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Editorial on the Research Topic
Epigenetics in Plant Development

Plant growth and development are determined by the spatiotemporal regulation of gene expression
and epigenetic regulators help fine-tune the timing and patterns of gene expression. For example,
as a part of this Research Topic on Epigenetics in Plant Development, Yamaguchi describes
recent findings about one of the best-characterized plant transcription factors, LEAFY (LFY),
in Arabidopsis. Although many researchers have examined LFY function over the past 30 years,
two independent research groups recently revealed that LFY functions as a pioneer transcription
factor, one of the master regulators located at the top of the gene regulatory hierarchy. Pioneer
transcription factors reprogram the closed chromatin of their target genes and thus play critical
roles in specifying when and where downstream targets are expressed to ensure proper cell fate
and differentiation. LFY directly binds condensed chromatin, displaces the linker histone H1 in the
nucleosome, interacts with chromatin remodeling factors, and opens up chromatin to enable the
binding of other factors to specify floral fate (Weigel et al., 1992; Jin et al., 2021; Lai et al., 2021).
The emerging research on LFY is just one example of recent major breakthroughs in this field, but
much more remains to be learned about the epigenetic mechanisms underlying plant development.

Epigenetic regulation involves multiple mechanisms, including histone modifications. Fang
et al. highlight the role of histone H3 lysine methylation in regulating gene expression, with
extra emphasis on reproductive development in Arabidopsis. Members of the SET Domain Group
(SDG) serve as “writers” by depositing methylation marks (Pontvianne et al., 2010). Histone
marks are recognized by “readers,” such as proteins with PHD domains, WD40 repeats, and
Chromo domains (Jiang et al., 2009). By contrast, LYSINE-SPECIFIC DEMETHYLASE 1 (LSD1)
and Jumonji-C domain-containing proteins (JM]Js) remove methylation marks, thus serving as
“erasers.” Yamaguchi focuses on a group of Arabidopsis JM] proteins that remove trimethylation
of histone H3 lysine 27 (H3K27me3). The H3K27me3 demethylases identified to date include
EARLY FLOWERING 6 (ELF6)/JMJ11, RELATIVE OF ELF6 (REF6)/JMJ12, JMJ13, JMJ30, and
JMJ32. These proteins often function in a redundant manner to regulate plant development and
environmental responses. Keyzor et al, studied the relationship between ELF6 and JMJ13 and
revealed their antagonistic functions during Arabidopsis flower development. Compared to the
wild type, elf6 displays increased self-fertility, whereas jmjl13 mutants show decreased self-fertility.
Based on transcription data, ELF6 promotes carpel elongation by activating expansin genes. JMJ13
represses carpel growth by activating jasmonic acid signal transduction and promotes stamen
growth by activating SAUR26 expression.

Each epigenetic factor can play multiple roles in controlling gene expression in a tissue-specific
manner. Ornelas-Ayala et al, introduce multiple interacting partners of ULTRAPETALA1
(ULT1) in Arabidopsis. ULT1 controls histone H3 lysine 4 (H3K4me3) levels and counteracts
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the activity of H3K27me3 “writers.” ULT1 physically interacts
with the H3K4me3 writer ATX1 to induce H3K4me3 deposition,
and it interacts with tissue-specific transcription factors. ULT
and the GARP family transcription factor KANADI1 (KANI)
form a complex that controls gynoecium axis development.
ULT and the MYB domain-containing transcription factor
ULTRAPETALA INTERACTING FACTOR 1 (UIF1) control
floral meristem determinacy by repressing the expression of the
stem cell fate gene WUSCHEL. Chromatin structure is altered by
chromatin remodelers, such as ATP-dependent chromatin
remodeling SWITCH/SUCROSE NON-FERMENTING
(SWI/SNF) complexes. The SWI/SNF complex component
SWI3B was initially identified as a flowering time regulator
(Sarnowski et al., 2002). Lin et al,, identified a new interacting
partner for SWI3B. SWI3B genetically and physically interacts
with LEAF AND FLOWER RELATED (LFR) to determine
adaxial-abaxial cell fate in leaves.

In addition to our knowledge of interacting partners,
the factors that function upstream and downstream of
each epigenetic factor are not fully understood. Jiang
and Zheng summarize the current understanding of the
relationship  between = SPOROCYTELESS/NOZZLE  (the
core transcription factor required for megaspore mother
cell development) and epigenetic regulation at multiple
layers. Hirai et al., explored factors downstream of histone
deacetylase activity during xylem vessel cell differentiation
and identified OVATE FAMILY PROTEINI (OFPI), OFP4,
and MYB75 as downstream targets. These genes encode
transcription factors that form a complex with BELI-
LIKE HOMEODOMAING6 to control gene expression for
cell differentiation.

Although the majority of reviews and research articles in
this Research Topic describe work in Arabidopsis due to the
relative ease in performing epigenetic analysis in this plant, a
few researchers have performed epigenetic studies in other plant
species. Zhang et al., obtained genome-wide H3K27me3 and
H3K4me3 profiles in allotetraploid cotton (Gossypium hirsutum).
In general, H3K4me3 and H3K27me3 are located around the
transcription start sites of active genes and the gene bodies of
silenced genes, respectively. Consistent with this notion, the
presence of H3K4me3 and H3K27me3 leads to the activation

REFERENCES

Jiang, D., Gu, X., and He, Y. (2009). Establishment of the winter-annual growth
habit via FRIGIDA-mediated histone methylation at FLOWERING LOCUS C
in Arabidopsis. Plant Cell 21, 1733-1746. doi: 10.1105/tpc.109.067967

Jin, R., Klasfeld, S., Zhu, Y., Fernandez, G. M., Xiao, J., Han, S. K., et al. (2021).
LEAFY is a pioneer transcription factor and licenses cell reprogramming
to floral fate. Nat. Commun. 12, 626. doi: 10.1038/s41467-020-20
883-w

Lai, X., Blanc-Mathieu, R., Grand Vuillemin, L., Huang, Y., Stigliani, A., Lucas,
J., et al. (2021). The LEAFY floral regulator displays pioneer transcription
factor properties. Mol. Plant 14, 829-837. doi: 10.1016/j.molp.2021.0
3.004

and repression of gene expression, respectively, in allotetraploid
cotton. Examining the roles of histone-modifying enzymes in
other plant species remains an exciting area for future research.
Many studies related to this Research Topic have revealed
the importance of epigenetic regulation in cell fate switching or
developmental transitions. These processes occur in a limited
number of cells during a limited time window. However,
techniques such as chromatin immunoprecipitation followed
by sequencing (ChIP-seq) require large numbers of cells and
take several days to perform. To address these problems,
Ouyang et al, developed an alternative method for ChIP-
seq called nucleus CUT&Tag (nCUT&Tag). nCUT&Tag can be
completed within a day using only 0.01g of plant tissue as
the starting material. Cao et al, explored DNA methylation
dynamics using a tissue culture system to prepare plant
materials at different stages of development. The combination
of such sophisticated systems and highly sensitive techniques
will allow researchers to further explore the epigenetic regulation
of gene expression during plant development in the future.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

FUNDING

This work was supported by a grant from the Japan Science and
Technology Agency PREST(JPMJPR15QA), a JSPS KAKENHI
Grant-in-Aid for Scientific Research on Innovative Areas (No.
18H04782), a JSPS KAKENHI Grant-in-Aid for Scientific
Research B (No. 18H02465), a Grant-in-Aid for challenging
Exploratory Research (No. 19K22431), and a grant from the
SECOM Science and Technology Foundation to NY.

ACKNOWLEDGMENTS

The author thanks
this manuscript.

Sachi Ando for critical comments on

Pontvianne, F., Blevins, T., and Pikaard, C. S. (2010). Arabidopsis histone lysine
methyltransferases. Adv. Bot. Res. 53, 1-22. doi: 10.1016/S0065-2296(10)53
001-5

Sarnowski, T. J, Swiezewski, S., Pawlikowska, K. Kaczanowski,
S, and Jerzmanowski, A. (2002). AtSWI3B, an Arabidopsis
homolog of SWI3, a core subunit of yeast Swi/Snf chromatin

remodeling complex, interacts with FCA, a regulator of flowering

time.  Nucleic Acids Res. 30, 3412-3421. doi: 10.1093/nar/gk
458
Weigel, D., Alvarez, ], Smyth, D. R, Yanofsky, M. F., and

Meyerowitz, E. M. (1992). LEAFY controls floral meristem identity
in  Arabidopsis. Cell 69, 843-859. doi: 10.1016/0092-8674(92)90
295-N

Frontiers in Plant Science | www.frontiersin.org

February 2022 | Volume 13 | Article 864945


https://doi.org/10.3389/fpls.2021.717649
https://doi.org/10.3389/fpls.2021.826871
https://doi.org/10.3389/fpls.2021.825810
https://doi.org/10.3389/fpls.2021.761059
https://doi.org/10.3389/fpls.2021.634679
https://doi.org/10.3389/fpls.2021.765383
https://doi.org/10.1105/tpc.109.067967
https://doi.org/10.1038/s41467-020-20883-w
https://doi.org/10.1016/j.molp.2021.03.004
https://doi.org/10.1016/S0065-2296(10)53001-5
https://doi.org/10.1093/nar/gkf458
https://doi.org/10.1016/0092-8674(92)90295-N
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Yamaguchi

Editorial: Epigenetics in Plant Development

Conflict of Interest: The author declares that the research
was conducted in the absence of any commercial or financial
relationships ~ that could be construed as a potential conflict

of interest.

Publisher’s Note: All claims expressed in this article are solely those
of the authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may

be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Copyright © 2022 Yamaguchi. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

February 2022 | Volume 13 | Article 864945


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

‘," frontiers
in Plant Science

ORIGINAL RESEARCH
published: 12 January 2021
doi: 10.3389/fpls.2020.612055

OPEN ACCESS

Edited by:

Mingli Xu,

University of South Carolina,
United States

Reviewed by:

Shunquan Lin,

South China Agricultural University,
China

Yuan Wang,

University of California, Riverside,
United States

*Correspondence:
Guolu Liang
lianggl@swu.edu.cn

Specialty section:

This article was submitted to
Plant Development and EvoDevo,
a section of the journal

Frontiers in Plant Science

Received: 30 September 2020
Accepted: 11 December 2020
Published: 12 January 2021

Citation:

Liu C, Huang R, Wang L and

Liang G (2021) Functional
Identification of EjGIF1 in Arabidopsis
and Preliminary Analysis of Its
Regulatory Mechanisms in the
Formation of Triploid Loquat

Leaf Heterosis.

Front. Plant Sci. 11:612055.

doi: 10.3389/fpls.2020.612055

Check for
updates
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Although several results have been obtained in triploid loquat heterosis (i.e., leaf size of
triploid loquat) studies in the past years, the underlying mechanisms of the heterosis are
still largely unknown, especially the regulation effects of one specific gene on the
corresponding morphology heterosis. In this study, we sought to further illustrate the
regulatory mechanisms of one specific gene on the leaf size heterosis of triploid loquats.
A leaf size development-related gene (EjGIF 1) and its promoter were successfully cloned.
Ectopic expression of EjGIFT in Arabidopsis showed that the leaf size of transgenic
plantlets was larger than that of WTs, and the transgenic plantlets had more leaves than
WTs. Quantitative Reverse Transcription PCR (QRT-PCR) showed that the expression level
of EjGIF1 showed an AHP expression pattern in most of the hybrids, and this was
consistent with our previous phenotype observations. Structure analysis of EiGIFT promoter
showed that there were significantly more light-responsive elements than other elements.
To further ascertain the regulatory mechanisms of EjG/F7 on triploid loquat heterosis, the
methylation levels of EjGIFT promoter in different ploidy loquats were analyzed by using
bisulfite sequencing. Surprisingly, the total methylation levels of EjGIFT promoter in triploid
showed a decreasing trend compared with the mid-parent value (MPV), and this was also
consistent with the gRT-PCR results of E/GIF 1. Taken together, our results suggested that
EjGIF1 played an important role in promoting leaf size development of loquat, and
demethylation of EjGIFT promoter in triploid loquats caused EjGIFT to exhibit over-
dominance expression pattern and then further to promote leaf heterosis formation. In
conclusion, EjGIFT played an important role in the formation of triploid loquat leaf
size heterosis.

Keywords: triploid loquat, EjGIF1, transgenic Arabidopsis, leaf size, heterosis, DNA demethylation
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Liuetal.

EjGIF1 Regulates Triploid Loquat Heterosis

INTRODUCTION

Heterosis, or hybrid vigor, is a common phenomenon in many
diploid or polyploid organisms, which means the biomass,
resistance ability, yield, and some other agronomic traits in
hybrids are greater than that of the parents (Hofmann, 2012).
Heterosis has been widely used to improve the yield of the
field crops and vegetables continuously and thus has greatly
solved the crisis of food shortage especially in some developing
countries (Agbo and Teixeira da Silva, 2014). However, to date
we still know little about the mechanisms of heterosis (Wang
et al,, 2015). Researchers have proposed several models from
the genetic aspect to explain the mechanisms of heterosis
including dominance, over-dominance, and epistasis, but none
of these models can fully explain this phenomenon (Jones,
1917; East, 1936; Yu et al., 1997). Recent studies on maize,
soybean, rice, Arabidopsis, etc., have found that heterosis may
be associated with the differential gene expression based on
the fact that no new genes are produced after hybridization
(Guo and Rafalski, 2013; Miller et al., 2015; Wang et al., 2015;
Taliercio et al., 2017; Chen et al., 2018). Two gene expression-
related models, additive and non-additive gene expression, were
proposed by Chen (2010) to further explain heterosis
phenomenon. With the development of functional genomics,
such as the application of RNA-Seq technology, more and
more studies have found that heterosis may be highly related
to additive expression pattern due to the fact that genes exhibit
non-additive expression pattern in hybrids are comparatively
rare, and the non-additive genes are deemed to associate with
the formation of transgressive traits in hybrids (Guo et al,
2006; Thiemann et al., 2014). For instance, study on triploid
loquat, Liu et al. (2018a) analyzed the leaf transcriptomes of
the triploid loquats and their parents in two cross combinations
and identified that 94.56 and 86.97% transcripts were expressed
additively in the two cross combinations, respectively, and only
5.44 and 13.03% genes expressed non-additively. These results
indicated that additively expressed genes may play a fundamental
role in the formation of triploid loquats.

Recent studies found that epigenetic mechanisms, especially
DNA methylation which are considered to be associated with
the regulation of gene expression in a number of plant species
(Arikan et al., 2018). Due to the regulatory function on gene
expression, DNA methylation level is also considered to
be associated tightly with heterosis (Nakamura and Hosaka,
2010). Studies have shown that DNA methylation is mainly
occurred in the CpG island of the promoter, and the DNA
methylation density of a promoter can affect the transcriptional
activity of the gene (De Smet et al., 1999; Alasaari et al., 2012).

Loquat [Eriobotrya japonica (Thunb.) L; 2n = 2x = 34]
belongs to the subtribe Pyrinae in the Rosaceae family and
is favored by many people due to its excellent flavor and
medicinal applications (Wu et al., 2015). However, the loquat
fruits sold in the market currently are all diploid with too
many seeds, and this significantly affects their edibility (Liu
et al., 2018a). Triploid loquat breeding provides a new way
to solve the problem of low edible rate of diploid loquats.
Previous studies in our lab found that triploid loquats are not

only seedless, but also have a variety of excellent traits that
diploid and tetraploid loquats do not have, such as larger and
greener loquat leaves, showing an obvious heterosis (Liu et al.,
2018b, 2019). Liu et al. (2018a,b) have studied the mechanisms
of triploid loquat heterosis by using several triploid loquats
with clear genetic relationship and found that extensive genetic
variation and DNA methylation remodeling after the formation
of triploid loquat may change the gene expression patterns in
triploid loquats, and these further promoted the formation of
triploid loquat heterosis. However, for triploid loquat heterosis,
we still know little about the mechanisms.

Leaves are the photosynthetic place of plants, absorbing
sunlight energy to synthesize biological energy (Gonzalez et al.,
2012; Jiao et al.,, 2019). Leaves of eudicots are initiated at the
flank of the shoot apical meristem (SAM), and the extent
and direction of leaf growth have a great influence on the
leaf size and shape (Horiguchi et al., 2005; Vercruyssen et al.,
2015). Plant Growth-Regulating Factor (GRFs) is a family of
transcription factors that regulate leaf development, and nine
GRFs (GRF1-GRF9) were identified from Arabidopsis (Kim
et al., 2003). Studies on Arabidopsis and rice found that GRFs
could repress or activate the expression of their target genes
by binding to the regulatory region of DNA (Kim et al., 2012;
Kuijt et al., 2014). Overexpression of AtGRFI, AtGRF2, and
AtGRF5 could lead the cell number or size of transgenic leaves
to decrease, and these make the transgenic plants have larger
leaves than wild-type (WT) plants (Kim et al, 2003). GRF
INTERACTING FACTOR 1/ANGUSTIFOLIA 3 (GIF1/AN3)
is a transcriptional coactivator which is a functional homolog
to the human synovial sarcoma translocation protein (SYT)
transcription coactivator (Horiguchi et al., 2005; Vercruyssen
et al., 2015). Overexpression of AtGIF1 enlarged the leaf size
of the transgenic plants, whereas, loss-of-function gifl plants
developed narrower leaves (Kim and Kende, 2004; Horiguchi
et al., 2005). Yeast two-hybrid analysis showed that AtGIF1
could interact with both AtGRF1 and AtGRF5, and positively
promoted the leaf cell proliferation and regulated the leaf size
in plants (Kim and Kende, 2004; Horiguchi et al., 2005).
Thus, like GRFs, GIF1 also functions as an important
transcription factor in the size and shape regulation of plant
leaves (Kim and Kende, 2004).

Although we have verified that the triploid loquat leaves
become larger, greener than that of diploid and tetraploid
loquats, showing an obvious heterosis (Supplementary Material:
Supplementary Table S1), we still know little about the
association of leaf development with triploid loquat leaf heterosis
and also few reports on this issue. Illuminating the mechanisms
of leaf development of loquat could help us better understand
the heterosis phenomenon of triploid loquat leaf and provide
more details for the triploid loquat application in loquat breeding.
In this study, we have identified the transcription factor EjGIF1 in
loquat and made a further validation for EjGIFI function, and
at the same time, EjGIF1 promoter was cloned and also the
methylation level of EjGIF1 promoter was analyzed by bisulfite
sequencing (BSP) in different ploidy loquats. Our study will
provide more information on the morphology heterosis of
triploid loquat leaf.
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MATERIALS AND METHODS

Plant Lines

In order to overcome the unclear origin of loquat, the triploid
loquats used in this study were created by cross-fertilizing.
Two triploid loquat lines were generated in 2003, named
Triploid-A and Triploid-B. For the two triploid lines, the same
female parent (Longquan-1 tetraploid) was used to cross with
two different wild diploid loquats, GC-1 (Triploid-A) and GC-23
(Triploid-B). The tetraploid parent Longquan-1 was selected
by our laboratory, while the wild diploid parents, GC-1 and
GC-23 were identified in Guizhou Province, China, which grow
naturally in the rocky arid region and have strong levels of
abiotic and biotic resistance (Wu et al., 2015). In the meantime,
GC-1 and GC-23 also have a far genetic distance with cultivated
loquats, which could increase mutations in triploid loquats
after hybridization (Wu et al., 2015). Finally, nine and three
triploid loquats were obtained in Triploid-A and Triploid-B,
respectively, which were labeled as A-1, A-2, A-3,... A-9 and
B-1, B-2, B-3. All the plants were grown in a natural environment,
in the Experimental Base of College of Horticulture and
Landscape Architecture, Southwest University, Chongqing, China.

Isolation of EjGIF1 Complementary DNA
Sequence

The reference sequence of EjGIFI was obtained from the
RNA-Seq data base in our laboratory. The leaf material of
Longquan-1 tetraploid was used for the ¢cDNA isolation;
moreover, the RNA extraction and cDNA synthesis methods
were performed the same as Liu et al. (2019). The cloning
primers (EjGIFI-Asc I-F and EjGIF1-Xba I-R) were designed
based on the EjGIFI reference sequence, and the restriction
enzyme sites were added at the 5-end and 3'-end for the
subsequent vector construction (Table 1). PCR products
were then cloned to the pMDI19-T (Takara, Dalina)
for sequencing.

Isolation and Analysis of EjGIF1 Promoter
Sequence

In order to analyze the structure and methylation level of
EjGIF1 Cis-element, the promoter sequence of EjGIFl was
isolated based on the user manual of Universal Genome-Walker
Kit 2.0 (Takara, Clontech Laboratories, Inc., Japan). The nested
primers (1-EjGIFI GSP1 to 5-EjGIF1 GSP2) used for promoter
cloning were listed in Table 1, and the amplification products
were sequenced as the same as described above. The possible
regulatory elements of the EjGIFI promoter were annotated
by using the PlantCARE database.

Expression Pattern Analysis of Loquat
EjGIF1 Gene in Different Ploidy and
Developmental Stages

To analyze the expression level of EjGIFI in different ploidy
loquats, and in different developmental stages of loquat leaves as
well, leaves from three developmental periods of different ploidy

loquats were collected and named P I (young leaves < 5 cm),
P II (5 cm < medium mature leaves < 15 c¢cm) P III (mature
leaves), respectively (Gong et al,, 2014). The expression levels in
different developmental stages were analyzed by using the materials
of P I, P II, and P III. The RNAs were extracted as described
by Liu et al. (2019). cDNA synthesis and Quantitative Reverse
Transcription-PCR (qRT-PCR) methods were also performed by
using the methods as described by Liu et al. (2019). The primers
(qEGIFI-F and qEjGIFI-R) used in gRT-PCR analysis were listed
in Table 1. Actin of loquat was analyzed with the primer sequences
5-ATCCTTCGTCTGGACCTTGC-3"and 5-GACAATTTCCCGT
TCAGCAGT-3". All of the samples were examined in triplicate.

EjGIF1 Overexpression Plasmid
Construction and Arabidopsis
Transformation

The full length ¢cDNA sequence of EjGIFI was cloned to Asc
I-Xba 1 sites of pFGC5941 plasmid so that the EjGIFI could
express under the control of CaMV 35S promoter. The
recombinant plasmid pFGC5941-35S::EjGIF1 was then transferred
to the Agrobacterium tumefaciens strain LBA4404 by means
of electric shock. Afterward, WT plants were transformed by
using the floral dip method (Clough and Bent, 1998) with
minor modifications. Infiltration media used contained 5%
sucrose and 0.02% Silwet. Seeds of transgenic lines (T0) were
planted in soil and were selected by spraying with 20 g/L
glufosinate-ammonium after 2 weeks. The same selection methods
were used until the T2 generation was obtained, and the T2
homozygous progenies were used for phenotype observation
and expression test of EjGIF1 by qRT-PCR. All the seedlings
with glufosinate-ammonium resistance were grown in a growth
chamber under the 16 h light/8 h dark photoperiod (2,500 lux).

Positive Transgenic Plantlet Verification
Genomic DNAs were isolated from young, fresh leaves of
glufosinate-ammonium resistance plants and WT plants with
a modified cetyltrimethyl ammonium bromide (CTAB) method
(Liu et al., 2005). Then, PCR was carried out for detecting
the insertion, and the WT was used as a control. The
transgenic and WT plants were tested for the presence of
both EjGIF1 and CaMV 35s genes separately, and primers
(EjGIFI-F and EjGIF1-R, and CaMV 35s_F and CaMV 35s_R)
are listed in Table 1.

Gene Expression Detection in the Positive
and Wild Type Plants

Total RNAs were extracted from young, fresh leaves of T2
homozygous progenies and WT plants. The RNA extraction,
cDNA synthesis and qRT-PCR methods were performed the
same as Liu et al. (2019). The primers (QEjGIFI-F and qEjGIF1-R)
were listed in Table 1. WTs were used as controls and the
reference gene (Actin) of Arabidopsis was analyzed with the
primer sequences 5'-CTTCGTCTTCCACTTCAG-3'and 5-ATC
ATACCAGTCTCAACAC-3". Each transgenic line and each WT
was examined in three plantlets as biological repetition.
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TABLE 1 | Primers used in this study.

Primer name

Primer sequence (5'-3)

Tm value (°C)

EiGIF1-Asc I-F 5'-AGGCGCGCCATGCAGCAGCACCTGATCAGA-3' 87.3
EiGIF1-Xba I-R 5'-GCTCTAGATTAATTTCCATCATCGGTCGAT-3' 68.6
1-EGIFT GSP1 5-TGGTAGGAGGCTGGGGTTGAGAATC-3' 68.7
1-EGIFT GSP2 5-GCTGTAGCTTTGCTTGGTTCTCTGC-3' 66.0
2-E[GIFT GSP1 5'-CTCTCTCTAACTTTCTCACTCC-3' 496
2-E[GIF1 GSP2 5-GCTTTTTTTTTACAGAGTTGAG-3' 51.9
3-E/GIFT GSP1 5-TTGCTGCATGTAATGTGCTCCTGGTTG-3' 7.
3-EJGIF1 GSP2 5-AGATTCCGCTGTAGCTTTGCTTGGTTC-3' 69.4
4-EJGIFT GSP1 5-AAGAAGGAGGACCTGCTGAATGTGATC-3' 67.4
4-EjGIFT GSP2 5-GTTGTTAGGATAATAGGCTGCCATCAT-3' 63.8
S-EjGIFT GSP1 5-CAGATTGTTGAGATGTTTATTGCGGGC-3' 69.1
S-EjGIFT GSP2 5'-AATGGCGTACAGAGAATGCGATTGTCA-3' 69.9
QE/GIF1-F 5'-TACTCCCAGCAACCGTTTTCA-3' 60.7
QE/GIF1-R 5-TCCAGCATTATTTCCCTCATT-3' 56.7
EGIF1-F 5-ATGCAGCAGCACCTGATG-3' 551
EGIF1-R 5-TTAATTTCCATCATCGGTCGAT-3' 515
CaMV 35s_F 5-TGAGACTTTTCAACAAAGGATAATT-3' 54.6
CaMV 35s_R 5-TGTCCTCTCCAAATGAAATGAAC-3' 58.5
CpG1-F 5-ACAGTTACCTGAGGACTCTGGAGTC-3' 64.4
CpG1-R 5-CTGTGGTAGTGAGAAGTAAGGTCGT-3' 65.2
CpG2-F 5'-CCACAGTAAGTACAACCACCAG-3' 596
CpG2-R 5'-CTCAAACAGATCGTGTCTACACTTT-3' 58.5
CpG3-F 5-GGTTTTGTAGGTAAGATTATAGATTTGAGA-3' 61.6
CpG3-R 5'-TAAAAATAATCCCCAACCACCTATA-3' 59.4

Leaf Morphology Traits Analysis of
Transgenic and WT Plants

The T2 homozygous progenies and WT plants were grown in
the growth chamber for about 1 month and their leaf morphology
traits were recorded individually. The methods for leaf length
and width measuring were the same as Liu et al. (2018b),
and the leaf size was measured by using the Image] software.
For each trait, 20 individuals in each transgenic line were
measured as biological repetition, and three values were measured
for each individual as technical repetition.

BSP Sequencing for EjGIF1 Promoter in
Different Ploidy Loquats

Tiangen Bisulfite Conversion Kit (Tiangen Company, Beijing)
was adopted for genomic DNA bisulfite conversion. CpG islands
prediction and PCR amplification primers for bisulfite sequencing
design were carried out by using the online software (http://
www.urogene.org/cgi-bin/methprimer/methprimer.cgi). Primers
(CpG1-F and CpGl-R, CpG2-F and CpG2-R, and CpG3-F
and CpG3-R) used for bisulfite sequencing are listed in Table 1.
The amplification products were also sequenced as the same
as described above, and for each CpG island, 15 randomly
chosen clones per genotype were sequenced. The methylation
levels were counted as described by Liu et al. (2018b).

Statistical Analysis
The phylogenetic tree was generated by using the Clustal W,
and the bootstrap test was set at 1,000 to test confidence for

the tree (Higgins et al., 1994). The MEGA 5.0 software was
used for phylogenetic tree construction with Neighbor-Joining
method (Tamura et al, 2011). Mid-parent value (MPV) was
adopted to measure the heterosis, and it was calculated by using
the method of Turner (1953). Briefly MPV was calculated
according to the genomic contribution by the two parents, i.e.,
MPV = 2/3 Longquan-Itetraploid + 1/3 GC-1/GC-23. The gene
expression patterns were classified into two classes by using the
method described by Liu et al. (2019). Briefly, (i) additive
expression pattern, which gene expression levels in hybrids were
at the MPV (MPL); (ii) non-additive expression pattern, which
gene expression level was deviated from the MPV. The non-additive
expression pattern was further classified into two classes; (iii)
dominance expression pattern, which the gene expression level
was at the high parent level (HPL) or at the low parent level
(LPL); and (iv) over-dominance expression pattern, which the
gene expression level was above the high parent level (AHP)
or below the low parent level (BLP). Finally, the significance
examination was performed by using the one-way ANOVA method.

RESULTS

Identification and Characterization of
EjGIF1

Based on the reference sequence from RNA-Seq database, a
segment of 651 bp cDNA sequence was obtained and sequenced,
named EjGIFI. Sequence analysis showed that EjGIF1 encoded
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a 216 amino acids protein with the molecular weight of 23.20 kDa.
The sequence of EjGIF1 was submitted to National Center for
Biotechnology Information (NCBI) and the accession number
was MK573556. To investigate the relationship among the GIFI
genes in different species, we downloaded the reported cDNA
sequences from NCBI, and these reported GIF1 proteins were
mainly distributed in 10 families, Rosaceae, Solanaceae,
Curcurbitaceae, Euphorbiaceae, Malvaceae, Sterculiaceae,
Leguminosae, Rutaceae, Juglandaceae, and Papilionoideae. The
phylogenetic tree was created by using the deduced protein of
EjGIF1 and these reported GIF1 proteins. The same with the
traditional taxonomy, our results showed that EjGIF1 was separated
from the other GIF1 proteins clearly, and EjGIF1 was clustered
into Rosaceae and was closest to Malus x domestica (Figure 1B).

GIF1 is a leaf shape related protein which was first isolated
by Relichova (1976). Previous researches showed that GIF1 is
a homolog of SYT whose N-terminal contains a conserved SYT
N-terminal homology (SNH) domain, and this domain could
participate in protein-protein interactions (Crew et al, 1995;
Thaete et al, 1999; Kato et al, 2002). In this study, results of
multiple sequence alignment showed that EjGIF1 also contained

a SNH domain, and this was consistent with the previous studies
(Figure 1A). Taken together, these results suggested that EjGIF1
gene is kept highly conserved during the evolution processes.

Generating and Verification of
Transformants

To investigate the potential function of EjGIFI, an over-expression
vector with EjGIF1 CDS sequence under the control of CaMV
35S promoter was transferred into Arabidopsis. After continuous
screening with glufosinate-ammonium, we finally got 50 plantlets
belonging to 10 transgenic lines. The transgenic seedlings and
the WT ones were then transferred to the new pots and
cultured in the growth chamber.

To verify the reliability of the transgenic plantlets, the
presence of EjGIFI and CaMV_35s in the genomes of transgenic
and WT plantlets were performed by PCR separately. The
empty vector (pFGC5941) and the WT genomic DNA were
set as controls. The detection results of the two genes in the
transformants and W'Ts suggested that the two expected specific
fragments appeared in the right positions, indicating the precision
of these transgenic plantlets was reliable (Figure 2).
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FIGURE 1 | (A) Multiple sequence alignment of EJGIF1 SNH domains with other GIF1s reported in National Center for Biotechnology Information (NCBI);
(B) Phylogenetic relationships between loquat EjGIF1 and other GIF1 proteins reported in NCBI. The unrooted were constructed using MEGA 5.0 by neighbor-
joining method, and a bootstrap test was set at 1,000 to test confidence for the tree.
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FIGURE 2 | Positive transgenic plantlets verification. CaMV_35s and E/GIF1 genes were detected by PCR, and CK1 and CK2 were set as control. M represents
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Over-Expression of EjGIF1 in Arabidopsis
Enlarged Leaf Size and Leaf Number

To evaluate the regulatory effects of EjGIFI on leaf
development in Arabidopsis, we selected five independent
transgenic lines (named: OE1l, OE2...OE5) with fine
phonetype for further phenotype analysis, and the WT
plantlets were set as controls. The transgenic and WT
plantlets were grown in a growth chamber for about 1 month.
The same to the previous studies, we also found that
overexpression EjGIFI in Arabidopsis could lead the leaf
length and width to become larger than the WTs (Table 2).
Moreover, the leaf sizes of the transgenic plantlets were
enlarged as well. As shown in Table 2, the leaf area of
the five transgenic plantlets (OE1, OE2...OE5) were
342.53 mm? 380.32 mm? 313.00 mm? 285.72 mm? and
285.48 mm?, while the WT was 257.71 mm? (Figures 3A,C;
Table 2). Correlation analysis between the leaf area and
the expression level of EjGIFI in the five transgenic plantlets
found that except for OEIl, there was a positive correlation
between the leaf area and the expression level of EjGIFI
in the transgenic plantlets (Figures 3B,C). Therefore, these
indicated that EjGIFI plays an important role in regulating
the development of the loquat leaf size.

Interestingly, we also found that the transgenic plantlets
had significantly more leaves than the WT (Figure 3D; Table 2).
As shown in Table 2, the WT contains 11 leaves, while the
transgenic plantlets contain 20, 20, 19, 15, and 23 leaves,
respectively. Different from previous studies (Kim and Kende,
2004; Horiguchi et al., 2005), our results suggested that EjGIFI
could not only promote the development of leaf size but also
increase the formation of leaf primordium, but how does this
occur requires to be further researched.

Finally, the expression levels of EjGIFI in the five transgenic
lines and WTs were detected by qRT-PCR. Results showed
that EjGIFI were expressed higher in all the five transgenic
lines than that of the WTs (Figure 3B), and transcripts have
not been detected out in the WT ones.

Expression Analysis of EjGIF1 in Different
Developmental Stages and Ploidy Loquat
To ascertain the expression levels of EjGIFI in different
developmental stages of loquat leaf, we then measured the
expression levels of EjGIFI in three developmental stages of
different ploidy loquats by qRT-PCR. Our results showed that,
for most of the genotypes, the expression levels of EjGIFI
displayed a tendency of rising first and then dropping, and
expressed the highest levels in P II (Figure 4A).

Our previous studies on the morphologies of loquat
leaves demonstrated that many morphological characteristics
of triploid loquat leaves showed a different degree of heterosis
compared with their parents, such as leaf length and width
(Supplementary Material: Supplementary Table S1). In
order to investigate the regulatory effects of EjGIFI on the
formation of triploid leaf morphology heterosis, the expression
analyses of EjGIF1I in different ploidy loquats were performed.
Based on the results above, materials of P II were used
for further analysis. The results showed that the expression
of EjGIF1 in most of the hybrids exhibited AHP (A-3, A-4,
A-5, A-6, A-7, A-8, and B-2) expression pattern, demonstrating
pronounced heterosis (Figure 4B; Table 3). Only A-1 showed
an LPL expression pattern, and A-2, A-9, B-1, and B-3
were expressed BLP (Figure 4B; Table 3). No hybrids
expressed MPL and HPL. The qRT-PCR results were basically
consistent with our previous morphology (leaf length and
width) studies. These results indicated that EjGIFI may
play an important role in the formation of leaf heterosis
of triploid loquat.

Isolation and Characterization of EjGIF1
Promoter

Gene expression was regulated by both Cis-elements and trans-
regulatory factors (Shi et al., 2012; Wittkopp and Kalay, 2012).
In order to ascertain the possible regulatory mechanisms of
EjGIF1 gene in regulating the leaf development of loquats,
we cloned a 2,475 bp promoter sequence from the upstream
of the initiation codon of EjGIFI by using the Longquan-1
tetraploid genomic DNA. Results of the online prediction
showed that there were five hormone-responsive elements
(GARE-motif, TATC-box, TCA-element, ABRE, and P-box),
12 light-responsive elements (AE-box, Box4, C-box, G-box,
GAG-motif, Gap-box, LAMP-element, Sp1, TCT-motif, CATT-
motif, I-box, and MNF1), and six stress-responsive elements
(HSE, ARE, GC-motif, MBS, DRE, and TC-rich repeats; Table 4;
Figure 5A). What caught our attention was that the light-
responsive elements were far more than the other elements,
and these suggested that the expression of EjGIF1 may be highly
sensitive to light changes, but this need to be further validated.

