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Summary

¢ In cereal plants, the size of the panicle (inflorescence) is a critical factor for yield. Panicle size
is determined by a complex interplay of genetic and environmental factors, but the mecha-
nisms underlying adaptations to temperature stress during panicle development remain lar-
gely unknown.

e We identify the rice THERMOSENSITIVE BARREN PANICLE (TAP) gene, which encodes a
transposase-derived FAR1-RELATED SEQUENCE (FRS) protein and is responsible for regulat-
ing panicle and spikelet development at high ambient temperature. The tap mutants display
high temperature-dependent reproductive abnormalities, including compromised secondary
branch and spikelet initiation and pleiotropic floral organ defects. Consistent with its ther-
mosensitive phenotype, TAP expression is induced by high temperature.

o TAP directly promotes the expression of OsYABBY3 (OsYAB3), OsYAB4, and OsYAB5,
which encode key transcriptional regulators in panicle and spikelet development. In addition,
TAP physically interacts with OsYAB4 and OsYAB5 proteins; phenotypic analysis of osyab4
tap-1 and osyab5 tap-1 double mutants indicates that TAP-OsYAB4/OsYAB5 complexes act
to maintain normal panicle and spikelet development.

e Taken together, our study reveals the novel role of a TE-derived transcription factor in control-
ling rice panicle development under high ambient temperatures, shedding light on the molecular
mechanism underlying the adaptation of cereal crops to increasing environmental temperatures.

Introduction

Temperature is one of the most important environmental factors
that affect plant growth. Global warming has increased the fre-
quency of heat stress events, with deleterious effects on crop
yields. Although the complex and sophisticated mechanisms that
allow plants to adapt to high temperature have been extensively
studied during vegetative growth (Wigge, 2013), much less is
known about these mechanisms during plant reproductive
growth, especially during early reproductive development that is
highly vulnerable to temperature stresses.

Cereal crop yields largely depend on the size of plant panicles
(inflorescences) and the number of attached spikelets that produce
grain-bearing florets. The reduction in crop yield under adverse
conditions is mostly due to a decrease in grain number rather than
grain weight (Cao ez al, 2009). In rice, high temperatures during
panicle initiation can cause a significant loss of grain number due
to interrupted differentiation of secondary branches and spikelets
(Wu er al, 2016, 2019). In wheat and barley, high ambient tem-
peratures lead to delayed panicle (inflorescence) meristem develop-
ment and reduced numbers of spikelet primordia (Jacott & Boden,
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2020). Recent studies have started to unravel the mechanisms and
key thermosensitive regulators in early inflorescence development.
Our work in barley demonstrated the role of the SEPALLATA
MADS-box protein HYMADS] in maintaining unbranched inflo-
rescence architecture at high temperatures (Li ez 4/, 2021); higher
temperatures induce conformational changes in target promoters
that promote HYMADS] binding and activation. The maize ther-
mosensitive vanishing tassell-R (rrl-R) mutant lacks tassels at high
temperatures due to arrested development of the shoot apical
meristem; the causative mutation in ZmRNRLI compromises the
rate of deoxyribonucleoside triphosphate (ANTP) production, and
therefore DNA synthesis, in a temperature-dependent manner (Xie
et al, 2020). No such thermosensitve regulators of spikelet or
inflorescence development have previously been reported in rice.
Rice plants develop a determinate compound panicle structure,
in which the central rachis bears several primary branches generated
from the panicle meristem. After generating one or several sec-
ondary branch meristems, the primary branch meristem is con-
verted to a terminal spikelet meristem. Meristems that generate
spikelets are directly initated on the primary and secondary
branches (Zhang & Yuan, 2014; Yuan ez al, 2020). The spikelet
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meristem produces a defined number of floral organs, including
the lemma, palea, lodicule, stamen, and pistil (Ikeda ez al, 2004;
Itoh et al, 2005). Rice panicle architecture and grain number
therefore rely on correct and coordinated meristem activity, which
is controlled by a complex network of transcriptional regulation
and hormone signaling pathways (Yuan ez al, 2020).

The YABBY (YAB) proteins comprise a flowering plant-specific
family of transcription factors that regulate plant development,
morphogenesis, and stress responses (Zhang et al., 2020; Palermo
& Dornelas, 2021); members of the rice OsYAB family have been
reported to play a role in panicle and spikelet development (Yam-
aguchi er al., 2004; Tanaka er al., 2012, 2017). YAB proteins are
characterized by two conserved domains: an N-terminal C,H,
zinc-finger domain and a C-terminal helix-loop—helix domain, that
is, the YABBY domain (Bowman & Smyth, 1999). YAB proteins
in dicotyledonous angiosperms are divided into five subfamilies:
CRABS CLAW (CRC), FILAMENTOUS FLOWER (FIL)/
YAB3, INNER NO OUTER (INO), YAB2, and YAB5. Mono-
cotyledonous rice lacks the YAB5 subfamily (Toriba ez al, 2007).

The FIL/YAB3 subfamily is involved in floral organ develop-
ment and establishment of inflorescence architecture. The fi/
mutants in Arabidopsis exhibit filamentous floral organs, flowers
with altered shape and number of floral organs, and immature
flowers arrested in development (Chen et al, 1999). The rice
genome contains three FIL/YAB3 genes: TONGARI-BOUSHII
(TOB1 or OsYAB5), OsYAB4 (TOB2), and OsYAB3 (TOB3)
(Toriba ez al., 2007), all of which are uniformly expressed in the
lateral organ primordia. Although the rice FIL/YAB3 subfamily
members do not exhibit polar expression of their Arabidopsis
orthologs, they share similar functions in regulating floral organ
development and inflorescence architecture. Disruption of 7OBI
led to developmental defects in spikelets and partial loss of floral
meristem identity (Tanaka ez 4/, 2012), and simultaneous RNAi
knockdown of TOB2and TOB3 in t0b1 led to small panicles that
bear naked branches without spikelets (Tanaka ez al., 2017), sug-
gesting partial functional redundancy of the three 7OBs in initi-
ating and maintaining the branch and spikelet meristems. The
mechanism(s) underlying the regulatory role of FIL/ YAB genes in
rice panicle and spikelet development remain to be elucidated.

