection and measure-
ment of SLs in root exudates was conducted as described pre-
viously (Charnikova et al. 2017, 2018). Zealactone was
quantified by calculating the area under the LC-MS/MS
peak at m/z 377 > 97.

Statistical analysis

Microsoft Excel (2016) or the Online Web Statistical
Calculators (astatsa.com) was used for statistical tests. The
comparison of sample means was done by the Student’s t
test or the one-way analysis of variance (ANOVA) followed
by Tukey HSD (Honestly Significant Difference) test. The re-
sults of statistical analysis are shown in Supplemental Data
Set 4.

Accession numbers
Sequence data from this article can be found in the EMBL/
GenBank data libraries under accession numbers: CCDS8

(Zm00001d043442), D3a  (Zm00001d045313), D1l4a
(Zm00001d028294), D14b  (Zm00001d048146), D53
(Zm00001d023208), TGA1 (GRMZM2G101511), NOT1

(Zm00001d049824). RNA-seq data are available at the
National Center for Biotechnology Information Gene
Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) un-
der the accession PRJINA854162.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Diagrams of maize D14a and
D14b gene structure along with the location of each trans-
poson insertion.

Supplemental Figure S2. Confocal micrographs of combi-
nations of different constructs.

THE PLANT CELL 2023: 35; 1013-1037 | 1035

Supplemental Figure S3. Nucleotide sequence analysis of
ZmCCD8 alleles in sub-species of Zea mays.

Supplemental Table S1. Numbers of branches at 3 weeks
after flowering by Arabidopsis were consistently greater for
individual max4-6 (transgenic ZmCCD8) plants than for
Col-0 (wild type).

Supplemental Data Set S1. Genes co-regulated by Tga1l
and SL signaling.

Supplemental Data Set S2. Maize domestication and im-
provement candidate genes regulated by strigolactones in
immature ears (2.5 to 3.0 cm).

Supplemental Data Set S3. Primer list for cloning, geno-
typing, and gene expression analysis.

Supplemental Data Set S4. Details of statistical analyses.
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