Promoter Methylation Level Analysis of
Different Ploidy Loquat

DNA methylation level of a promoter can directly affect
the transcriptional activity of the gene (Wei et al., 2018).
Moreover, gene expression level could further affect the

TABLE 2 | Leaf morphologies analysis of the transgenic and WT plantlets.

WT OE1 OE2 OE3 OE4 OE5
Leaf length (cm) 3.3+0.17 43+0.1 4.5+ 0.1 4.3+01 40+0.1 4.7 +01
Leaf width (cm) 1.2+0.1 1.3+0.1 1.6+0.1 1.4+0.1 1.4+0.1 1.3+0.1
leaf area (mm?) 257.71 £1.36 342.53 £4.20 380.32 £ 0.91 313.00 £ 1.55 285.72 £ 3.32 285.48 £ 1.01
Leaf number 11 +1 20+ 1 20+ 1 19 +1 15+2 23+2
®mean + standard deviation.
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FIGURE 4 | (A) £/GIF1 expression analyses in different development stages
and (B) ploidy loquats. Actin gene was selected by our laboratory previously

which was used as a control. All data are from three technical repeats (n = 3).
Error bars denote |S|D.

phenotype of a plant. Therefore, in order to further analyze
the regulatory effects of EjGIF1 on the leaf morphology
development of loquat, we randomly selected three triploids
from Triploid-A (A-3, A-5, and A-6), and the methylation
levels of EjGIF1 promoters in the three triploids and their
parents (Longquan-1 tetraploid, GC-1) were analyzed by
bisulfite sequencing. CpG island prediction showed that there
were three CpG islands in the promoter, and the length

bGene expression level was at the high parent level.
°Gene expression level was at the low parent level.
9Gene expression level is above the high parent level.
eGene expression level is below the low parent level.

were 151 bp, 306 bp, and 191 bp, respectively (Figure 5B).
The sequences of the three CpG islands were further used
for primer design (Table 1). Bisulfite sequencing results
exhibited that methylation levels of diploid parent GC-1
were basically slightly higher than that of the tetraploid
parent in all the three contexts ("CG, "CHG, and "CHH)
among the 3 CpG islands. However, when compared with
MPVs, the methylation levels of the hybrids (A-3, A-5, and
A-6) showed a decreasing trend in almost all the three
methylation types among CpGl and CpG3 islands, and only
CpG2 showed an increasing trend (Figures 6A-C).
Interestingly, when we counted for the total methylation
level for the EjGIFI promoter in the three hybrids, it was
showed that the methylation level demonstrated a decreasing
level in all the three hybrids compared with MPV (21.50%),
with the methylation level of 17.56% (A-3), 18.33% (A-5),
and 17.84% (A-6), respectively (Figure 6D).

Taken together, our results suggested that the total methylation
levels of EjGIFI promoter in triploid loquats (A-3, A-5, and
A-6) showed a decreasing trend, and this may generate the
expression differences of EjGIFI between triploid loquats and
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TABLE 4 | Partial Cis-regulatory elements in the promoter of EiGIF1.

Motif Sequence Function
AE-box AGAAACAA Part of a module for light response
ARE TGGTTT Cis-acting regulatory element essential for the anaerobic induction
Box 4 ATTAAT Part of a conserved DNA module involved in light responsiveness
C-box CTGACGTCAG Cis-acting regulatory element involved in light responsiveness
G-box CACGAC Cis-acting regulatory element involved in light responsiveness
GAG-motif AGAGAGT Part of light responsive element
GARE-motif AAACAGA Gibberellin-responsive element
Gap-box AAATGGAGA Part of light responsive element
LAMP-element CCAAAACCA Part of light responsive element
MBS CAACTG MYB binding site involved in drought-inducibility
Sp1 CC(G/A)CCC Light responsive element

HGIFT TATC-box TATCCCA Cis-acting element involved in gibberellin-responsiveness
TCA-element CCATCTTTTT Cis-acting element involved in salicylic acid responsiveness
TCT-motif TCTTAC Part of light responsive element
Circadian CAANNNNATC Cis-acting regulatory element involved in circadian control
ABRE TACGTG Cis-acting element involved in the abscisic acid responsiveness
C-repeat/DRE TGGCCGAC Regulatory element involved in cold- and dehydration responsiveness
CATT-motif GCATTC Part of a light responsive element
GC-motif CCCCCG Enhancer-like element involved in anoxic specific inducibility
HSE AAAAAATTTC Cis-acting element involved in heat stress responsiveness
I-box GATATGG Part of light responsive element
MNF1 GTGCCC(A/T) Light responsive element
P-box CCTTTTG Gibberellin-responsive element
TC-rich repeats ATTTTCTTCA Cis-acting element involved in defense and stress responsiveness

parents (Longquan-1 tetraploid, GC-1), and further regulate
the leaf morphology heterosis of triploid loquat.

DISCUSSION

Leaf is an important organ of plant photosynthesis, and it can
directly affect the accumulation of sugar. In the meantime, it
is also an important aspect for the plant morphology formation,
and determines the growth potential of plant (Yan et al., 2008).
Leaf size or leaf area greatly determines the light interception
and transpiration (Monteith, 1977). Researches on leaf
development have been lasted for many years. In previous
studies, many transcription factors, such as GRFs or
AINTEGUMENTA 3 (GIF1), that regulate leaf development
have been verified and reported, and also some regulatory
mechanisms of these transcription factors have been validated
(Gonzalez et al., 2012; Dkhar and Pareek, 2014). Kuijt et al.
(2014) found that Oskn2, an upstream sequence of KNOX
gene, could interact with OsGRF3 and OsGRFIO0 in rice. In
Arabidopsis, it was found that the expression levels of GRFs
were regulated by miR396, and overexpressing miR396 could
cause narrow-leaf phenotypes (Liu et al., 2009). So far, studies
on leaf development are mainly focused on the model plants,
grasses, or herbaceous plants, such as Arabidopsis, barley, Brassica
napus etc., and there are relatively few studies on the leaf
development of woody plants (Mizukami and Fischer, 2000;
Osnato et al., 2010; Liu et al., 2012; Dkhar and Pareek, 2014).
In this study, we have successfully cloned a transcriptional
coactivator GIF1 from loquat (EjGIF1), and our phylogenetic
tree analysis showed that EjGIF1 is highly homologous with
plants of the Rosaceae family, and is kept highly conserved

during the evolution processes. Results of EjGIFI function
validation demonstrated that the ectopic expression of EjGIFI
in Arabidopsis could increase the leaf size, and this was consistent
with previous findings (Kim et al., 2002; Horiguchi et al,
2005). Interestingly, we also found that the transgenic plantlets
contained more leaves than the WTs. These results suggested
that EjGIFI may play an important role in the leaf development
of the Arabidopsis.

Polyploid possesses more than two sets of chromosome
per cell, and it plays an important role in the plant evolution
(Sattler et al., 2016). Delighting, polyploidization is often
accompanied with the increased growth vigor of the plants
compared with the diploid progenitors, and so does the
triploid loquat (Stebbins, 1971; Chen, 2007; Li et al., 2017).
Despite the ploidy effect, triploid loquat demonstrated
pronounced heterosis compared with the diploid and tetraploid
loquats based on our previous studies on the cultivated
triploid loquats (Liu et al., 2018a,b, 2019). For the mechanisms
studies of triploid loquat heterosis, some results have been
obtained, but the molecular mechanisms of triploid loquat
heterosis are still poorly understood (Liu et al., 2018a,b,
2019). As described above, to date, researches on the
correlation between heterosis and genes are mainly on the
whole genome-wide expression levels, and few studies have
been performed on some specific genes. In this study, we have
investigated the expression level of one specific leaf
development-related gene EjGIF1 in triploid loquats and
their parents based on the results of our previous research
that the leaf morphologies (length and width) of triploid
loquats exhibited pronounced heterosis. Based on the results
of EjGIF1 ectopic expression in Arabidopsis, we further
investigated the expression level of EjGIF1 in triploid loquats
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FIGURE 5 | (A) Structure analysis and (B) CpG islands prediction of £iGIF1 promoter.

and their parents. It was found that EjGIFI was expressed
AHP in most of the triploid loquats, showing a non-additive
expression pattern, and this was basically consistent with
our previous studies on leaf morphology heterosis of triploid
loquats (Liu et al., 2018b). These suggested that high expression
of EjGIFI in triploid hybrids played a critical role in the
leaf size heterosis formation.

Gene expression was greatly regulated by Cis-element,
which could affect the transcriptional efficiency and stability
(Gari et al., 1997; Mei et al.,, 2008). In order to ascertain
the structure of EjGIFI promoter, we have successfully obtained
a 2,475 bp promoter sequence by using the method of genome
walking. After making a prediction for the promoter online,
it was found that the light-responsive elements were significantly
more than other elements, suggesting that the expression of
EjGIFI may be greatly sensitive to light changes. In fact,
many studies have found that light can affect the leaf size
development, for example, light quality affects the trophic
effects through photosynthesis and further determines the
leaf morphogenesis or leaf area (Tardieu et al., 1999;
Cookson and Granier, 2006). In this study, we indeed found

that there were more light-responsive elements in the EjGIF1
promoter, so we suggested that the expression of EjGIFI may
be largely regulated by light changes. On the other hand,
Baldissera et al. (2014) studied the alfalfa plants and found
that plant branch development and the number of shoot per
plant were most affected by light. Furthermore, Horiguchi
et al. (2005) found that AN3 was expressed at a high level
in the basal region of leaf primordia, therefore, based on
the results discussed above, we further proposed that EjGIFI
could also promote the formation of leaf primordium. If this
is the case, the transgenic Arabidopsis of EjGIF1 should have
more leaves than the WTs. Intriguingly, the transgenic plantlets
did have more leaves than the WTs. Taken together,
we speculated that the expression of EjGIFI was greatly
induced by the light changes, and EjGIFI may also have an
effect on the formation of leaf primordia. However, whether
or how the light works on these issues are important questions
and still need to be deeply studied.

Recent studies found that polyploidization could trigger
extensive DNA methylation remodeling in the first or the
following few generations due to the fact that it is an effective
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way for polyploid to maintain the genome stability
(Wang et al., 2004; Fort et al., 2016). That is, DNA methylation
occurred in the whole genome could regulate gene expression,
inhibit transposable elements (TEs) transposition, and maintain
the structure stability of chromatin (Feinberg, 2007; Bucher
et al, 2012). Among them, methylation through promoter
region is an effective way to inhibit gene expression without
DNA sequence variation (Maunakea et al., 2010). These
make more and more researchers believe that there must
be a correlation between heterosis and DNA methylation,
and begin to explain the heterosis mechanisms from the
aspect of epigenetic (Groszmann et al., 2013; Xiong et al.,
2013; Wang et al., 2018). To ascertain the methylation level
of EjGIF1 promoter among triploid loquats and their parents,
we have analyzed the methylation levels in three randomly
selected triploid loquats and their parents by bisulfite
sequencing. It was found that the total methylation level
of EjGIF1 promoter in triploid loquats showed a decreasing

trend compared with MPV, and this was consistent with
the qRT-PCR results. Since the three hybrids (A-3, A-5,
and A-6) used for methylation level analysis were selected
randomly in this study, it was worth noting that the expression
levels of EjGIFI in some hybrids exhibited a low expression
level, and we still did not know the methylation levels of
EjGIF1 promoter in these hybrids. Therefore, the methylation
levels of these low expressed hybrids need to be further
detected for verifying the association between the expression
level and the methylation level.

Taken together, our results suggested that (1) compared
with previous studies, our study found that EjGIFI showed
significant regulation effects on the development of leaf size;
and (2) demethylation of EjGIF1 promoter made EjGIFI exhibit
over-dominance expression pattern in triploid loquats, and this
further promoted the formation of triploid loquat heterosis.
In short, EjGIF1 played an important role in the formation
of triploid loquat leaf size heterosis.
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Copy number variation (CNV) may have phenotypic effects by altering the expression
level of the gene(s) or regulatory element(s) contained. It is believed that CNVs play
pivotal roles in controlling plant architecture and other traits in plant. However, the effects
of CNV contributing to special traits remain largely unknown. Here we report a CNV
involved in rice architecture by modulating tiller number and leaf angle. In the genome
of Oryza sativa ssp. japonica cv. Nipponbare, we found a locus Loc_0s08g34249
is derived from a 13,002-bp tandem duplication in the nearby region of OsMTD1,
a gene regulating tillering in rice. Further survey of 230 rice cultivars showed that
the duplication occurred in only 13 japonica rice cultivars. Phenotypic investigation
indicated that this CNV region may contribute to tiller number. Moreover, we revealed
that OsMTD1 not only influences rice tiller number and leaf angle, but also represses
pri-miR156f transcription in the CNV region. Intriguingly, this CNV performs function
through both the dosage and position effects on OsMTD1 and pri-miR156f. Thus, our
work identified a CNV and revealed a molecular regulatory basis for its effects on plant
architecture, implying this CNV may possess importance and application potential in
molecular breeding in rice.

Keywords: copy number variation, OsMTD1, rice, plant architecture, pri-miR156f

INTRODUCTION

Genomic rearrangements include duplications, deletions, and inversions of unique genomic
segments at specific regions, as well as translocations, marker chromosomes, isochromosomes,
and other complex rearrangements (Lupski, 1998; Feuk et al., 2006; Weckselblatt and Rudd,
2015). These rearrangements are not random events, but instead the reflection of higher-order
architectural features of the genome (Lee and Lupski, 2006; Zmien’ko et al., 2014). Different from
the whole genome duplication in a cell, the copy number variation (CNV) is the microduplication
and deletion, which means an abnormal number of copies of one or more segments of DNA (Sebat
et al., 2004). A CNV is commonly regarded as a DNA segment that has been deleted, inserted, or
duplicated on certain chromosomes. The length of DNA is more than 1 kb and variable in copy
number in comparison with a reference genome (Feuk et al., 2006). Previous studies indicated that
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CNVs not only involve in intraspecific genome variations, but
also cause phenotypic differences. Thus, CNVs can be developed
as markers for molecular identification. Genetic diversity can be
differentiated by analyzing CNVs (Zmien’ko et al., 2014).

It was reported that CNVs are in variable linkage
disequilibrium with flanking SNPs (Hinds et al., 2006; Locke
et al., 2006; Yu et al., 2013). CNV could underlie a significant
proportion of normal variation including differences in various
features (Lee and Lupski, 2006). Known data suggest that CNV
mainly affects the members of large families of functionally
redundant genes, and the effects of individual CNV events
on phenotype are usually modest (Zmien'ko et al., 2014).
Altering copy number of a gene family member may only
trigger quantitative rather than qualitative changes, making the
CNV-phenotype association difficult to be detected. Increasing
evidences showed that copy number polymorphisms contribute
to natural genetic variation and adaptability in plants; some
CNVs for specific genes have been linked to important traits
such as flowering time, plant height, and stress resistance
(Zmien'ko et al., 2014). A dramatic fruit size change due to a
CNV with an insertion of 6-8 kb that affected gene regulation
was described during tomato breeding (Cong et al., 2008).
In wheat, a CNV has been found to determine the extreme
dwarf phenotype by tandem segmental duplication of a region
containing the green revolution gene Rht-DI1b in the haploid
genome (Li Y. etal., 2012).

Rice (Oryza sativa) is an important staple food crop in the
world and a model plant of monocots; whether and how its
CNVs are associated with specific traits have also been widely
concerned. A CNV at the GL7 locus has been reported; a tandem
duplication of a 17.1-kb segment leads to an increase in grain
length (Wang Y. et al., 2015). A 1,212-bp deletion of gSW5 has
been reported to be clearly associated with an increase in rice
grain width (Shomura et al., 2008). It has been also reported that
a natural tandem array of a 3,137-bp sequence in the upstream
of IPA1 leads to superior yielding (Zhang et al., 2017). Although
the knowledge of CNVs in higher plants is still poor, recent
studies confirmed the prevalence of CNVs in the Oryza species
and suggested that CNVs probably play a far more significant
role in plant development than previously thought. High-level
CNVs existing in different rice cultivars might associate to
phenotypic diversity, yet how they affect yield, quality, resistance,
and development processes is largely unknown (Li S. et al., 2012;
Yu et al., 2013).

OsMTD1 is a tillering-related gene in rice (Liu et al,
2015). Here we describe a previously unknown transcriptional
mechanism that OsMTD1 is able to repress pri-miR156f
transcripts by the position effect. Furthermore, we provide
evidences showing that OsMTD]I-located region involved a CNV,
a tandem segmental duplication resulting in the increasing
expression of the OsMTD1I and reduction of tiller number. This
CNV harbors a 13,002-bp region on the eighth chromosome,
covering one protein-coding gene OsMTDI1 and a microRNA
precursor of osa-miR156f. The results by surveying a panel of 190
rice cultivars showed that 13 of 82 japonica cultivars harboring
two copies of CNV corresponding sequence by segmental
tandem duplication produce less tillers than the one-copy normal

cultivars. Transgenic experiments indicated that the OsMTD1 not
only influences tiller number and leaf angle, but also regulates
pri-miR156f transcription in this CNV region.

MATERIALS AND METHODS

Plant Materials, Field Trails, and Tiller

Number Investigation

The mini-core collection accessions from the China
National Crop Gene Bank in the Institute of Crop Sciences,
Chinese Academy of Agricultural Sciences, as described
in Supplementary Table 1, were used in our experiments.
Another japonica cv. Kitaake was used for CRISPR/Cas9 editing
and overexpression analysis. In addition, tobacco (Nicotiana
benthamiana) leaves were used for Agrobacterium-mediated
transient expression analysis.

Rice tiller number investigations were conducted in Beijing.
Different rice cultivars were transplanted to a paddy field
with single plant per hill. The tiller number was counted
from three to six randomly chosen individual hills at heading
stage in summer of 2011 and autumn of 2013, respectively
(Supplementary Table 1).

Sequence Alignments and Comparisons
The bacterial artificial chromosome sequences from japonica
cv. Nipponbare and indica cv. 93-11 were used to determine
the start or the end point range in sequence of OsMTDI-
located CNV. Then, the 13,002-bp reference genome sequence
from Nipponbare was used in BLASTN (National Center
for Biotechnology Information) searches against different rice
databases for other cultivars, including japonica cv. Zhonghua
11 and indica cv. Zhenshan 97, Minghui 63, 93-11, Shuhui 498,
and RP Bio-226, to determine their orthologous regions. The
conserving segments, InDels, and substitution mutations in the
orthologous regions of indica and japonica were identified by
using the BLAST, MEGA, and DNAMAN programs.

Plasmid Construction and Plant

Transformation

The vector constructions for the CRISPR/Cas9-mediated gene
editing were performed as previously described (Miao et al.,
2013). The vectors for OsMTDI overexpression in which
the OsMTD1 gene was driven by the CaMV 35S promoter
were constructed as previously described (Liu et al, 2015).
The constructs were transformed into ZHI1 or Kitaake
by  Agrobacterium  tumefaciens-mediated  transformation
(Hiei and Komari, 2008).

Expressions in tobacco leaves were performed in two different
plasmids of pCAMBIA1301 and pSN1301 vectors using Golden
Gate cloning strategy. The pSNI1301 is an adapted form of
pCAMBIA1301 in which a CaMV 35S promoter was added.
The region containing the native sequence of OsMTDI and pre-
miR156f was amplified from a japonica cv. Nipponbare genomic
DNA. The DNA fragment for pCAM1301::MTDI-OsmiR156f
was amplified by primers 5'-gga tcc ccg ggt acc TGG CAG GTG
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TAA AGA GGT CA-3' (prim-177) and 5'-tac gaa ttc gag ctc
AAG GAG CAG TTA GAT AAT GGA G-3' (prim-179) and the
DNA fragment for pSNI1301::MTDI-OsmiR156f was obtained
by primers prim-177 and 5'-ggg aaa ttc gag ctc AAG GAG
CAG TTA GAT AAT GGA G-3' (prim-178) and then infused
the fragment of interest with Kpn I-Sac I of pCAMBIA1301
and pSNI301 by using ClonExpress II one-step cloning kit
(Vazyme, C112-01) to generate plasmid pCAMI301:MTDI-
OsmiR156f and pSN1301::MTDI-OsmiR156f, respectively. The
mutant form sequences were obtained by an overlap extension
polymerase chain reaction (PCR) method. To generate the
pCAMI1301::AMTDI1-OsmiR156f in which OsMTDI gene
sequence was deleted, primers 5'-gga tcc ccg ggt acc ctt aaa
tge tcc aat age tag-3’ (prim-182) and prim-179 were used to
amplify a fragment sequence from OsMTD1 gene stop codon to
the 60-bp sequence downstream of pre-miRI156f from genomic
DNA, and then the DNA fragment was ligated into the binary
vector pCAMBIA1301 for transformation. Similar strategies
were carried out to construct pCAMI301:ATT-OsmiR156f
in which the ATG start codon of OsMTDI was mutated to
ATT. The primers 5'-gga tcc ccg ggt acc aga tcg ccg gag atT
agc cag aag tc-3’ (prim-183) and prim-179 were used in the
ATT mutant fragment amplification. For pSN1301:AMTDI-
OsmiR156f and the pSNI1301:ATT-OsmiR156f, a CaMV 35S
promoter was harbored at the upstream of pCAM1301:: AMTDI-
OsmiR156f and pCAMI301::ATT-OsmiR156f, respectively.
The corresponding primers prim-182 and prim-178 were
employed for pSNI301:AMTDI-OsmiR156f, and prim-183
and prim-178 for pSN1301::ATT-OsmiR156f. The constructed
vectors were infiltrated into the tobacco leaves by Agrobacterium
tumefaciens—mediated transformation.

PCR, Real-Time PCR, and Stem-Loop
RT-PCR

Genomic DNA was extracted and purified from fresh young
leaves of five plants using CTAB methods. PCR was carried out
in a reaction system with a total volume of 20 pL. The primers
5'-ATG AGC CAG AAG TCG TCG TGG C-3" and 5'-ACA CAT
GAA CGT ACA CGG CGC C-3' were used for OsMTD1 analysis.
PCR validation for CNV was performed in all selected rice
cultivars, and three independent experiments were performed for
each cultivar. The primers were used as follows: primer64, 5'-
AAA TGG CGG AAA CTT GAC AC-3'; primer65, 5'-TGA GCT
AGC TGG ACA CAT GG-3'; primer66, 5'-CGG ACC TAA CCA
CCG ATC TA-3'; primer67, 5'-ATC TTG GCG CTG CAA TTA
TC-3';inhE, 5'-ATG AGC CAG AAG TCG TCG TGG C-3'; inhR,
5'-ACA CAT GAA CGT ACA CGG CGC C-3.

Total RNA was isolated from ~100 mg leaves of five plants
using a Trizol reagent (Invitrogen) and treated with RNase-
free DNase I (Invitrogen) according to the manufacturer’s
instructions. Approximately 5 ug of RNA was used to synthesize
first-strand ¢cDNA using poly (dT) oligo primer according to
the manufacturers instructions in M-MLV kit (Invitrogen).
Quantitative real-time reverse transcription PCR (RT-qPCR)
was carried out in a reaction system with a total volume of
20 pnL, which contained SYBR green I (Invitrogen) on a CFX96

system (BIO-RAD). The following programs were employed:
predenaturing for 30 s at 95°C and then amplification for 40
cycles including denaturation for 10 s at 95°C, annealing for
30 s at 60°C, and extension at 72°C for 10 s. The pri-miR156f
was normalized to the internal rice tubulinB-4 gene, and the
relative abundance was determined with 274 2 ¢ method.
The RT-qPCR analysis in different lines was repeated three
independent times. The primers for testing pri-miR156f were 5 -
CTT CCC TTC GAC AGG ATA GC-30 and 5'-AGC GGC AGC
TGT ATC ATC A-3'.

Stem-loop RT-qPCR (Varkonyi-Gasic et al, 2007) was
employed to detect the mature osa-miR156f. Relative expression
levels of osa-miR156 were normalized to the internal control
U6 in rice and NbEFI in tobacco. PCR was carried out in a
reaction system with a total volume of 20 pL, which contained
SYBR green I (Invitrogen) on a CFX96 system (BIO-RAD). The
following programs were employed: predenaturing for 30 s at
95°C and then amplification for 40 cycles including denaturation
for 10 s at 95°C, annealing for 30 s at 60°C, and extension at
72°C for 10 s. The 2722 method was used to calculate the
relative expression level of osa-miR156, and the analysis was
repeated three independent times. The primers for U6 are 5'-
TAC AGA TAA GAT TAG CAT GGC CCC-3' and 5'-GGA CCA
TTT CTC GAT TTG TAC GTG-3/, and primers for NbEFI are
5-GAT TGG TGG TAT TGG TAC TGT C-3’ and 5-AGC TTC
GTG GTG CAT CTC-3'.

RESULTS

OsMTD1-Located Segment Involves a

New CNV in Rice

OsMTD1 sequence was queried via BLAST against four
databases: TIGR rice genome annotation', Rice Information
GateWay (RIGW?), National Center for Biotechnology
Information®, and the Knowledge-Based Oryza Molecular
Biological Encyclopedia (KOME®). In the reference genome
sequence of O. sativa spp. japonica cv. Nipponbare, we found that
another locus, Loc_0s08¢34249, is identical in DNA sequence to
OsMTDI, a gene previously reported responsible for tillering in
rice. However, it is not the case in the genomes of indica cultivars
such as 93-11 (Figure 1A) and Shuhui498. Further analysis
showed that OsMTDI and Loc_0Os08g34249 genes located on rice
chromosome 8 according to their positions given in the TIGR
rice database. OsMTDI and Loc_0Os08¢34249 genes coexisted
in two overlapped PAC clone AP0082414 and clone AP004703,
implying one segmental duplication event on OsMTD1I. To detect
the physical location whereby the CNV event began and ended,
we mapped the DNA sequences with different lengths between
OsMTDI1 and Loc_0s08¢g34249 against the reference genome
and found the Nipponbare harbored a 13,002-bp tandem
segmental duplication on OsMTDI-located region on the

Uhttp://rice.plantbiology.msu.edu/
Zhttp://rice.hzau.edu.cn/
*http://www.ncbi.nlm.nih.gov/
“http://www.cdna0l.dna.affrc.go.jp/cDNA
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FIGURE 1 | OsMTD1-located segment involves a CNV. (A) The schematic shows the fragment of OsMTD1 located on chromosome 8 in 93-11 and Nipponbare.
Primer67/65, Primer64/66, and Primer64/65: primer pairs using for tandem duplication event analysis; OsMTD1 and OsmiR156f: the two comprising elements in the
corresponding DNA sequence of the OsMTD1 located CNV. (B) Validity analysis on the primers detecting polymorphisms between 93-11 and Nipponbare.

(C) Partial results from PCR amplification using different rice cultivars. (D) Phylogenetic analysis of CNV corresponding region’s sequences in different rice cultivars.
Nipponbare: the first sequence of the two DNA segments in japonica cv. Nipponbare genome; ZH11-rep1, ZH11-rep2: the first and the second sequence of the two
DNA segments in japonica cv. ZH11 genome; Shuhui498-rep, 93-11-rep, Minghui 63, RP Bio-226, and Zhanshan97-rep: the corresponding DNA sequence of the

OsMTD1 located-CNV in different indica cultivars’” genome.

eighth chromosome. OsMTD1 and Loc_0Os08¢34249 genes were
reciprocal duplication, and each of them was encompassed in a
13,002-bp segment, respectively. Compared with the reference
genome of Nipponbare, the tandem duplication in indica cultivar
93-11 is absent, and the varied length is more than 1 kb, so the
13,002-bp region encompassing OsMTD1 could be regarded as a
CNV between different rice cultivars. Herein, this DNA segment
(about 13,002-bp corresponding region) variation in different
rice cultivars was designated as OsMTD1-located CNV.

It was reported that the genome sizes of both indica and
japonica subspecies have increased by greater than 2 and 6%,
respectively, since their divergence from a common ancestor (Ma
and Bennetzen, 2004). To find out whether this CNV contributes
to intraspecific genome variations, PCR-amplified corresponding
region was employed for a panel of 230 rice cultivars comprising

both indica and japonica subspecies (Supplementary Table 1).
The primers were designed according to the genomic sequence of
both japonica cv. Nipponbare and indica cv. 93-11 to distinguish
whether a tandem segmental duplication is harbored in the
OsMTDI-located nearby region. A 754-bp fragment could be
amplified from Nipponbare DNA with primer64 and primer65
but not from 93-11 (Figure 1A). The results showed that
a clear band was obtained by two primer pairs (primer65
and primer67, primer64, and primer66) in all rice cultivars,
representing the flanking sequences of the start or the end points
of the corresponding 13,002-bp segment region in Nipponbare,
respectively. However, a band was amplified with primer pair
of primer64 and primer65 only in the ones whose genome
harboring a tandem segmental duplication at the OsMTD1 gene
locus nearby region (Figure 1B). After validation by PCR, only
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13 japonica cultivars including Nipponbare were found to have
a tandem duplication in the corresponding region of OsMTD1I-
located segment (Figure 1C and Supplementary Table 1).

The tandem duplication of OsMTDI-located CNV
corresponding sequence only appears in some japonica
cultivars, but not in all investigated indica cultivars (Figure 1C
and Supplementary Table 1); thus, this CNV represents a
large inserted region only in some japonica cultivars. We then
used the corresponding sequence of OsMTDI-located CNV
from Nipponbare as a query to search against rice database for
other cultivars deposited in National Center for Biotechnology
Information (see text footnote 3), including japonica cv.
Zhonghuall (ZH11) and indica cv. Zhenshan 97, Minghui
63, 93-11, Shuhui 498, and RP Bio-226. Comparative analysis
showed that the sequences of OsMTDI-located CNV region in
different rice cultivars were highly conserved, and the dramatic
divergences were found between japonica and indica subspecies
(Figure 1D and Supplementary Table 2). The corresponding
fragment of OsMTDI-located CNV region includes 107 SNPs,
10 deletions, and 11 insertions, resulting in 111-bp increase in
indica cv. Shuhui 498, compared with Nipponbare. However,
those regions are highly conserved in indica cultivars; it reaches
99.96% identity with only a 10-bp deletion and three SNPs
among all five indica cultivars. As in Nipponbare, a tandem
segmental replication at the OsMTDI-located regions is found in
japonica cv. Zhonghuall. However, different from the complete
sequence identity of two replication regions in Nipponbare,
the sequences of the two DNA segments (designed as repl
and rep2 according to the order occurred in genome) harbor
35 SNPs or mutations in ZH11, and the identities with the
sequence of Nipponbare in repl and rep2 are 99.74 and
99.92%, respectively. Distance and Homology matrix analysis
using the sequences of OsMTDI-located CNV further showed
distant evolutionary relationships among different cultivars
(Supplementary Table 3).

Phenotypic Difference According to
OsMTD1-Located CNV

Copy number variations locating regions that contain protein-
coding genes or important regulatory elements often have
phenotypic effects (Zmien’ko et al, 2014). Our previous
report showed that a T-DNA insertion in OsMTDI caused
a dramatic change in tiller number (Liu et al., 2015). We
therefore postulated this OsMTDI-located CNV has effects
on a particular architecture trait, i.e., the tiller number. To
investigate whether OsMTDI-located CNV affects tillering in
rice, we performed phenotypic studies using 190 cultivars,
including 108 indica and 82 japonica. Generally, indica
and japonica cultivars show different tillering abilities, so
the comparison between the two subspecies provided a
reference to judge whether tiller number is a reliable trait
for OsMTD1-located CNV conveying phenotype analysis. All
cultivars were classified into four categories according to
the tiller number: scale 1 (<10), scale 2 (10-20), scale 3
(21-30), and scale 4 (>30). Four indica while no japonica
cultivars were classified into scale 4 (Figure 2A). On the

contrary, more japonica cultivars were classified into scale 1
than indica cultivars, amounting to 55.5 and 22.5% of the
investigated (Figures 2A,C,D), respectively. The average tiller
number in indica was apparently higher than that in japonica
cultivars (Figure 2B), indicating the selected 190 cultivars are
a feasible representative group for tillering ability analysis.
Further comparative analysis showed that the one-copy normal
cultivars produced significantly increased tillers than the tandem
duplicated cultivars (Figure 2B). In japonica cultivars, 6 of
55 one-copy normal cultivars (10.9%) showed tiller number
of scale 3, whereas none was found in 13 two-copy cultivars
(Figures 2C,D).

OsMTD1-Located CNV Involves in Rice

Plant Architecture

The OsMTD1-located CNV region covers about 13,000 bp in
different rice cultivars (Supplementary Table 2). GO analysis
revealed that, apart from OsMTDI, an miR156 family member
osa-miR156f was also contained in this CNV, and the pre-
miR156f sequence located on downstream 3,352-bp away from
OsMTD1 (Figure 1A). The comparative analysis indicated the
sequences of OsMTDI are identical in all cultivars, and pre-
miR156f has identical sequences in all indica cultivars (Zhenshan
97, Minghui 63, 93-11, Shuhui 498, and RP Bio-226) but
shows sequence differences in japonica cultivars (Nipponbare
and ZHI11); however, the final functional sequences of osa-
miR156f and osa-miR156f* are completely identical in all
investigated cultivars (Supplementary Figure 1). It is noteworthy
that the osa-miR156 was confirmed to be positively correlated
with rice tillering (Supplementary Figure 2; Schwab et al,
2005; Xie et al, 2006; Wang L. et al, 2015; Liu et al,
2019), whereas the tiller number comparison in cultivars with
different CNV copies showed that the OsMTDI-located CNV
region negatively affects rice tillering (Figures 2B,D). The osa-
miR156f is aggressively antagonistic to OsMTDI-located CNV
effect on tillering ability, suggesting that OsMTDI plays a vital
role in the CNV.

To better understand the role of OsMTDI in the CNYV,
we further analyzed whether OsMTDI is directly involved in
tiller development; CRISPR/Cas9 genome-editing technology
was employed to generate both Loc_0s08¢34249 and OsMTD1
knockout lines under ZH11 background. In 34 independent Ty
transgenic lines, sequence analysis revealed that each one belongs
to heterogeneity accompanying an A/T/G/C insertion or deletion
in OsMTD1 (Supplementary Figure 3). Surprisingly, no double-
knockout mutant was obtained in the CRISPR/Cas9 editing
line after self-crossing for four times, and all CRISPR/Cas9
editing lines displayed no obvious phenotypic change. We further
carried out CRISPR/Cas9 and overexpression analysis in one
copy japonica cv. Kitaake and obtained many independent
single-base deletion or insertion transgenic lines. All of the
single-base mutation lines, in which an A/T/G/C was inserted
or deleted, resulting in a frame-shift mutation and the
original stop codon of OsMTD1I, were excluded (Supplementary
Table 4). Some mutation lines (such as line A-8 and A-44)
significantly increased tiller number, whereas others (such as
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FIGURE 2 | Phenotypic distribution of rice tiller number. (A) The maximum tiller number from 94 indica accessions. (B) The statistical result of the maximum tiller
number between indica and japonica accessions, the maximum tiller number between one-copy and two-copy CNV cultivars. Statistical significance was estimated
by Student t tests. *P < 0.05 and **P < 0.01. (C) The maximum tiller number in different japonica accessions with one copy of OsMTD1 nearby genome sequence.
(D) The maximum tiller number in different japonica accessions with a tandem replication at OsMTD1 nearby genome sequence.

A-3) showed no difference in tillering ability compared to
the wild type. In fact, OsMTDI overexpression significantly
decreased tiller number (Figure 3), even though the lines
showed different OsMTDI increased levels (Supplementary
Table 5). Intriguingly, the OsMTDI overexpression caused
multiple phenotypic defects, such as reduction in grain number
and plant height, whereas the height of OsMTD1 CRISPR/Cas9
editing lines was comparable to that of the wild type plants
(Supplementary Figure 4). These results under one-copy
OsMTDI-located CNV background indicated that OsMTD1I
plays a prominent role in the genetic control of tillering
ability in rice.