Increasing evidence shows that transposable element (TE)-
derived genes can be sources for beneficial agronomic traits and
adaptive functions in crops in response to changing environments
(Lin ez al, 2007; Fedoroft, 2012). One such protein family is the
FAR-RED IMPAIRED RESPONSE1 (FARI1)-related sequences
(FRS) family of transcription factors in Arabidopsis (Hudson
et al., 2003). Arabidopsis FAR1 and FAR-RED ELONGATED
HYPOCOTYLS3 (FHY3) are homologous FRS proteins that par-
ticipate in a wide range of cellular processes, including signal trans-
duction in photomorphogenesis (Hudson ez al, 1999, 2003),
circadian clock regulation (Allen et al, 2006; Li er al, 2011),
chloroplast division (Chang et al, 2015), abscisic acid signaling
(Tang er al, 2013), and shoot meristem and floral development
(Stirnberg ez al, 2012; Li ez al, 2016; Liu ez al, 2016). Despite
the higher number of FRS genes in monocot genomes, their func-
tions are poorly understood. In Poaceae grasses, Mutator-like trans-
posable element (MULE)-derived transcription factors form clades
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that contain monocot-specific FAR1 domains, suggesting that
these genes may have evolved to play monocot-specific roles in
response to environmental cues (Song & Cao, 2017).

Here, we reveal that TAP, a member of the rice FRS protein
family, is required for normal reproductive growth in response to
high ambient growth temperatures. At high ambient tempera-
ture, TAP acts by itself and together with OsYAB proteins to
control panicle and spikelet development through the regulation
of gene expression. Our study provides further evidence that
transposase-derived genes have been powerful contributors to
plant adaption to climate change in the past and may be critical
tools to accelerate breeding outcomes for the future.

Materials and Methods

Plant materials and generation of transgenic plants

Rice (Oryza sativa ssp. japonica) cultivar 9522 plants were used in
this study. The #ap-1 mutant was isolated from a mutant popula-
tion generated by treating the seeds of 9522 with 60Co
y-irradiation (Wang ez al, 2006). Other mutant lines (zzp-2,
tap-3, osyab4, osyab5, and osyab4 osyab5) were generated using
CRISPR/Cas9 in 9522 and #ap-1 backgrounds as described previ-
ously (Xie et al, 2015). Sequencing of mutant lines was per-
formed by the Beijing Genomics Institute (BGI). The target
sequences used for the CRISPR constructs are listed in Table S1.

Rice was grown in the paddy fields in Shanghai during sum-
mer (27-41°C, as high temperature/HT) and in Sanya during
winter (14-29°C, as low temperature/LT). Panicles and spikelets
used for plant phenotyping were collected from plants grown in
growth chambers with controlled photoperiod and temperature
treatments (Conviron, GR48, Canada) as follows: rice seedlings
were grown under standard growth conditions (average tempera-
ture 28°C, 14 h : 10 h, day : night photoperiod) for 1 month and
then changed to short-day (SD) conditions (28°C, 11h : 13 h,
day : night photoperiod) for 2 wk to induce the transition from
vegetative to reproductive growth. After entering the reproductive
phase, rice plants were transferred to growth chambers with an
average temperature of 22, 30, or 34°C under LD (14h : 10 h)
or SD (11h : 13h) day : night cycles. Detailed settings for
growth chambers are provided in Table S2.

To generate complementation line, the proTAP::TAP-eGFP
construct was created by inserting the full-length fragment of
TAP ¢gDNA (containing 4231-base-pair promoter) with
enhanced green fluorescent protein (eGFP) into the EcoRI and
BsEIl sites of pCAMBIA1301, using In-Fusion (TaKaRa,
Kusatsu, Japan) cloning technology, and the constructed vector
was introduced into zap-1 calli using the Agrobacterium-mediated
transformation method (Hiei et /., 1994).

Characterization of the mutant phenotypes

Images of rice plants and panicles were captured with a Nikon
E995 digital camera (Tokyo, Japan). Images of spikelets and flo-
ral organs were photographed with a Leica M205A microscope
(Wetzlar, Germany).

Scanning electron microscopy and
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longitudinal section analysis were performed as described previ-
ously (Yun et al., 2013).

Map-based cloning

An F, mapping population was created from a cross between the
tap-1 mutant and the Oryza sativa ssp. indica cultivar Guangluai
4, from which 540 mutants were selected for map-based cloning
of TAP. By fine mapping, the mutation was narrowed down to a
region on chromosome 2 between two InDel makers, Y1 and Y8.
High-throughput sequencing of the genes between Y1 and Y8
revealed a mutation in LOC_0s02¢18370. Primers used in the
fine mapping are listed in Table S1.

Subcellular localization analysis in rice protoplasts

The TAP coding region was cloned into a modified pGreenlII 0000
vector between a 35S promoter and a sequence encoding GFP
using In-Fusion (TaKaRa) cloning technology. The 35 S:: TAP-GFP
plasmid and control 35 S::GFP plasmid were separately transfected
into rice protoplasts as described previously (Zhang er 4f, 2011).
After incubation for 12 h at 25°C, the protoplasts were examined
using a confocal microscope (Leica SP5). For nuclear staining, the
DAPI stock solution was diluted to 300 nM in PBS buffer and then
added to the W5 solution with protoplasts for 10 min.

RT-gPCR analysis and in situ hybridization

Total RNA was isolated using Trizol reagent (Invitrogen) from
roots, 3-wk-old leaves, and young panicles (inflorescences) of differ-
ent lengths (1-10 mm) from three biological replicates. The Prime
Script RT reagent kit with genomic DNA eraser (TaKaRa) was used
to synthesize cDNA according to the manufacturer’s instructions.
qPCR was performed using gene-specific primers (Table S2) using
three technical repeats for each biological replicate. The OsActinl
gene was used as an internal control to normalize transcript levels.

In situ hybridization was performed as described previously
(Yun ez al., 2013). TAP cDNA fragments amplified by PCR (pri-
mers listed in Table S1) were used as templates for preparing
sense and antisense probes.

ChIP—gPCR

Young panicles 1.5-2.5 mm in length were collected from p-1
plants complemented with pro TAP::TAP-¢GFP. The ChIP assay
was performed as described by Zhu ez al. (2022). OsYAB3/4/5
promoter fragments were quantified by qPCR as described previ-
ously (Li er al, 2011), using primers listed in Table S1. Their
enrichment in the proTAP::TAP-eGFP tap-1 samples was com-
pared with levels in wild-type (WT) plants.