Leaf angle is an important agricultural trait determining
rice plant architecture and ideotype (Zhou et al, 2017).
In our experiments, the results suggest the pivotal role for
OsMTD1 in leaf inclination. Compared with the wild type,
some OsMTD1 CRISPR/Cas9 editing lines (such as A-8) showed
no significant impact on leaf inclination at the mature stage,
whereas overexpression of OsMTD1 significantly reduced flag
leaf angle (Figure 4). Consistently, the OsMTDI1 RNA; lines also
presented increasing leaf inclination (Supplementary Figure 2).
Conversely, overexpression of pre-miR156f increased leaf angle
(Supplementary Figure 5). Meanwhile, leaf blades in miR156
knockout lines were found to be more erect than those of the wild
type (Miao et al., 2019). These results also indicate that OsMTDI

and osa-miR156 play opposite roles in regulating leaf angle.
Taken together, it could be concluded that OsMTD1-located CNV
contributes to a compact plant architecture by influencing both
tiller number and leaf angle in rice.

OsMTD1 Inhibits the Transcript of
MicroRNA156f

We next explored the underlying molecular mechanism of
the OsMTDI-located CNV conveying phenotypes. Based on
the experimental results mentioned above, an unexpected
phenomenon is that the two elements or factors contained in the
OsMTD1-located CNV region play opposite roles in controlling
the architecture via tiller number and leaf angle: OsMTD1I
alone negatively regulates while osa-miR156f alone positively
modulates these traits.

The short miRNAs (19-23 nt in length) are processed
from corresponding large pri-miRNAs. In the large pri-miRNAs
containing short open reading frame sequences that encode
regulatory peptides, this miRNA-encoded peptide (miPEP)
increasing the transcription of the pri-miRNA was reported
(Lauressergues et al., 2015). Because of the close position of
the OsMTDI1 to pri-miR156f, OsMTDI might regulate pri-
miR156f transcription. To test this hypothesis, we first analyzed
the osa-miR156 levels in both the CRISPR/Cas9 editing and

Frontiers in Plant Science | www.frontiersin.org 25

February 2021 | Volume 11 | Article 620282


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Liu et al.

OsMTD1 CNV Involves in Rice Compact Plant Architecture

FIGURE 3 | Effects of OsMTD1 on rice tillering. (A) Lines with different OsMTD1 expression levels and the tillering ability performed. (B) Comparative analysis of the
tiller number in lines with different OsMTD1 expression levels. Statistical significance was estimated by Student t tests, and different letters indicate a significant
difference (P < 0.05). (C) The OsMTD1 overexpression lines produce less tillers compared to wild type. (D) The OsMTD1 CRISPR/Cas9 editing lines show different
tiller traits. WT: Kitaake; OE-15, OE-20, and OE-27: independent OsMTD1 overexpression line; A-3, A-8, and A-44: Independent OsMTD1 CRISPR/Cas9 editing line.

Tiller number

A-3 A-8 A-44 OE-15 OE-20 OE-27

overexpression lines of OsMTD1 under Kitaake background. The
results showed that the CRISPR/Cas9 editing lines produced
more osa-miR156 than the wild type (Figure 5). Among the
OsMTDI1 overexpression plants, some lines (i.e., OE-15, OE-
16, and OE-19) produced less osa-miR156, whereas some lines
(i.e., OE-20, OE-26, and OE-27) produced comparable or more
osa-miR156 than the wild type.

To further reveal regulatory role of OsMTD1 in osa-miR156f
production, we used transformation of tobacco (Nicotiana
tabacum) leaves to analyze the miR156f level by expressing both
the native and mutant promoters of the pre-miRI56f in pri-
miR156f. Regardless of CaMV 35S promoter, compared with
the amount of miR156f produced by expression of the native
pri-miR156f, expression of an OsMTD1 deletion mutant showed
higher miR156 abundance. Likewise, expression of a pri-miR56f
in which the ATG start codon of OsMTDI was mutated to ATT

also produced higher miR156 level than expression of the native
pri-miR156f (Figure 5), suggesting that OsMTD1 can inhibit
the osa-miR156 accumulation when both are constructed in
the same vector.

DISCUSSION

Copy number variations are major sources of genetic variation
influencing gene expression and eventually the phenotype.
It is believed that there are more CNVs than chromosome
structural variations among individuals, and the total number
of nucleotides covered by CNVs is much larger than SNP
number in the whole genome (Lupski, 2007; Yu et al., 2013).
CNVs can create new genes, change gene dosage, reshape gene
structures, and modify elements regulating gene expression
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leaf angle in lines with different OsMTD1 expression levels. Statistical significance was estimated by Student t tests, and different letters indicate a significant
difference (P < 0.05). WT: Kitaake; OE-15, OE-20, and OE-27: independent OsMTD1 overexpression line; A-3, A-8, and A-44: independent OsMTD1 CRISPR/Cas9
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FIGURE 5 | Effects of OsMTD1 on accumulation of miR156f. (A) The osa-miR156 relative levels in different rice lines. WT: Kitaake; A-3, A-8, A-16, A-27, A-42, and
A-44: different OsMTD1 CRISPR/Cas9 editing lines; OE-15, OE-16, OE-19, OE-20, OE-26, OE-27: different OsMTD1 overexpression lines. (B) Quantification of

miR156 in tobacco leaves expressing the pri-miR156f including OsMTD1 sequence (OsMTD1), or the pri-miR156f in which the OsMTD1 was deleted (A-OsMTD1),
or in which the OsMTD1 start codon was mutated to ATT (ATT-OsMTD1). The empty vector was used as control. Statistical significance was estimated by Student ¢

tests, and different letters indicate a significant difference (P < 0.05).

(Henrichsen et al., 2009; Zhang et al., 2009). Here, we describe
the identification of a new CNV, OsMTDI-located CNV, which
involves an approximately 13,000-bp tandem duplication in DNA
sequence on the eighth chromosome in different rice cultivars
(Supplementary Tables 1, 2), and the corresponding sequences
of OsMTD]I-located CNV region in different cultivars are highly
conserved, and the sequence includes two important regulator
factors, i.e., OsMTDI and pri-miR156f. The sequence of OsMTD],
osa-miR156f, and osa-miR156f* in all investigated cultivars is
identified (Supplementary Figure 1).

Genome-scale studies indicated that CNVs significantly
contribute to natural variation in plants (Yu et al., 2013; Zmien’ko
et al., 2014; Bai et al, 2016). Changes in gene copy number
provide the possibility to rapidly alter the dosage of a gene, which
could directly cause a phenotypic variation, and as long as the
new beneficial variation being selected over many generations
under high selective pressure, the copy number alterations in
a particular region may accumulate, and the phenotypic effects
may intensify. Segmental duplications longer than 10 kb and of

greater than ~97% sequence identity can lead to local genomic
instability (Stankiewicz and Lupski, 2010). As OsMTDI-located
CNV covering approximately 13,000-bp DNA sequence is an
evolutionarily recent duplication in some japonica cultivars after
highly selective breeding programs, it is not surprising that
OsMTD1I-located CNV contributes to one or more currently
advantageous traits in rice. In this article, we have investigated
the tiller number on a panel of 190 rice cultivars, and results
indicated that this CNV may have phenotypic effects on tiller
development; for some, two-copy cultivars produced less tillers
than one-copy cultivars (Figure 3). In the study, we also provided
evidence that OsMTDI-located CNV contains two regulators, i.e.,
OsMTD1 and osa-miR156f, jointly regulating tillering and leaf
angle (Figures 3, 4; Supplementary Figures 2, 4, 5). Together,
these results indicate that OsMTD1I-located CNV is important for
rice plant architecture.

The essential role of a CNV depended on the genes or
regulators contained in its region, so the roles of the OsMTDI-
located CNV in rice phenotypes are determined by its two
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comprising elements: OsMTDI1 and pri-miR156f. In order to
reveal the function of OsMTDI, the first gene contained in
OsMTD1I-located CNV, CRISPR/Cas9-mediated gene editing
technology was employed to knock out OsMTDI in the one-
copy Kitaake and two-copy ZH11. Some lines both with multiple
tillers and large leaf inclination were found under the Kitaake
background (Figures 3, 4). Although no obvious tillering
phenotype change was observed in the CRISPR/Cas9 editing lines
under the two-copy ZH11 background, the reason might be no
knockout mutant was obtained in those experiments. Meanwhile,
some OsMTD]I overexpression lines that produced less tiller and
smaller leaf angle were obtained (Figures 3, 4). Combining the
facts that both the OsMTDI RNAi lines and mutant lines with a
T-DNA insertion into the region of this CNV in two-copy ZH11
displayed multitillering phenotypes (Liu et al., 2015), it is clear
that OsMTDI alone could be regarded as an executive factor
for tillering and leaf angle. For the second gene in OsMTD1I-
located CNV, i.e., pri-miR156f, we had demonstrated that the
osa-miR156f plays crucial roles in rice tiller development (Liu
et al,, 2019), which is consistent with previous reports that high-
level miR156 causes a bushy phenotype (Schwab et al., 2005; Xie
et al., 2006). The effects of OsmiR156f on leaf angle are also
verified (Supplementary Figure 5; Miao et al., 2019).

How OsMTDI-located CNVs regulate rice phenotype is
another issue to be explored. It is believed that deletion and
duplication can cause a phenotype change via several molecular
mechanisms, and the commonly recognized mechanism is
altering the copy number of a dosage-sensitive gene (or genes)
(Lee and Lupski, 2006). The OsMTDI-located CNV enclosed
two functional elements, OsMTD1 and pri-miR156f; either
can act alone as a pleiotropic regulator to determine rice
plant architecture in a dosage-dependent manner. However, it
seems further explanation is needed for the joint regulation
mechanism in plant architecture by OsMTD1, pri-miR156f, and
OsMTDI-located CNV. If the CNV phenotype is conveyed
by altering OsMTDI and pri-miR156f dosage only, variation
trends of the two contained genes should be the same -
both increased or decreased along with the copy number
change. In particular, transgenic experiments proved that
changing two components of this CNV resulted in contradictory
tillering phenotype: compared with the wild type, OsMTDI
overexpression lines produced less tillers (Figure 3), whereas
pre-miR156f overexpression lines significantly increased tillers
(Supplementary Figure 2). Similarly, OsMTD1 and pre-miR156f
overexpressed lines also displayed opposite effects on leaf angle
(Figure 4). All experimental data indicated that two genes
contained in the CNV region, i.e., OsMTDI and pri-miR156f,
play opposite roles alone in tiller number and leaf angle. Finally,
the role of OsMTD1-located CNV in rice tillering and leaf angle
is apparently consistent with OsMTD1, whereas contradictory
to osa-miR156f, it was implied that the transcript of OsMTDI
was more abundant in two-copy cultivars than in one-copy
ones, whereas the opposite was true for pri-miR156f. Therefore,
OsMTD1 exhibits the major effect and acts as a key factor in the
OsMTD1I-located CNV region and thus contributes to a compact
architecture in rice. One possibility is the different extent of
genetic buffering, as pri-miR156f belongs to a large functionally

redundant gene family, and the duplication in the OsMTD1I-
located CNV has only minor effects compared with OsMTDI.
An alternative explanation is that there might be else unknown
factors that inhibit pri-miR156f transcription in the CNV.

In addition to changes in gene dosage, many other
mechanisms are responsible for the potential effects of CNVs,
including reshaping of the gene structure and modification of the
elements that regulate gene expression (Henrichsen et al., 2009;
Zhang et al., 2009). One possible mechanism is the position effect;
i.e., a CNV encompassed regulatory elements might regulate a
gene even if they are several Mbs away (Zmien’ko et al., 2014).
In the corresponding region of OsMTDI-located CNV, OsMTD1
and pri-miR156f are neighboring genes approximately 3.3 kb
apart (Figure 1). Hence, we reasoned that OsMTDI can inhibit
the transcripts of pri-miR156f via position effect. Validation
for the unpredictable effects of the two distant components
in the CNV region is informative. We hypothesized that
OsMTD1 is a regulator repressing pri-miR156f transcription and
provided some evidence. Compared with wild type, the OsMTD1
CRISPR/Cas9 editing lines showed higher osa-miR156 level,
whereas some OsMTD1 overexpression lines showed lower osa-
miR156 abundance (Figure 5A). Some OsMTD1 overexpression
lines didn’t produce less osa-miR156 than wild type as expected,
the reason might be that the insertion location is too far away
from pri-miR156f in the genome. Furthermore, transformation
results in tobacco leaves also showed that the native pri-miR156f
vector produced less miR156 compared to the deleted and
mutated types (Figure 5B). The above evidence implied that
OsMTD1 can inhibit its neighboring pri-miR156f expression
in vivo by the position effect. Different from previous report
that miRNA-encoded peptide can enhance their corresponding
pri-miRNA transcription (Lauressergues et al., 2015), OsMTD1
represses pri-miR156f transcription. Thus, our work revealed a
novel regulatory mechanism for manipulating osa-miR156 level
to control tiller number and leaf angle in rice.
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Histone Demethylases ELF6 and
JMJ13 Antagonistically Regulate
Self-Fertility in Arabidopsis

Charlie Keyzor', Benoit Mermaz™, Efstathios Trigazis, SoYoung Jo* and Jie Song*

Department of Life Sciences, Imperial College London, London, United Kingdom

The chromatin modification H3K27me3 is involved in almost every developmental stage
in Arabidopsis. Much remains unknown about the dynamic regulation of this histone
modification in flower development and control of self-fertility. Here we demonstrate
that the H3K27me3-specific demethylases ELF6 and JMJ13 antagonistically regulate
carpel and stamen growth and thus modulate self-fertility. Transcriptome and epigenome
data are used to identify potential targets of ELF6 and JMJ13 responsible for these
physiological functions. We find that ELF6 relieves expansin genes of epigenetic silencing
to promote cell elongation in the carpel, enhancing carpel growth and therefore
encouraging out-crossing. On the other hand, JMJ13 activates genes of the jasmonic
acid regulatory network alongside the auxin responsive SAUR26, to inhibit carpel
growth, enhance stamen growth, and overall promote self-pollination. Our evidence
provides novel mechanisms of self-fertility regulation in A. thaliana demonstrating how
chromatin modifying enzymes govern the equilibrium between flower self-pollination
and out-crossing.

Keywords: chromatin regulation, histone modification, histone demethylases, epigenetics, flower development,
self-fertility

INTRODUCTION

As a predominantly self-fertilizing plant, the growth and development of the male and female
organs in the Arabidopsis flower need to be coordinated. How this is achieved is not yet
fully understood (Wellmer et al., 2013). Since chromatin regulation is involved in almost every
developmental process of a plant’s life cycle, we investigated how it contributes toward the correct
timing of floral organ development to enable self-fertility. A particular histone modification that is
highly dynamic throughout Arabidopsis development is the trimethylation of the lysine 27 residue
of histone 3 (H3K27me3) which induces transcriptional silencing (Francis et al., 2004; Entrevan
etal., 2016; Frerichs et al., 2019). H3K27me3 is deposited at thousands of Arabidopsis genes by the
polycomb repressive complex 2 (PRC2) (Zhang et al., 2007; Lafos et al., 2011) and represses floral
development genes in the seedling (Wang et al., 2016). Accordingly, at some developmental stage
these floral development genes must be reactivated by removal of H3K27me3 and addition of active
chromatin marks such as H3K4me3 or H3K36me3 (Pfluger and Wagner, 2007).

Three genes have been demonstrated to encode targeted H3K27me3 specific demethylases which
may reactivate these floral development genes; ELF6, REF6, and JMJ13 (Lu et al., 2011; Crevillén
et al,, 2014; Yan et al., 2018). Recent findings suggest that each demethylase is recruited to a large
number of target genes, some of which are targeted by more than one demethylase (Yan et al,
2018; Antunez-Sanchez et al., 2020). Recruitment to these genes is achieved by a combination of
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direct DNA binding via a Zinc finger domain and interaction
with other transcription factors (Yu et al., 2008; Li et al., 2016;
Yan et al., 2018). Certain physiological functions have already
been assigned to the three demethylases, such as regulation of
flowering time (Zheng et al., 2019), control of leaf cell elongation
(Yu et al., 2008) and resetting the epigenome across generations
(Crevillén et al., 2014; Antunez-Sanchez et al., 2020; Borg et al.,
2020). Functions such as controlling leaf cell elongation require
specific targeting of the demethylases to a subset of their global
target genes. In the context of leaf cells, this is achieved by the
interaction of ELF6 and REF6 with the BZR2 transcription factor
which recruits the demethylases to specific target genes (Yu et al,,
2008). Furthermore, in floral buds REF6 has been demonstrated
to interact with a number of developmentally important MADS-
box transcription factors (Yan et al., 2018).

The role of the demethylases in epigenetic reactivation of
floral development genes and thus control of floral development
is poorly understood. Though changes to floral morphology
have been observed in elf6 jmjl3 ref6 triple mutants (Yan et al.,
2018), the function of each individual demethylase in floral
development and self-pollination control is unknown. In this
study we reveal that two of the histone demethylases, ELF6 and
JMJ13, antagonistically regulate self-pollination by modulating
the growth of stamen and carpel, linking ELF6/JMJ13-dependent
chromatin regulation to floral development and self-fertility.
We further investigate the transcriptome and epigenome
changes caused by loss of these demethylases to predict
the target genes which may be responsible for these novel
developmental functions.

MATERIALS AND METHODS

Plant Material

A. thaliana Columbia-0 ecotype (Col-0) was used in this
study as wild-type material. All knock-out mutants were
T-DNA insertions of Col-0: jmjl3 (GABI_113B06), elf6-
3 (SALK_074694C), ref6-1 (SALK_001018C). Double and
triple mutants were generated by crossing and genotyping
(kindly provided by Prof C Dean, John Innes Centre,
UK). pJMJ13:JMJ13-GFP in jmjl3 genetic background and
p35S::ELF6-GFP in elf6 genetic background (Kindly provided by
Dr. H Yang and Prof C Dean, John Innes Centre, UK) were used
for phenotypic complementation.

Fertility Assessment

The number of failed siliques was counted on the primary
inflorescence after approximately 6 weeks of growth such
that at least 10 siliques had matured on each primary
inflorescence sampled.

Floral Organ Phenotype Measurements

Col-0, elf6, jmj13, ref6, all double and triple mutants were grown
for 4-5 weeks until flowering. Stage 14 buds, as defined by Smyth
et al. (1990), corresponded to the 2 youngest open buds of the
inflorescence and were used as samples for floral organ height
quantification. Buds were imaged using either the Leica MZ165

or the Olympus SZ61. Image] (Rueden et al., 2017) was used to
perform measurements of stamens and carpels.

Pollen Viability Assay

Pollen from stage 14 flowers the first four flowers were stained
with 5 ug/ml of fluorescein diacetate to examine pollen viability
(n =5 flowers per genotype, n > 150 pollen grains per genotype).

Transcriptome Sequencing

RNA was extracted from stage ~9-13 buds (Smyth et al., 1990) by
phenol-chloroform extraction (Box et al., 2011). Single-end deep
sequencing of two replicates from each genotype was performed
after mRNA enrichment (BGI technology). Sequences (>30
million from each sample) were aligned to the TAIR10 genome
using bowtie2 (Langmead and Salzberg, 2012) and differentially
expression analysis performed using NOISeq (Tarazona et al.,
2011). Differentially expressed genes are defined by a 2-fold
change in expression and a NOISeq probability score > 0.8.

Ploidy Analysis

Ploidy analysis method was adapted from Yang et al. (2019).
Sixteen carpels for each genotype were dissected from stage 14
flowers at inflorescence positions 1 and 2. The dissected carpels
were immediately placed in ~400 ul of nuclei isolation buffer
(0.01 M MgSO4, 0.05M KCI, 1.2 mg/ml HEPES buffer, 10 mM
DTT, 2.5% Triton-X100 in water). Carpel tissue was then diced
in the buffer to release the nuclei and was filtered through a
double layer of Mira-cloth (pore size 22-25pum). DAPI was
added to a final concentration of 2 jLg/ml and incubated at room
temperature for 15min. This solution (400 pl) was then run
through the BD LSR Fortessa™ flow cytometer and DAPI was
excited with a 405 and 640 nm laser and light collected at 450
nm+/—25 and 780 nm+/—30, respectively.

Cell Elongation Analysis

Flowers from Col-0 (n = 4), elf6 (n = 3), and jmjl3 (n = 2)
were sampled at stage 14 from the first flower position on the
inflorescence. Each flower was dissected to leave just the intact
gynoecium attached to the stem. The gynoecium was cleared in
80% isopropanol for between 110 and 130 min and then stained
in 20 ug/ml propidium iodide (PI) solution for 20 min. The
PI stained gynoeciums were imaged with a Leica SP5 upright
confocal microscope with an excitation wavelength of 514nm
and an emission capture range of 585-602 nm. Cross-sections of
the upper and lower carpel were imaged. The cells of the outer
epidermal cell files of the carpel were measured along the long
axis of the carpel in ImageJ (Rueden et al., 2017), measuring at
least 95 cells per genotype.

General Data Analysis

The R statistical programming language (R Core Team, 2019)
was used for all data analysis and graph generation excluding the
flow cytometry data which was analyzed in FCSalyzer (https://
sourceforge.net/projects/fcsalyzer/). The following R packages
were utilized in the analysis and graphing of data: tidyverse
(Wickham et al, 2019), eulerr (Larsson, 2020), BioMaRt
(Durinck et al., 2009).
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FIGURE 1 | Fertility phenotypes of H3K27me3 demethylase knock-out mutants. (A) Varying degrees of self-fertility in the demethylase knock-out mutants. The white
arrow heads point to aborted siliques caused by failed self-pollination, as seen in the first flower of Col-0 and to the eighth flower of jmj73. Scale bars represent 1 cm.
(B) Quantification of self-fertility. Numbers of aborted siliques are plotted with asterisks indicating which data point is statistically significant as compared to that of
Col-0 (p < 0.05, t-test). The dashed horizontal line represents the median y-axis value of Col-0.

Gene Accession Numbers

A. thaliana gene locus identification codes for genes
mentioned in this study (for the full list of predicted target
genes see Supplementary Table1) are as following: ELF6
(AT5G04240); REF6 (AT3G48430); JMJ13 (AT5G46910); BZR1
(AT1G75080); BZR2 (AT1G19350); INO (AT1G23420); MYB24
(AT5G40350); SMRS (AT1G10690); EXPA1 (AT1G69530);
EXPA3 (AT2G37640); EXPB3 (AT4G28250); SAUR26
(AT3G03850); AGP14 (AT5G56540); AGP22 (AT5G53250);
AGP7 (AT5G65390).

Data Availability

All RNA sequencing datasets generated in this study can
be accessed through NCBI Gene Expression Omnibus
(GEO; https://www.ncbinlm.nih.gov/gds) under accession
number GSE164739.

RESULTS

ELF6 and JMJ13 Antagonistically Regulate
Arabidopsis Self-Fertility via Floral Organ

Growth

Fertility in the context of Arabidopsis refers to the ability of
a flower to generate a full-length silique with viable seeds.
Arabidopsis thaliana is predominantly self-fertilizing, in that
the female gynoecium of a typical flower is fertilized by pollen
from the same flower. However, the first two flowers to mature
often fail to self-fertilize resulting in stunted siliques (Figure 1A).
The infertility in these first two flowers is caused by a failure
to self-pollinate, as the stigma extends beyond the reach of
the mature stamens preventing pollen transfer from anther to
stigma (Figure 2A). By manually fertilizing flowers with their

own pollen, we restored fertility confirming that the absence of
self-fertility is not caused by gamete viability but by failure to
transfer pollen (Supplementary Figure 1).

To reveal the role of the H3K27me3 demethylases in
regulating self-pollination, the number of infertile siliques was
quantified in elf6, ref6, and jmjl3 T-DNA mutants (Figure 1) (see
methods for specific alleles). In elf6 and jmjl3, significant and
opposite changes to the degree of self-fertilization were observed.
elf6 displayed increased self-fertility whereby all flowers, even
the first two flowers, were consistently self-fertile. Conversely,
an infertility phenotype was observed in jmjl3 whereby aborted
siliques were observed all the way to the eighth flower of the
primary inflorescence. ref6 did not show a significant change
in fertility. The relationship between the demethylases was also
probed by quantifying fertility in double and triple mutant
combinations. Double mutants displayed non-obvious floral
phenotypes; elf6 jmjl3 adopted a jmjl3-like reduced fertility, elf6
ref6 was super-fertile while jmj13 ref6 showed an intermediate
phenotype between jmjl3 and ref6. Finally, the triple mutant
showed no significant change from the wild-type (Figure 1B,
Supplementary Figure 2).

To confirm that the fertility phenotypes are attributed
to loss of the demethylases rather than artifacts of random
T-DNA insertions, stable complementation lines expressing
p35S:ELF6-GFP and pJMJ13:JMJ13-GFP in elf6 and jmjl3
mutant  backgrounds, respectively, were characterized.
Both transgenic lines restored fertility to wild-type levels
(Supplementary Figure 3). We next questioned whether the
infertility phenotype of jmjl3 may be caused by a reduction
in pollen viability. Pollen from Col-0, elf6 and jmjl3 was
stained with fluorescein diaecetate in which only viable
pollen displays fluorescein fluorescence. No significant

Frontiers in Plant Science | www.frontiersin.org

33

February 2021 | Volume 12 | Article 640135


https://www.ncbi.nlm.nih.gov/gds
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Keyzor et al. Histone Demethylases Regulate Self-Fertility

A elfé jmj13 B
Flowers 1-2 Flowers 3-6
30 = *
~N
5 *
3
o
- 25
£
E
z
g
X
20
<
@
2
o
= .
15 S 2 'S N 2 Q 2
& & & 4 & & &
5® Ao bf;'~‘°§ E N R
& & © & &® § \@\” . \@*
c Flowers 1-2 D Flowers 3-6
*
£ 1 ¥ £ *
E 05 E 05 v
8 8 %
5 * * b
o o 1 |
a (=]
£ g £ |
.0 .20
K 0.0 2 00 -I-
£ £
2 1 %
& &
< < .
3 Q
E £
ol ¢ i .
v 05 Y 05
| {
. X X
D © S ) N
N © ) W@ N © Q W
S © L o & @ S © L o & @
P > O @ N S ® B S @ » @ S
s & & & S & & &
FIGURE 2 | Quantification of floral organ lengths in H3K27me3 knock-out mutants. (A) Representative images of stage 14 flowers of the indicated genotypes from
flower positions 2 and 4 (scale bars represent 1 mm). Black arrow heads indicate the lowest point of the stigma closest to the receptacle, whilst white arrow heads
indicate highest point of the tallest stamen, the difference of which correlates with self-fertility. (B) The absolute heights of stamen and stigma from Col-0, elf6, and
jmj13 flowers. Measurements were taken from receptacle to the top of the highest stamen and to the bottom of the stigma. n >= 20 for each genotype in each flower
position. An asterisk indicates statistical significance compared to the respective Col-0 data of the same floral organ and flower position group (o <= 0.05, t-test). (C)
The lengths from receptacle to the tip of the tallest stamen, and receptacle to the lowest point of the stigma were measured. The difference between these two lengths
is plotted for every flower measured at flower positions 1-2 and distributed by genotype. Groups marked with an asterisk are statistically significantly different from the
Col-0 stamen/stigma height differences (p < 0.05, t-test). The violin graph represents the density of data point distribution displayed symmetrically along the y axis. n
>= 20 for each genotype. (D) Stamen-stigma height differences were measured and plotted as in (C) but for flower positions 3-6. n >= 20 for each genotype.

change in pollen viability was found between Col-0 and  (Figure2A). Two lengths were measured: from the receptacle
jmjl3 or elf6 (Supplementary Figure4). To verify that (base of the flower) to the top of the tallest stamen and from
male and female reproductive organs were still individually  the receptacle to the bottom of the stigma (Figure 2B). The
functional in the absence of JMJ13, manual self-pollination  difference between these two lengths was calculated such that
was performed. Fertility of the first two flowers was restored  positive values indicate that the stamens were taller than the
in Col-0 and jmjI3 when they were manually self-pollinated  stigma and self-pollination was likely to occur, whereas negative
(Supplementary Figure 1, n > 36). values indicate the stamens were shorter than the stigma and

We hypothesized that these changes in fertility upon loss  the flower was likely to fail in self-pollination. As expected, Col-
of H3K27me3 demethylases were due to changes in carpel 0 displayed a negative median floral organ height difference in
and stamen growth altering the probability of self-pollination.  the first two flowers and positive median difference in flowers
To assess this hypothesis, the lengths of carpel and stamen  3-6 (Figure 2A) as is consistent with the typical fertility of
were measured from flowers at developmental stage 14 when  flowers in those positions (Figure 1B). The stamen-stigma height
self-pollination typically occurs in Col-0 (Smyth et al, 1990)  differences in the single mutants were also consistent with their
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FIGURE 3 | Transcriptome changes in the bud in elf6, ref6 and jmj13 knock-out mutants compared to Col-0. (A) Transcriptomes of elf6, jmj13, and ref6 buds
compared after differential expression analysis against the transcriptome of Col-0 buds. The significance thresholds drawn in dashed lines represent a 2-fold change
in expression and a probability score > 0.8. Genes over these thresholds are classed as differentially expressed and colored in lime green, forest green and cyan
dependent on the genotype. (B) DEGs extracted from the elf6 and jmj73 transcriptomes. They are split into up and down regulated DEGs and represented as
individual venn groups, with the shared group representing genes that are either differentially up or down regulated in both elf6 and jmj13 buds compared to Col-0.

fertility phenotypes. The “super-fertile” elf6 displayed a positive
median stamen/stigma height difference in all flower positions
and was significantly greater than Col-0 in flowers 1-2 (p < 0.05,
t-test); the semi sterile jmjI3 median stamen/stigma difference
was negative and significantly less than Col-0 in all flower
positions measured (p < 0.05, t-test). ref6 median stamen-stigma
difference showed no statistically significant difference from Col-
0 in flowers 1-2. Specifically, the absolute heights of stamen and
stigma show that elf6 had significantly shorter carpels than Col-0
in flowers 1-2 whilst jmjI3 had significantly longer carpels and
shorter stamens than Col-0 in flowers 3-6 (Figures 2B,C). The
data demonstrates that JMJ13 and ELF6 play crucial antagonistic
roles in regulating self-fertility, by regulating the growth of
specific floral organs.

Transcriptome Wide Changes Occur in elf6

and jmj13 Mutants

To wunderstand the role of H3K27me3 demethylation
in regulating floral organ growth and self-pollination,
transcriptome datasets were generated from stage ~9-13
buds of Col-0, elf6, jmjl3, and ref6 inflorescences. Large
transcriptome changes were observed in elf6 and jmj13; defined
by > 2-fold expression change and > 0.8 NoiSeq probability
score, there were 2,023 and 2,599 differentially expressed genes
(DEGs), respectively, when compared to Col-0 (Figure 3).
The ref6 knock-out buds on the other hand displayed only
minor transcriptome changes as only 103 DEGs were observed,
consistent with the subtle fertility phenotype of ref6. There is
proteomic evidence to show that REF6 binds to a number of
important MADS-box transcription factors controlling floral
development (Yan et al., 2018) and so it is unexpected that
ref6 displays the weakest floral development phenotype and
transcriptome effects. One possible explanation may be that the
T-DNA insertion in the ref6-1 mutant (SALK_001018C) does not

completely inhibit REF6 function. This may be because in this
ref6-1 mutant the catalytic domain remains intact and only the
zinc-finger domain is disrupted by the inserted T-DNA. Previous
studies (Yan et al., 2018) have shown that REF6 still targets
several thousand genes without its zinc-finger domain, merely
losing specificity, and so ref6-1 likely also retains targeting
and catalytic ability. Read alignment to the ref6 gene model
confirmed that the catalytic domain is still expressed in the ref6
T-DNA insertion mutant (Supplementary Figure 5). This is in
contrast to the elf6 and jmjl3 mutants in which the catalytic
domain is completely disrupted by T-DNA insertion.

The elf6 and jmjl3 transcriptome datasets were further
analyzed to gain a mechanistic understanding of self-fertility
regulation by the H3K27me3 demethylases. DEGs from both
the elf6 and jmj13 datasets contained mostly up-regulated genes.
This demonstrates that the majority of DEGs are not direct
floral targets of the demethylases as a floral target gene would
remain epigenetically silenced without the respective H3K27me3
demethylase due to ectopic accumulation of H3K27me3.
Significant, but minority, overlap was found between the elf6 and
jmj13 DEGs (3230 unique DEGs, 696 shared DEGs, p < 0.0001).

A data screening approach was taken to predict ELF6 and
JMJ13 target genes responsible for the floral organ growth
phenotypes. We first assumed that without ELF6 or JMJ13, their
respective target genes would become ectopically enriched in
H3K27me3. Using a H3K27me3 ChIP-seq dataset from Col-0 and
demethylase triple mutant buds (Yan et al., 2018) we selected
all genes which showed significant H3K27me3 enrichment in
the triple mutant buds (3,216 genes). The phenotypic target
genes would also be expected to be transcriptionally silenced
in the elf6 or jmjl3 mutant due to H3K27me3 accumulation.
From our RNAseq data, 61 and 42 genes from the 3,216 gene
subset were significantly down-regulated in elf6 and jmjl3,
respectively. This gene list comprises our predicted ELF6 and
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TABLE 1 | Predicted ELF6 phenotypic target genes as determined by screening of transcriptome and epigenome data.

ELF6 target Target gene function Log2(elf6/Col-0) Log2(jmj13/Col-0)

gene name

EXPA1 Promotes cell elongation by cell wall loosening (Cosgrove 2015) —1.26 0.47

EXPA3 Promotes cell elongation by cell wall loosening (Cosgrove 2015) —1.51 —0.49

EXPB3 Promotes cell elongation by cell wall loosening (Cosgrove 2015) —1.01 0

ADP1/ABS3 Promotes cell elongation, branching, sensecence and fertility in auxin 1.1 —-0.16
dependent manner (Li et al., 2014; Wang et al., 2015)

PRR9 Regulation of the circadian clock and flowering time (McClung and —-1.22 1.02
Gutiérrez, 2010)

ZFP2 Negatively regulates floral abscission and stamen length (Cai and -3.19 -1.2
Lashbrook, 2008)

CBF1 Transcriptional activator of cold tolerance and ABA response genes (Li —2.76 0.38
etal, 2017)

CYP81F4 Secondary metabolite synthesis —1.66 0.16

MARD1 Regulator of ABA mediated seed dormancy and interactor of SnRK1 —1.39 0.63
autophagy activator (He and Gan, 2004; Nietzsche et al., 2014)

LEA2 Promotes root growth and drought tolerance (Magwanga et al., 2018) -1.8 —0.62

EPFL2 Stomata guard cell differentiation —-1.07 0.67

FLZ7 Adaptor for SnRK1 autophagy regulation (Jamsheer et al., 2018) —-2.12 —1.01

ATLO8 Ubiquitin mediated protein degradation —-2.3 0.09

MBOAT Membrane bound O-acyl transferase —1.05 0.19

PLC6 Phosphoinositol-DAG signaling —1.1 0.26

AT2G29660 Zinc-finger transcription factor —-1.07 0.12

CUAOy2 Amine metabolism -1.3 0.47

DTX49 Xenobiotic efflux -1.5 —-0.24

JMJ13 target genes. To further reduce this list to the most
likely candidates it was assumed that because elf6 and jmjl3
show opposing fertility and carpel growth phenotypes that the
genes responsible should be differentially expressed between the
elf6 and jmjl13 mutants. 41 of the 103 predicted ELF6/JMJ13
target genes showed a 2-fold change in expression between elf6
and jmjl3 (Supplementary Table 1). From this subset, genes of
unknown function were discarded and the remaining 18 ELF6
target genes (Table 1) and 11 JMJ13 target genes (Table 2) were
determined to be the most likely ELF6/JMJ13 target genes causing
the observed phenotypes.