Dual-luciferase assays

To create 358:TAP-GFP and 35 S:TDR-GFP effector vector,
the full-length 7AP and TAPETUM DEGENERATION
RETARDATION (TDR) (Fu et al, 2014) cDNA were cloned
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into modified pGreenll-0000 vector (pGreenlI-GFP). The empty
vector (35 8:GFP) and 35 S:: TDR-GFP were used as negative con-
trols. The reporter proOsYAB3::LUC, proOsYAB4::LUC, and proO-
sYABS5::LUC was constructed by cloning partial genomic fragments
of OsYAB3 (—1748 to 3953), OsYAB4 (—3590 to —1), and
OsYAB5 (—2293 to 2057) into the vector pGreenlI-0800-LUC to
drive luciferase expression, respectively. The LUC transactivation
(dual-LUC) assay was performed in Nicotiana benthamiana leaves as
described previously (Li ez al, 2014). LUC and REN activities were
measured using the Dual-Luciferase reporter kit (Promega). The
LUC/REN ratio was measured in a GloMax 20/20 luminometer
(Promega). Six biological replicates were used for each experiment.

Yeast assays

To analyze the transcriptional activity of TAP, the coding
sequence of TAP was fused in-frame with the GAL4 DNA-
binding domain (GAL4 BD) in the pGBKT7 vector. pGBK-
TAP and the empty vector were transformed into yeast strain
AH109, respectively.

For the yeast two-hybrid assays, pGADT7 was the prey plasmid
and pGBKT?7 was the bait plasmid (Clontech, USA). Full-length
TAP ¢DNA, and ¢DNA sequences encoding the N-terminal
domain (1-695 amino acids), the C-terminal domain (565-1124
amino acids), the first FAR1 DNA-BD (1-479 amino acids), and
the second FART DNA-BD (295-695 amino acids) were amplified
by PCR and cloned in-frame with the GAL4 DNA-BD of
pGBKT7 to generate the GAL4 DNA-BD constructs. The full-
length ¢cDNAs of OsYAB4 and OsYAB5 were amplified by PCR
and cloned into pGADT?7 to fuse with the yeast GAL4 activation
domain (AD). The Matchmaker GAL4 two-hybrid system (Clon-
tech, Mountain View, CA, USA) was used according to the manu-
facturer’s instructions, in which protein interaction is evidenced by
growth on medium lacking histidine and adenine and blue color
when grown in the presence of X-o-gal. Primers used for vector
construction are listed in Table S1.

Bimolecular fluorescence complementation assays

OsYAB4 or OsYAB5 cDNA was fused downstream of the
N-terminal region of YFP (1-174 amino acids), and 7AP cDNA
was fused upstream of the C-terminal region of YFP (175-240
amino acids), in the pXY106-nYFP and pXY104-cYFP vectors,
respectively (Yu er al., 2008). Constructs were transformed into
Agrobacterium tumefaciens strain GV3101 and infiltrated into
N. benthamiana leaves (Li et al, 2014). After infiltration, the
tobacco plants were left in the dark at 25°C for 48 h. Fluores-
cence signals were observed under a confocal microscope (Leica
SP5). YEP signal was excited with an argon laser at a wavelength
of 515 nm and emission detected at 505-530 nm. All primers
used for vector construction are listed in Table S1.

Electrophoretic mobility shift assays
The ChIP assay was performed according to Zhu et al. (2022).
Full-length 7AP ¢DNA was cloned into the pGBKT?7 vector
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(Clontech) for in vitro transcription/translation (TNT T7/SP6
Coupled Wheat Germ Extract System; Promega). The binding
reaction contained 25 mM Tris—acetate (pH 7.5), 1 mM DTT,
0.1 mg ml~! BSA, 2 mM MgAc, 20 nM FAM-labeled DNA, and
5 Wl of 7n vitro synthesized protein. The binding reaction was per-
formed for 30 min at 25°C before loading on a 7.5% native poly-
acrylamide gel. FAM-labeled probes were visualized using the
FAM channel of a ChemiDoc MP imaging system (Bio-Rad).
Primers are listed in Table S1.

Co-immunoprecipitation

Full-length OsYAB4 and OsYAB5 ¢cDNAs were fused with the
6 x HA tag from the modified PHB vector to produce OsYAB4
and OsYAB5 recombinant proteins tagged with hemagglutinin
(6HA). To produce TAP-""FAR1-YFP, the coding region of the
first FAR1 DNA-BD of TAP (1-479 amino acids) was fused
with YFP (which is recognized by anti-GFP antibodies). The
fusion constructs were cloned into the pHB vector that contained
the double CaMV35S promoter. Proteins were transiently co-
expressed in tobacco leaves as described above, in combinations
shown in figure legends. Proteins were extracted with ice-cold
buffer containing 25 mM Tris—=HCI at pH 7.5, 150 mM NaCl,
1mM EDTA, 10% (v/v) glycerol, 1mM DTT, 2% (v/v)
PVP40, 0.1% (v/v) Tween-20, and the Protease Inhibitor Cock-
tail (Thermo Scientific, Waltham, MA, USA). After centrifuga-
tion at 16 000 rcf for 10 min, 10 pl of the supernatant was saved
as ‘input’, and the remainder was incubated with GFP-Trap
Magnetic Agarose (ChromoTek, Munich, Germany) for 3 h at
4°C, and the beads were washed three times with wash buffer
(10 mM Tris—HCI at pH 7.5, 150 mM NaCl, 0.5 mM EDTA,
0.005% (v/v) IGEPAL-CAG630). Samples were analyzed by
immunoblotting using the following commercial antibodies:
GFP (G1544, 1 5000 dilution; Sigma), hemagglutinin
(M20003, 1 : 2000 dilution; Abmart, Berkeley Heights, NJ,
USA), goat anti-mouse IgG—horseradish peroxidase (HRP) con-
jugate (M21001, 1 : 5000 dilution; Abmart), and goat anti-
rabbit IgG-HRP conjugate (M21002, 1 : 5000 dilution;
Abmart). The primers used for vector construction are listed in

Table S1.

RNA-seq analysis

RNA-seq libraries were constructed using young panicles col-
lected from WT and #ap-I plants grown in the paddy fields in
Shanghai (average temperature: 30°C; designated HT) or in
Sanya (average temperature: 22°C; designated LT). Total RNA
isolation, quality control, and RNA-seq were performed by
Shanghai NovelBio Co. The raw sequence reads were mapped
to the Michigan State University Rice Genome Annotation
Project Release 7. The normalized sequence read counts for
each gene were calculated to infer transcript abundance in pan-
icles. DEG analysis was performed, using log, fold change of
>1.5 and false discovery rate (FDR) <0.05. Gene ontology
(GO) annotations of the detected DEGs were downloaded
from the US National Center for Biotechnology Information
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(www.ncbi.nlm.nih.gov), UniProt (www.uniprot.org), and GO
(www.geneontology.org).

Statistical analysis

Statistical analyses of all bar graphs were performed using GRAPH-
Pap Prism 8.0.2 (https://www.graphpad.com/scientific-software/
prism/). One-way or two-way ANOVA was used to evaluate sig-
nificant variations. Values of P<0.05 were considered statisti-
cally significant. The details about the statistical approaches used
can be found in the figures or figure legends. The data are pre-
sented as mean £ SD.

Results

Identification of a thermosensitive mutant in panicle and
spikelet development

To investigate the molecular mechanisms by which rice plants
respond to environmental temperatures during early reproduc-
tion, we used an existing mutant library in Oryza sativa ssp.
Japonica cv 9522 to screen for panicle and/or spikelet defects at
high temperatures (Wang ez al., 2006). We identified a mutant
thermosensitive barren panicle (tap) and named the first allele zap-
1. tap-1 vegetative plant architecture was indistinguishable from
the WT (Fig. Sla,b). At 22°C and 28°C, tp-1 panicles looked
similar to WT (Fig. 1a,b; Table $3), but morphological changes
became apparent at higher temperatures. At 30°C, p-1 panicles
were smaller than WT, with significantly decreased numbers of
secondary branches and spikelets (Fig. 1c; Table S3); while at
34°C, tap-1 plants produced dramatically shortened panicles, no
secondary branches, and a greatly reduced number of spikelets
(Fig. 1d; Table S3).

Spikelet development in #ap-1 plants was also affected by high
ambient temperature. A WT spikelet contains two pairs of sterile
glumes (rudimentary glumes and empty glumes) and one floret,
comprising a lemma, palea, two lodicules, six stamens, and one
carpel (Fig. le). tap-1 spikelets developed normally at 22°C
(Fig. le), but became increasingly disrupted as temperatures
increased (Fig. le—h). The developmental defects of zap-1 spike-
lets could be categorized into five phenotypic classes (Fig. 2a):
type I with a normal palea and lemma; type II with an abnormal
palea or lemma; type III with an abnormal palea and lemma; type
IV that are tiny and arrest early; and type V that fail to initiate
spikelets. In addition, type I, II, and IIT spikelets exhibited mal-
formed and/or reduced numbers of floral organs, homeotic trans-
formation of floral organs, and ectopic carpel formation (Figs 2b,
Slc). Type IV spikelets arrested very early in development
formed pin-like structures with a cone-shaped apex (Fig. 2cf).
In the WT panicle, lateral spikelet meristems initiate at the axils
of hair-like bracts (Fig. 2¢,h); however, type V spikelet meristems
failed to initiate in these axils (Fig. 2g,i; Table S4). The develop-
ment of zap-I plants was also observed under different day
lengths, but changes in photoperiod did not have any obvious
effect on panicle and spikelet phenotype (Tables S3, S4), allow-

ing us to conclude that zap-1 is solely a thermosensitive mutant.
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Fig. 1 TAP regulates rice panicle and spikelet development in response to high temperatures. (a—d) Phenotypes of wild-type (WT) and tap mutant panicles
at various temperatures. Bars, 1 cm. (e-h) Morphology of the WT and the tap mutant spikelets at various temperatures. ca, carpel; eg, empty glume; le,

lemma; lo, lodicule; pa, palea; rg, rudimentary glume; st, stamen. Bars, 1 mm.

TAP encodes an FRS family transcription factor

To identify the gene responsible for the zap-1 phenotype, we per-
formed map-based cloning using an F, population generated
from a cross between tap-1 and the indica cultivar Guangluai 4.
The TAP locus was mapped to chromosome 2 between two
InDel molecular markers, Y1 and Y8 (Fig. 3a). High-throughput
sequencing analysis revealed a single base-pair insertion in the last
exon of an unannotated gene, LOC_Os02g18370, which
resulted in a frameshift and deletion of 89 amino acids from the
putative protein (Fig. 3b). To confirm 7AP as the causative gene
underlying the zp-1 phenotype, we introduced a WT (cv 9522)
8.3kb genomic fragment containing the upstream regulatory
region and the eGFP-tagged coding sequence of
LOC_0Os02¢18370 into the zap-I mutant line. The zap-1 panicle
and spikelet defects were completely rescued in the comple-
mented line (Fig. S2), confirming that the single base-pair inser-
tion in 7APis the causal mutation for the wp-1 phenotype.
Protein sequence analysis revealed that TAP contains two
N-terminal C2H2 zinc-finger domains (FAR1 DNA-BDs), a
central MULE transposase domain, and a C-terminal SWIM
zinc-finger domain (Fig. 3b), all of which are FRS family protein
characteristics. Transient expression of the TAP-GFP fusion
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protein in rice protoplasts, driven by the constitutive cauliflower
mosaic virus 35S promoter (pro35S), was used to examine the
subcellular localization of TAP, using the empty vector (pro35S::
GFP) as control (Fig. 3c). TAP-GFP was observed to overlap well
with the nuclear DAPI stain, indicating that TAP is a nucleus-
localized protein (Fig. 3c). Next, we used the yeast GAL4 system
to evaluate the transcriptional activation activity of the TAP pro-
tein (Fig. 3d). The coding sequence of TAP was fused to the
GAL4 DNA-BD in the pGBKT?7 vector, which lacks the GAL4
AD. TAP was able to activate the expression of downstream
reporter genes, indicating that TAP could act as a transcriptional
activator. These results demonstrated that, similar to its Ara-
bidopsis homolog FARI1 (Lin et al., 2007), TAP is a nuclear tran-
scriptional factor.