ELF6 Likely Relieves Expansin Genes of
H3K27me3 Suppression to Induce Cell

Elongation

Of the 18 predicted phenotypic target genes of ELF6, three
were identified as expansins (EXPB3, EXPA3, and EXPA1)
(Supplementary Figure 8). The expansins are cell wall
remodeling enzymes which disrupt non-covalent bonding
between cellulose microfibrils to relax the cell wall allowing
turgor-pressure to induce cell-elongation (Cosgrove, 2015).
Expansins induce cell elongation responses in numerous
developmental contexts (Marowa et al., 2016), but have yet to be
implicated in carpel growth. It is likely that the loss of ELF6 has
caused multiple expansin genes to remain epigenetically silenced
by H3K27me3 and thus unable to induce cell elongation in the
carpel, retarding carpel growth. We next asked how ELF6 might

be recruited to the expansin genes. The expansins are shown to
be regulated by the brassinosteroid response transcription factor
BZR2 which has also been demonstrated to directly bind ELF6
and REF6 (Yu et al,, 2008, 2011). It is likely that in the carpel
BZR2 recruits ELF6 to multiple expansin genes. Supporting
this theory, we found that our 60 predicted ELF6 target genes
are significantly enriched in ChIP-seq validated target genes
of BZR2 and its close homolog BZR1 whereas the predicted
JMJ13 target genes showed no such enrichment (ELF6-BZR2,
x2.26 enrichment, p = 0.049; ELF6-BZR1, x1.78 enrichment, p =
0.026, hypergeometric test, Supplementary Figure 6).

If expansin epigenetic silencing in elf6 is the primary cause of
stunted carpel growth, we should observe a reduction in cell size
in the elf6 carpel. Cell elongation is a key growth mechanism for
the maturing silique (Ripoll et al., 2019). However, it is unclear
whether differential cell elongation at the self-pollination stage
can affect the chances of successful pollen deposition onto the
stigma. Using confocal microscopy, we measured cell length in
the carpel epidermis of stage 14, position 1 flowers from Col-0,
elf6 and jmjl3 plants (Figure 4). A significant 15% decrease in
mean cell length was observed in elf6 carpels compared to Col-
0 carpels (n carpels > 3, n cells > 95, p <= 0.05, t-test), from a
mean cell length 0f 24.5 pm in Col-0 (SD =7.6) to 20.8 wm in elf6
(SD = 6.9). This reduction in cell length could explain the ~8%
reduction in total carpel length of position 1 flowers (Col-0 mean
length = 2.51 mm, SD = 0.15; elf6 mean length = 2.32 mm, SD =
0.10) (Figure 2B), therefore, supporting a role for the expansins
in promoting carpel growth to prevent self-pollination.
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TABLE 2 | Predicted JMJ13 phenotypic target genes as determined by screening of transcriptome and epigenome data.

JMJ13 Target gene function Log2(elf6/Col-0) Log2(jmj13/Col-0)

target gene

name

JAZT Regulator of jasmonic acid signaling, flower development, flowering 1.43 —1.77
time, drought tolerance, pathogen defense (Browse and Wallis, 2019)

SAUR26 Auxin responsive positive regulator of cell elongation, enriched -0.19 —2.13
expressed in stamens (Spartz et al., 2014)

AGP22 Membrane proteoglycan involved in cell-cell signaling and wound 1.1 —2.29
response (Guan and Nothnagel, 2004)

AGP14 Membrane proteoglycan involved in cell-cell signaling and wound 0.25 —1.17
response (Guan and Nothnagel, 2004)

AGP7 Membrane proteoglycan involved in cell-cell signaling and wound 0.64 —-1.2
response (Guan and Nothnagel, 2004)

LEC Lectin up-regulated by chitin, mechanical damage, jasmonic acid, 2.24 —2.24
ethylene

SAQR Regulator of flowering time and starch allocation (Jones et al., 2016) —-0.1 -3

XTH24 Cell wall expansion by xyloglucan cleavage and re-ligation (Lee et al., 0.46 —-1.37
2018)

PUP18 Purine and possibly cytokinin transporter, induced by the AP3 and PI 1.8 —1.94
homeotic transcription factors (Mara and Irish, 2008)

ATL89 Ubiquitin mediated protein degradation -0.14 —1.94

UPS4 Ureide permease —0.31 —2.45

e Col-0 elfé B

Col-0 elfé jmj13

FIGURE 4 | Effects of elf6 knock-out on carpel epidermal cell length. (A) Confocal microscopy of stage 14 carpel mid sections using propidium iodide staining to
highlight individual cells. The image on the left is taken from a Col-0 carpel, whilst the right hand image is from elf6. White arrow heads indicate the epidermal cell layer.
Scale bar depicts 60 um. (B) Measurements of cell length in carpel epidermis. A significant 15% reduction in mean epidermal cell length was observed in elf6 carpels
compared to Col-0 carpels (n >= 3 carpels per genotype, n >= 95 cells measured per genotype, p <= 0.05, t-test). The dashed line represents the mean carpel
epidermal cell length of Col-0 carpels. The asterisk denotes a significant change in cell length between the indicated genotypes (p <= 0.05, t-test).

Our bioinformatic pipeline also proposed the cyclin  To verify this hypothesis, the ploidy state of stage 14
dependent kinase inhibitor SMRS8, a likely regulator of  gynoecium nuclei was assessed using DAPI staining and
endoreduplication, to be targeted by ELF6 (Van Leene flow cytometry. No significant endoreduplication could
et al., 2010) (log2FC(elf6/jmj13) = —0.9, so not featured in  be detected in either Col-0, elf6, or jmjl3 gynoecia,
Table 1). We hypothesized that endoreduplication, mediated  concluding that endoreduplication is unlikely to be
by SMRS8, may be a synergistic growth mechanism in the employed in carpel growth up to floral developmental
wildtype carpel and that loss of ELF6 could silence SMR8  stage 14 and is not affected by ELF6 or JMJ13 in the carpel
thus inhibiting endoreduplication and carpel growth. (Supplementary Figure 7).
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JAZ7, SAUR26 and Multiple
Arabinogalactan Proteins Are Silenced in

jmj13 Buds

Of particular interest in the set of predicted JMJ13 phenotypic
target genes is the jasmonic acid response transcription
factor JAZ7 (Supplementary Figure 8). Jasmonic acid is a key
hormonal regulator of floral organ development and acts by
binding JAZ repressor proteins to induce their degradation
(Huang et al, 2017). JAZ proteins bind and inhibit other
developmental transcription factors (Song et al., 2011) such as
YABBY and MYB transcription factors to bring about controlled
floral development (Meister et al., 2005; Reeves et al., 2012; Boter
et al., 2015; Qi et al., 2015; Gross et al., 2018). Two members of
the YABBY family in particular, CRC and INO, are involved in
gynoecia development and both display stunted carpel growth in
knock-out mutants (Meister et al., 2005). INO was found to be
significantly up-regulated in the jmjI3 inflorescence (1.4 log2FC,
0.98 probability score) which may be considered phenotypically
consistent with the enlarged gynoecia observed in jmjl3 mutants
(Figure 2B). However, it is not clear whether this dysregulation
of INO expression is related to the ectopic epigenetic silencing
of JAZ7.

The other common JAZ targets, the MYB transcription
factors, are also heavily involved in floral development.
MYB21 and MYB24 in particular are known to promote
stamen elongation and myb21-myb24 knock-out mutants display
a reduced stamen/gynoecium length ratio and significantly
decreased fertility in a very similar manner to the jmj13 knock-
out phenotype (Reeves et al.,, 2012; Qi et al, 2015). MYB24
was found to be significantly down-regulated in the jmjI3
knock-out inflorescence (—1.6 log2FC, 0.99 probability score),
providing a phenotypically consistent hypothesis to explain the
reduced stamen growth and subsequent infertility of jmjl3
knock-out flowers. However, there were no significant changes
to the H3K27me3 profile across the MYB24 gene, indicating that
MYB24 must be indirectly repressed downstream of a JMJ13
target. Several JAZ proteins (JAZ1, JAZ8, JAZ11) have been
shown to bind the MYB family transcription factor MYB24 (Song
et al,, 2011) and so it may be possibly be a target of JAZ7 too.
Though there is lacking evidence to tie together the observed
ectopic H3K27me3 silencing of JAZ7 and the gene expression
changes of MYB24 and INO, it is clear that JMJ13 is playing an
important role within this regulatory network.

In addition to the jasmonic acid regulator JAZ7, the auxin
response gene SAUR26 is also epigenetically silenced in jmj13
(Supplementary Figure 8). Numerous SAUR genes have been
demonstrated to induce cell elongation via cell wall acidification
(Spartz et al., 2014) and the SAUR63 subfamily has been
specifically demonstrated to induce stamen elongation (Chae
etal., 2012). Though the role of SAUR26 in stamen elongation has
not been studied, SAUR26 does show highly enriched expression
in the stamens and so is likely to serve the same function as the
SAURG63 subfamily (Klepikova et al., 2016).

A final major class of potential JMJ13 target genes is the
arabinogalactan proteins (AGPs); highly glycosylated proteins
of the outer plasma membrane implicated in developmental

signaling (Seifert and Roberts, 2007). Three AGPs were predicted
to be phenotypic targets of JMJ13; AGP7, AGP14, and AGP22.
However, the biochemical function and physiological role of
specific AGPs is poorly understood and difficult to relate to
floral organ growth. Interestingly, perturbation of AGPs elicits a
wound-like response (Guan and Nothnagel, 2004) hinting at a
possible connection between JMJ13, AGPs and the jasmonic acid
regulatory network which also regulates wound response.

DISCUSSION

Stamen/carpel growth coordination is differentially regulated
according to the position of flowers along the length of the
inflorescence, such that a small portion of flowers refrain
from self-fertilization (Plackett et al., 2017). Despite failing
to self-pollinate, the stamen and gynoecium of these first
flowers are still fully functional and able to produce viable
siliques if pollen is artificially transferred from anther to stigma
(Supplementary Figure 1). It is likely that A. thaliana in the
wild receives some form of evolutionary advantage by refraining
from self-pollination in the first flowers. In the wild, pollinators
are likely to cause pollen transfer and thus enable out-crossing
in these first two flowers providing evolutionary benefits in
the form of genetic diversity. However, self-pollination is a far
safer reproduction strategy as it is less dependent on external
pollinators and resources are not invested by the plant to attract
pollinators as with other species. Therefore, by self-pollinating
all but the first two flowers, A. thaliana likely optimizes the
benefits of out-crossing and self-fertilization (Stebbins, 1974;
Wright et al,, 2013). Our evidence demonstrates that the
histone demethylases ELF6 and JMJ13 antagonistically regulate
this evolutionary equilibrium between self-fertilization and out-
crossing. We find that ELF6 reactivates floral development
genes to promote carpel growth and outcrossing, whilst JMJ13
reactivates a different set of floral development genes to inhibit
stamen growth and promote carpel growth to stimulate self-
pollination.

Transcriptome and epigenome data (Yan et al., 2018) from
flowers of demethylase mutants has been used to specifically
identify the likely target genes causing these floral organ
growth effects. Our findings suggest that ELF6 epigenetically
activates multiple expansin genes, via BZR2 recruitment,
inducing carpel cell elongation. The identification of JAZ7
as a JMJ13 target gene implicates chromatin regulation as
a mechanism mediating the jasmonic acid gene regulatory
network. The current literature is unclear on what the
downstream effects of JAZ7 epigenetic silencing might be,
largely due to there being multiple possibly redundant JAZ
genes hindering studies on single gene knock-out mutants
(Wager and Browse, 2012). Our observation of MYB24 down-
regulation provides a phenotypically consistent explanation as
to why jmjI3 displays stunted stamens and decrease fertility,
but MYB24 does not show H3K27me3 enrichment in the
demethylase triple mutant implying that it is not a direct
demethylase target gene. Similarly with INO; although INO
and its binding partner CRC are known to play a role
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in promoting carpel growth (Gross et al, 2018), INO is
clearly not a direct target of JMJ13 as it is up-regulated
in the jmjl3 mutant. As JAZ7, MYB24, and INO are
part of the same regulatory network, it is possible that
an uncharacterised intermediate connects JAZ7 function to
transcriptional regulation of MYB24 and INO. Moreover,
the complex feedback of the floral development regulatory
network suggests that ectopic epigenetic silencing of a single
gene such as JAZ7 may induce unexpected changes to gene
expression throughout the network (Reeves et al, 2012).
An alternative or synergistic hypothesis linking JMJ13 to
stamen growth is the epigenetic activation of SAUR26, a gene
likely to induce stamen elongation via cell wall acidification
(Chae et al., 2012).

We have demonstrated that the histone demethylases
ELF6 and JMJ13 epigenetically regulate distinct sets of
floral development genes to regulate floral morphology.
Our evidence supports mechanisms whereby ELF6 promotes
carpel elongation via epigenetic activation of expansin genes,
whilst JMJ13 represses carpel growth via jasmonic acid signaling
and promotes stamen growth via epigenetic reactivation of
SAUR26. These conclusions establish histone demethylation
as a key mechanism in regulating the chromatin state of
floral development genes and hence controlling floral
morphology and the equilibrium between self-pollination
and out-crossing.
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ULTRAPETALA1 (ULT1) is a versatile plant-exclusive protein, initially described as a
trithorax group (TrxG) factor that regulates transcriptional activation and counteracts
polycomb group (PcG) repressor function. As part of TrxG, ULT1 interacts with
ARABIDOPSIS TRITHORAX1 (ATX1) to regulate H3K4me3 activation mark deposition.
However, our recent studies indicate that ULT1 can also act independently of ATX1.
Moreover, the ULT1 ability to interact with transcription factors (TFs) and PcG proteins
indicates that it is a versatile protein with other roles. Therefore, in this work we revised
recent information about the function of Arabidopsis ULT1 to understand the roles of
ULT1 in plant development. Furthermore, we discuss the molecular mechanisms of
ULT1, highlighting its epigenetic role, in which ULT1 seems to have characteristics of
an epigenetic molecular switch that regulates repression and activation processes via
TrxG and PcG complexes.

Keywords: ULTRAPETALA1, TrxG, PcG, ATX1, Molecular epigenetic switch, Arabidopsis

INTRODUCTION

In multicellular organisms, epigenetic regulation plays crucial roles for the correct deployment of
developmental programs and for the establishment of cell fates. Epigenetic mechanisms include
post-translational histone modifications (PHM) that modulate chromatin structure to regulate
gene expression. The trithorax group (TrxG) is an epigenetic protein complex able to regulate
transcriptional activation through trimethylation of lysine 4 and 36 of histone H3 (H3K4me3 and
H3K36me3) as well as other associated PHMs (Schuettengruber et al., 2011). TrxG proteins are
those that belong to complexes counteracting of polycomb group (PcG) repressive activity at the
same set of target genes (Grimaud et al., 2006); however, other proteins that act together with TrxG
on PcG or non-PcG target genes are also considered TrxG (Schuettengruber et al., 2007).

In plants, TrxG participates in different developmental processes from embryogenesis to floral
development, regulating gene expression of several transcription factors (TFs) involved in stem
cell maintenance, cell fate identity, and cell proliferation and differentiation (Sanchez et al,
2015; Fletcher, 2017). The plant TrxG complex has been identified by homology to known TrxG
proteins in animals or by genetic characterization based on their ability to counteract PcG mutant
phenotypes (Fletcher, 2017). In this regard, SET histone methyltransferases (HMTs) of MLL and
SET families, COMPASS-like proteins such as WDR5, ASH2L and RBBP5, and ATP-dependent
chromatin-remodeling factors such as BRM, CHD and BPTEF, have been described in plants
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(Avramova, 2009; Schuettengruber et al., 2011; Sanchez et al,
2015) (Figure 1). In Arabidopsis thaliana (hereafter Arabidopsis),
the main HMTs of TrxG that catalyze the H3K4me3 mark
are the ARABIDOPSIS TRITHORAX1 (ATX1) and the
ARABIDOPSIS  TRITHORAX-RELATED  3/SETDOMAIN
GROUP 2 (ATXR3/SDG2) (Alvarez-Venegas et al., 2003; Berr
et al., 2010; Guo et al.,, 2010; Chen et al., 2017), although until
now, only ATXI has been found to form a complex within the
core of Arabidopsis COMPASS-like complex described (Jiang
et al, 2011). Interestingly, it has been reported that the plant
TrxG group includes a unique protein named ULTRAPETALA1
(ULT1) (Figure 1), whose structure differs from all TrxG
components reported in animals and yeast. ULT1 has been
defined as a TrxG factor by counteract PcG silencing and by
its physical interaction with ATX1 (Carles and Fletcher, 2009;
Pu et al,, 2013). However, our recent study indicates that ULT1
can act independently of ATXI, in a tissue-specific fashion
(Ornelas-Ayala et al., 2020). Moreover, the interactions of
ULT1 with PcG proteins (Xu et al., 2018) suggest other roles
of ULT1 as well. Therefore, here we review recent information
on the structure of the ULT1 protein, its interactions with
other proteins, and its gene targets, as well as the phenotypic
analysis of loss-of-function mutants to understand the roles
of ULTI in plant development. Furthermore, we discuss the
molecular mechanisms in which ULT1 is involved, as well
as its possible function as an epigenetic molecular switch
that regulates repression and activation processes via TrxG
and PcG complexes.

WHAT THE ULT1 STRUCTURE REVEALS
ABOUT ITS FUNCTION

In Arabidopsis, ULT1 has been described as a SAND (named
after Sp100, AIRE, NucP41/75, DEAF-1) domain protein that

ATP-dependent ]
chromatin remodeling |
factors
~ BRM, SYD = BRM/BRG1
PKL = CHD3/4
CHR11/17 = BPTF

COMPASS-like
components
WDR5a, WDR5b = WDR5 w
ASH2R = ASH2L

RBL = RBBPS

' 4 |
SAND domain [ Plants Histone
proteins Animals methyltransferases |

ULT1/2 ATX1/2/3/4/5, SDG2 (ATXR3) = MLL1/2/3/4

SDG25 (ATXR7) = SET1A/B
ASHH1, ASHH2 = ASHIL

FIGURE 1 | Factors of the TrxG complex. Different proteins of the TrxG animal
complex that are conserved in plants such as (i) ATP-dependent
chromatin-remodeling factors, (i) SET domain-containing proteins that
catalyze histone methylation, and (i) COMPASS-like proteins. It is noteworthy
that plant TrxG includes SAND-domain proteins that are not conserved in
animals. The list of names below of each TrxG component shows the proteins
described in Arabidopsis (green color) and their mammalian counterparts
(orange color).

also contains a B-box motif (Figure 2A), a motif that seems
to be important for protein-protein interaction (Torok and
Etkin, 2001; Carles et al, 2005; Khanna et al, 2009). In
the case of OsULT1 from Oryza sativa, it has been shown
that is important for its multimerization (Roy et al, 2019).
Meanwhile, the SAND domain has a DNA-binding function
(Bottomley et al, 2001), and it is conserved in plants and
animals in vast combinations with other protein domains on
the Viridiplantae and metazoan lineages. The Clorophyta lineage
contains a single-SAND domain protein RegA, whereas in the
Embryophyte lineage only ULT and ATX3 (ARABIDOPSIS
THRITHORAX3) proteins and its paralogs contain a SAND
domain (Kirk et al., 1999; Nedelcu, 2019). In ULT proteins,
the SAND domain is unique, whereas in ATX3, it appears in
combination with the SET-like and PHD domains (Nedelcu,
2019). The SAND domain in combination with other protein
domains has also been related to chromatin interactions and
transcriptional regulation. For instance, AIRE (Autoimmune
Regulator) is capable of interacting with chromatin through
its PHD domain. AIRE binds specifically unmethylated H3K4
residues and it is proposed that this binding is important
for its function as a transcriptional activator (Org et al,
2008). Moreover, the AIRE protein can associate with DNA
transcriptional control elements and factors involved in pre-
mRNA processing (Abramson et al, 2010) and also can
be acetylated by the CBP (CREB Binding Protein) and the
p300 histone acetyltransferases to enhance its transactivation
activity (Saare et al,, 2012). Therefore, the SAND domain is
a DNA-binding module characteristic of chromatin-dependent
transcriptional regulation. In fact, by in vitro assays, it has been
shown that the SAND domain of human DEAF-1 (Deformed
Epidermal Autoregulatory Factor-1) homolog recognizes the 5'-
TTCG-3 sequence (Bottomley et al., 2001). This sequence differs
from what has been reported in plants, where the SAND domain
of recombinant OsULT1, has affinity for the 5-GAGAG-3’
sequence (Roy et al., 2019).

Most of the SAND domain proteins of the different
lineages are involved in developmental processes such as cell
proliferation, cell differentiation, tissue homeostasis and organ
formation (Nedelcu, 2019). For instance, in the multicellular
green alga Volvox carteri, RegA is involved in somatic
cell differentiation (Kirk et al., 1999), while the DEAF-1
protein is necessary for embryonic development in Drosophila
melanogaster (Veraksa et al., 2002), and its ortholog in mammals
is involved in breast epithelial cell differentiation (Barker
et al., 2008). In addition, AIRE is an important transcriptional
activator to regulate autoimmune processes in the thymus
(Abramson et al., 2010).

In plants, ULT1 functions have been described only for
Arabidopsis and rice (see below); however, several ULT1
sequences have been reported in other species. In this kingdom,
ULT1 seems to be a protein exclusive to Angiosperms, since
Gymnosperm, Lycophytes or Mosses lack sequences homologous
to ULT1. In angiosperms ULT1 is highly conserved in
different species of Eudicots, Monocotyledons, and even in
Amborellales, considered one of the most basal angiosperms
(Chase et al., 2016), the latter being closer to Eudicots than
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FIGURE 2 | ULTRAPETALA1 is conserved in different angiosperm species. (A) The SAND-domain and B-box motif of ULT1 from Arabidopsis thaliana and its
alignment with ULT1 from Oryza sativa. The asterisks show identical residues; colons (:) and periods (.) show residues with strongly and weakly similar properties,
respectively. The blue boxes show the SAND-domain and the red boxes represent the B-box consensus motif. (B) Phylogenetic analysis generated using the
neighbor-joining method based on the ULT1 protein sequence of selected plant species. Numbers at nodes represent bootstrap percentages based on 10,000
samplings. The scale bars represent 0.1 substitutions per site.
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to Monocotyledons (Figure 2B). The topology of neighbor-
joining phylogenetic analysis shows a clear clade distribution
according to plant orders, with the exception of Vitis vinifera
that is closer to Poales (Figure 2B). Evolutionary conservation
is also observed for Arabidopsis ULT2, a paralog of ULTI,
which conserved a similar protein structure that includes
the SAND domain (Carles et al., 2005). The high identity
of ULTI1 proteins in these species predicts similar functions
among them.

THE ROLE OF ULT1 AS PART OF TrxG
EPIGENETIC COMPLEX

The first reports on ULT1 function were made by analyzing the
ULT1I loss and gain-of-function mutant plants (Fletcher, 2001;
Carles et al., 2004, 2005; Carles and Fletcher, 2009). Indeed, loss of
function of ULT1 delays differentiation and increases shoot and
floral meristem size, producing extra-floral organs such as sepals

and petals, hence the name ULTRAPETALA (Fletcher, 2001;
Carles et al., 2004). In the shoot apical meristem (SAM), ULT1
positively regulates the expression of APETALA3 (AP3) and
AGAMOUS (AG) (Figure 3A), two genes of the ABC flower
organ identity model (Carles and Fletcher, 2009). However,
ULT1 was also described as a negative regulator of WUSCHEL
(WUS) expression (Figure 3B), a TF that maintains stem cells
in the meristems and must be repressed in order to establish
floral determinacy (Carles et al., 2004). Therefore, these reports
describe ULT1 as a putative transcriptional regulator, involved in
shoot meristem maintenance and floral meristem differentiation
and determinacy. Nevertheless, the opposite regulation between
ULT1 and CURLY LEAF (CLF), an HMT of the Arabidopsis
PcG repressive complex, observed in some vegetative and
reproductive organs (Carles and Fletcher, 2009), as well as the
antagonistic function of ULT1 with EMBRYONIC FLOWERI
(EMF1), another PcG component (Pu et al, 2013), together
with the ability of ULT1 to physically interact with the ATX1,
have led to propose ULT1 as a TrxG factor with coactivator

A ULT1 As a TrxG factor

&

—

e 4

Restrict meristem size

J Ll

11

AG

C ULT1 acting independently of ATX1

QC cell division

Auxin response CSC differentiation

FIGURE 3 | Different roles of ULT1 during Arabidopsis development. (A) ULT1 interacts with ATX1 to counteract PcG functions in the SAM. (B) ULT1 interacts with
UIF1 to repress the WUS expression in the SAM. ULT1 may also act with KANT1 to regulate the apical/basal patterning of the gynoecium and it can function
antagonistically with KAN1 to regulate the adaxial/abaxial patterning of the gynoecium. (C) ULT1 regulates auxin response, the QC cell division rate, and the
columella stem cells (CSC) differentiation to maintain root SCN, independently of ATX1. (D) ULT1 interacts with EMF1 to keep the repression of seed development
genes by maintaining the H3K27me3 marks. The green and blue boxes represent H3K4me3 and H3K27me3 marks, respectively.
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properties of some genes related to the SAM development
(Carles and Fletcher, 2009).

Furthermore, despite the lack of HMT activity of ULT1, it
has been suggested that ult] mutant plants have lower levels of
H3K4me3 marks on AG and AP3 genes, which are associated
with an increase of H3K27me3 PcG mark on these ULT1 targets
(Carles and Fletcher, 2009; Pu et al., 2013), evidencing the ability
of ULT1 to regulate these epigenetic marks. Interestingly, the 5'-
GAGAG-3' Arabidopsis PRE motifs recognized by CLF and its
functional homolog SWINGER (SWN), as well as by other core
components of PcG (Deng et al., 2013; Xiao et al., 2017; Shu et al.,
2019), can also be recognized by the OsULT1 SAND-domain
(Roy et al., 2019). Given that the ULT1 SAND-domains from rice
and Arabidopsis share 90.91% of similarity (Figure 2A), it could
be predicted that Arabidopsis ULT1 can bind through its SAND
domain to the same sites as PcG proteins and thereby interfere
with H3K27me3 marks.

All of these reports indicate that ULT1 is a unique SAND-
domain protein that is part of a TrxG complex; neither in animals
nor in yeast is there evidence of SAND-domain proteins in the
TrxG complexes described so far.

DIFFERENT TISSUES, DIFFERENT ULT1
MECHANISMS

Although ULT1 is able to bind to ATXI, its interactions with
other TrxG components are unclear. Unlike the other members
of the TrxG, ULT1 has a very discrete expression pattern, being
mainly expressed in young organ primordia and shoot and root
meristems (Carles et al., 2005; Ornelas-Ayala et al., 2020). This
suggests that ULT1 has a tissue-specific regulation rather than a
general expression pattern as do the other TrxG members.

Genome-wide analyses have revealed that ULT1-regulated
genes are involved in different developmental processes (Tyler
et al,, 2019). Besides its function in SAM development (Fletcher,
2001), ULT1 participates in different stress processes (Pu et al.,
2013; Tyler et al,, 2019). In addition, we recently found that
ULT1 is necessary for root stem cell niche (SCN) maintenance
(Figure 3C), including the cell division rate of the Quiescent
Center (QC) and the undifferentiated state of the columella stem
cells (Ornelas-Ayala et al., 2020). Interestingly and in contrast
to its role in the SAM, our genetic analyses of atx] and ultl
single and double mutants revealed that in the root apical
meristem (RAM) ULT1 acts independently of ATX1 (Ornelas-
Ayala et al, 2020). The ult] mutants showed a diminished
response to auxins, demonstrated by a down regulation of some
efflux PIN transporter genes and the DR5-GUS reporter, as well
as a premature columella stem cell differentiation (Ornelas-Ayala
et al, 2020). Contrary to this, atxI mutants do not seem to
have defects in auxin response, whereas the columella stem cell
differentiation seems to be delayed; besides, in contrast to atxI
mutants, ult] plants did not show any changes in the root and
RAM length (Napsucialy-Mendivil et al., 2014; Ornelas-Ayala
et al., 2020).

Although the studies of the relationship between ULT1 and
ATX1 in the SAM were carried out by single mutant analysis

and biochemical methods, and in the RAM were carried out
by genetic analysis of double mutants, with these studies, it is
possible to establish that ULT1 can act by different mechanisms in
the SAM and in the RAM, one of which requires ATX1 to regulate
some aspects of floral development while in the other, ULT1
maintains SCN homeostasis in ATX1-independent manner.

In this regard, 18.7% (2859) of Arabidopsis genes are
deregulated in atx1 loss-of-function mutants, whereas 5.6% (856)
are deregulated in ult] mutants, and among them only a little
subset is shared (1.1%; 170 genes) in both atx1 and ult] mutants
(Xu et al., 2018); although this does not mean that it is a direct
regulation by ATX1 or ULT1, it reflects the behavior of genes that
do not always act together. In fact, by ChIP-seq analysis, it has also
been determined that out of the 2,276 Arabidopsis TFs annotated
(Perez-Rodriguez et al., 2010; Jin et al., 2017), ATX1 is bound to
43 (1.88%) of these, whereas ULT1 to 67 (2.9%) and only in 18
(0.8%) of these are bound both ATX1 and ULT1 (Xu et al., 2018),
evidencing that ATX1 and ULT1 have independent targets.

The ATX1-independent function of ULT1 raises the question
whether ULT1 acts together with other HMTs of the TrxG
complex or by a TrxG-independent mechanism or both in
different developmental processes. The analysis of ULT1 protein
interactions in different developmental contexts could provide
evidence compatible with both mechanisms as shown below.

ULT1 ACTS TOGETHER WITH SOME
TRANSCRIPTION FACTORS

The presence of the B-box motif in ULT1 suggests multiple
interactions with other proteins. Indeed, ULT1 interacts
with some TFs (Figure 3B). One of these is the GARP
family transcription factor KANADI1 (KAN1), described as a
transcriptional repressor, involved in the patterning of the abaxial
polarity of leaves and the gynoecium (Eshed et al., 2001; Pires
etal, 2014; Xie etal,, 2015). ULT1 interacts physically with KAN1
and genetic analysis indicates that they participate together in the
apical-basal polarity of the gynoecium, restricting the SPATULA
(SPA) expression, which promotes carpel marginal tissue apical
style and stigma tissue formation (Figure 3B). But also, ULT1 and
KANI1 may act antagonistically to regulate the adaxial-abaxial
axis of the gynoecium (Pires et al., 2014; Figure 3B). ULT2 also
physically interacts with KAN1, performing redundant roles on
the apical-basal gynoecium patterning (Monfared et al., 2013;
Pires et al., 2014).

Furthermore, the physical interaction of ULT1 with the
MYB domain-containing TF ULTRAPETALA INTERACTING
FACTOR 1 (UIF1) has been reported. UIF1 binds to WUSand AG
regulatory sequences in the floral meristem (Moreau et al., 2016).
Given that UIF1 acts as a transcriptional repressor, it has been
suggested that it represses WUS expression when interacting with
ULT1, to establish floral meristem determinacy (Moreau et al.,
2016; Figure 3B).

These reports have led to suggestions that ULT1 can act
as a link between chromatin-remodeling factors and some
TFs (Pires et al., 2014). However, other evidence will be needed
to indicate whether the combined function of ULT1 with
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these TFs depends on the other components of TrxG or is
TrxG-independent.

CAN ULT1 ACT IN DIFFERENT TrxG
COMPLEXES?

The lower levels of H3K4me3 marks detected in some genes in
the ult] mutants compared with those observed in atxI mutants
(Xu et al., 2018) support the idea that ULT1 can act together
with TrxG complex but independently of ATX1, suggesting the
existence of different TrxG complexes, through which ULT1 can
perform its function. In this regard, multiple SET or MLL HMT
homologues from yeasts and animals that can form different
COMPASS-like complexes and predict the existence of different
TrxG complexes in plants (Schuettengruber et al.,, 2011). The
Arabidopsis compass-like complex reported so far contains ATX1
as the H3K4me3 HMT (Jiang et al., 2009, 2011); however, there
are other HMTs of H3K4, such as ATX1/SDG27, ATX2/SDG30,
ATXR3/SDG2 and ATXR7/SDG25, that could form different
COMPASS complexes (Sanchez et al., 2015). Indeed, it has been
demonstrated that the SAND domain of OsULT1 is responsible
for interacting with the SET-domain of OsTRXI, an ATXI1
ortholog (Roy et al., 2019). The high similarity of Arabidopsis and
rice SAND-domains of ULT1 (Figure 2A) suggests that ULT1 can
also interact with different proteins with a SET-domain.

Of particular interest is ATXR3/SDG2, reported as the main
HMT of the Arabidopsis (Guo et al, 2010). ATXR3/SDG2
does not have a significant sequence homology with other
SDGs outside of the SET domain. However, the gene
encoding this protein is broadly expressed and is crucial
for multiple Arabidopsis developmental processes, regulating
46.4% of all H3K4me3 sites in the Arabidopsis genome
(Berr et al., 2010; Guo et al, 2010; Chen et al, 2017). In
root tissues, the sdg2 loss-of-function mutant shares some
phenotypes with ult] mutants, such as disorganization of the
SCN, early differentiation of the columella stem cells, and
diminished auxin response (Yao et al., 2013; Ornelas-Ayala
et al, 2020). Although it is still unknown whether ULT1
interacts with SDG2, the similarities in their phenotypes
raises the possibility that ULT1 could act with SDG2 in some
developmental contexts.

DOES ULT1 FUNCTION AS A
MOLECULAR EPIGENETIC SWITCH?

Besides the interactions with TFs and TrxG factors, ULT1 also
interacts with EMF1 (Xu et al., 2018). EMFI1 is the plant-
specific protein proposed as a component of Polycomb repressive
complex 1 (PRC1), acting as a bridge to the Polycomb repressive
complex 2 (PRC2) (Calonje et al, 2008; Wang et al., 2014).
Although the relevance of such interaction is unknown, the
H3K27me3 abundancy on some EMF1-target genes associated
with seed development decreases more in the emfl/ultl/atxl
triple mutant than in emfl, atxl, or ult]l single mutant (Xu
et al,, 2018). In this framework, it has been proposed that ULT1

interacts with ATX1 to form a complex with PRC2 through
EMF1 to maintain the H3K27me3 marks and a chromatin
repressive state (Xu et al., 2018). This model suggests that
ULT1 not only acts to antagonize the PcG activity; instead, it
could act together with PRC2, maintaining the repression states
of some targets, through the maintenance of the H3K27me3
mark (Figure 3D). For instance, it has been seen that the ultI
mutants have more upregulated genes than down-regulated genes
(Xu et al,, 2018; Tyler et al., 2019). Interestingly, the MADS-
box FLOWERING LOCUS C (FLC) gene, which is activated by
TrxG and repressed by PcG (Whittaker and Dean, 2017), is
upregulated (~4.35 fold) in ultl mutant plants (Pu et al., 2013;
Xu et al,, 2018; Tyler et al., 2019), contrary to what is expected
for TrxG mutants. Besides, ULT1 binding to the FLC locus
supports a direct regulation (Xu et al., 2018). Moreover, the FLC
upregulation is higher in ultl/emfI double mutants than in the
emfI single mutant (Pu et al., 2013). Hence, loss of ULT function
enhances emf] upregulation on FLC. In contrast, a different
behavior was observed on genes that are positively regulated
by ULT1, e.g., AG, whose upregulation in emfI loss-of-function
mutants is abated in the double mutant ultl/emf] plants (Pu
et al,, 2013). Although additional experiments are needed, these
observations support the involvement of ULT1 in transcriptional
repression. Moreover, the repressive function of ULT1 could be
compatible with WUS repression via UIF1 (Moreau et al., 2016),
where PcG could also be participating, as it has been reported
(Xu and Shen, 2008).

Given these observations, we suggest two modes of ULT1
action: one through TrxG to regulate transcriptional activation
via H3K4me3 deposition, which can be ATXI dependent
or independent, and another, through PcG via EMFI to
repress transcription.

The apparent dual function of ULT1 has led us to wonder
whether ULT1 can act as a molecular epigenetic switch,
regulating transcriptional repression and activation via PcG
and TrxG, respectively. The presence of molecular epigenetic
switches allows a dynamic regulation, capable of changing gene
expression quickly and efficiently to face different environmental
and developmental states. The existence of bivalent chromatin
domains provides persuasive evidence of molecular epigenetic
switches that regulate gene expression (Hoffmann et al., 2015).
The bivalent domains produced by TrxG and PcG serve to
keep developmental genes on standby, primed for subsequent
expression and to protect against unscheduled expression,
reducing transcriptional noise in favor of robust developmental
decisions (Hoffmann et al., 2015). Although in plant biological
studies, bivalent marks in the same locus have been little
addressed and still remain elusive, finding proteins involved in
both activation and repression processes shows the relevance
of bivalent marks to regulating gene expression quickly and
efficiently. In this regard, ULT1 fulfills the main features to act
as a molecular epigenetic switch: (i) interaction with both TrxG
and PcG proteins, (ii) the ability to increase or decrease gene
expression, and (iii) the ability to regulate the deposition of
H3K4me3 and H3K27me3 marks. However, establishing whether
these characteristics converge into specific genes in time and/or
space is still necessary, in such a way that ULT1 can be a link to
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load the TrxG or PcG complexes and consequently regulate gene
expression accordingly.

CONCLUSION AND PERSPECTIVES

Current knowledge reveals ULT1 to be a versatile protein able
to interact with TFs, TrxG, and PcG proteins to regulate gene
expression of several developmental processes: (1) ULT1 activates
genes related to floral development through its interaction with
ATX1, (2) in association with UIF1, ULT1 represses WUS
expression to regulate shoot and floral meristem homeostasis, (3)
ULT1 is also involved in the regulation of gynoecium patterning,
in which it interacts with KAN1 to repress SPT, (4) ULT1
together with EMF1 maintains repressive marks of some genes
related to seed development, and (5) ULT1, independently of
ATX1, is involved in the root SCN maintenance (Figure 3). The
ability of ULT1 to regulate both gene expression and repression
by modulation of H3K4me3 and H3K27me3 bivalent marks
makes this protein a suitable candidate to regulate bivalent genes
that can be in a poised state, waiting for future instructions
from the cell. The role of ULT1, independent of ATX1 in
roots tissues, suggests a function with other TrxG factors,
evidencing the possible existence of different TrxG complexes
that could be formed in a tissue-specific fashion in which ULT1
could be involved.

The complexity of ULT1 interactions, the phenotypes reported
for ult] mutants, and their genome-wide effects make it difficult
to define modes of action of ULT1. However, these reports
illustrate four possible ways of action for ULT1: (i) together with
TrxG factors, (ii) with PcG factors, (iii) outside of both TrxG/PcG
complex, and (iv) in association with TFs. Furthermore, a
possible mechanism cannot be ruled out through which ULT1
and TrxG or PcG converge in association with TFs.
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Transcription is the first step of central dogma, in which the genetic information
stored in DNA is copied into RNA. In addition to mature RNA sequencing (RNA-seq),
high-throughput nascent RNA assays have been established and applied to provide
detailed transcriptional information. Here, we present the profiling of nascent RNA
from trifoliate leaves and shoot apices of soybean. In combination with nascent RNA
(chromatin-bound RNA, CB RNA) and RNA-seq, we found that introns were largely
spliced cotranscriptionally. Although alternative splicing (AS) was mainly determined
at nascent RNA biogenesis, differential AS between the leaf and shoot apex at the
mature RNA level did not correlate well with cotranscriptional differential AS. Overall,
RNA abundance was moderately correlated between nascent RNA and mature RNA
within each tissue, but the fold changes between the leaf and shoot apex were highly
correlated. Thousands of novel transcripts (mainly non-coding RNA) were detected
by CB RNA-seq, including the overlap of natural antisense RNA with two important
genes controlling soybean reproductive development, FT2a and Dt1. Taken together,
we demonstrated the adoption of CB RNA-seq in soybean, which may shed light on
gene expression regulation of important agronomic traits in leguminous crops.

Keywords: soybean, chromatin-bound RNA, co-transcriptional splicing, non-coding RNA, nascent RNA

INTRODUCTION

Transcription, the first step of gene expression, is accomplished by the multisubunit protein
complex RNA polymerase. In eukaryotic cells, RNA polymerase II (RNA Pol II) is involved in
protein-coding gene transcription and some non-coding gene transcription. Before maturation,
messenger RNA precursors (pre-mRNAs) are subjected to multiple processing steps, including 5’
capping, splicing of introns, 3’ cleavage and polyadenylation, and editing (Bentley, 2014). These
steps are known as posttranscriptional processing. However, increasing evidence suggests that most
processes are cotranscriptional. For example, introns can be either co- or posttranscriptionally
spliced, which is supported by the splicing loops of nascent RNA observed by electron microscopy
in Drosophila melanogaster and Chironomus tentans (Beyer and Osheim, 1988; Baurén and
Wieslander, 1994). In addition, high-throughput sequencing of nascent RNA revealed genome-
wide cotranscriptional splicing (Khodor et al., 2011; Nojima et al., 2015; Drexler et al., 2020). Studies
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from budding vyeast, flies, and mammals indicated that
cotranscriptional splicing frequencies are similarly high,
ranging from 75 to 85% (Neugebauer, 2019).

Since Core et al. (2008) published a method wherein the
nuclei run on RNA were affinity purified followed by high-
throughput sequencing, nascent RNA sequencing (RNA-seq)
technologies have significantly improved our ability to analyze
transcription at each step across the genome. Rather than steady-
state mRNA, nascent RNA-seq detects pre-mRNAs, divergent
transcripts, enhancer-derived RNA (eRNA), etc., which are
usually unstable and not polyadenylated. Recently, we and
another laboratory have reported cotranscriptional splicing in
the model plant Arabidopsis using genome-wide nascent RNA-
seq approaches, plant native elongating transcript sequencing
(pNET-seq), and plaNET-seq (Zhu et al., 2018; Kindgren et al,,
2020). pNET-seq and plaNET-seq detect nascent RNA through
enrichment of transcriptionally engaged RNA Pol II complexes,
and splicing intermediates can also be observed when some
spliceosomes are copurified with Pol II complexes (Zhu et al,
2018). Moreover, three recent publications directly sequenced
the chromatin-bound RNA (CB RNA) of Arabidopsis and found
genome-wide cotranscriptional splicing (Jia et al., 2020; Li et al.,
2020; Zhu et al.,, 2020). However, the Arabidopsis genome is
the first plant genome to be sequenced and is compact (140
million base/haploid genome), with an average gene length of
2,000 bp and an average intron length of 180 bp (Arabidopsis
Genome Initiative, 2000). While harboring thousands to tens of
thousands of genes, plant genome size ranges from approximately
0.1 to 100 gigabases (Pellicer and Leitch, 2020). Therefore,
knowledge of transcription obtained from Arabidopsis may
not be applicable to other plant genomes, especially some
complicated crop genomes.

As one of the most important crops, soybean provides protein
and oil for humans and livestock. During the past decades,
great progress has been made in soybean genome research (Shen
et al., 2018; Xie et al., 2019; Liu Y. et al., 2020). Furthermore,
many important genes involved in agronomic traits have been
characterized via genetic, cellular biology, and biochemical
approaches (Kasai et al., 2007; Lu et al., 2017, 2020). For example,
Dtl1, which controls soybean growth habits, has been cloned as
a TFL1 homolog encoding a 173-amino-acid peptide (Liu et al.,
20105 Tian et al., 2010). FT2a and FT5a, two distant homologous
genes of DtI within the same family, have been shown to play a
conserved role in controlling flowering time (Kong et al., 2010;
Takeshima et al., 2019; Wu et al., 2017).

Soybean [Glycine max (L.) Merr.] is a paleopolyploid derived
from two whole genome duplication events approximately 59 and
13 million years ago. It has a relatively complicated and large
genome, with a size of approximately 1.1 gigabases (Schmutz
et al,, 2010). The average gene length is approximately 4,000 bp,
and the average intron length is approximately 539 bp in
soybean (Shen et al., 2014), which are longer than those in
Arabidopsis. Despite the considerable transcriptomic analyses of
various soybean tissues using mature RNA-seq (Libault et al.,
2010; Severin et al., 2010; Shen et al., 2014; Wang et al., 2014;
Gazara et al.,, 2019), genome-wide analysis of nascent RNA from
soybean has not yet been reported. In addition to capturing

cotranscriptional features, nascent RNA is very sensitive to
the detection of unstable regulatory RNAs, such as long non-
coding RNAs (ncRNAs). Therefore, the investigation on nascent
RNA in soybean would provide a comprehensive description of
cotranscriptional characteristics in leguminous crops. Here, we
report for the first time the analysis of nascent RNA from the
shoot apex and leaf tissues of the soybean cv. Williams 82.

RESULTS

Nascent RNA Profiling of Soybean by CB
RNA-Seq

The spatial and temporal expression of genes in the shoot apex
largely determines the architecture of crop plants, including
the numbers of branches, flowers, and nodes, which finally
affect the yield per plant. Specifically, mRNA of DtI was
detected in the shoot apex at 15 days after emergence under
a long-day condition (Liu et al, 2010); therefore, we set
to investigate the transcriptome of the shoot apex from
10- to 15-day-old plants (Figure 1A, see section “Materials
and Methods”). To gain insights of the shoot apex-specific
gene, we chose the first trifoliolate leaves from 15-day-
old plants as control. For nascent RNA, CB RNA was
isolated, and the rRNA and polyA RNA it contained were
depleted prior to library construction and high-throughput
sequencing as described by Zhu et al. (2020). To further
reveal cotranscriptional and posttranscriptional processes, we
also conducted parallel mature polyA RNA-seq by enriching
polyA RNA from total RNA, and these RNAs were constructed
into libraries. Three biological replicates were sequenced and
analyzed for each tissue. Principal component analysis (PCA)
and Pearson correlation analysis of gene expression indicated
high reproducibility of biological replication (Figure 1B and
Supplementary Figure 1). In addition, the first two components
of PCA explained more than 90% of the variation, indicating
that the tissue difference (apex vs. leaf, 61.81% of variance)
and methodological difference (CB RNA-seq vs. polyA RNA-seq,
28.46% of variance) were the dominant factors for intersample
differentiation (Figure 1B).

As expected, the read distribution of nascent RNA shows two
characteristics compared with that of polyA RNA. First, CB RNA-
seq detected more intron signals than polyA RNA-seq because
more unspliced reads were sequenced at the nascent RNA level.
Approximately 25% of unique mapped reads were located in the
intron region with CB RNA-seq, while less than 4% of unique
mapped reads were located in the intron region with polyA RNA-
seq (Supplementary Figure 2). In addition, the read density ratio
of introns to exons in CB RNA was significantly higher than
that in polyA RNA (Figure 1C). Second, the read density on the
gene decreased gradually from the 5 end to the 3’ end, while
there was no such phenomenon in polyA RNA (Figures 1D,E).
For example, the read signal of the gene Glyma.02G231800
declined from 5 to 3’ in CB RNA-seq but not in polyA RNA-
seq. Furthermore, an intron signal was evident in CB RNA but
absent from polyA RNA (Figure 1D). These characteristics were
consistent with the results from previous studies and confirmed
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FIGURE 1 | Overview of the experimental design and features of nascent RNA and mRNA. (A) Scheme of chromatin-bound RNA sequencing (CB RNA-seq) and
polyA RNA-seq. (B) Principal component analysis (PCA) of gene expression of biological triplicates from CB RNA-seq and polyA RNA-seq. The triangles and dots
represent CB RNA-seq and polyA RNA-seq, respectively. Red, 10-day apex; blue, 15-day apex; green, 15-day leaf. (C) Comparison of the gene intron/exon ratio
between CB RNA-seq and polyA RNA-seq (left, 10-day apex; middle, 15-day apex; right, 15-day leaf). ***p < 0.001, Wilcoxon test. (D) Screenshot of IGV showing
the read distribution of CB RNA-seq and polyA RNA-seq on the Glyma.02G231800 gene. Blue, CB RNA-seq; red, polyA RNA-seq. (E) Profiles of read density of CB
RNA-seq (left) and polyA RNA-seq (right) for the 2-kb up- and downstream transcription start site (TSS) and transcription end site (TES). Lines represent the mean
value of read density. Ten-day apex, 15-day apex, and 15-day leaf samples are indicated in red, blue, and green, respectively.

that the CB RNAs obtained here were bona fide transcriptional
processing nascent RNAs (Li et al., 2020; Zhu et al., 2020).

Multiple Factors Regulate
Cotranscriptional Splicing Efficiency

Cotranscriptional splicing has been widely found in eukaryotic
cells. We wondered whether splicing coupled with transcription
is widespread in the soybean genome. The intron retention ratio
is an indicator of intron splicing efficiency. Thus, we adopted an
index for the percent of intron retention (PIR) to measure the
extent of cotranscriptional splicing (Braunschweig et al., 2014). In
short, the PIR of an intron was calculated as the ratio of unspliced

exon-intron junction reads to the total junction reads (unspliced
exons—-introns and spliced exons-exons). Since each unspliced
exon-intron read from one RNA molecule has the chance to
be sequenced twice in high-throughput sequencing, the average
count of exon-intron reads at the 5" splice site (EI5) and of
exon-intron reads at the 3" splice site (EI3) was considered an
intron’s unspliced exon-intron read count (Figure 2A). Introns
with lower PIR values are more efficient for splicing. Constitutive
introns of active genes (TPM > 1) were calculated for PIR both
in CB RNA and polyA RNA. As expected, the intron retention
levels of CB RNA were significantly higher than those of polyA
RNA, both in the apex and leaf (Figure 2B). Most introns in
polyA RNA have a very low PIR, usually smaller than 0.1. The
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median PIR was close to 0.25 (in the apex) or above 0.25 (in
the leaf) in CB RNA. These results were similar to those of
a previous study of Arabidopsis (Li et al., 2020). The PIR of
most introns in CB RNA was lower than 0.5 (PIR = 1 means
completely unspliced), indicating the existence of genome-wide
cotranscriptional splicing in soybean.

Although most introns undergo cotranscriptional splicing,
the extent of intron retention is highly variable. Studies in
Drosophila and Arabidopsis have indicated that multiple factors,
such as intron characteristics, gene expression level, and number
of introns, are related to cotranscriptional splicing efficiency
(Khodor et al., 2011; Li et al., 2020; Zhu et al., 2020). To examine
how these factors affect the splicing efficiency in soybean, we
first divided introns into five groups by length and found that

intron retention became more prominent as the intron length
increased (Figure 2C).

In addition to intron length, the intron position is also
supposed to influence splicing efficiency. According to the “first
come, first served” model, there may be more splicing chances for
introns transcribed first (Aebi et al., 1986). Based on the distance
to transcription end sites (TES), introns were divided into five
groups, and the PIR was compared among groups. Introns more
distant from TES are transcribed early and thus are more likely to
be spliced first. As expected, the PIR index gradually declined as
the intron distance to TES decreased (Figure 2D).

In addition, the cotranscriptional splicing efficiency was
positively correlated with exon number (Figure 2E) and gene
length (Figure 2F). These patterns were consistent between the
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apex and leaf tissues. However, a weak positive correlation of
cotranscriptional splicing and gene expression was detected in the
apex instead of in the leaf (Figure 2G).

Cotranscriptional Splicing Efficiency Is
Correlated With Certain Histone

Modifications

Specific histone modifications have been shown to regulate
cotranscriptional ~splicing by either directly recruiting
splicecosomes  or indirectly influencing transcriptional
elongation (Luco et al., 2010; Hu et al., 2020). To test whether
cotranscriptional splicing is associated with certain histone
modifications in soybean, we used ChIP-seq data of several
histone modifications (H3K27me3, H3K4mel, H3K4me3,
H3K36me3, H3K56ac, and H2A.Z) in leaf tissue collected from
a previous study (Supplementary Table 1; Lu et al, 2019).
We then quantified the level of different histone modifications
around introns in different groups based on the retention
rates (Figure 3). PIR is positively correlated with the levels of
H3K27me3, H3K4me3, H3K56ac, and H2A.Z-marked histone,
which means that introns with higher cotranscriptional splicing
efficiency have lower levels of those histone modifications.
PIR is negatively correlated with the level of H3K4mel-marked
histones. Notably, H3K27me3, H3K4me3, H3K56ac, H3K36me3,
and H2A.Z showed a higher modification level at the upstream
exon than at the downstream exon, while H3K4mel showed a
higher modification level at the downstream exon. It is most
likely that these histone modifications, H3K27me3, H3K4me3,
H3K56ac, H3K36me3, and H2A.Z, preferentially locate at the
gene’s 5 end, except for H3K4mel (Supplementary Figure 3).

Alternative Splicing Events Are Likely
Determined Cotranscriptionally

In higher eukaryotes, alternative splicing (AS), as an important
regulatory step of gene expression, plays a critical role in
the development and stress response of organisms (Baralle
and Giudice, 2017; Laloum et al., 2018). Previous studies in
mammalian cells and Arabidopsis showed that AS events occur
co- or post-transcriptionally (Jia et al., 2020). Thus, we wondered
to what extent AS is determined cotranscriptionally. We adopted
percent spliced-in (PSI) (Wang et al, 2008) to describe the
relative abundance of splicing events. We focused on four AS
events: alternative 3’ splice sites (A3SS), alternative 5" splice
sites (A5SS), exon skipping (ES), and retained introns (RI)
(Figure 4A). The PSI values of AS events from CB RNA
and polyA RNA were significantly correlated, suggesting that
AS events are likely determined cotranscriptionally for all AS
types (Figure 4B). This was true for both shoot apex and
leaf tissues (Figure 4 and Supplementary Figure 4). However,
the overall PSI value was higher in CB RNA (Figure 4B,
insets). For AS events with a higher PSI in CB RNA than in
polyA RNA, there are two possible explanations. First, some
highly abundant transcripts in CB RNA with AS events may
likely be rapidly degraded. For example, coupling of AS and
nonsense-mediated mRNA decay (NMD) has been reported to
fine-tune gene expression (McGlincy and Smith, 2008). Second,

posttranscriptional splicing may lead to a higher PSI in CB RNA,
especially for RI events.

Differential Alternative Splicing Between
Leaf and Shoot Apex Tissues Is Not
Determined Merely by Cotranscriptional
Splicing

Given that most AS events are determined cotranscriptionally,
we then asked whether differences in AS between the shoot apex
and leaf tissues detected by CB RNA-seq and polyA RNA-seq
are consistent. Thus, we compared the AS difference of both
CB RNA and polyA RNA between the 15-day apex and leaf
tissues. Differential splicing events were analyzed by the program
SUPPA2 (Trincado et al., 2018). A splicing event was considered
differential when the absolute value of the PSI difference (APSI)
between tissues >0.1 and the p-value < 0.05. A small number
of the different splicing events between the leaf and shoot
apex tissues were detected by both CB RNA and polyA RNA
(Figure 5A). APSI,rna and APSIcp were barely correlated
(Spearman correlation ranged from 0.22 to 0.35) (Figure 5B).
Furthermore, genes with different splicing events detected by
CB RNA and polyA RNA were not concordant (Supplementary
Figure 5A). Although overall AS events are highly correlated at
the cotranscriptional level and posttranscriptional level within
the same tissue, tissue-specific mRNA processing, such as
degradation and posttranscriptional splicing, may result in the
differential AS events that are detected by polyA RNA but
not by CB RNA. For those differential AS events detected by
CB RNA but not by polyA RNA, it was probably caused by
the differentially cotranscriptional splicing efficiency between
the shoot apex and leaf tissues and further corrected at the
posttranscriptional splicing step, exemplified by the first intron
of Glyma.07G206100 (Supplementary Figure 6).

Genes associated with intertissue differential splicing events
detected by CB RNA and polyA RNA were also different
(Supplementary Figure 5A). To explore the biological function
of genes with different AS events, we conducted Gene
Ontology (GO) enrichment analysis. Interestingly, genes with
different splicing events between the 15-day apex and leaf
tissues were significantly enriched in mRNA splicing and
RNA processing, which somehow explains the differential
splicing efficiency between the shoot apex and leaf tissues
(Supplementary Figure 5B).

The Level of Steady-State mRNA Is
Moderately Correlated With the

Biogenesis of Nascent RNA

Chromatin-bound RNA-seq is applied to detect transcribed
RNAs, which are subject to multiple steps of mRNA processing,
including cotranscriptional and posttranscriptional processes
prior to maturation. Thus, there might be discordance in the
abundance at the nascent RNA and mRNA levels. To test this
hypothesis, we compared the TPM values of nascent RNA and
mature RNA. Overall, the levels of nascent RNA and mature RNA
were moderately correlated (Spearman correlation = 0.71-0.73)
(Figure 6A and Supplementary Figures 7A-C). There are two
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types of discordant genes. One is a gene that is highly transcribed
with a low level of mature RNA, which might result from a high
turnover of mRNA and is designated unstable RNA. The other is
a gene with relatively low transcription activity but a high level of
mature RNA, which might be due to the high RNA stability and
is called stable RNA.

To select unstable and stable RNA transcripts, we first
established a linear regression model of the log2 values of
TPM genes obtained with CB RNA-seq and polyA RNA-seq.
Then, the predicted TPM values of genes in polyA RNA
were calculated based on the linear regression model. If the
actual TPM of a gene was threefold higher (or lower) than
the predicted TPM, the gene was considered to be stable (or
unstable) (Figure 6A and Supplementary Figures 7B,C). To
investigate whether the stability of RNA is associated with specific
biological functions, we performed GO enrichment analysis.
For unstable RNAs, defense response, protein phosphorylation,
and signal transduction were the most enriched terms. Stable
RNAs were mainly associated with translation, photorespiration,
ribosome biogenesis, and glycolytic processes (Figure 6B and
Supplementary Figures 7C,E).

Differentially Expressed Genes Are
Consistent at the Nascent and Mature

RNA Levels

We then identified differentially expressed genes (DEGs) between
15-day apex and 15-day leaf tissues at both nascent and mature
RNA levels. More than 10,000 genes were expressed more in the
apex than in the leaf, and vice versa (Supplementary Figure 8A
and Supplementary Table 2). Most of these DEGs detected by
CB RNA-seq and polyA RNA-seq overlapped (Figure 6C and
Supplementary Figure 8B). Furthermore, fold changes at the
CB RNA level and polyA RNA level were highly correlated
(Spearman correlation = 0.93) (Figure 6D).

Gene Ontology enrichment analysis was performed to
determine the biological functions of the DEGs. Genes with
higher expression in the apex were mainly associated with
RNA methylation, histone methylation, translation, DNA
replication, and meristem initiation and maintenance.
Genes with higher expression levels in the leaves were
mainly related to photosynthesis and plastid organization
(Supplementary Figure 8C).

In addition, only a small number of genes were called DEGs
between the 15-day apex and 10-day apex (Supplementary
Figure 9A), and they had concordant changes at the nascent RNA
and mRNA levels (Supplementary Figure 9B). GO enrichment
indicated that genes highly expressed in the 10-day apex were
involved in the response to stress, circadian rhythm, etc., and
genes highly expressed in the 15-day apex were involved in
long-day photoperiodism flowering, response to hormones, and
circadian rhythm (Supplementary Figure 9C).

More Non-coding RNAs Were Identified
by CB RNA-Seq Than PolyA RNA-Seq

Considering that unstable transcripts are readily detected at the
nascent RNA level, we calculated the expression level of ncRNA
as defined in a previous study (Lin et al., 2020). As expected, more
active ncRNA genes were detected by CB RNA-seq than polyA
RNA-seq (Figure 7A). Furthermore, we determined the antisense
transcription of annotated mRNAs by counting reads mapped
to the opposite strand, and there were more active antisense
transcriptional signals at the nascent RNA level (Figure 7B,
left). These results indicate that some non-coding transcripts
were unstable or not polyadenylated. For example, a transcript
encoded from the antisense strand of FT2a, the essential gene
involved in flowering timing, was identified in 15-day leaves
by CB RNA-seq. DtI, the key gene controlling growth habit,
overlapped with another strong antisense transcript at the
nascent RNA level in the apex (Figure 7B, right).
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To identify novel transcripts, we assembled transcripts
from nascent RNA and polyA RNA of each tissue separately.
Then, all transcripts were merged and compared based on
reference annotations (see section “Materials and Methods”).
Only intergenic transcripts were included for further analysis.
In total, there were 5,927 and 1,515 active intergenic transcripts
from CB RNA-seq and polyA RNA-seq, respectively, with 1,326
transcripts overlapping (Figure 7C, upper panel; Supplementary
Table 3). These transcripts were encoded from 4,835 loci,
of which 1,142 were shared by CB RNA and polyA RNA
(Figure 7C, bottom panel).

We then applied two tools, CNCI and FEELnc, to evaluate the
protein-coding potential of these new transcripts. In total, 4,001
and 974 active new transcripts of CB RNA and polyA RNA were
considered non-coding transcripts by both methods, respectively

(Figure 7D), and more ncRNAs were observed in the leaves at the
nascent RNA level (Figure 7E).

Non-coding RNA detected only at the nascent RNA level
might be unstable or unpolyadenylated. ncRNAs detected
only at the polyA RNA level might be very stable and
accumulate by slow transcription. Different types of ncRNAs
may be regulated differently at the transcriptional level.
To gain insight into the effects of histone modifications
on ncRNA expression, we compared the metaprofiles of
histone modifications for three groups of ncRNAs from
the leaf tissue (group I: only detected by CB RNA; group
II: detected by both; group III: only detected by polyA
RNA) (Figure 7F). Group II and III ncRNA genes were
associated with H3K56ac, H3K4me3, and histone variant
H2A.Z (Figure 7G).
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DISCUSSION

Although nascent RNA-seq has been extensively used to detect
cotranscriptional regulation in yeast, fly, and mammalian cells,
its application in plants is still lagging behind. Recently,
several methods have been developed to detect nascent RNA
and reveal plant-specific transcriptional features (Hetzel et al.,
2016; Zhu et al., 2018). However, with the exception of one
maize publication using GRO-seq (Erhard et al, 2015), all
studies have focused on the model plant Arabidopsis. Here,
we describe the soybean transcriptome using CB RNA-seq. As
expected, CB RNA isolation greatly enriched the nascent RNA
by removing the abundant cytosolic mRNAs and nucleoplasmic
RNAs. We demonstrated that CB RNA-seq successfully detected
nascent RNA biogenesis and cotranscriptional processing of
pre-mRNA from the leaves and growing apex tissues. This
method can be applied to other tissues at various developmental
stages and/or under different environmental conditions, which
may further shed light on the transcriptional regulation of
the soybean genome.

We found genome-wide cotranscriptional splicing in soybean.
Cotranscriptional splicing efficiency is related to intron length,
distance from TES, intron number, and gene length. These
characteristics are similar to those previously observed in yeast,
fly, mammalian, and Arabidopsis cells, indicating a conserved
mechanism that controls cotranscriptional splicing in eukaryotic
cells (Khodor et al., 2011; Kindgren et al, 2020; Li et al,
2020). Interestingly, we found that both active (H3K4me3
and H3K56ac) and inactive (H3K27me3) histone markers are
negatively related to cotranscriptional splicing efficiency. The
elongation rate of RNA Pol II can affect splicing efficiency by fine-
tuning the timing of the spliceosome search for splice sites, as
the spliceosome is physically recruited by the carboxyl terminal
domain of the largest subunit of RNA Pol II (Nojima et al., 2018).

The inverse correlation between elongation speed and splicing
efficiency was proven in yeast in vivo (Carrillo Oesterreich
et al., 2016; Aslanzadeh et al., 2018). Moreover, the RNA Pol II
elongation rate is regulated by transcription elongation factors
and chromatin structural barriers such as nucleosomes. Thus,
factors that affect transcription elongation also affect splicing
efficiency. Active histone markers are thought to be related to a
higher transcription elongation rate. Therefore, it is reasonable
that introns with higher H3K4me3 or H3K56ac contents are less
efficiently spliced. In addition, the pattern described in this study
and a previous study on Arabidopsis revealed that the retained
introns are derived from genes with low H3K4mel and high
H3K27me3 signatures (Mahrez et al., 2016). However, further
studies of mutants with impaired histone modification are needed
to verify their function in cotranscriptional splicing. Actually,
these effects are not unidirectional. Cotranscriptional splicing can
in turn influence the elongation rate and establishment of histone
modifications (Kim et al., 2011).

Alternative splicing is an important part of gene regulation.
In our study, a highly correlated relative AS event (PSI) was
observed between CB RNA and polyA RNA, suggesting that
most AS events are determined cotranscriptionally. This agrees
with a previous study in Arabidopsis (Zhu et al., 2020). However,
when comparing intertissue AS events, differential AS events
detected at the cotranscriptional and posttranscriptional levels
only partially overlapped. Thus, differential AS events cannot be
predicted at the nascent RNA level, indicating the complexity of
AS regulation. These regulations may be attributed to different
degradation rates and/or posttranscriptional splicing among
various tissues.

Gene expression is regulated at multiple levels, including
transcription, post-transcription, and translation. Steady-state
mRNA is the output of transcriptional activity and RNA
degradation. Thus, there might be some discordance in gene
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activity detected by nascent RNA-seq and polyA RNA-seq.
As expected, we found that gene activity at these two levels
was moderately correlated. However, when comparing different
tissues, the changes in gene activity at both levels were highly
consistent, indicating that tissue-specific gene expression was
mainly associated with transcription. The stability of RNA might
contribute to the discordance in gene activity at the nascent and
mature RNA levels. It is meaningful for stable mRNA genes to be
involved in housekeeping biological processes. Moreover, under
normal conditions, keeping regulatory genes at low mRNA levels
and relatively high transcription by fast turnover of mRNA is
an effective way to ensure rapid responses to potential stimuli.
As we have previously reported in Arabidopsis, genes induced
highly and quickly by short-term heat shock usually exhibit basic
transcription under normal temperature (Liu M. et al., 2020).
Since some ncRNAs are unstable or unpolyadenylated, such
as enhancer RNAs and antisense RNAs, more transcripts are
expected to be detected by CB RNA-seq. However, this does

not rule out the possibility that some transcripts detected only
in CB RNA are not nascent RNA but rather chromatin-bound
transcripts. To further elucidate the biological significance of
these ncRNAs, approaches such as RNA interference and gene
editing are needed. It will be interesting to apply CB RNA-seq to
various tissues and build a transcriptional regulatory network at
the nascent RNA level in the future.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Soybean Wm82 plants were grown under long light day
conditions (16 hlight, 8 h dark) with a constant 25°C temperature
in a growth chamber. Shoot apexes from 10- to 15-day seedlings
were collected in three biological replicates, with each replicate
collected from approximately 20 plants. For the leaves, the first
trifoliolate leaves of two 15-day-old plants were collected as one
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biological replicate. All samples were frozen with liquid nitrogen
immediately after collection.

RNA Isolation, Transcriptome Library
Preparation, and Sequencing

The chromatin RNA extraction protocol was modified from a
previously published method (Zhu et al., 2020). Briefly, tissues
were ground into a fine powder with liquid nitrogen and
solubilized in cold nuclei isolation buffer (20 mM/KOH pH

7.4, 0.44 M sucrose, 1.25% Ficoll, 2.5% Dextran T40, 10 mM
MgCly, 0.75% Triton X-100, 0.5 mM EDTA, 1 mM DTT, 8 mM
B-mercaptoethanol, 1 pg/ml pepstatin A, 1 pg/ml aprotinin,
and 1 mM PMSF). The crude nuclei were precipitated at
3,500 rpm and washed with resuspension buffer (50% glycerol,
25 mM Tris-HCI pH 7.5, 0.5 mM EDTA, 100 mM NaCl, 1 mM
DTT, 0.4 U/ul RNase inhibitor, 1 pg/ml pepstatin A, 1 pg/ml
aprotinin, and 8 mM f-mercaptoethanol) once, followed by
washing buffer (25 mM Tris-HCI pH 7.5, 300 mM NaCl, 1 M
urea, 0.5 mM EDTA, 1 mM DTT, 1% Tween-20, 0.4 U/l RNase
inhibitor, 1 pug/ml pepstatin A, 1 pug/ml aprotinin, and 8 mM
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B-mercaptoethanol) twice. Chromatin RNA was extracted from
washed nuclei using TRIzol reagent (Life Technologies).

After degrading genomic DNA by TURBO DNase (Life
Technologies), CB RNA was subjected to rRNA depletion using a
riboPOOL kit (siTOOLs Biotech, PanPlant-10 nmol) and polyA
RNA removal by oligo(dT) beads (NEB, S1419). Poly(A) RNA
was enriched from total RNA by oligo(dT) beads. Both CB RNA
and polyA RNA were transformed into cDNA libraries using the
NEBNext Ultra II Directional RNA Library Prep Kit for Illumina
(NEB #E7765) and sequenced on an Illumina NovaSeq platform.

CB RNA and mRNA Data Processing

Raw reads of CB RNA and polyA RNA were first evaluated by
FastQC', and then Cutadapt was used to remove adapters and
low-quality reads (Martin, 2011). Clean reads were subsequently
aligned to the genome Wm82.a2.v1 by STAR (Dobin et al., 2013).
Only uniquely mapped reads were retained for the following
analysis. Read distribution on genomic features was evaluated
by RSeQC with the subcommand “read_distribution.py” (Wang
et al., 2012). To calculate the ratio of introns vs. exons of each
gene, featureCounts was used to quantify the read counts on
introns and exons separately (Liao et al., 2014). Read density was
normalized by the length of introns and exons.

Calculating the Percent of Intron

Retention

The proportion of intron-retained reads across an intron is
usually used to evaluate the splicing efficiency of the intron.
To quantitatively evaluate the genome-wide cotranscriptional
splicing efficiency in soybean, we calculated the PIR value for
constitutive introns as described previously (Braunschweig et al.,
2014). Briefly, three types of reads on an intron were counted: (1)
exon-intron junction reads across the 5'SS (EI5), (2) exon-intron
junction reads across the 3’SS (EI3), and (3) spliced exon-exon
junction reads (EE) (Figure 2A). The PIR of an intron was
calculated by dividing the intron-retained reads by the sum of
intron-retained reads and intron-skipping reads (Figure 2A).
Constitutive introns from the annotation Wm82.a2.vl were
subjected to PIR calculations.

Alternative Splicing Analysis

Mapped reads were assembled into putative transcripts based
on a reference guided assembly strategy using the single-sample
transcript assembly tool StringTie v2.1.2 (Pertea et al., 2015).
Multiple putative transcripts were merged into a unified set of
transcripts using the meta-assembly tool TACO v0.7.3, which
was considered to be superior to Cuffmerge and StringTie
merge (Niknafs et al., 2017). Then, the merged transcripts were
compared with the reference gene GTF file using GffCompare
v0.11.2 (Pertea and Pertea, 2020). Since CB RNA was nascent
RNA with no full splicing, AS analysis was based on transcripts
merged from polyA RNA data. AS events were quantified based
on the PSI in the program SUPPA2 (Trincado et al., 2018).
Since SUPPA2 estimated the PSI based on transcript abundance,

Uhttp://www.bioinformatics.babraham.ac.uk/projects/fastqc/

we first used salmon for alignment-free transcript abundance
estimates (Patro et al., 2017). Transcripts with TPM > 1 in
at least three samples were used for analysis. For detection of
differential splicing between two samples, we chose APSI > 0.1
and p-value < 0.05 as cut-offs.

Detection of Differentially Expressed

Genes

For detecting genes with differential expression, mapped reads in
each gene were quantified using featureCounts. Then, differential
gene expression was evaluated by the R package DESeq2 (Love
et al., 2014). DEGs were defined by the following criteria: they
had to show more than twofold up- or downregulation, and the
false discovery rate (FDR)-adjusted g-value calculated by DESeq2
had to be less than 0.05. The read density for each gene was
calculated by normalizing the read count to the library size and
mappable length (TPM).

Gene Ontology Enrichment Analysis

Gene Ontology annotation of genes was extracted from the
annotation file for Wm82.a2.vl. A hypergeometric test was
explored for the statistical test, and the Benjamini and Hochberg
method (1995) was used to adjust the p-value to control the FDR.
All analysis was done in R software.