TAP is essential for high-temperature response

The mutation in p-1 is very close to the end of the coding
sequence and leaves all conserved FRS domains intact (Fig. 3b).
To further elucidate the function of TAP in temperature
response, it was necessary to generate proteins with mutations
earlier in the protein sequence. To this end, we used CRISPR/
Cas9 technology to disrupt TAP functional domains in two new
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magnification insets of type IV and type V spikelets. (b) Mature tap-7 flowers at 30°C, with a higher magnification inset of the inner whorls of the stagnant
spikelet. cs, carpel-stamen mosaic organ; glo, glume-like lodicule; ic, immature carpel; is, immature stamen; Ics, lodicule—carpel-stamen mosaic organ; mc,
multiple carpeloids. (c, d) Scanning electron micrographs of the primary branch of wild-type (WT) (c) and tap-7 (d) panicles. White, yellow, and cyan boxes
indicate a WT, type IV, and type V spikelet, respectively. (e-g) A close-up of the WT spikelet from (c), type IV spikelet from (d), and type V spikelet from
(d), respectively. (h, i) Longitudinal section of a developing WT (h) and tap-7 (i) panicle. Arrowheads indicate axillary hair-like structures. Bars: (a, b) 1 mm;
(c, d) 500 pm; (e—g) 50 pum; (h, i) 100 pm.

alleles: #ap-2 and tap-3 (Fig. 3b). tap-2 creates a premature trans-
lation termination codon before the second FAR1 DNA-BD,
while zap-3 encodes a truncated protein without any of the con-
served functional domains.

Similar to tap-I1, tap-2 and tap-3 plants also show ther-
mosensitive defects in panicle and spikelet development under
controlled growth conditions (Fig. 1; Tables S3, S4). They
grew normally at 22°C and displayed reproductive defects as
temperatures increased, with more pronounced phenotypes
than zap-1 lines at the same temperature. At 30°C, p-2 pani-
cles produced fewer secondary branches and spikelets than
tap-1 (Fig. 1¢; Table S3), and there was no type I and type II
spikelets (Table S4). At the same temperature, fap-3 panicles
produced no secondary branches and dramatically less spikelets
than any other lines (Fig. 1c; Table S3), with a greatly
increased proportion of type IV spikelets (65%; Table S4); in
addition, 26% of spikelets were type V, resulting in the forma-
tion of naked branches (Fig. lc). At 34°C, both fap-2 and
tap-3 panicles lacked secondary branches and only contained
type IV and type V spikelets, leading to naked branches
(Fig. 1d; Tables S3, S4). These results further support our con-
clusion that the transcription factor TAP acts as a transducer
of the high-temperature signal during panicle and spikelet
development in rice, and the severity of the thermosensitive
phenotype correlates with the level of TAP protein truncation.
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TAP is highly expressed in reproductive organs and induced
at high ambient temperatures

Quantitative real-time PCR (RT-qPCR) revealed that 7AP was
preferentially expressed in panicles at early developmental stages,
that is, from inflorescence developmental stage 3 (In3) to spikelet
developmental stage 8 (Itoh ez al, 2005), but at much lower
levels in vegetative tissues (Fig. 4a). Using i situ hybridization to
further examine its spatiotemporal expression, 7AP was observed
to be highly enriched in the meristems of primary and secondary
branches and spikelets (Fig. 4b—d). During spikelet organogene-
sis, TAP transcripts were first detected in the regions where the
spikelet starts to initiate (Fig. 4d,f), uniformly expressed in the
spikelet meristem (Fig. 4g), followed by sequential expression in
the primordia of rudimentary and empty glumes (Fig. 4h), the
palea and lemma (Fig. 4i), and lodicules and stamens (Fig. 4j).
Thus, TAP appears to play a broad role during early reproductive
development, from branch initiation to floral organ develop-
ment.

To further investigate the temperature-dependent nature of
the zp mutant phenotypes, we compared 7AP expression in pan-
icles of WT plants grown at high and low temperatures. Plants
were grown at 22°C until young panicles reached 2 mm in
length, after which half of the plants were transferred to 35°C.
An approximately fourfold induction of 7AP expression was

© 2022 The Authors
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Fig. 3 Cloning and characterization of the rice gene TAP. (a) The TAP gene is located on BAC clone AP005533 from rice chromosome 2. (b) Schematic
representation of the TAP gene and encoded protein domains. White boxes represent untranslated regions. Positions of the mutations in the three tap
alleles are indicated. (c) TAP-GFP is localized in the nucleus, which stains with DAPI. Bars, 7.5 um. (d) The TAP protein, fused to the GAL4 binding domain

in pGBK7, can activate the expression of downstream reporter genes.

observed within 2 h of transfer to the high-temperature condition
(Fig. 4k). The longer-term effect on TAP expression was exam-
ined in 2 mm panicles of WT plants that had grown at 22°C,
30°C, or 35°C for 2 wk, revealing that 7AP expression became
significantly elevated as ambient temperature increased (Fig. 41).
Consistently, an increase in the TAP protein abundance was
observed under the same conditions (Fig. 4m).

TAP is a key regulator of panicle and spikelet development

To elucidate the regulatory role of TAP in panicle and spikelet
development, we used RNA-sequencing (RNA-seq) analysis to
identify differentially expressed genes (DEGs) in zap-1 panicles.
RNA-seq libraries were constructed using young panicles col-
lected from WT and ap-1 plants grown at 30°C (HT) or 22°C
(LT). Samples were collected from two developmental stages: the
start of secondary branch initiation and differentiation (panicles
1.5-2 mm; stage 1); and the completion of spikelet differentia-
tion (panicles 2.5-3 mm; stage 2). RNA-seq analysis identified
1190 DEGs from stage 1 and 1478 DEGs from stage 2 at HT
(Fig. 5a), which decreased to 537 at stage 1 and 391 at stage 2 at
LT (Fig. 5b).

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.