Detection of New Non-coding RNA

Genes

To detect new ncRNA genes at the nascent RNA and polyA RNA
levels, transcripts were assembled in CB RNA and polyA RNA
data separately and merged by TACO as described above in the
AS event analysis. Then, annotation GTF files of transcripts were
compared with reference annotation GTF files using GffCompare
(with the -r option). For each putative transcript, its relationship
to the closest reference transcript was described by a “class
code” value. For example, the code “=” indicates that the introns
of a transcript completely match the introns of the reference
transcript. We chose only unknown, intergenic transcripts that
were assigned the code “u” and estimated their protein-coding
potential by two software programs, CNCI and FEELnc (Sun
et al., 2013; Wucher et al., 2017).

Reanalysis of ChiP-Seq Data of Histone

Modifications

ChIP-seq raw data of histone modifications were downloaded
from NCBI (Supplementary Table 1). The raw data were first
processed with adapter removal by Cutadapt and mapping to
the genome by STAR. Then, the average distribution of different
histone modifications on genomic features was plotted using
deepTools by normalization to histone 3 (Ramirez et al., 2016).
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Characterizing genome-wide histone posttranscriptional modifications and
transcriptional factor occupancy is crucial for deciphering their biological functions.
Chromatin immunoprecipitation followed by sequencing (ChlP-seq) is a powerful
method for genome-wide profiling of histone modifications and transcriptional factor-
binding sites. However, the current ChlP-seq experimental procedure in plants requires
significant material and several days for completion. CUT&Tag is an alternative method
of ChlP-seq for low-sample and single-cell epigenomic profiling using protein A-Tn5
transposase fusion proteins (PAT). In this study, we developed a nucleus CUT&Tag
(nCUT&Tag) protocol based on the live-cell CUT&Tag technology. Our results indicate
that nCUT&Tag could be used for histone modifications profiling in both monocot rice
and dicot rapeseed using crosslinked or fresh tissues. In addition, both active and
repressive histone marks such as H3K4me3 and H3K9me2 can be identified using
our nCUT&Tag. More importantly, all the steps in nCUT&Tag can be finished in only
1 day, and the assay can be performed with as little as 0.01 g of plant tissue as starting
materials. Therefore, our results demonstrate that nCUT&Tag is an efficient alternative
strategy for plant epigenomic studies.

Keywords: CUT&Tag, chromatin profiling, histone modification, ChlP-seq, native nucleus, nCUT&Tag

INTRODUCTION

Chromatin immunoprecipitation followed by sequencing (ChIP-seq) is an efficient method for
profiling histone modifications and transcription factor-binding sites (Johnson et al., 2007). In the
standard ChIP-seq assay for plants (Kaufmann et al., 2010), formaldehyde-fixed nuclei are isolated
and sonicated. Thereafter, the fragmented chromatin is prepared for immunoprecipitation and the
ChIP DNA is purified and fragmented for sequencing library preparation. The standard plant ChIP-
seq assays are complex, requiring large numbers of input cells/tissues and lasting several days from
sample fixation to the sequencing-ready library. To improve chromatin profiling efficiency and
save experiment time, Zhao et al. (2020) developed an enhanced ChIP-seq (eChIP-seq) protocol
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with modifications to the standard ChIP-seq. In eChIP-
seq, the homogenate chromatin lysates are directly sonicated
without nuclei purification steps. Hence, eChIP-seq considerably
boosts chromatin extraction efficiency and saves a significant
amount of time compared to the traditional ChIP-seq method
(Zhao et al., 2020).

Recently, CUT&RUN and CUT&Tag have been developed
by fusing protein A (PAT) with micrococcal nuclease and Tn5
transposase, respectively, to study chromatin state profiling
using low-input samples or single live cells (Skene et al,
2018; Kaya-Okur et al, 2019). With CUT&Tag (Kaya-Okur
et al, 2019), Tn5 transposase, in fusion to PAT, is tethered
at specific genomic regions through the affinity of PAT to
interested antibodies. Then, activation of Tn5 generates
chromatin fragments for direct PCR amplification. Compared
to ChIP-seq, CUT&Tag omits many steps, such as sonication,
chromatin immunoprecipitation, and complicated library
preparation (including DNA end repair, A-tailing, adapter
ligation, and PCR enrichment). Hence, CUT&Tag enables the
processing of chromatin profiling with low-input samples or
even single cells and manipulation of the entire experimental
procedure in only 1 day. Moreover, the PAT-based chromatin
profiling strategies eliminate the requirement of the sonication
and immunoprecipitation steps, enabling high-throughput
identification of histone modifications at single-cell levels
(Carter et al, 2019; Kaya-Okur et al, 2019; Wang et al,
2019). Most recently, Tao et al. (2020) profiled the H3K4me3
modification in cotton with high resolution and low background
noise using CUT&Tag. However, the cotton CUT&Tag assays
still required a significant quantity of input tissue and were
time-consuming (2-3 days).

In this study, we employed our previously reported protocols
for rapid and efficient nuclei isolation and developed a nucleus
CUT&Tag (nCUT&Tag) protocol with protein G-Tn5 (PGT)
for rapid and low-input histone modification profiling using
crosslinked and fresh plant tissue. Our results showed that
nCUT&Tag is an alternative strategy of ChIP-seq for fast and
low-input profiling both active and repressive histone marks with
crosslinked or fresh tissues from the monocots or dicots.

MATERIALS AND EQUIPMENT

Plant Materials, Growth Conditions, and
Sample Collection

The rice cultivar from the Xian group (known as Oryza
sativa L. ssp. indica), Minghui 63 (MH63), was grown in
a growth chamber with the day/night cycle set at 14/10 h
and a temperature of 32/28°C. The 15-day-old seedlings
were collected for fresh nCUT&Tag, or crosslinked with 1%
formaldehyde solution for crosslinking nCUT&Tag. A rice
hybrid MHNip (MH63 x Nipponbare) was used for panicles
collection. MHNip was planted in the field of Huazhong
Agricultural University, Wuhan, China, and grew under
normal agricultural conditions. Young panicles with 2.5-
4 cm in length were collected and dual-crosslinked with 1%
formaldehyde and EGS. The Brassica napus cultivar 2063A was

grown in the growth chamber. Young leaves of 21-day-old
2063A seedlings were harvested and crosslinked with 1%
formaldehyde solution.

Regents and Equipment

1. Antibodies against proteins of interest:

Anti-H3K4me3 (Abclonal, A2357; 1 mg/ml)

Anti-H3K9me2 (Abcam, ab1220; 1 mg/ml)

Protein G-Tnb5 fusion protein (Vazyme, cat. no. S602)

Phosphate-buffered saline (PBS) (Ambion, cat. no. AM9625)

Formaldehyde (37%; EMD Millipore, cat. no. 344198-250ML)

Ethylene glycol bis (succinimidyl succinate) (EGS; Thermo

Fisher Scientific, cat. no. 21565)

Glycine (Sigma-Aldrich, cat. no. G8898-500G)

Sodium deoxycholate (Sigma-Aldrich, cat. no. 30970-100G)

8. Triton X-100, molecular biology grade (Promega, cat. no.
H5141)

9. Tween 20 for molecular biology, viscous liquid (Sigma-

Aldrich, cat. no. P9416-100ML)

HEPES buffer (1 M, pH 7.3, Fisher Scientific, cat. no.

BP299-1)

11. NaCl solution (500 ml, 5.0M, Ambion, cat. no. AM9759)

12. Spermidine (Sigma, cat. no. $2501-1G) 2 M

13. Complete Protease Inhibitor (Roche, cat. no. 5056489001)

14. Nuclease-Free Water (1000 ml; Ambion cat. no. 4387936)

15. EDTA (pH 8.0, 0.5 M, 500 ml; Ambion, cat. no. AM9261)

16. Bovine serum albumin (BSA) (Sigma, cat. no. A1933-100G)

17. MgCl, (1 M, 100 ml; Ambion, cat. no. AM9530G)

18. Sodium dodecyl sulfate (SDS, wt/vol 10%; Ambion, cat. no.

AM9822)

Proteinase K solution (Life Technologies, cat. no. AM2548)

Phenol:chloroform:IAA 25:24:1 (Ambion, cat. no. AM9730)

GlycoBlue (Life Technologies, cat. no. AM9516)

Isopropanol (Sigma-Aldrich, cat. no. I-9516-500ml)

Sodium acetate (Ambion, cat. no. AM9740)

Absolute ethanol (500 ml; Sigma-Aldrich, cat. no. E7023)

MinElute PCR purification kit (Qiagen, cat. no. 28004)

TruePrep DNA Library Prep Kit V2 for Illumina (Vazyme cat.

no. TD501)

AMPure XP beads (60 ml; Beckman, cat. no. A63881)

Buffer EB (250 ml; Qiagen, cat. no. 19086)

Dynabeads Protein G for immunoprecipitation (50 ml; Life

Technologies, cat. no. 10009D)

Qubit 3.0 Fluorometer (Invitrogen, cat. no. Q33216)

Bio-Rad C1000 Thermal Cycler (Bio-Rad, cat. no. 185-

1148EDU)

Centrifuge (Eppendorf 5810R, Swing-bucket Rotor with 15-

and 50-ml Buckets, cat. no. 22628180)

Bioruptor Plus (UCD-300; Diagenode, cat. no. B01020001).

ANl

N o

10.

19.
20.
21.
22.
23.
24.
25.
26.

27.
28.
29.

30.
31.

32.

33.

Regent Setup
1. Wash Buffer (50 ml): Add 1 ml HEPES buffer (1 M, pH7.5),
1.5 ml NaCl (5 M), and 12.5 pl spermidine (2 M) together
and fill with distilled water to a final volume of 50 ml.
Dissolve one tablet of Complete Protease Inhibitor in the
buffer before use. Store the buffer at 4°C for up to 1 week.
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2. Antibody Buffer (250 pl): Mix 1 ul EDTA (pH 8.0, 0.5 M)
and 0.8 I BSA (30%) with 250 wl Wash Buffer and chill
on ice until use.

3. Transposase Incubation Buffer (50 ml): Add 1 ml HEPES
buffer (1 M, pH 7.5), 3 ml NaCl (5 M), and 12.5 pl
spermidine (2 M) together and bring the final volume to
50 ml with distilled water. Store the buffer at 4°C for up to
1 week. Dissolve one tablet of Complete Protease Inhibitor
in the buffer before use.

4. Tagmentation Buffer (300 pl): Mix 300 pl Transposase
Incubation Buffer and 3 pul MgCl, (1 M) together.

5. Buffer S (500 ml): Add 25 ml HEPES buffer (1 M,
pH 7.5), 15 ml NaCl (5 M), 1 ml EDTA (0.5 M),
5 ml Triton X-100, 5 ml sodium deoxycholate (10%),
and 50 ml SDS (10%) together; mix the solution well
and bring the final volume to 500 ml with distilled
water. Sterile filtrate and store at room temperature for
up to 6 months.

6. Buffer F (500 ml): Add 25 ml HEPES buffer (1 M, pH
7.5), 15 ml NaCl (5 M), 1 ml EDTA (0.5 M), 5 ml Triton
X-100, and 5 ml sodium deoxycholate (10%) together;
mix the solution well and bring the final volume to
500 ml with distilled water. Sterile filtrate and store at 4°C
for up to 6 months.

7. Binding Buffer (10 ml): Add 200 ]l HEPES buffer (1 M,
pH 7.5), 100 nl1 KCI (1 M), 10 pl CaCl, (1 M), 10 pl MnCl,
(I M) together and bring the final volume to 10 ml with
distilled water. Store at 4°C for up to 6 months.

METHODS

Nuclei Isolation

Formaldehyde-fixed nuclei are isolated according to our
previously reported protocols (Figure 1A) (Zhao et al., 2020).
Briefly, 0.1 or 0.01 g of crosslinked tissue is ground to fine
powders in liquid nitrogen. The powder is suspended with
300 pl Buffer S and lyzed at 4°C for 30 min with rotation.
Then the 300 pl lysates are mixed with 1.2 ml Buffer S and
lyzed at 4°C for 15 min with rotation. Finally, the homogenate
lysates are centrifuged at 1000 g for 10 min at 4°C, and the
nuclei are collected.

The native nuclei from fresh tissue, as well as formaldehyde-
fixed nuclei from crosslinked tissue, can be isolated following
a simple and fast strategy (Figure 1B) (Sun et al., 2020). The
plant tissue is chopped thoroughly to complete homogeneity in
a plastic petri dish with 1 ml 1 x PBS (containing protease
inhibitor) on ice. The homogenate is filtered twice through a layer
of Miracloth. The nuclei are isolated by centrifuging the filtrate in
a swinging bucket rotor at 1000 g for 10 min at 4°C.

The collected nuclei are stained with DAPI and observed
under a fluorescence microscope. All eChIP-seq libraries
are prepared following our reported protocols with Buffer
S/F isolated nuclei (Zhao et al, 2020). nCUT&Tag starts
with fixed or native nuclei, followed by subsequent antibody
binding to proteins of interest, PGT binding to antibodies,
tagmentation, DNA purification, library preparation, and

sequencing (Figure 2). The following procedures are a detailed
introduction of the nCUT&Tag protocol.

Procedures for nCUT&Tag
Antibody Binding to Target Protein
1. Wash the nuclei pellet twice with 500 pl ice-cold Wash
Buffer. Centrifuge in a swinging bucket rotor at 600 g for
3 min at 4°C; discard Wash Buffer.
2. Resuspend the nuclei pellet in 200 pl ice-cold Antibody
Buffer. Divide into two 1.5 ml tubes with 100 pl each.
3. Add 1-5 pg antibody and IgG to the two 100 pl
suspensions, respectively.
4. Incubate at 4°C for 2 h with rotation.

PGT Binding to Antibody

1. Centrifuge in a swinging bucket rotor at 600 g for 3 min at
4°C. Discard the Antibody Buffer.

2. Wash the nuclei pellet with 800 1 ice-cold Wash Buffer.
Centrifuge in a swinging bucket rotor at 600 g for 3 min at
4°C; discard Wash Buffer.

3. Repeat Step 2 twice.

4. Mix 100 pl Transposase Incubation Buffer and 0.58 pl
assembled PGT (final concentrate: 0.04 pM). Resuspend
the nuclei pellet in the 100 pl transposase mixture with
gentle vortexing.

5. Incubate at 4°C for 1 h with rotation.

Tagmentation

1. Centrifuge in a swinging bucket rotor at 600 g for 3 min at
4°C. Discard the supernatant.

2. Wash the nuclei pellet with 800 ! ice-cold Transposase
Incubation Buffer. Centrifuge in a swinging bucket
rotor at 600 g for 3 min at 4°C; discard Transposase
Incubation Buffer.

3. Repeat Step 2 twice.

4. Mix 300 pl Transposase Incubation Buffer and 3 pl MgCl,
together and resuspend the nuclei pellet.

5. Incubate at 37°C for 1 h.

DNA Purification

1. Add 10 pl EDTA (0.5 M) and 3 pl SDS (10% wt/vol) to stop

tagmentation.
Note: for fresh tissue, the Qiagen MinElute PCR purification
kit (Qiagen, cat. no. 28004) is optional for DNA
purification without prior reverse crosslinking. It saves
much time.

2. Add 2.5 pl proteinase K solution and incubate at 50°C for
1 h to release DNA.

3. Add an equal volume of phenol-chloroform-isoamyl alcohol
(pH 7.9) to the tagmentation product and mix vigorously.

4. Spin MaXtract High Density tubes at 16,000 g for 2 min
at room temperature. Transfer the mixture in Step 3 to the
centrifuged MaXtract High Density tubes and centrifuge at
16,000 g, at room temperature for 5 min.

5. Transfer upper aqueous phase above the gel matrix to fresh
1.5-ml tubes; add 30 pl 3 M sodium acetate (pH 5.5), 2 pl
GlycoBlue, and 330 1 isopropanol and mix them well.
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FIGURE 1 | Rapid and efficient isolation of high-integrity nuclei. (A,B) Two strategies for nuclei isolation with crosslinked or fresh tissue. Crosslinked tissue is ground
to fine powder and lyzed with Buffer S and Buffer F (A). Crosslinked or fresh tissue is chopped to homogenate lysates in PBS and filtered through a mesh (B). The
released nuclei are collected by centrifugation. The nuclei isolated with Buffer S/F (C) or PBS (D) are stained with DAPI and observed under a fluorescence
microscope.
6. Incubate and cool down at —80°C for 30 min. Antibody Binding to Target Protein
7. Centrifuge at 16,000 g for 20 min at 4°C. 1. Discard the liquid and collect nuclei by a magnetic stand.
8. Wash the pellet twice with 1 ml 75% ethanol. 2. Resuspend the nuclei in 200 .l ice-cold Antibody Buffer.
9. Air-dry the DNA pellet and dissolve the DNA with 50 1 Divide into two 1.5 ml tubes with 100 p 1 each.

QIAGEN Buffer EB.
Quantitate DNA using Qubit3.0
manufacturer’s instructions.

10. according to the

PCR Enrichment, Library DNA Purification, and
Sequencing

50-100 ng PGT cut DNA is used for direct PCR enrichment
according to the TruePrep DNA Library Prep Kit manual
(Vazyme, cat. no. TD501). The PCR is performed for 13-15
cycles. PCR enriched library DNA is purified and size-selected
with AMPure XP beads, and sequenced with pair-end 150 at the
Mumina HiSeq2500 or HiSeq X Ten sequencing platforms.

Procedures for Low-Input nCUT&Tag

Collect 0.1 or 0.01 g of crosslinked tissue and grind to fine
powders in liquid nitrogen. Resuspend the powder with 300 .1
Buffer S and lyze at 4°C for 30 min with rotation. Mix the 300 1
lysates with 1.2 ml Buffer S and lyze at 4°C for another 15 min
with rotation. Centrifuge the homogenate lysates at 1000 g for
10 min at 4°C and collect the nuclei.

Binding Nuclei to Concanavalin A-Coated Magnetic
Beads (Con-A Beads)

1. Wash the nuclei pellet twice with 500 l ice-cold Wash
Buffer. Centrifuge in a swinging bucket rotor at 600 g for
3 min at 4°C; discard Wash Buffer.

Wash 20 pl Con-A beads with 500 I Binding Buffer twice
to activate Con-A beads. Place the tube on a magnet stand
and remove the liquid.

Resuspend Con-A beads with 100 pl Binding Buffer. Add
the activated beads to isolated nuclei and incubate the
mixture at 4°C for 15 min.

. Add 1 pg antibody and IgG to the two 100 pl
suspensions, respectively.
. Incubate at 4°C for 2 h with rotation.

PGT Binding to Antibody
1. Discard the
magnetic stand.

. Wash the nuclei with 800 Ll ice-cold Wash Buffer. Discard
the liquid and collect nuclei by a magnetic stand.

. Repeat Step 2 twice.

. Mix 100 pl Transposase Incubation Buffer and 0.58 pl
assembled PGT (final concentrate: 0.04 wM). Resuspend
the nuclei in the 100 pl transposase mixture with
gentle vortexing.

5. Incubate at 4°C for 1 h with rotation.

liquid and collect nuclei by a

w

Tagmentation
1. Discard the

magnetic stand.

. Wash the nuclei with 800 pl ice-cold Transposase
Incubation Buffer. Discard the liquid and collect nuclei by
a magnetic stand.

. Repeat Step 2 twice.

. Mix 300 pl Transposase Incubation Buffer and 3 pl MgCI2
together and resuspend the nuclei.

. Incubate at 37°C for 1 h.

liquid and collect nuclei by a

o~

DNA Purification and Library Preparation

Purify the tagmented DNA and prepare the sequencing
library following the procedures as described in the
nCUT&Tag protocol above.
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Bioinformatic Analysis
Trimmomatic (v0.32) (Bolger et al, 2014) is used to
remove low-quality reads and to trim low-quality bases
as well as adapters, with the following parameters:
isolated nuclei “ILLUMINACLIP:/adapters/TruSeq3-PE.fa:2:30:10:8:True
SLIDINGWINDOW:4:15 MINLEN:50 HEADCROP:10
LEADING:5 TRAILING:5.” Trimmed reads are aligned to
the MH63 reference genome (MHRS2) (Zhang et al., 2016) or
B. napus reference genome (Chalhoub et al., 2014) using BWA
(v0.7.17) mem with default settings (Li and Durbin, 2009).
Then alignments with MAPQ < 30 and duplicated reads are
discarded using samtools (v1.9) (Li et al., 2009). Peak calling for
. .- H3K4me3 uses macs2 (v2.1.1) with the following parameters:
anthOdy bmdmg to macs2 callpeak -t treat_bam -c control_bam -f BAMPE -B -q 0.05
target protein (2 h) -g 3.6e + 8 (-g 1.1e + 9 for B. napus) (Zhang et al., 2008). Broad
peak calling for H3K9me?2 is similar to the narrow H3K4me3
peak calling with an additional parameter —broad. Scatterplots,
correlation plots, and the signal heatmaps are created using
deepTools (v2.5.3) (Ramirez et al., 2014) as previously described
(Zhao et al., 2020). Annotation of peaks is performed using
homer (v4.11) annotatePeaks.pl with default parameters (Heinz
PR et al., 2010). To compare the robust profiles of nCUT&Tag and
PGT binding to eChIP-seq, we randomly extracted 500-K, 1-M, 2-M, 4-M, 8-M,
antibody (1 h) 16-M, and 24-M valid clean reads from each samples to call
peaks and calculate fraction of reads in peaks (FRiP) values as
described in Kaya-Okur et al. (2019).

RESULTS

Rapid and Efficient Isolation of

High-Quality Nuclei
CUT&RUN and CUT&Tag were initially developed with human
live cells (Skene et al, 2018; Kaya-Okur et al., 2019). With
digitonin treatment, the membrane of cell and nucleus was
permeabilized so that antibody and PAT/PGT can spread into
the nuclei without compromising nuclear integrity. Since cell
walls are present in plant cells, it is difficult for antibody and
PGT to penetrate the cells and nuclei. As an alternative, the
previously reported CUT&RUN and CUT&Tag in plants started
with isolated nuclei rather than live cells (Zheng and Gehring,
2019; Tao et al., 2020). However, the nuclei isolation protocols
require significant material and much time for completion
because of the multiple purification steps. Here, we employed two
simple protocols for fast nuclei isolation with formaldehyde-fixed
tissue or fresh tissue (Figures 1A,B). For the Buffer S/F method
(Figure 1A), formaldehyde-fixed tissue is ground into fine
‘ powder in liquid nitrogen and lyzed with Buffer S and F. The
PCR directly released nuclei are collected by centrifuged at 1000 g for 10 min
at 4°C. In the PBS strategy (Figure 1B), fixed or fresh tissue is
chopped to complete homogeneity in a plastic petri dish with
FIGURE 2 | Workflow of nCUT&Tag. nCUT&Tag starts with isolated nuclei, 1 x PBS (containing protease inhibitor) on ice and filtered
followed by antibody binding to target protein for 2 h, PGT binding to antibody twice through a lay’er of Miracloth. The nuclei are isolated by
for 1 h, tlagmentation for 1 h.’ reverse orosslinking, aﬁd direct PCR for library centrifuging the filtrate in a swinging bucket rotor at 1000 g for
DNA enrichment. For fresh tissue, reverse crosslinking (step 5) can be . ) .
omitted. Tagmentation DNA is purified directly using a DNA Purification kit. 10 min at 4°C. All the procedures can be finished within tens
of minutes. Both the two strategies isolate high-integrity nuclei

tagmentation (1 h)

reverse crosslinking
DNA extraction
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(Figures 1C,D). It is worth noting that the PBS strategy is a mild
and fast method for nuclei isolation. It can be used for isolating
nuclei from both cryopreserved crosslinked tissues and fresh
tissues, while the Buffer S/F, which contains high-concentrate
SDS, is a relatively harsh strategy that may be not suitable for
fresh tissues. However, compared to the PBS strategy, which
may lost too much nuclei (more than 80%) during the mesh-
filtering step, the Buffer S/F method is a better choice for isolating
high-yield and high-quality nuclei from low-input crosslinked
tissues (Zhao et al., 2020).

nCUT&Tag for Rapid Chromatin Profiling
With Crosslinked Tissue

The isolated nuclei were then directly incubated with antibodies
and subsequently with PGT fusion protein (Figure 2). The
PGT tagmentation reaction was activated by adding divalent
magnesium ions to the incubated nuclei, and DNA fragmentation
reactions occurred around the histone modification sites.
Finally, the fragmented DNA was purified for sequencing
library preparation.

Using nCUT&Tag, we first profiled the active chromatin
features with H3K4me3 antibody using formaldehyde-fixed rice
young panicles (Figure 3A). We performed two biological
replicates of nCUT&Tag with ~1 g of finely ground panicle
powder. The nuclei were released by adding buffer S and buffer F
(Zhao et al.,, 2020). The homogenate lysates were then centrifuged
for 3 min; the nuclei pellets were used to conduct nCUT&Tag.
The two replicates showed a high degree of reproducibility
(r = 098, Spearman’s correlation) and a high correlation
with the H3K4me3 eChIP-seq data (r = 0.92, Spearman’s
correlation) (Figure 3B and Supplementary Figure 1A). The two
nCUT&Tag replicates totally identified 31,483 high-confidence
H3K4me3 peaks in rice young panicles (31,436 and 27,857,
respectively) (Supplementary Table 1); among the 31,483 peaks,
approximately 80% (25,497 peaks) were also detected by the
eChIP-seq experiments (Figures 3C,D). Significantly, 5986 peaks
were detected by nCUT&Tag only, while 4460 peaks were
detected by eChIP-seq only (Figures 3A,C), indicating that
the two different strategies might have distinct advantages in
detecting specific histone modification sites.

The H3K4me3 peaks mainly enriched around the
transcription start sites (TSS) (Supplementary Figure 3A),
consistent with our previous eChIP-seq data (Zhao et al,
2020). In addition, peak annotation showed that more than
50% H3K4me3 peaks were distributed at gene promoters, the
first exons, and the first introns; about 20% were distributed
at transcription end sites (TES) and intergenic regions; the
remainders were distributed across other exons and other
introns (Supplementary Table 2). The distribution profiles
of nCUT&Tag peaks showed high consistency with that of
eChlIP-seq peaks (Supplementary Figure 4).

Enhanced ChIP-seq is an efficient protocol in profiling histone
marks. It was used to map rice and B. napus reference epigenomes
with considerably low background noise (Zhang et al., 2020; Zhao
et al,, 2020). To compare the signal-to-noise ratio of nCUT&Tag
relative to eChIP-seq, we downsampled the sequencing reads

at varying depth from 1-M to 24-M. Then we called peaks
and calculated FRiP values under the same sequencing depth
(Supplementary Table 3). The results showed that eChIP-seq
data exhibited higher signal-to-noise ratio than nCUT&Tag.
However, using the 8-M nCUT&Tag reads, we called 27,043
peaks, which were nearly as much as that from 16-M eChIP-
seq reads (27,659 peaks) (Supplementary Table 3). Our results
indicated that nCUT&Tag showed a little bit higher background
noise than the eChIP-seq protocol, but nCUT&Tag detected
comparable peaks with much less sequencing reads.

nCUT&Tag for Profiling Both Active and
Repressive Histone Marks With Fresh

Tissue

Furthermore, we conducted H3K4me3 nCUT&Tag for native
nuclear chromatin profiling with fresh rice seedlings. We isolated
native nuclei, according to Sun et al. (2020). A few pieces
of young leaves were chopped into homogenate lysates in
PBS buffer. The lysates were filtered twice through a mesh;
nuclei were collected by centrifugation and used to perform
nCUT&Tag. After stopping the tagmentation reaction, the
fragmented DNA was directly purified following the procedure
reported for ATAC-seq (Buenrostro et al., 2013; Sun et al., 2020)
using a Qiagen MinElute kit (QIAGEN, cat. no. 28004) that
eliminates the reverse-crosslinking steps and is a rapid DNA
purification protocol.

The fresh nCUT&Tag showed a high correlation with
the fixed H3K4me3 eChIP-seq data (r = 0.92, Spearman’s
correlation) (Supplementary Figures 1B, 2A). The two replicates
totally called 26,543 peaks (21,203 and 23,545, respectively,
Supplementary Figure 4A and Supplementary Table 1). Among
the 26,543 peaks, 24,913 (93.86%) were also detected by eChIP-
seq. Strikingly, 1730 peaks were detected by fresh nCUT&Tag
only, while 5485 peaks were detected by fixed eChIP-seq only
(Figures 4B,D). In fact, there were slight signal enrichment
in nCUT&Tag libraries at the 5485 eChIP-seq unique peak
regions (Figure 4D). A possible explanation for that many
peaks were only detected by eChIP-seq may be the lower
sequencing depth of the nCUT&Tag libraries relative to the
eChIP-seq data (Supplementary Table 1). The fresh nCUT&Tag
signal showed similar enrichment as that of crosslinking eChIP-
seq, mainly around the TSS (Supplementary Figure 3B). The
fresh nCUT&Tag peak distribution profiles were also similar
to that of crosslinking eChIP-seq (Supplementary Figure 4
and Supplementary Table 2). These results suggest that the
nCUT&Tag method could be applied for mapping active histone
modifications with native nuclei.

Meanwhile, we performed H3K4me3-associated nCUT&Tag
with crosslinked seedlings to compare with the fresh nCUT&Tag
data (Supplementary Figure 5A). They showed a high
correlation between the fixed and fresh nCUT&Tag (r = 0.89,
Spearman’s correlation) (Supplementary Figure 5B). We
detected 21,445 H3K4me3 peaks in crosslinked seedlings
(Supplementary Table 1), among which 77% (16,468 peaks) were
also detected in fresh seedlings by nCUT&Tag (Supplementary
Figures 5C,D). Strikingly, about 10,175 peaks (~38%) were
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FIGURE 3 | nCUT&Tag for fast chromatin profiling with crosslinked tissue. (A) Representative H3K4me3 landscapes across chr1:5,374,839-5,558,400 of the rice
genome generated by eChlP-seq and nCUT&Tag. The green and blue boxes show peaks detected only by eChIP-seq and nCUT&Tag, respectively. (B) Scatter plots
showing the Spearman’s correlations for the two H3K4me3 nCUT&Tag replicates (left), and between the nCUT&Tag and eChlIP-seq data (right). (C) Venn diagram
showing the overlap of H3K4me3 peaks detected by eChlP-seq and nCUT&Tag. (D) Comparison of the H3K4me3 eChlP-seq and nCUT&Tag signals.
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FIGURE 4 | nCUT&Tag for chromatin landscape profiling with non-crosslinked tissue. (A) Genome browser screenshot showing H3K4me3 and H3K9me2
nCUT&Tag data for fresh rice seedlings. The H3K4me3 and H3K9me2 eChiP-seq data were generated with crosslinked seedlings. (B) Venn diagram showing the
overlap of H3K4me3 peaks detected by fresh nCUT&Tag and crosslinked eChIP-seq. (C) Venn diagram showing the overlap of H3K9me2 peaks detected by fresh
nCUT&Tag and crosslinked eChlP-seq. Comparison of NnCUT&Tag and eChlP-seq signals for H3K4me3 (D) and H3K9me2 (E).

exclusively detected in fresh tissues, suggesting that crosslinking
might underpresent the detection of histone modifications. For
cryopreserved seedlings, the crosslinked nuclei might need to be
pre-opened with Hypotonic Buffer containing SDS, as described
in CoBATCH and itChIP-seq (Ai et al., 2019; Wang et al., 2019),
to capture much more signals.

H3K9me2, which shows a broad-peak profile in the rice
genome, is a repressive histone mark associated with closely

compacted heterochromatin (Zhao et al., 2020). To test whether
nCUT&Tag can be used to characterize repressive chromatin
features, we conducted another nCUT&Tag procedure with fresh
rice seedlings to profile H3K9me2 histone modification.

The H3K9me2 nCUT&Tag showed a high correlation
with our eChIP-seq data (r = 0.95, Spearman’s correlation)
(Supplementary Figures 1C, 2B). The two biological replicates
called 24,382 and 22,142 H3K9me2 peaks, respectively
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FIGURE 5 | nCUT&Tag for chromatin landscape profiling with low-input samples. (A) Genome browser screenshot showing H3K4me3 nCUT&Tag data for low-input
rice seedlings. The H3K4me3 eChIP-seq data were generated with 1-g crosslinked seedlings. (B) Venn diagram showing the overlap of H3K4me3 peaks detected
by 0.1-g nCUT&Tag and crosslinked eChIP-seq. (C) Venn diagram showing the overlap of H3K4me3 peaks detected by 0.01-g nCUT&Tag and crosslinked
eChlP-seq. (D) Comparison of H3K4me3 signals between 0.1-g nCUT&Tag and 1-g eChIP-seq. (E) Comparison of H3K4me3 signals between 0.01-g nCUT&Tag
and 1-g eChlP-seq.
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FIGURE 6 | nCUT&Tag for fast chromatin profiling in Brassica napus. (A) Representative H3K4me3 landscapes across chrA01:1,914,420-1,996,975 of the Brassica
napus genome generated by nCUT&Tag and eChIP-seq. (B) Scatter plots showing the Spearman’s correlation between the nCUT&Tag and eChlIP-seq data.

(C) Venn diagram showing the overlap of H3K4me3 peaks detected by nCUT&Tag and eChIP-seq. (D) Comparison of the H3K4me3 nCUT&Tag and eChlP-seq
signals.

(Figure 4A and Supplementary Table 1). Among the 26,015 detected by eChIP-seq only (Figures 4C,E). The peak distribution
peaks identified by the two nCUT&Tag replicates, about 80% showed a considerably consistency between the H3K9me2
(20,646 peaks) were also detected by the eChIP-seq; 5369 peaks nCUT&Tag and eChIP-seq results, with approximately 40%
were detected by the fresh nCUT&Tag only, while 2244 were  distributing at intergenic regions (Supplementary Figure 4 and
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Supplementary Table 2). We also compared the signal levels
under the same sequencing depth between the nCUT&Tag and
eChIP-seq libraries. The 8-M nCUT&Tag reads called 17,375
H3K9me2 peaks, which were almost as much as the 16-M reads
from the eChIP-seq libraries (17,810 peaks) and even a little bit
less than that from the 24-M eChIP-seq reads (18,954 peaks)
(Supplementary Table 3). The results indicate that 8-M clean
reads from nCUT&Tag provide comparable signals to the 16-M
and even 24-M eChIP-seq reads.

Taken together, nCUT&Tag is a versatile method that can be
used for global profiling of both active and repressive histone
modifications in rice.

nCUT&Tag for Efficient Chromatin
Profiling With Low-Input Samples

The standard ChIP-seq assay requires significant material
(~1 g). To test whether nCUT&Tag could profile histone
modifications using low-input samples, we performed H3K4me3
nCUT&Tag with 0.1 and 0.01 g of crosslinked seedlings
(Figure 5A). To avoid too much loss of nuclei in the
centrifuge steps, here we use concanavalin A-coated magnetic
beads for buffer exchange as an alternative strategy. The
low-sample nCUT&Tag showed high correlations with both
regular nCUT&Tag and eChIP-seq (the Spearman’s correlations
varied from 0.89 to 0.93), and a high degree of consistency
between the 0.1-g nCUT&Tag and 0.01-g nCUT&Tag (r = 1.00,
Spearman’s correlation) (Supplementary Figures 1B, 2A). The
0.1- and 0.01-g nCUT&Tag detected 31,611 and 38,992 peaks,
respectively. Among them, 17,738 (~56% of 0.1-g nCUT&Tag)
and 19,585 (~50% of 0.01-g nCUT&Tag) peaks were detected
by the 1-g eChIP-seq (Figures 5B-E). The signal showed
lower enrichment at TSS than the regular nCUT&Tag and
eChIP-seq (Supplementary Figure 3B). The peak distribution
was also a little bit different from the regular nCUT&Tag
and eChIP-seq, with less proportion of first-exon peaks
and higher proportion of other-exon peaks (Supplementary
Figure 4 and Supplementary Table 2). Overall, the low-input
nCUT&Tag mapped many peaks commonly as detected by
regular nCUT&Tag and eChIP-seq, but the signal was lower and
the peak distribution was different. This means that it needs to be
improved in the further.

nCUT&Tag Is Scalable for Chromatin

Profiling in Other Plant Species

Enhanced ChIP-seq has been used to map high-quality
reference epigenomes in rice and B. napus (Zhang et al,
2020; Zhao et al, 2020). To examine whether nCUT&Tag
could be applied to other plant species, we generated the
nCUT&Tag data of the H3K4me3 antibody with crosslinked
leaves of the dicot rapeseed (B. napus) (Figure 6A). The
rapeseed nCUT&Tag data showed a high correlation with
the eChIP-seq (r = 0.92, Spearman’s correlation) (Figure 6B
and Supplementary Figure 1D). The rapeseed nCUT&Tag
totally identified 42,984 peaks and there were 10,868 peaks
(~20%) detected by eChIP-seq only (Figure 6C). However,
there was slight signal enrichment in nCUT&Tag libraries at

the 10,868 eChIP-seq unique peak regions (Figure 6D). As
talked about in the rice fresh nCUT&Tag section, this may be
due to the lower sequencing depth relative to the eChIP-seq
libraries (Supplementary Table 4). The rapeseed nCUT&Tag
showed similar signal profiles and peak distribution profiles
(Supplementary Figures 3C, 4). The results indicate that
nCUT&Tag can be used to study the chromatin landscapes in
both monocots and dicots.

DISCUSSION

The standard ChIP-seq (Kaufmann et al., 2010) and eChIP-
seq (Zhao et al., 2020) protocols for plants start with fresh
tissue, followed by crosslinking, nuclei isolation, sonication,
immunoprecipitation, reverse crosslinking, DNA extraction, and
library preparation (including end repair, A-tailing, adaptor
ligation, and PCR enrichment) (Table 1). The procedures are
quite complex and require significant input samples and much
time for completion. By contrast, nCUT&Tag is a crosslinking-
free, sonication-free, immunoprecipitation-free strategy for
in situ and in vivo detection of protein-DNA interactions
(Table 1). It is a rapid and efficient protocol that all the
procedures can be finished within 1 day with as little as 0.01 g
of plant tissue.

The sonication-based ChIP-seq assays might underpresent
weak or indirect protein-DNA interactions, which might
be disrupted during sonication (Fullwood and Ruan, 2009;
Bi et al, 2017). For instance, the Arabidopsis NUPI is a
nuclear periphery-located protein that loosely interacts with
repressive chromatin (Bi et al, 2017). With regular ChIP-
seq procedures, the NUP1 peak signals cannot be detected.
However, the RE-ChIP-seq (restriction enzyme-mediated ChIP-
seq), in which the sonication-based chromatin fragmentation
is replaced with restriction enzyme digestion, causes less
disruption to protein-DNA interactions and observes signal
enrichment of the loosely interacted chromatin positioned
around the nuclear periphery (Bi et al, 2017). nCUT&Tag
is a sonication-free method and detects ~6000 unique peaks
compared to eChIP-seq (Figures 3A,C-D). These peaks show

TABLE 1 | Comparison of nCUT&Tag with our previously reported eChlP-seq
protocol.

nCUT&Tag eChlIP-seq

Input samples Fixed/fresh, low-input,

scalable for single cells

Fixed, low-input

Sonication No, sonication-free Yes
Immunoprecipitation No,

immunoprecipitation-free

Protein G beads; low
salt; high salt; LiCl
buffer

Direct DNA purification for ~ Yes

fresh tissue

PCR directly

Reverse crosslinking

Library preparation End repair; A-tailing;
adaptor ligation; PCR

enrichment

Time from tissue to library 1 day 4 days
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narrower and weaker signals than those of commonly detected
by nCUT&Tag and eChIP-seq (Figure 3D), suggesting that they
are weak modification sites that are not efliciently preserved
during sonication and thus cannot be detected in ChIP-seq
assays. Therefore, the in situ method nCUT&Tag may have a
broader spectrum in mapping in vivo protein-DNA interactions,
especially for the weak or indirect interactions.

It is a key aspect of epigenomic study to map global chromatin
features for understanding transcriptional regulation at single-
cell levels. Currently, it is not realistic to perform sonication
for a single cell. Therefore, the regular sonication-based
ChIP-seq protocols are not suitable for single-cell epigenomic
study. However, the PAT- or PGT-mediated sonication-free
strategies such as CUT&Tag, ACT-seq, and CoBATCH can
be used for single-cell, as well as high-throughput chromatin
profiling (Carter et al., 2019; Kaya-Okur et al., 2019; Wang
et al, 2019). Hence, nCUT&Tag may be scalable for high-
throughput or single-nucleus profiling of histone marks in
plants. Importantly, the PAT- or PGT-mediated chromatin
immunocleavage strategies may greatly facilitate the development
of single-cell ligation-free 3D genome mapping technologies
(Ouyang et al., 2020).

Most recently, Liu et al. (2020) developed small-scale Tn5-
assisted chromatin cleavage with sequencing (Stacc-seq) to
map genome-wide occupancy of RNA polymerase II. The
principle of Stacc-seq is similar to CUT&Tag, but the procedures
are different. Stacc-seq starts with in vitro pre-incubation of
antibody with PAT/PGT, followed by incubation of antibody-
PAT/PGT complex with live cells (Liu et al., 2020). Compared to
CUT&Tag, Stacc-seq adopts only one round of in vivo incubation,
omitting many buffer-exchange steps. Hence, Stacc-seq can
be used rapid profiling of histone marks and transcriptional
factor occupancies with hundreds of cells. We believe that
Stacc-seq, as well as nCUT&Tag, will be useful alternative
methods of ChIP-seq.

CONCLUSION

nCUT&Tag is a simple, rapid, and efficient method that
is versatile for studying both active and repressive histone
modifications across fresh and crosslinked plant tissues. It is a
sonication-free and immunoprecipitation-free protocol that is
scalable for single-nucleus chromatin profiling. Moreover, all the
procedures in nCUT&Tag can be performed within 1 day with
considerably low-input samples, paving a new avenue for rapid
single-cell epigenomic studies in plants.
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The remodeling of transcriptome, epigenome, proteome, and metabolome in hybrids
plays an important role in heterosis. N(6)-methyladenosine (mPA) methylation is the
most abundant type of post-transcriptional modification for mRNAs, but the pattern
of inheritance from parents to hybrids and potential impact on heterosis are largely
unknown. We constructed transcriptome-wide mRNA mSA methylation maps of
Arabidopsis thaliana Col-0 and Landsberg erecta (Ler) and their reciprocal F4 hybrids.
Generally, the transcriptome-wide pattern of m8A methylation tends to be conserved
between accessions. Approximately 74% of mSA methylation peaks are consistent
between the parents and hybrids, indicating that a majority of the m®A methylation is
maintained after hybridization. We found a significant association between differential
expression and differential m8A modification, and between non-additive expression
and non-additive methylation on the same gene. The overall RNA m®A level between
Col-0 and Ler is clearly different but tended to disappear at the allelic sites in the
hybrids. Interestingly, many enriched biological functions of genes with differential
mSA modification between parents and hybrids are also conserved, including many
heterosis-related genes involved in biosynthetic processes of starch. Collectively, our
study revealed the overall pattern of inheritance of mRNA mPA modifications from
parents to hybrids and a potential new layer of regulatory mechanisms related to
heterosis formation.

Keywords: RNA m°A methylation, hybrid, heterosis, Arabidopsis, RNA modification dynamics

Frontiers in Plant Science | www.frontiersin.org 74

June 2021 | Volume 12 | Article 685189


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2021.685189
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.685189&domain=pdf&date_stamp=2021-06-10
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yfwu@njau.edu.cn
https://doi.org/10.3389/fpls.2021.685189
https://www.frontiersin.org/articles/10.3389/fpls.2021.685189/full

Xu et al.

Transcriptome-Wide Analysis of RNA m°A

SIGNIFICANCE STATEMENT

The reprogramming and corresponding effect of mRNA
mSA methylation on hybrids remain highly unknown. We
demonstrated the pattern of conserved inheritance of m°A
methylation from parents to hybrids and the potential impact
on heterosis formation, uncovering mRNA m°A methylation
as a new layer of regulatory mechanisms in the formation of
hybrid vigor.

INTRODUCTION

Heterosis refers to the increased performance of hybrid offspring
relative to their parents in many traits, such as growth rate
and biomass (Birchler et al., 2003, 2010; Hochholdinger and
Hoecker, 2007; Chen, 2010; Birchler, 2015). Both genetic and
epigenetic mechanisms are thought to be involved in heterosis
(Chen, 2013). Epigenetic changes have been found to impact
hybrid vigor (Cubas et al.,, 1999; Manning et al., 2006; Shindo
etal., 2006; Ni et al., 2009; He et al., 2010). DNA methylation level
is altered by trans-chromosomal methylation (TCM) and trans-
chromosomal demethylation (TCdM) (Greaves et al., 2014),
which changes the overall DNA methylation level in the F;
hybrids, especially in regions that are differentially methylated
in two parents (Shen et al., 2012). Histone modification patterns
in hybrids of rice or maize have shown correlations between
altered gene expression and changes in histone marks compared
with the parents (He et al, 2010, 2013; Lv et al, 2019). In
Arabidopsis hybrids, global histone modifications of the parents
are largely transmitted to the F; generation (Moghaddam
et al, 2011; Dong et al., 2012; Yang et al, 2016). DNA
methylation and histone modifications are altered at many
loci, such as circadian clock associatedl (CCA1l) and late
elongated hypocotyl (LHY), which are associated with growth
vigor in Arabidopsis F; hybrids (Ni et al., 2009; Shen et al,
2012).

Recently, chemical modifications of mRNAs, such as N(6)-
methyladenosine (m°A), N(1)-methyladenosine (m'A), and 5-
methylcytosine (m>C), have emerged as an additional level of
transcript regulation (Dominissini et al., 2012, 2016; Meyer et al.,
2012; Lietal,, 2016,2017). m® A methylation is the most abundant
type of modification for mRNAs, occurring in more than one-
third of mammalian transcripts and half of the plant transcripts
(Dominissini et al., 2012; Meyer et al., 2012; Li et al., 2014;
Luo et al., 2014; Luo et al., 2020; Wan et al., 2015; Zhou et al.,
2019; Miao et al., 2020). The m®A modification is reversible
and dynamic, with m®A demethylase acting as an eraser and
methyltransferase acting as a writer (Jia et al., 2011; Meyer and
Jaffrey, 2017). Recognition of these dynamic m®A modifications
by YTH domain-containing proteins leads to a broad range
of functions associated with the change in mRNA stability,
cap-independent translation, splicing, translation efficiency, and
mRNA structure (Dominissini et al., 2012; Meyer et al., 2015;
Meyer and Jaffrey, 2017), but the location of m®A in mRNA
determines different functions (Gilbert et al., 2016). In the 5’
UTR, m®A participates in mRNA cap-independent translation
by directly binding to eukaryotic initiation factor 3 (eIF3) and

then recruiting the 40S ribosomal subunit to initiate translation
(Meyer et al., 2015). On the other hand, m®A in the 3 UTR
has been reported to have several functions, such as promoting
translation by binding with METTL3 and eIF3h to facilitate
formation of the translation loop (Choe et al., 2018), regulating
mRNA lifetime by binding with YTHDEF2, which relocates
transcripts to the P-body (Wang et al., 2014), and changing
mRNA structure to affect RNA-protein interactions (Liu et al.,
2015).

In Arabidopsis thaliana, m®A is essential in embryo
development (Zhong et al., 2008). Further research revealed
that m®A is also essential in post-embryonic development (Bodi
et al, 2012), for example, for normal trichome morphology
and correct timing of leaf formation (Arribas-Hernandez
et al, 2018; Scutenaire et al., 2018; Wei et al., 2018), partly
because it regulates the expression of key shoot meristem
genes to control shoot apical meristem (SAM) proliferation
(Shen et al., 2016). Transcriptome-wide mapping of m®A in
Arabidopsis wild-type (WT) and related mutants indicated
a complex relationship between m°®A modifications and
gene expression. Lack of FKBP12 interacting protein 37
(FIP37), a component of the methyltransferase complex in
Arabidopsis, results in a dramatically reduced abundance of
m®A, as most transcripts bearing m®A in WT are decreased
in the mutant (Shen et al, 2016). In addition, further study
showed that m®A inhibits mRNA degradation through
inhibition of site-specific cleavage (Anderson et al., 2018).
Nevertheless, it was reported that the highly expressed
transcripts had fewer m®A modifications, as revealed by
transcriptome-wide m®A patterns in Arabidopsis (Wan
et al, 2015). Although mC®A abundance varies among
Arabidopsis accessions and affects transcript abundance,
how m®A changes in F; hybrids relative to their parents and
its potential role in determining F; hybrid vigor have not
been clarified.

In this study, we selected two Arabidopsis ecotypes, namely,
Col-0 and Landsberg erecta (Ler), and their F; reciprocal hybrids,
to investigate the potential effect of m®A on heterosis. We
identified the distribution pattern and the intensity change
in m®A in Col-0, Ler, and their F; reciprocal hybrids. We
showed that the peaks and distribution features of m°A
methylation are highly conserved between accessions. Although
changes in m°A intensity and transcript abundance within
accessions are weakly positively correlated, upregulation of m°®A
between accessions tends to be associated with a downregulated
abundance of mRNA and vice versa. We found that the
overall m®A difference between the parents is attenuated at
allelic sites in the hybrids, and that there is a negative
correlation between the expression and corresponding m°A
intensity of allelic genes. Interestingly, even though hundreds
of m®A peaks are changed between the parents and hybrids,
many biological functions of the corresponding genes are
consistently affected, including the biosynthetic processes of
starch, which have been reported to be associated with growth
vigor. The data, therefore, suggest the overall pattern of
mRNA mPA remodeling in hybrids, which may contribute to
heterosis formation.
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RESULTS

Transcriptome-Wide Profile of m°A
Methylation Among Col-0, Ler, and Their F4
Reciprocal Hybrids

To explore RNA m°®A abundance variation between the two
ecotypes and its alteration in hybrids, we first analyzed
transcriptome-wide m®A profiles among Col-0, Ler, and
their F; reciprocal hybrids (Supplementary Figure 1A) by
applying N°-methyladenosine sequencing (m°®A-seq) with two
biological replicates. Sequencing data of RNA input and
immunoprecipitation (RIP) are highly correlated between
replicates, indicating the high quality of m®A-seq in this study
(Supplementary Figures 1B,C). We found that the normalized
reads from m°A-RIP of all samples are enriched in the 3’
UTR of the transcripts (Figure 1A), which is similar to the

results of previous research (Luo et al, 2014; Wan et al,
2015). The normalized read depth in Ler is significantly
lower than that of the other three samples, suggesting that
the overall m°A abundance of Ler was lower (Figure 1A).
To exclude the possible bias introduced by the reference
genome, we performed exact analysis using the Ler reference
genome rather than Col-0 and still obtained identical results
(Supplementary Figure 2). Interestingly, we did not find low
mC®A abundance in the 3 UTR of the two hybrids, similar
to Ler.

To further study global patterns of m®A in Col-0, Ler and
their hybrids, we identified m®A peaks using a transcriptomic
peak caller, METPeak (Cui et al., 2016). A total of 13,145,
13,562, 12,956, and 12,542 peaks are detected in Col-0, Ler, Ficr,
and Fjyc, respectively (Supplementary Table 1); and these peaks
were located in ~9,778, 9,920, 10,066, and 10,017 protein-coding
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genes, respectively. The majority of these genes have one or two
m®A sites (Supplementary Figure 3A), which is consistent with
a previous report (Wan et al, 2015). In agreement with the
distribution of m°®A-seq reads, the majority of the m®A peaks
are enriched in the 3> UTR and CDS region, while only 3-4%
of the m®A peaks are located in the 5 UTR (Figure 1B). The
enrichment degree of peaks in the 3> UTR is significantly higher
(Wilcoxon rank sum test, p < 2.2e—16) than that of peaks in
the 5 UTR and CDS among the four samples (Figure 1C). As
expected, we also found that the enrichment of the m®A peaks in
Ler is significantly lower than that in the other groups (Wilcoxon
rank sum test, p < 2.2e—16, Supplementary Figure 3B).

To further analyze the feature of the distribution of m°A
peaks, we counted the number of peaks around the start
codon segment and the stop codon segment (200 nt centered
on the start codon and stop codon, respectively), and found
that ~40% of the peaks are located in these two regions
(Supplementary Figure 3C). The number of peaks in the start
codon is relatively low in all four samples. However, there are
more than 4,000 m®A peaks located in the stop codon segment
(Supplementary Figure 3C), which is consistent with previous
findings in mammals and plants showing that m®A peaks are
preferentially located around stop codons (Dominissini et al.,
2012; Luo et al., 2014; Wan et al., 2015).

Variations of m®A Modification Among the

Parental Lines and Hybrids

Previous research has shown that m®A is highly conserved
between two accessions of Arabidopsis, namely, Can-0 and Hen-
16 (Luo et al., 2014). We found that 10,584 m°®A peaks (80.5%
of Col-0, 78% of Ler; Figure 2A) are common between Col-
0 and Ler, and that these peaks are located in 8,302 expressed
transcripts (49.4% of the total). In addition, we found that the
majority of the m®A peaks are common among the parental
lines and F; hybrids. There are 9,641 (74.4% of Ficr) and 9,331
(74.4% of F1.c) m®A peaks that are common between the parents
and the F; hybrids, respectively (Figure 2B). These peaks are
also located in 7,844 and 7,723 of the expressed transcripts
in Ficr and Fiic, respectively (Supplementary Figure 3E). The
common peaks (11,000) between Fjcr and Fjic account for
85.6-88.5% of the total peaks in F; hybrids (Figure 2A), which
is slightly higher than that in the two parents. Collectively,
these data indicate a more general conservation pattern
of RNA m®A modification among accessions and hybrids
of Arabidopsis.

Considering the obvious difference in m°A levels between
Col-0 and Ler, it is necessary to determine whether common
m®A peaks between any two samples are significant differentially
methylated peaks (DMPs). We established two criteria for
DMPs: (1) passed Fisher’s exact test after multiple comparison
corrections (FDR < 0.05); (2) the difference in peak enrichment
between any two samples was larger than a 1.5-fold change.
Eventually, we identified 1,776 DMPs (16.8% of the common
peaks) between the parents, among which the intensity
of 1,721 (16.3%) peaks, as expected, is higher in Col-0
(Figures 2C,D, Supplementary Table 2). For the comparison

between F; reciprocal hybrids, we found only 2 DMPs
(0.02%), suggesting that paternal or maternal effects on
the level of m®A modifications are weak in Arabidopsis
(Figure 2C). For the m®A peaks shared between the parents
and Fjcr or between the parents and Fjic, we identified
315, 479, 477, and 1,273 DMPs, respectively (Figure 2C).
Taken together, the intensity of common m®A peaks tends to
be conserved between accessions or during inheritance from
parents to hybrids.

Relationship Between Transcript

Abundance and m®A Modification Level
Multiple recent studies have indicated complex functions of
m®A in transcription regulation with the ability to stabilize (Luo
et al.,, 2014; Anderson et al., 2018) or destabilize mRNAs in
Arabidopsis (Wan et al., 2015). We analyzed the relationships
of transcript abundance and the corresponding m®A levels.
We found a weak positive correlation between the expression
abundance and intensity of m®A modification on one gene
within each accession (Figure 3A). Overall, the genes with m°®A
modification show significantly higher expression than non-
m®A-containing genes (Figure 3B). In addition, more than 60%
of the expressed genes are associated with at least one m®A peak
(Supplementary Figure 3A, Supplementary Table 1).

Next, we investigated the relationship between changes
in m®A methylation and transcript abundance in the parent
lines and their F; reciprocal hybrids. We first identified
differentially expressed genes (DEGs) between the lines
(Supplementary Figures 4A,B) and checked the overlap
between DEGs and DMPs. We found that the proportion
of DEGs associated with DMPs is significantly higher than
that of non-DEGs (Figure 3C). Even so, only 3.29-13.26%
of the DEGs are associated with DMPs between the parent
lines and hybrids (Figure 3C). Taken together, these results
indicated that changes in mC®A intensity on transcripts
tend to be associated with changes in abundance, and that
most DEGs are not directly associated with m®A changes
in Arabidopsis.

We then focused on genes with significant changes in
both expression and m®A modification between accessions.
Most DMPs showed upregulated m°A intensity in Col-0
between Col-0/Ler (comparison between Col-0 and Ler),
as well as between Col-0/Fic;, and between Col-0/Fiic
(Figure 3D). A total of 862 DEGs between Col-0/Ler are
associated with DMPs upregulated in Col-0, among which
there are significantly more downregulated expressed
genes than upregulated genes in Col-0 (Figure3D, p =
2.41e—5, chi-square test). A similar pattern is also found
in Col-0/Ficr, (p = 1.7e—10) and Col-0/Fj1c (p = 0.037,
Figure 3D). There are more DMPs showing downregulated
m°A intensity in Ler between Ler/F;cr, and between Ler/Fiic,
and these DMPs are also associated with more genes with
upregulated expression in Ler (Supplementary Figure 4C,
p = 1.19e—12 for Ler/FicL; p 2.38¢—20 for Ler/Fiic).
This result indicates that downregulated DMPs tend to
be associated with more upregulated DEGs and vice
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versa between accessions of Arabidopsis, implying that the
complexity of m®A function affects the transcript abundance
of genes.

Relationship Between Non-additive
Expression and Non-additive m°®A

Modification

We identified 2,758 and 4,123 genes showing non-additive
expression in Fjcp and Fjc, respectively. Similar to
gene expression, the inheritance of m®A modifications in
hybrids can be additive or non-additive. We defined m°®A
peaks with a significant change between enrichment value
in hybrid and the average enrichment value of parents
(MPV) (FDR < 0.05, see methods for detail) as non-
additive m°®A modified peaks. The majority (95.6 and
95.2%) of the m®A peaks show additive patterns in both
hybrids, while only 538 and 563 peaks in Fjcp and Fiic,
respectively, are non-additive (Supplementary Table 3).
Moreover, non-additive m®A peaks are significantly associated
with non-additively expressed genes in both hybrids
(Supplementary Table 3, p < 2.2e—16 for both Fjc; and
Firc, chi-square test). We still observed that only 6.53-
6.82% of non-additively expressed genes show a non-additive
pattern of m®A modification, indicating that m®A may play

a role in the regulation of non-additive gene expression in
Arabidopsis hybrids.

Relationship Between Allelic Gene
Expression and Allelic m®A Methylation in
F1 Hybrids

To analyze the allelic bias in gene expression and m°A
modifications in hybrids, we identified single-nucleotide
polymorphisms (SNPs) between Col-0 and Ler with stringent
criteria (see methods) and used these SNPs to determine the
reads of RNA-seq or m®A-seq generated from the allele of
Col-0 or Ler. A total of 76,983 SNPs with high confidence are
identified. These SNPs associate with 8,972 and 8,991 genes and
with 2,509 and 2,325 m°®A peaks in Fjcp, and Fiic, respectively,
which are used in the following analysis. As expected, we still
observed significantly higher m®A modification in Col-0 than in
Ler on these SNPs (Figure 4A). Nevertheless, this bias tends to
disappear between the two parental alleles in the hybrids. The
log-transformed mean value of the m®A ratio between the two
allelic SNPs is close to zero, and the majority of the ratio (94.1%
for FicL and 93.6% for Fyi¢) falls within the interval (—1, 1)
in both hybrids (Figure 4A), indicating that the overall m®A
difference between the parents is attenuated at allelic sites in
the hybrids. The pattern of attenuation is not observed for the
expression of allelic genes (Figure 4B). We have identified only
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four and seven peaks showing significant allele-specific RNA  after the combination of the two parental genomes. Despite the
m®A methylation (FDR < 0.05, see Methods) in the hybrids,  smaller difference in m®A abundance between the alleles, the
implying extremely rare allele bias of RNA m®A methylation  correlation between the allelic abundance of mRNA and the
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corresponding allelic intensity of m®A methylation is negative
(Figure 4C). This result is consistent with the relationship
between DEGs and DMPs.

Biological Function of Genes Associated

With Significant Changes in m°A

F; hybrids crossed by ecotypes of Arabidopsis, as well as
Col-OxLer (Groszmann et al., 2014), showed clear growth
vigor (Supplementary Figure 1), but the relationship between
heterosis and changes in m®A abundance between the parent
lines and hybrids was unknown. We first focused on the function
of genes showing significantly differential m®A methylation
(Supplementary Table 4), which were referred to as differentially
m®A-modified genes (DMGs). We identified 462 enriched GO
terms of DMGs between Col-0 and Ler, among which 160-
294 (34-63%) are also identified as enriched GO terms of

DMGs generated from the comparisons between the parents and
hybrids (Supplementary Table 5). Interestingly, the enriched
GO terms of DMGs between the parents and hybrids tend
to be consistent. For instance, we found 319 enriched GO
terms of DMGs between Col-0/F;cr, among which 231-267
(72-84%) are also identified in the Col-0/F;1c, Ler/Ficr, and
Ler/Fiic comparisons. These data implied that there is clear
heterogeneity of biological functions affected by differential m®A
modification between Col/Ler (between-parent difference) and
between parent/hybrid (parent-hybrid difference). We kept the
enriched GO terms of DMGs from the parent-hybrid comparison
but not from the between-parent comparison and found a clear
trend of enriched biological functions, such as biosynthetic
and metabolic processes of multiple carbohydrates, secondary
metabolic processes, and development of shoot, root hair, and
so on (Figure 5A, Supplementary Table 4), among which starch
biosynthetic process was reported to be involved in heterosis
(Chen, 2013).

Hybrid vigor has been found to be related to changes
in transcription, epigenetic modifications, and protein
abundance (Chen, 2013). Considering that m®A is involved
in multiple biological processes related to RNA fate at the post-
transcriptional level, it is worthwhile to focus on the function of
genes showing differential m® A modification without changes in
gene expression. We found that the enriched GO terms of DMGs
and not DEGs between parents/hybrids are associated with
membrane- or chloroplast-located proteins, transport, or the
proteasome complex (Supplementary Figure 5A). This pattern
is clearly different from the enriched GO terms of the DEGs
but not DMGs between parent/hybrid, which are associated
with stress response genes, mitochondria-located genes, etc
(Supplementary Figure 5B). These data implied that m®A
modification could be involved in the formation of F; hybrid
vigor through post-transcriptional regulation of mRNA without
changing the abundance.

Several genes involved in starch and carbohydrate metabolism
promote growth and biomass vigor in Arabidopsis (Chen,
2013), so we focused on the DMGs involved in the starch
biosynthetic process (Figure 5B). There are 51 DMGs from all
four parent/hybrid comparisons annotated as genes of the starch
biosynthetic process (GO: 0019252). We checked the published
biological functions against the TAIR database one by one and
found 20 genes associated with the biomass and growth rate
of Arabidopsis (Supplementary Table 6). We visualized seven
genes of 51 DMGs that are annotated as starch metabolism
genes through Mapman (Thimm et al, 2004). Interestingly,
six genes are located in chloroplasts and involved in the same
pathway, and four of them control biomass and growth rate in
Arabidopsis based on published results (Figure 5B). Collectively,
these data indicated the strong association between changes in
méA methylation and the growth vigor of F; hybrids.

DISCUSSION

Multiple transcriptome-wide maps revealed highly conserved
patterns of m®A methylation among Arabidopsis accessions
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(Can-0 and Hen-16) or organs (leaf, root, and flower) (Luo
et al., 2014; Wan et al,, 2015). More than 70% of m®A peaks are
shared between Arabidopsis Can-0 and Hen-16 (Luo et al., 2014),
similar to the percentage (78%) of peaks shared between Col-0
and Ler in this study. We also found that ~74% of m®A peaks
are shared between the parents and hybrids. In addition, our
results indicated that m® A modifications in hybrids are enriched
around the 3> UTR, stop and start codons of transcripts, showing
consistent features across accessions and organs (Luo et al., 2014;
Wan et al., 2015). Moreover, RNA m®A methylation peaks are
also conserved between two inbred lines (B73 and Mol7) of
maize (Luo et al., 2020) and two tissues of rice (Li et al., 2014).
In summary, these results implied a more general conservation
pattern of m®A methylation in plants, which could be related to
the fundamental role of m®A methylation in plant development
(Zhong et al., 2008; Shen et al., 2016; Anderson et al., 2018).
Nevertheless, a recently published study showed that there are
much more genes with differentially m° A level or non-additively
mCA variation in maize hybrid (B73 x Mol7) compared with
the parents (Luo et al.,, 2021), implying that the pattern of m®A
reprogramming in hybrid is related to species or parent lines with
different degree of variation.

The effects of m®A modification on gene expression vary
among genes. In an Arabidopsis demethylase ALKBH10B loss-
of-function mutant, mRNAs of flower development genes, such
as FT, SPL3, and SPL9 show increased m°®A modification
but reduced stability (Duan et al., 2017). Nevertheless, lack
of m®A modifications on the mRNA of the WUS and STM
genes enhances their stability in the FIP37 mutant line of
Arabidopsis (Shen et al., 2016). Additional studies have indicated
the biological functions of stabilizing or destabilizing mRNAs in
Arabidopsis (Luo et al., 2014; Wan et al., 2015; Anderson et al.,
2018). The data also indicated the conflicting functions of m®A
in regulating gene expression. Overall, we observed a very weak
positive correlation between the abundance of mRNA and the
intensity of m®A modification within each of the accessions.
However, we also found that mRNAs with significantly decreased
methylation of m®A tend to show upregulated expression
between accessions or between parents and hybrids. The complex
regulatory roles of m®A in transcript abundance might be
correlated with its location (Luo et al., 2014), differences between
readers (Wei et al., 2018), or the RNA structure dependent on
mOA (Liu et al., 2015).

The molecular mechanism of heterosis is quite complex; and
omics methods, ranging from transcriptomics to metabolomics,
have provided novel insights into the mechanism (Chen, 2013).
Changes in epigenetic modifications, such as histone methylation
in hybrids, could promote growth by altering gene expression (Ni
etal., 2009). As a newly identified reversible modification of RNA,
the reprogramming of m®A in hybrids and the corresponding
functions related to heterosis remain largely elusive. The data
indicated that most of the differentially expressed genes are not
associated with differential m® A methylation, and that only a few
hundred m®A peaks are significantly changed between parents
and hybrids. However, these peaks are associated with many
biological functions, of which 20 of 51 starch- and carbohydrate-
related genes are confirmed as being associated with biomass

vigor in Arabidopsis (Supplementary Table 6). We did not
identify the genes showing differential m® A methylation involved
in the circadian rhythm regulatory network, for instance, LHY,
GI, CCA1, and TOCI1, which are also related to biomass vigor
in hybrids crossed by two accessions, namely, Col-0 and C24
(Chen, 2013). We propose two possible reasons. One could be
that the different molecular bases of heterosis between F; hybrids
are crossed by different ecotypes. The hybrids of C24 x Col
and Col x Ler showed differences in growth vigor at various
time points of vegetative development (Groszmann et al., 2014).
Another reason could be that circadian rhythm-related genes
tend to promote growth through the regulation of transcription.
We found that some circadian genes, such as GI and TOC1, are
differentially expressed between the parents and hybrids, while
a considerable number of the 20 genes involved in the starch
biosynthetic process showed only differential m®A methylation
rather than differential expression (Supplementary Table 7).
Since m®A controls RNA fate-related processes, such as mRNA
stability, transport, or translation (Dominissini et al., 2012; Meyer
et al., 2015; Meyer and Jaffrey, 2017), this study indicates a new
layer of regulatory mechanisms contributing to heterosis at the
post-transcriptional level in Arabidopsis.

Experimental Procedures

Plant Materials and Growth Conditions

Plant materials included two Arabidopsis accessions (Col-0, Ler)
and their F; reciprocal hybrids. F; seeds were produced by hand
pollination between Col-0 and Ler. Seeds were sown on soil,
stratified at 4°C for 3 days to synchronize germination. Plants
were then shifted into greenhouse and grown under a long-day
condition (16h in light and 8h in dark) at 22°C for 21 days.
Above-ground tissues were harvested and stored at —80°C for
the following experiments.

MeRIP Libraries Construction and Sequencing

MeRIP libraries preparation mainly followed a published
procedure (Dominissini et al., 2013). Briefly, total RNA was
extracted from leaves in 50 mL conicals using TRIzol (15596018,
Ambion, Austin, TX, United States). Poly(A) RNA was enriched
(MRN10, Sigma-Aldrich, Saint Louis, MO, United States) and
fragmented into ~100 nt by fragmentation reagent (AM8740,
Invitrogen, Carlsbad, CA, United States) for 15min at 70°C.
Few microliters of fragmented RNA was saved as input control,
and the left was incubated with m®A antibody (202003,
Synaptic Systems, Goettingen, Germany), in 1x IP buffer
supplemented with RNasin Plus (N2611, Promega, Madison,
WI, United States) for 4h at 4°C. The antibody-bound RNA
was then incubated with pre-blocked protein A beads (10001D,
Invitrogen, Carlsbad, CA, United States) at 4°C for 2h. The
immunoprecipitated RNA was released using an elution buffer
(1x IP buffer supplemented with 6.7 mM N°®-methyladenosine,
M2780, Sigma-Aldrich, Saint Louis, MO, United States). Input
and IP libraries were constructed using NEBNext Ultra RNA
Library Prep Kit for Ilumina (E7645S, NEB, Ipswich, MA,
United States) and subjected to sequencing on the Illumina Hiseq
X-10 platform.
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Reads Pre-processing and Alignment

Raw reads of input and IP samples were processed by trim-galore
(version 0.4.1) to remove adaptors and low quality reads and then
mapped to the Arabidopsis Col-0 reference genome (TAIR 10)
using Tophat2 (version 2.1.1) (Kim et al., 2013) with Araportl1
annotation in the analyses for parental lines and hybrid lines. We
also used Ler reference genome and corresponding annotation
(downloaded from NCBI, accession number GCA_001651475.1)
to check for possible bias introduced by the reference genome.
The parameters were modified (-read-edit-dist 5, -N 5) to
obtain more SNP information of Ler and F; hybrids. Multiple
mapped reads were filtered using the SAMtools package (version
1.9) (Li et al,, 2009). Only paired unique reads were used for
downstream analysis.

N(6)-Methyladenosine Peak Identification and
Annotation

MeTPeak (Cui et al., 2016), a transcriptomic peak caller, was
used to identify m°®A peaks. In order to get confidence peaks,
we maintained peaks on genes with FPKM > 1. Moreover, to
avoid huge differences in the calculation of peak enrichment due
to insufficient coverage, we performed a random sampling of
genomic regions and calculated reads of all input samples, and
high confidence peaks were selected if the peak region satisfied
Input FPKM > 5.

To define m®A peak summits, two repeats of input and IP
sample were merged, and the coverage of each base of peaks
was counted by in-house script (Supplementary Scripts 1-3).
The residual was calculated by IP reads subtracted by input
reads, and the point with the largest residual was referred
to as peak summit. The peak summits were intersected with
protein-coding gene sequences, which were integrated into a
tiered order—3'UTR, 5 UTR, and CDS, to determine their
locations (Supplementary Script 4). Additionally, m®A peaks
were assigned to start codon and stop codon segments, which was
200 nt centered to start codon and stop codon, respectively, to
identify the preference of m°A peaks.

Identification of Differentially Methylated Peaks and
Additive/Non-Additive Methylated Peaks
The common m®A peaks between any two samples were defined
according to whether they intersected with each other. We
calculated read counts of IP and input replicates for each m®A
peak of every comparison group (Supplementary Script 5). A 2
x 2 contingency table was filled by IP and input normalized reads
of samples, respectively. A Fisher’s exact test was performed to
identify m°A differentially methylated peaks, and p-value was
adjusted by Bonferroni-Holm correction using R scripts. The
differentially methylated peaks should satisfy two requirements:
(1) padj <0.05; (2) the difference between any two samples >1.5.
To classify non-additive and additive methylated peaks,
Fisher’s exact test was performed by comparing the input and
IP normalized reads of hybrid and the average of parents’ input
and IP normalized reads. Only common peaks with padj <0.05
were considered as non-additive methylated peaks. Otherwise,
they were referred to as additively methylated peaks.