Gene ontology enrichment analysis on overlapping DEGs
between the two stages at HT identified that upregulated DEGs
were mainly enriched in processes such as general catabolism,
stress response, and light harvesting (Table S5), while downregu-
lated DEGs were mainly enriched in flower and meristem devel-
opment, transcription, and cell differendation (Fig. 5¢
Table S5). At LT, both the up- and downregulated DEGs were
highly enriched in processes such as long-day photoperiodism,
flowering, and circadian rhythm (Fig. 5d; Table S6). These data
suggest that TAP acts as a key regulator in panicle and spikelet
development at high ambient temperature, possibly by regulating
the expression of genes involved in related developmental pro-
cesses.

Given the role of TAP in reproductive development, we
focused on DEGs related to flower and meristem development,
and cell differentation (Table S7). From the 226 overlapping
and downregulated genes at HT, 13 genes were repeatedly
enriched in these GO categories (Fig. 5¢). Ten of the 13 were
MADS-box transcription factors with a known role in specifying
floral organ identity (Sommer ez al., 1990; Yanofsky ez al., 1990;
Saedler er al, 2001), including B-class (OsMADS4 and
OsMADSI16), C-class (OsMADS3 and OsMADS58), D-class
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Fig. 4 Expression pattern of the rice gene TAP. (a) Relative transcript levels of TAP in different rice tissues. inf, inflorescence. (b—e) In situ hybridization
assay showing TAP distribution in young panicles at stages In3 (b), In4 (c), and In6 (d). Control hybridizations with a sense probe showed no signal (e). (f-))
TAP mRNA distribution in spikelet development: spikelet primordium (f), spikelet meristem (g), primordium of rudimentary glume (sp2, h), primordium of
palea and lemma (sp4, i), and stamen primordium (sp6, j). eg, empty glume; fm, floret meristem; le, lemma; lo, lodicule; pa, palea; pb, primary branch; ps,
primordium of spikelet; rg, rudimentary glume; sb, secondary branch; sm, spikelet meristem; st, stamen. Bars: (b—g) 100 um; (h—j) 50 um. (k) Time course
of TAP expression in young panicles (<2 mm) exposed to different temperatures. (I) TAP expression in young panicles (<2 mm) of plants after 2-wk growth
at different temperatures. (m) TAP protein levels in young panicles grown at different temperatures for 2 wk. OsActin1 is used as a loading control. All data
are mean =+ SD of three biological replicates (cyan dots in a). **, P<0.01; **** P <0.0001 (pairwise one-way ANOVA).

(OsMADS13), and E-class (OsMADSI, OsMADS7, and
OsMADSS8) genes. The remaining three were Y4B family genes,
including OsYABI, OsYAB4, and DL, whose orthologs FIL and
CRC play a crucial role in Arabidopsis flower and inflorescence
development (Fig. 5e; Tanaka ez al., 2012, 2017). These 13 genes
were significantly downregulated in zap-I compared with WT
panicles at HT, but exhibited little, if any, expression changes at
LT, consistent with the observed lack of zap-1 panicle and spike-
let defects at LT (Figs 1, 5¢). Many of the remaining genes differ-
entially expressed at HT also have reported roles in the regulation
of panicle and spikelet development (Table S7), strongly support-
ing a key role for TAP as a regulator of panicle and spikelet devel-
opment at high ambient temperature.

TAP interacts with OsYAB4 and OsYAB5 to regulate
panicle and spikelet development

Mutant zap panicles grown at 34°C resemble those of the
OsYAB3-OsYAB4-RNAi osyab5 line (Tanaka et al., 2017). This
similarity, together with our RNA-seq results, led us to propose
that, at high ambient temperatures, TAP regulates panicle and
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spikelet development at least partly through the OsYAB genes. To
test this hypothesis, we compared the expression of OsYAB3,
OsYAB4, and OsYAB5 in WT and tap-3 panicles grown at differ-
ent temperatures (Fig. 6a). All three OsYAB genes were signifi-
cantly downregulated in #p-3 panicles at high ambient
temperatures (30°C and 34°C) but not at 22°C. Arabidopsis FRS
transcription factors are known to regulate the expression of tar-
get genes through ciselements such as CACGCGC (FBS),
TGTGTG (FRB1), TATATATATATATATATAT (FRB2), and
TATACATA (FRB3) (Ouyang ez al., 2011; Ritter ez al., 2017),
so we analyzed the genomic sequence of OsYAB3, OsYAB4, and
OsYABS5 and found FRBI to be predominant in all three OsYAB
genes, FBS in both OsYAB4 and OsYABS5, and FRB3 only in
OsYAB4. To determine whether TAP could directly regulate
these genes, we performed ChIP-PCR analysis on zap-I comple-
mented lines (Fig. 6b). Some genomic fragments from OsYAB3,
OsYAB4, and OsYAB5 were enriched. In a further dual-luciferase
assay, we fused partial genomic fragments (containing promoter
regions) from OsYAB3, OsYAB4, and OsYAB5 with luciferase
coding sequences in reporter constructs (Fig. 6¢), and tested

whether TAP could regulate OsYAB3, OsYAB4, and OsYAB5

© 2022 The Authors
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Fig. 5 RNA-seq analysis of the global transcriptome in rice young panicles. (a, b) Venn diagrams showing the total number of differentially expressed genes
(DEGs) (log; fold change > 1.5 and FDR < 0.05) between tap-7 and wild-type (WT) panicles at different stages under high (HT) (a) and low (b) (LT) temper-
ature conditions. Green and yellow arrows indicate the number of genes up- and downregulated, respectively, in tap-7 panicles. Inf, inflorescence. (c, d)
Top 15 significant GO terms associated with the upregulated (red) and downregulated (blue) genes from overlapping DEGs in (a) and (b), respectively. (e)
Heat map of the genes enriched in meristem development, flower development, and cell differentiation. ABCDE model genes and several YAB genes are

highlighted. Values indicate log, fold changes from the WT.

expression. The results indicated that TAP could directly regulate
the expression of OsYAB3, OsYAB4 and OsYAB5 (Fig. 6¢). Elec-
trophoretic mobility shift assays (Fig. 6d) revealed that TAP
strongly and preferentially binds to FRB1 motifs in promoters of
each OsYAB gene (Fig. 6b; Table S2); competition with nonla-
beled probes inhibited binding,.

Although these results indicated that TAP regulates panicle
development via activation of OsYAB expression, overexpression
of OsYABs could not complement #2p phenotypes (data not
shown). To test whether TAP may also act with OsYABs at the
protein level, we used yeast two-hybrid assays to show that TAP
interacts with OsYAB4 and OsYAB5 (Fig. 7a) via its first FAR1
DNA-BD (Fig. 7b), confirmed by iz wvive
immunoprecipitation assays using truncated TAP (Fig. 7c,d).
Finally, bimolecular fluorescence complementation (BiFC) assays
in N. benthamiana confirmed protein—protein interactions
between TAP and OsYAB4/OsYAB5 (Fig. 7e,f). Thus, TAP
interplays with the OsYAB function both at the transcript and
protein levels during panicle and spikelet development by

co-

© 2022 The Authors
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upregulating expression of OsYAB3/4/5 and physically interacting
with OsYAB4 and OsYABS5.

To study the biological function of the TAP—OsYAB4/5 com-
plex, we used CRISPR/Cas9 in WT and zap-I backgrounds to
create individual and muldple loss-of-function mutants of
OsYAB4 and OsYAB5 (Figs S3-S5). At 28°C, neither of the
osyab4 or osyab5 single mutants in the WT background displayed
obvious changes in panicle architecture (Fig. S4c,f), but some spi-
kelets showed pleotropic defects. In osypab4. impaired palea,
glume-like lodicules, decreased number of stamens, and multiple
carpels were observed in ¢. 9% of spikelets (Fig. S4e). In osyab5,
31% of spikelets had an elongated awn; 7% formed an impaired
cone-shaped organ without margins and lost their inner flower
organs; 14% developed extra lemma/palea-like organs; and 9%
showed striking similarity with type III spikelets found in zap
mutants (Fig. S4h). The osyab4 or osyab5 single mutants in the
tap-1 background caused synergistic developmental defects,
including smaller panicles (Fig. S4d,g), and the ratio of abnormal
florets increased significantly in both (Fig. S4e,i). In osyab4 tap-1
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Fig. 6 TAP directly regulates rice OsYAB transcription. (a) Relative OsYAB3, OsYAB4, and OsYABS5 expression in wild-type (WT) and tap-3 panicles (Sp4—
Spé) at different temperatures. Data are mean + SD of three biological replicates. ***, P<0.001 (pairwise two-way ANOVA). (b) ChIP-qPCR enrichment
of regulatory regions in OsYAB3, OsYAB4, and OsYABS5 genes in proTAP:: TAP—eGFP tap-1 transgenic plants compared with WT plants at high tempera-
ture. Various motifs in the promoter or introns are indicated. The locations of probe used in the electrophoretic mobility shift assay (EMSA) are indicated.
Data are mean =+ SD of three independent experiments. *, P <0.05; **** P <0.0001; ns, not significant (pairwise one-way ANOVA). (c) Transient expres-
sion assay in tobacco. pro35S::GFP, pro35S::TAP-GFP and pro35S:: TDR-GFP were cotransformed with proOsYAB3::LUC, proOsYAB4::LUC, and proO-
sYAB5::LUC into Nicotiana benthamiana, respectively. TDR (Tapetum Degeneration Retardation) encodes a nuclear protein, used as negative control.
Data are mean =+ SD of six independent experiments. ***, P <0.001; **** P <0.0001; ns, not significant (pairwise two-way ANOVA). (d) EMSA using
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OsYAB5 probe labeled with 5'-FAM was carried out with unlabeled probe at 10, 50, 200 or 400x concentration of labeled probe.

-

lines, 27% of spikelets had an elongated awn and 30% type 11—
like spikelets were observed, which were not found in either
osyab4 or tap-1 single mutant lines (Fig. S4e). In osyab5 rap-1
lines, the growth of the lemma and palea was suppressed in 93%
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of spikelets, such that they were unable to enclose the inner floral
organs and the development of the inner flower organs was
arrested (Fig. S4i). Finally, the loss of OsYAB4 and OsYABS func-

tion simultaneously in WT plants generated panicles that only
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had naked branches (Fig. S4j), as observed in #p mutants at high
ambient temperature. In the zap-I background, the osyab4 or
osyab5 double mutation increased the proportion of type V spike-
lets compared with the osyab4 osyab5 double mutant in the WT
background (Fig. S4l,m).

At 34°C, osyab4 spikelets showed a stronger phenotype than at
28°C, and the proportion of different osyab5 spikelet mutations
also changed (cf Fig. S5 with Fig. $4), indicating that osyab4 and
osyab5 single mutants are also sensitive to temperature. The
osyab4 tap-1 and osyab5 rap-1 panicles were similar to ap-1 pani-
cles (Fig. S5b,d,g), while a higher proportion of osyab rap spike-
lets failed to initiate or develop (25% in osyab4 tap-1, 36% in
osyab5 tap-1 compared with 12% in zap-1; Fig. SS5e,i), a trend
also observed with the double osyab mutant (77% in osyab4
osyab5 vs 89% in osyab4 osyab5 rap-1; Fig. S51,m). These results
indicate that TAP, OsYAB4, and OsYAB5 work together to con-
trol panicle and spikelet development in response to plant growth
temperature.

Discussion

According to the Food and Agriculture Organization report, 7he
State of Food Security and Nutrition in the World 2020, extreme
climate events, including high temperature, will increasingly
become the ‘new normal’ (Bongaarts, 2021), posing new chal-
lenges to food security. Understanding the heat-adaptive mecha-
nisms of plants is of utmost importance for breeding new crop
varieties with enhanced resilience to temperature stresses. Here,
we report a new thermosensitive transcription factor, TAP, which
belongs to the transposase-derived FRS family of proteins, and is
essential to maintain normal reproductive growth in rice at high
ambient temperatures.

During rice panicle initiation, the development of secondary
branches and the attached florets is highly vulnerable to high
temperature stress (Wu ez al, 2019). Interestingly, defects in
reproductive development of zp mutants only emerge at high
ambient temperatures and affect panicle secondary branch and
spikelet development (Fig. 1; Tables S3, S4). The induction of
TAP transcription in response to high temperature (Fig. 4k,l)
may represent an acclimation mechanism of rice plants to heat
stress. We predict that the domestication of 7AP in rice may cor-
relate with the adaption of rice plants to changing environmental
temperatures.

Evidence is accumulating that the molecular domestication
of transposable elements has served to meet the challenges of
the changing Miller et al, 2000; Lin
et al., 2007). Mutator and Mutator-like transposable elements
(MULEs) and their derived chimeric genes are widespread in
grass genomes. In Arabidopsis, domestication of the Mutator
transposase-derived FARI and FHY3 genes, which play critical
roles in light signal transduction, was closely associated with
the far-red light response (Lin ez al, 2007). In a recent phylo-
genetic study, 7AP was shown to cluster with a Poaceae-specific
subgroup (G25) of the FAR superfamily, distantly associated
with the dicot subgroups containing FARI and FHY3 (Young
Chae et al., 2021).

environment
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In Arabidopsis, the FRS protein FHY3 mediates shoot and flo-
ral meristem development in response to light via a complex reg-
ulatory pathway involving phytohormones and CLAVATA
(CLV) gene expression (Li ez al, 2016). Our study has revealed
that the FRS protein TAP controls rice reproductive meristem
activity in response to temperature changes. At high ambient
temperatures, f2p mutations cause a plethora of defects in meris-
tem activities, including failure to initiate branch and spikelet
meristems, arrest of floral organogenesis, and the partial loss of
spikelet meristem indeterminacy (Figs 2, S1). These findings sug-
gest that TAP is required for the function of reproductive meris-
tems as well as floral organ generation at high temperatures. Our
results, together with previous studies on FHY3 and FARI, indi-
cate that FRS family proteins may play evolutionarily conserved
roles in plant meristems to integrate environmental signals and
developmental cues. It remains to be determined whether
temperature-regulated Arabidopsis FRS proteins exist, or whether
this feature is unique to rice/cereals.

The Arabidopsis FHY3 protein directly activates the E-class
MADS-box gene SEPALLATA2 (SEP2) (Liu et al., 2016). We
have demonstrated that the zp mutation causes the downregula-
tion of 10 OsMADS genes and three YAB genes (Fig. 5e). The
FIL/YAB3 subclade of YAB proteins, to which OsYAB3, 4, and 5
belong, play conserved roles in maintaining the proper function
of meristems, with distinct distribution patterns in different spe-
cies (Siegfried et al, 1999; Juarez et al, 2004; Tanaka
et al., 2017). TAP and OsYAB3/4/5 share overlapping expression
patterns in reproductive organs and similar mutant phenotypes
(Fig. 4; Tanaka ez al., 2017), and the reduction of OsYABBY3/4/
5 expression in #ap mutants is positively correlated with the mag-
nitude of temperature increase (Fig. 6a). The TAP protein was
shown to act in concert with OsYAB transcription factors to reg-
ulate meristem activity at high ambient temperatures, both at the
transcriptional level to induce OsYAB3/4/5 expression, and at the
protein level through physical interaction with OsYAB4 and
OsYABS5 (Figs 6, 7). These results suggest that TAP and OsYABs
may form protein complexes to regulate the expression of genes
required for rice reproductive development under heat stress.

Our study has revealed that TAP and OsYAB4/5 constitute a
complicated regulatory mechanism. TAP forms protein com-
plexes with OsYAB4 and OsYABS5 to regulate downstream genes,
which are critical for panicle and spikelet development; mean-
while TAP directly regulates OsYAB4 and OsYABS5 expression,
suggesting an autoregulation mechanism (Fig. 8). Similar mecha-
nisms have been reported in the regulation of Arabidopsis floral
organogenesis, where the MADS-box protein SEPALLATA3
(SEP3) acts as the ‘glue’ to stabilize higher-order MADS-box
complexes with other floral organ identity regulators, such as
AGAMOUS (AG) and APETALA3 (AP3; Causier et al., 2010).
Furthermore, SEP3 regulates the expression of these genes via
binding to the CArG box elements in their promoters (Kauf-
mann et al., 2009). Our results suggest that TAP may function as
a hub, like SEP3, that integrates developmental and environmen-
tal signals during panicle development.

While OsYAB4/ OsYAB5 expression does not appear to be
heat-sensitive (Fig. 6a), single osyab4 or osyab5 mutants exhibited
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panicle and spikelet development at high
ambient temperatures. (a) In the wild-type
(WT), high ambient temperatures increase
the abundance of TAP, which directly
promotes the expression of the OsYAB3/4/5
genes, then TAP interacts with OsYAB4/5
and may further recruit chromatin
remodeling factors to regulate the expression
of downstream genes, which are critical for
panicle and spikelet development. (b)
Disruption of TAP leads to reduced levels of
OsYAB3/4/5 expression and disappearance
of TAP-OsYAB4/5 complexes, eventually
resulting in altered panicle and spikelet
development.

‘ TAP protein

temperature-sensitive phenotypic defects (Figs S4, S5). The
tobl (osyab5) mutant phenotype has previously been shown to
be affected by environmental factors, with the proportion of
different phenotypic classes exhibited varying between seasons
and culture conditions (Tanaka er al, 2012). In Arabidopsis,
activation of FIL in the floral organ primordia requires the
action of chromatin remodeling factors (Chung ez 4l, 2019).
It is likely that TAP and OsYABs are involved in recruiting
chromatin remodeling factors to change chromatin conforma-
tion, a process that is sensitive to temperature change; the fi/
mutant shows defects in tertiary lateral shoot formation at low
temperatures (16°C) (Sawa ez al., 1999). tap mutants did not
display obvious growth defects under normal conditions (aver-
age temperature 22-28°C), suggesting that 7AP is specifically
required for growth control at high ambient temperatures.
Other factors may also play redundant roles under normal con-
ditions, for example, other members of the rice FRS family.
Alternatively, a higher dose of TAP proteins (Fig. 4m) may be
required at high ambient temperatures to form a higher-order
transcription regulation complex with other factors, such as
chromatin remodeling factors or transcription cofactors (Fig. 8).
The possible link between the TAP-OsYAB4/5 regulatory
network and chromatin remodeling—mediated thermosensitive
transcription awaits future investigation.

In summary, we have discovered a pivotal role for the
transposase-derived transcription factor TAP in maintaining
proper reproductive meristem function under high ambient tem-
perature in rice. Our findings shed light on the molecular mecha-
nisms underlying heat adaptation of cereal crops, which may
benefit agricultural efforts to improve crop performance in the
face of global environmental change.

© 2022 The Authors
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