Identification of Differentially Expressed Genes and
Additive/Non-Additive Expressed Genes

The number of reads for each gene was counted using HTSeq
(Anders et al., 2015) with a default setting. R package DESeq2
(version 1.22.2) was used for analyzing differentially expressed
genes, and only genes with padj < 0.05 were considered as DEGs.
If the expression of genes in hybrids was significantly different
from mid-parent value (padj < 0.05), these genes were classified
as non-additive expressed genes, and the others were referred to
as additive expressed genes.

Gene Ontology Analysis

The gene sets were submitted to agriGO database (Tian
et al., 2017) to perform GO enrichment analysis. Functional
enrichment was performed using the singular enrichment
analysis (SEA) tool and TAIR genome locus (TAIR 10) as
background. The GO terms with FDR < 0.01 were considered
to be enriched.

Analysis of Allelic Expression and Allelic
N(6)-Methyladenosine Enrichment

To obtain confidence SNPs between Col-0 and Ler, the Ler
(downloaded from NCBI) and Col-0 reference genomes (TAIR
10) were cut into 100 bp fragments with 1 bp shift, and then
mutually mapped to the reference genome. The read counts
of each position were called using the SAMtools “mpileup”
command with the parameter “-f.” SNPs were first identified if
site coverage >90X and mutant ratio (mutants/covered reads)
>90%. The input and IP reads of F;cy, and Fiic were separately
mapped to the Col-0 reference and the Ler reference, and the
reads covered SNPs were calculated. Theoretically, the reads
mapped to the corresponding coordinate of the Col-0 and Ler
references should be identical, or at least with small bias. Thus,
SNPs with severe biased reads (the difference of reads mapped to
the corresponding SNPs of two references was more than 10%)
were excluded. Additionally, the SNPs that were not homozygous
in parent lines were filtered. For allele-specific methylation
analysis (Supplementary Script 6), we first calculated reads at
SNPs within m®A peaks of IP and input replicates of F; hybrids,
and then filled a 2 x 2 contingency table with normalized reads.
A Fisher’s exact test was performed to identify allele-specific
methylated peaks, and p-value was adjusted by Bonferroni-
Holm correction using R scripts. Peaks with significant allelic
methylation difference (FDR < 0.05) were identified as allele-
specific peaks.
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Supplementary Figure 1 | Phenotypes of Arabidopsis lines and quality of
sequencing data. (A) The biomass vigor of both F1 hybrids is higher than that of
Col-0 and Ler. Scale bar = 10 mm. Spearman correlations between two biological
replicates of input (B) mRNA-seq and (C) m®A-seq in Col-0, Ler, Figt, and Fyc..

Supplementary Figure 2 | Global pattern of méA peaks using the Ler genome
sequence as a reference. (A) Coverage of normalized reads along transcripts.
Each transcript is divided into three non-overlapping features: 5" UTR, CDS, and
3’ UTR. (B) Distribution of m®A peaks in transcript features of parents and hybrids.
(C) Relative enrichment of m®A peaks of each transcript feature. Enrichment =
Normalized mPA-seq read number divided by normalized input reads of each
peak. *p < 2.2e—16, Wilcoxon rank-sum test.

Supplementary Figure 3 | Features of m®A modifications among the parent lines
and Fy hybrids. (A) Number of peaks on transcripts. (B) Cumulative plot of méA
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Removal of H3K27me3 by JMJ
Proteins Controls Plant Development
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Arabidopsis
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lkoma, Japan

Trimethylation of histone H3 lysine 27 (H3K27me3) is a highly conserved repressive
histone modification that signifies transcriptional repression in plants and animals.
In Arabidopsis thaliana, the demethylation of H3K27 is regulated by a group of
JUMONJI DOMAIN-CONTANING PROTEIN (UMJ) genes. Transcription of JMJ genes
is spatiotemporally regulated during plant development and in response to the
environment. Once JMJ genes are transcribed, recruitment of JMJs to target genes,
followed by demethylation of H3K27, is critically important for the precise control of
gene expression. JMJs function synergistically and antagonistically with transcription
factors and/or other epigenetic regulators on chromatin. This review summarizes the
latest advances in our understanding of Arabidopsis H3K27me3 demethylases that
provide robust and flexible epigenetic regulation of gene expression to direct appropriate
development and environmental responses in plants.

Keywords: Arabidopsis, development, demethylases, epigenetics, environmental response, JUMONUJI, histone
modification, H3K27me3

INTRODUCTION

Chromatin is critically important for gene expression during plant development and in response to
the environment (Eccleston et al., 2013; Bruneau et al., 2019). Chromatin is composed of genomic
DNA, histones, and accessory proteins, with approximately 150 base pairs of DNA wrapped
around each octameric histone protein complex (Vergara and Gutierrez, 2017; van Steensel and
Furlong, 2019). Each histone protein consists of a structural core at the C terminus and an
unstructured tail domain at the N terminus. The N-terminal flexible histone tails often possess
extensive posttranslational modifications, such as acetylation, methylation, and ubiquitination on
lysine residues, methylation and citrullination on arginine residues, and phosphorylation of serine,
threonine, and tyrosine residues. These modifications cause epigenetic changes in chromatin and
lead to changes in gene expression.
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One chromatin modification, trimethylation of histone
H3 lysine 27 (H3K27me3), mediates epigenetic silencing
of gene expression (Xiao and Wagner, 2015; Xiao et al,
2016). In general, H3K27me3 marks occur within facultative
heterochromatin, in which gene expression is repressed but can
be activated in response to developmental or environmental
cues. In animals and plants, H3K27me3 deposition and
removal are mediated by specific enzymes termed “writers”
and “erasers”, respectively. Polycomb repressive complex
2 (PRC2), a multisubunit epigenetic repressor complex,
writes H3K27me3 marks associated with gene repression.
By contrast, histone demethylases, such as the Jumonji C
(JmjC)-containing eraser demethylases, can demethylate
H3K27me3 and thereby counteract the action of writer
methylases (Crevillén, 2020). Understanding the role of
JmjC-containing demethylases is crucial to understanding the
effects of H3K27me3 in plant development and environmental
responses. Although PRC2 and its actions have been reasonably
well characterized through decades of research, existing
knowledge about H3K27me3 demethylases and demethylation
is relatively limited. In the last decade, however, research on
H3K27me3 removal in Arabidopsis thaliana (Arabidopsis) has
made great progress. To date, five JMJ proteins have been
identified as H3K27me3 demethylases: EARLY FLOWERING
6 (ELF6)/JUMONJI DOMAIN-CONTAINING PROTEIN11
(JMJ11), RELATIVE OF ELF6 (REF6)/JMJ12, JMJ13, JTMJ30,
and JMJ32 (Lu F. et al., 2011; Crevillén et al., 2014; Gan
et al., 2014; Cui et al, 2016; Yan et al, 2018). Here, we
summarize current understanding of a group of JmjC-containing
demethylases of H3K27me3, with emphasis on the most recent
advances in knowledge.

H3K27 DEMETHYLASES GOVERN MANY
PROCESSES IN PLANT LIFE

Upon sensing developmental or environmental cues, JM]
proteins make genomic regions accessible by removing
repressive H3K27me3 marks to generate a legible genome
that is specific to a particular cell type, developmental stage,
or environmental condition. Functional analysis of loss-of-
function jmj mutants in Arabidopsis has indicated that JM]J
proteins make major contributions to developmentally or
environmentally triggered transcriptional reprogramming
events. REF6, ELF6, and JMJ13 make a broader contribution
to plant growth and development than JMJ30 and
JMJ32, which play more specific and redundant roles in
environmental responses.

H3K27 Demethylases Accumulate in

Various Tissues

The divergence in the biological roles of H3K27me3 demethylases
might be due to their different spatial and temporal expression
patterns. The spatial distribution of REF6, ELF6, JMJ13,
JMJ30, and JMJ32 proteins was examined by introducing
constructs harboring their upstream and coding sequences fused
with sequences encoding the B-glucuronidase (GUS) reporter

into wild-type plants (Noh et al, 2004; Gan et al, 2014;
Zheng et al., 2019). Among these five GUS reporters, JMJ30-GUS
highly accumulated in various plant organs, such as leaves, roots,
and flowers (Gan et al., 2014). REF6-GUS, JMJ13-GUS, and
JMJ32-GUS show moderate accumulation in young leaves near
the shoot apical meristem and in root tips but lower accumulation
in the leaf vasculature (Noh et al., 2004; Gan et al, 2014;
Zheng et al., 2019). By contrast, ELF6-GUS accumulates only
in the distal part of young leaves. Current spatial expression
data were obtained mainly by whole-mount GUS staining. Our
understanding of JM]J accumulation is still limited largely to the
organ level. Expression analysis derived from GUS staining may
not be precise, due to diffusion of the enzyme outside the tissue,
as compared with fluorescent protein-based experiments.

Transcriptome data from publicly available databases increase
the understanding of demethylase function in Arabidopsis
and allow functions to be inferred. Shoot apex-specific RNA
sequencing (RNA-seq) and cell type-specific single-cell (sc)
RNA-seq data revealed different expression patterns for the
six Arabidopsis H3K27me3 demethylase genes (Winter et al,
2007; Ryu et al, 2019; Tian et al, 2019). In the shoot apical
meristem, JMJ30 is highly expressed, whereas the other genes
are weakly expressed (Tian et al., 2019). Among eight different
domains within the shoot apical meristem, JMJ30 expression is
higher in the CLAVATA3 (CLV3) and ARABIDOPSIS THALIANA
MERISTEM LAYER 1 (ATMLI) expression domains (Lu et al.,
1996; Brand et al, 2002). Because CLV3 and ATMLI are
specifically expressed in the central zone and layer 1, respectively,
these observations suggest that JMJ30 is also highly expressed
in the center and/or epidermis of the shoot apical meristem. In
the root, JMJ13, ELF6, JM]30, and RFF6 are expressed in a cell
type-specific manner (Ryu et al., 2019). High JMJ13 expression
in the protoxylem suggests that it has a specific function in
this tissue. These high-resolution differential expression patterns
suggest that histone demethylation is tissue or cell type specific.
Expression specificity at the cell-type or cellular levels needs to be
characterized in detail to further our understanding of when and
where JM] proteins work.

Although epigenetic regulation is thought to be important in
responses to environmental stimuli, few reports have described
the relationship between environmental stress and the induction
of JMJ genes. JMJ30 expression is further enhanced by the stress
hormone abscisic acid (ABA) and by salt stress, drought stress,
and heat stress compared to control conditions (Qian et al.,
2015; Wu et al.,, 2019a; Yamaguchi et al., 2020). ABA treatment
triggers a rapid increase in JMJ30 protein levels but does not
change the area of JMJ30 expression, based on whole-mount
GUS staining (Wu et al.,, 2019a). The expression of JMJI3 is
affected by light and temperature conditions, according to GUS
expression data (Zheng et al., 2019). REF6 expression is induced
by long-term heat exposure (Liu et al., 2019). To date, no effects
of environmental stress on the regulation of ELF6 and JMJ32
expression have been reported. Bulk transcriptome datasets also
largely support these results (Qian et al., 2015). Expression
specificity and subcellar localization of JM] proteins in response
to environmental stimuli should also be addressed with higher
resolution in the future.
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Mutant Phenotypes and Key Targets of
H3K27 Demethylases

The seeds of the ref6 mutant germinate later than wild type
(Li et al, 2016; Chen et al., 2020). REF6 induces two key
genes for ABA catabolism, CYP707A1 and CYP707A3, through
removal of H3K27me3. CYP707A1 and CYP707A2 encode
ABA 8-hydeoxylases and play key roles in reducing ABA
levels (Okamoto et al., 2006). Overexpression of CYP707AI
by cauliflower mosaic virus (CaMV) 35S promoter rescues the
dormancy phenotype of the ref6 mutant (Chen et al., 2020). The
jmj30 jmj32 double mutant, by contrast, shows no difference in
seed dormancy phenotype from wild type (Wu et al., 2019a).

Under normal growth conditions, ref6 and elf6 mutants
have similar leaf phenotypes that include reduced petiole
length, which is characteristic of brassinosteroid (BR)-defective
mutants (Yu et al., 2008). A shorter leaf blade is seen in
ref6 but not elf6 plants, suggesting that the REF6 and ELF6
proteins have tissue-specific roles. The ref6 mutation further
enhances the phenotype of a BR-deficient mutant. In the ref6
elf6 double mutant, expression of BR-regulated genes, such
as TOUCH 4 (TCH4), is reduced. Later in leaf development,
ref6 delays chlorophyll degradation (Wang et al, 2019) and
REF6 promotes general leaf senescence by directly activating
senescence-related genes, including ETHYLENE INSENSITIVE
2 (EIN2), OLEOSIN 1 (OREI), and NONYELLOWING genes
(NYEs). The jmjl3 single mutant does not display detectable
abnormalities in leaf phenotype (Zheng et al, 2019), but the
ref6 elf6 jmjl3 triple mutant has shorter petioles than ref6
elf6, suggesting that REF6, ELF6, and JMJ13 are essential
developmental regulators (Yan et al., 2018). The jmj30 jmj32
double mutant, by contrast, shows no difference in leaf phenotype
from wild type (Yamaguchi et al., 2020).

All five Arabidopsis H3K27me3 demethylases regulate
flowering time, but in distinct fashions. REF6 and ELF6 were
originally identified on the basis of their influence on flowering-
time phenotypes: under long-day conditions, ref6é mutants are
late flowering and elf6 and jmjl3 mutants are early flowering
(Noh et al., 2004; Zheng et al., 2019). REF6 directly induces floral
activator genes, such as SUPPRESSOR OF OVEREXPRESSION
OF CONSTANS 1 (SOCI) and FRUITFULL (FUL) (Hou et al,
2014; Hyun et al., 2016). ELF6 binds to the regulatory region
of the floral repressor gene FLOWERING LOCUS C (FLC) for
transcriptional activation (Yang et al., 2016). In jmjl3 mutants,
the floral repressor gene SHORT VEGETATIVE PHASE (SVP)
is downregulated. By contrast, flowering-time defects in jm;j30
jmj32 are observed only at high ambient temperatures but not
under long-day conditions (Gan et al., 2014; Yan et al.,, 2014).
Thus, the H3K27me3 demethylases REF6, ELF6, JMJ13, JMJ30,
and JMJ32 show differences as well as similarities in how they
influence flowering time.

Differences are also observed between the phenotypes of elf6
and jmjl3 during flower development (Keyzor et al, 2021).
In wild type and the refé mutant, the initial one or two
flowers do not undergo self-pollination and form very short
fruits without seeds; elf6 plants display increased self-fertility
and consistent fruit production. Conversely, the jmjl3 mutant

shows reduced fertility and gives rise to aborted fruits up to
the eighth flower on the primary inflorescence. JASMONATE-
ZIM-DOMAIN PROTEIN 7 (JAZ7), SMALL AUXIN UP RNA
26 (SAUR26) and ARABINOGALACTAN PROTEINs (AGPs) are
downregulated in jm;j13 buds. No defects in floral developmental
have been reported for jm;j30 and jmj32 mutants.

The functions of JMJ30 and JMJ32 appear to be relatively
distinct from those of REF6, ELF6, and JMJ13. jmj30 mutants
show a circadian phenotype (Jones et al., 2010), and the JMJ30
gene was originally identified due to its co-expression with
TIMING OF CABI EXPRESSION 1 (TOCI). Consistent with the
circadian oscillation in JMJ30 expression, circadian rhythms in
reporter-gene activity in jmj30 mutants are significantly shorter
than those in wild type. JMJ30 and TOCI interact genetically to
promote the expression of CIRCADIAN CLOCK ASSOCIATED
1 (CCA1l) and LATE ELONGATED HYPOCOTYL (LHY). By
contrast, no circadian oscillation in JMJ32 expression is observed
(Lu S. X. et al, 2011), suggesting that JMJ30 and JMJ32 are
regulated by distinct mechanisms.

jmj30 mutants also feature phenotypes that are dependent
on environmental conditions. Callus formation induced by
incubating leaf explants on callus-inducing medium is reduced
in jmj30 mutants. JMJ30 promotes the expression of LATERAL
ORGAN BOUNDARIES DOMAIN 16 (LBDI16) and LBD29 to
establish root primordium-like unorganized cell masses (Lee
et al., 2018). Furthermore, stress hormone-induced growth
arrest is compromised in jmj30 jmj32 double mutants (Wu et al.,
2019a,b, 2020), and JMJ30 directly activates SNFI1-RELATED
PROTEIN KINASE 2.8 (SnRK2.8) and BRASSINAZOLE
RESISTANTI (BZRI1) to maintain a balance between stress
responses and growth. Acquired thermotolerance is also
reduced in jmj30 jmj32 ref6 elf6 quadruple mutants (Yamaguchi
et al., 2020). JMJ30 binds to HEAT SHOCK PROTEIN 17.6C
(HSP17.6C) and HSP22 and activates their transcription in
response to heat.

Although the interactions between JMJ proteins and
downstream targets is regulated in a spatiotemporal manner, it
is not yet known how exactly JMJ proteins lead to H3K27me3
removal. Most phenotyping has been conducted in knock-out
or knock-down mutants, while mutant rescue by expressing
downstream targets has used CaMV35S-based overexpression
lines (Wu et al., 2019a; Chen et al., 2020; Yamaguchi et al., 2020).
To assess the precise roles of JMJ during plant development
and environmental responses, conditional jmj mutants should
be employed. Furthermore, organ-, tissue-, or cell type-specific
phenotypic rescues using appropriate promoters are required to
understand when and where JMJ proteins function.

PROTEIN STRUCTURE AND
CHROMATIN-TARGETING MECHANISMS
OF H3K27 DEMETHYLASES

Phylogenetic analysis of JmjC-containing demethylases defined
14 subfamilies and identified more than 10 members in land
plants. Green algae such as Chlamydomonas and Volvox include
only two members of this family, implying that the functions of
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JM]J proteins may have been important for plant adaptation to
land (Qian et al., 2015). Arabidopsis contains 21 JMJ proteins
(Lu et al., 2008). Although not all family members have been fully
characterized, they include putative H3K9me3-, H3K36me3-,
H3K4me3-, and H3K27me3-specific demethylases. Additional
H3K27me3 demethylases may also exist. ELF6 and REF6 show
highest sequence similarities to the H3K9me3- and H3K36me3-
specific KMD4 demethylases. The precise functions of the
remaining JMJ proteins need to be carefully examined in a
manner that is unbiased by sequence similarity.

The ELF6, REF6, and JMJ13 proteins belong to the plant-
specific KMD4 subfamily, which is present in land plants but
not in green algae (Lu et al, 2008; Qian et al, 2015). REF6
contains JmjN, JmjC, and C2H2-type zinc-finger (ZnF) domains
(Figure 1A). The REF6 protein characteristically possesses four
tandem repeats of the ZnF domain. These domains are essential
for REF6 function, as complementation of the refé mutant
through the introduction of REF6 without a ZnF domain fails to

rescue the ref6é mutant phenotype. Some histone demethylases,
such as KDM2, interact with chromatin via direct binding to
DNA through ZnF domains. ZnF is one of the largest class of
DNA-binding domains. Consistent with this, REF6 functions
as a DNA sequence-specific H3K27me3 demethylase. Genome-
wide REF6 binding studies and crystal structure analysis revealed
that the ZnF domains of REF6 recognize the CTCTGYTY DNA
motif for H3K27me3 removal (Figures 1B, 2A) (Cui et al,
2016; Li et al,, 2016; Tian et al., 2020). The ZnF domains
of REF6 complex with NAC004 double-stranded (ds) DNA by
forming a half-cross-braced structure (Figure 1B). Interactions
at the interface between REF6 and dsDNA, such as hydrogen
bonds, electrostatic interactions, and hydrophobic interactions,
strengthen their binding. dsDNA binding induces profound
conformation changes (Tian et al, 2020). Conformational
plasticity of DNA allows REF6 to recognize diverse target genes.
EARLY FLOWERING 6 is the closest homolog of REF6.
Those two proteins share a high sequence similarity. How ELF6

REF6

ELF6

JMJ13

JMJ32

JMJ30

JMJ31

FIGURE 1 | Conserved motifs, and three-dimensional structure of H3K27me3 demethylases in Arabidopsis thaliana. (A) The domain structures of Jumonji
domain-containing proteins (JMJs) in A. thaliana. The positions of the Jumonji N domain, Jumonji C domain, protein, and C2H2-type zinc-finger (ZnF) domains are
indicated in yellow, green, blue, and purple, respectively; metal catalytic sites are indicated with asterisks. Scale bar = 200 amino acids. (B) Crystal structure of JMJ
proteins. Left REF6 ZnF and NAC004-mC3 double-stranded (ds) DNA. Ribbon representation of REF6-DNA structure. REF6 protein is shown in green, while dsDNA
is shown in orange and purple. a-helices and p-sheets are represented by spiral ribbons and green arrows, respectively. A few residues engage Zn2+ jon. Right The
JMJ13 catalytic domain in complex with AKG. Ribbon representation of JMJ13 structure. Blue and green ribbons represent JMJ domains. Orange and red ribbons
show helical and ZnF domains, respectively. The data were obtained from the Protein Data Bank (https://biorender.com).

—
200 aa

|:| Jumoniji N domain
. Jumonji-C domain
[l Protein

[l c2+2 type ZnF domain
* Metal catalytic sites

Frontiers in Plant Science | www.frontiersin.org

June 2021 | Volume 12 | Article 687416


https://biorender.com
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yamaguchi

H3K27me3 Demethylases in Arabidopsis

recognizes DNA is currently unknown. Because the mutant
phenotypes of elf6 and ref6 differ, the recognition motifs
or mechanisms might also differ between REF6 and ELF; a
recent study showed that REF6 and ELF6 play distinct roles
in H3K27me3 and H3K27mel homeostasis (Antunez-Sanchez
et al., 2020). ELF6 regulates a small subset of genes compared
to REF6. This could be due to less protein structural plasticity
of ELF6 and/or a difference in DNA-binding affinity. Further
analysis, such as determination of crystal structures of ELF6-
DNA complexes, is required to reveal the structural basis for the
epigenetic modification recognition.

Although JM]J13, like REF6, belongs to the KMD4 subfamily
and functions to remove H3K27me3 in vitro and in vivo, it
possesses a different DNA-recognition mechanism. JMJ13 does
not contain ZnF domains at the C terminus (Figure 1A);
instead, its catalytic domain (JMJ13CD) contains Jmj and helical
domains, as well as a unique C4HCHC-type ZnF domain. Crystal
structure analysis using JMJ13CD revealed that JMJ13 recognizes
the H3K27me3 peptide and functions as a reader of the histone
modification state (Figures 1B, 2B) (Zheng et al., 2019). The
interactions between JMJ13 and the H3K27me3 peptide are
restricted to the region between H3R26 and H3P30. Because

other JMJ proteins are predicted to possess different putative ZnF
domains, such as the C5HC2-type, the recognition of histone
modifications by ZnF domains located within the JmjC domain
might also occur for other JM] proteins.

JMJ30 and JMJ32, as well as their close homolog JM]J31,
belong to the JmjC-domain-only group. Consistent with their
domain structure, two clades of protein homology are identified
by phylogenetic analysis: one contains ELF6, REF6, and JMJ13
and the other contains JMJ30, JMJ31, and JMJ32 (Lu et al.,
2008; Qian et al,, 2015). Although the function and regulation
of JMJ30 and JM]J32 are relatively well characterized, nothing
is known about their three-dimensional protein structure or
DNA-histone recognition mechanisms. As is often observed
for REF6 and ELF6 recruitment (Figure 2C), JMJ30 physically
interacts with tissue-specific transcription factors, such as
EARLY FLOWERING MYB PROTEIN (EFM) and AUXIN
RESPONSE FACTORs (ARFs) (Yan et al, 2014; Lee et al.,
2018). Furthermore, JMJ30 activity affects H3K9me3 and
H3K36me3 in addition to H3K27me3. Further experiments,
such as JMJ30 chromatin immunoprecipitation and deep
sequencing (ChIP-seq), are required to precisely understand their
biochemical functions.

FIGURE 2 | Schematic representation of the function of H3K27me3 demethylases in gene regulation. (A) REF6 demethylates H3K27me1/2/3 via recognition of
CTCTGYTY (where Y is C or T) DNA motifs. (B) JMJ13 recognizes H3K27me3 marks. (C) JMJ proteins interact with transcription factors and are recruited to their
target sites. (D) REF6 interacts with BRAHMA (BRM) and mediates nucleosome positioning. (E) REF6 prevents the uncontrolled spreading of PRC2-mediated
chromatin silencing. (F) DNA methylation at CTCTGYTY motifs prevents REF6 targeting. H3K27me3, pink triangles; H3K9ac, light blue circles; DNA methylation,

gray circles.

CTCTGYTY
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Genome-wide JM] protein binding and histone modification
data were obtained by ChIP-seq. Since ChIP-seq assays require
large numbers of input cells/tissues, whole plants are often used
for the assays. Hence, spatial information is completely lost.
Recently, low-input binding tests in plants, such as CUT&Tag,
CUT&RUN, nCUT&Tag, and ChIL, have been developed to
study interactions between DNA and proteins using low-input
samples or single live cells (Zheng and Gehring, 2019; Sakamoto
et al., 2020; Tao et al., 2020; Ouyang et al., 2021). By combining
these with cell sorting or laser microdissection techniques, cell
type-specific JM] protein binding and histone modification data
can be obtained in the future. These analyses may contribute to
our understanding of the precise spatiotemporal regulation of
H3K27me3 demethylation.

INTERACTIONS BETWEEN H3K27
DEMETHYLASES AND OTHER FACTORS
ON CHROMATIN

Genome-wide binding analysis coupled with
immunoprecipitation and mass spectrometry (IP-MS) identified
an interaction between REF6 and the SWI/SNEF-type chromatin
remodeling ATPase BRAHMA (BRM) on chromatin in vivo (Li
etal., 2016). REF6 and BRM bind to many common genomic loci
that contain CTCTGYTY motifs. Recruitment of BRM to target
loci is dependent on REF6 function, but REF6 does not require
BRM activity for its own targeting. Thus, REF6 directly binds to
chromatin containing the CTCTGYTY motifs and subsequently
recruits BRM to activate targets, potentially through changes in
nucleosome position (Figure 2D).

An antagonistic role between REF6 or BRM and PRC2 at
their target loci has been demonstrated (Bezhani et al., 2007;
Lu F. et al,, 2011; Wu et al., 2012; Li et al., 2015). Antagonism
is often mediated by competitive binding at the same sites on
chromatin (Zhu et al., 2020). However, PRC2 preferentially binds
to different motifs, such as the telobox and GAGA motifs (Hecker
et al,, 2015; Xiao et al., 2017; Zhou et al.,, 2018), suggesting that
competitive antagonism is unlikely to occur between REF6/BRM
and PRC2; moreover, the binding patterns of PRC2 and REF6 do
not overlap. REF6 is localized to the boundaries of H3K27me3
regions, which are covered by PRC2 (Yan et al., 2018) (Figure 2E).
The spreading of H3K27me3 observed in ref6 elf6 jmjl3 triple
mutants indicates that the function of REF6 binding inhibits the
spreading of H3K27me3, but how ELF6 and JMJ13 contribute to
preventing this spreading remains unclear.

Recognition of dsDNA by REF6 not only relies on DNA
sequence but also is affected by DNA methylation and sequence-
dependent conformations of DNA (Qiu et al, 2019). REF6
preferentially binds to hypomethylated CTCTGYTY motifs.
Methylation of CHG within the motif attenuates REF6-binding
affinity (Figure 2F), and the minor groove width of each
nucleotide in the structure of the complex differs considerably.
This difference affects recognition of the CTCTGYTY motifs by
REF6 and its binding affinity in CUP-SHAPED COTYLEDON 1
(CUCI) and CUC2 (Tian et al., 2020). The possibility that factors
other than DNA sequence may contribute to REF6 binding

affinity is supported by the fact that REF6 recognizes only 15%
of the CTCTGYTY motifs in the Arabidopsis genome.
Protein—protein interaction between JM] proteins and other
transcription/chromatin factors are critical for H3K27me3
removal. However, conclusive in vivo evidence of when and
where exactly those factors interact each other is lacking.
Innovative in vivo imaging techniques are used to understand
plant development and environmental responses through
spatiotemporal regulation of gene expression (Abe et al., 2019;
Hirakawa et al., 2019). Application of these techniques in
H3K27me3 demethylase research to reveal the distribution of
JMJ protein complexes will provide new insights into the
spatiotemporal regulation of H3K27me3 removal.

CONCLUSION AND PERSPECTIVES

Flexible and robust gene expression during plant development
and in response to the environment is primarily controlled
by epigenetic regulation. In the past 5 years, plant epigenetic
research on demethylases using transcriptome, epigenome,
and crystal structure analyses has revealed the importance
of H3K27me3. In Arabidopsis thaliana, the demethylation
of H3K27 is regulated by a group of JUMONJI DOMAIN-
CONTANING PROTEIN (JM]) genes. JMJ30 expression is
high in various organs and is further boosted in response to
environmental cues. On the other hand, the expression levels
of REF6, ELF6, JMJ13, and JMJ32 is moderate. REF6 and
JM]J13 expression is also affected by environmental cues. These
H3K27me3 demethylases bind to chromatin through generic
or sequence-specific targeting mechanisms: direct binding to
DNA via a ZnF domain, direct recognition of H3K27me3,
or indirect binding through interactions with transcription
factors. DNA methylation and minor groove width also fine-
tune the binding affinity of these H3K27me3 demethylases.
The targeting and occupancy of the histone demethylases on
chromatin antagonize PRC2-mediated H3K27me3 deposition,
and the removal of histone demethylases and prevention of their
uncontrolled spread determine the shape of the H3K27me3 peak.
Subsequently, H3K27me3 demethylases recruit a chromatin
remodeler to activate gene transcription. One major limitation in
current epigenome research is the scarcity of spatial information
concerning the binding of epigenetic regulators and the nature
of epigenetic modifications and co-factors. Furthermore, when
and where target expression by H3K27me3 demethylases is
mediated are poorly understood. Both binding patterns and
DNA-protein structures and/or co-factors might vary among
cells, tissues, and organs. In addition, growth conditions affect
the epigenomic dynamics among individual plants. Therefore,
specific genomic profiles obtained from plants grown under
different conditions are needed to understand the specific roles
of H3K27me3 demethylases during plant development and
responses to the environment.
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SQUAMOSA Promoter Binding Protein (SBP) family genes act as central players to
regulate plant growth and development with functional redundancy and specificity.
Addressing the diversity of the SBP family in crops is of great significance to precisely
utilize them to improve agronomic traits. Blueberry is an important economic berry
crop. However, the SBP family has not been described in blueberry. In the present
study, twenty VcSBP genes were identified through data mining against blueberry
transcriptome databases. These VcSBPs could be clustered into eight groups, and
the gene structures and motif compositions are divergent among the groups and
similar within each group. The VcSBPs were differentially expressed in various tissues.
Intriguingly, 10 VcSBPs were highly expressed at green fruit stages and dramatically
decreased at the onset of fruit ripening, implying that they are important regulators
during early fruit development. Computational analysis showed that 10 VcSBPs were
targeted by miR156, and four of them were further verified by degradome sequencing.
Moreover, their functional diversity was studied in Arabidopsis. Noticeably, three VcSBPs
significantly increased chlorophyll accumulation, and gRT-PCR analysis indicated that
VcSBP13a in Arabidopsis enhanced the expression of chlorophyll biosynthetic genes
such as AtDVR, AtPORA, AtPORB, AtPORC, and AtCAOQ. Finally, the targets of VcSBPs
were computationally identified in blueberry, and the Y1H assay showed that VcSBP13a
could physically bind to the promoter region of the chlorophyll-associated gene
VelLHCB1. Our findings provided an overall framework for individually understanding
the characteristics and functions of the SBP family in blueberry.

Keywords: blueberry, SBP gene, miR156, chlorophyll accumulation, SBP targets

INTRODUCTION

Blueberry (Vaccinium spp.) is a globally cultivated perennial shrub with outstanding
economic value. Its fruit is not only sweet but also rich in nutrients, especially
anthocyanins, which greatly promote human health such as improvement of vision,
blood glucose balance, elimination of free radicals, aging delay, inhibition of obesity and
hyperlipidemia, and prevention of cardiovascular diseases (Routray and Orsat, 2011).
Thus, blueberry growth and development, especially the events related to fruit ripening
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and anthocyanin biosynthesis, have started to attract attention
in recent years. To date, a few regulators have been shown
to be involved in the regulation of blueberry growth and
development, including transcription factor genes VcMYBs,
Vc¢SOCI1-k, VcDDFI, VcFT, some miRNAs, and hormones (IAA
and ABA) (Zifkin et al., 2012; Song et al, 2013; Walworth
et al., 2016; Hou et al., 2017, 2020; Song and Gao, 2017;
Plunkett et al., 2018). Recently, high-throughput sequencing
data provided considerable information for identifying and
characterizing the regulators that control blueberry growth
and development (Rowland et al., 2012; Hou et al.,, 2017; Qi
et al, 2019). However, our understanding of the regulatory
network underlying blueberry growth and development are
extremely limited.

SQUAMOSA Promoter Binding Proteins (SBPs) constitute a
plant-specific transcription factor family featured by a highly
conserved SBP domain of 76 amino acids. Generally, the SBP
domain harbors three common structures: two tandem zinc
fingers (C3H and C2HC) and a nuclear localization signal
(NLS), partially overlapping with the second zinc finger at the
C-terminal (Birkenbihl et al., 2005). It has been well known
that SBP proteins can bind to a consensus DNA sequence
TNCGTACAA with the GTAC as the binding core, therefore
regulating the expression of their target clients (Birkenbihl et al.,
2005; Kropat et al., 2005). SBP proteins play important roles in
various biological and cellular processes through regulating their
target clients, spanning virtually every aspect of plant growth
and development as well as stress response. These include leaf
morphology and leaf initiation (Preston et al., 2016), trichome
formation (Yu et al,, 2010), phase transition (Xu et al., 2016),
shoot branching and maturation (Gao et al., 2018), regeneration
of shoot and root (Barrera-Rojas et al., 2020; Ye et al., 2020),
root development (Yu et al., 2015), flowering (Xie et al., 2020),
male fertility (Xing et al., 2010), ovary and fruit development
(Silva et al., 2014), cell number and size (Usami et al., 2009),
and grain yield (Wang et al., 2017), etc. Evidently, SBP genes
are a class of central players in the regulation of plant growth
and development, which can be utilized for the improvement of
important agronomic traits.

In 1996, the first two SBPs were identified in Antirrhinum
majus, and shown to regulate the expression of the MADS-
box gene SQUAMOSA directly through binding to its promoter
region, therefore controlling flowering (Klein et al., 1996). With
the availability of whole-genome information and transcriptome
data, SBP genes have been isolated in many plant species, from
the model plant Arabidopsis to economically important crops
(Salinas et al., 2012; Hou et al.,, 2013; Bhogale et al., 2014; Li
and Lu, 2014; Shalom et al., 2015). The SBP family is a relatively
small group of transcription factors in plants, and the SBP family
members show diverse features and evolutionary divergences.
Emerging evidence indicated that SBPs exert their regulatory
functions in a member-specific manner. For example, SBP-like
9 (SPLY) in Arabidopsis thaliana might serve as a negative
regulator of wall ingrowth deposition in transfer cells of phloem
parenchyma (Nguyen et al., 2017), whereas SPL3 cannot affect
the deposition of wall ingrowth but enhance phosphate-deficient
response (Lei et al., 2016). Likewise, OsSPLI4 acts in controlling

rice tillering growth (Luo et al., 2012), and OsSPL16 was found
to be a regulator of grain size, shape, and quality in Oryza sativa
(Wang et al,, 2012). Nevertheless, a number of studies showed
that members of the SBP family could be functionally redundant
in the regulation of plant growth and development. For example,
AtSPL3/4/5 redundantly promote flowering through activating
the expression of LEAFY, FRUITFULL, and APETALAI (Jung
etal., 2016), while AtSPL9/15 and AtSPL2/10/11 act as regulators
of plastochron and branching (Schwarz et al., 2008; Shikata et al.,
2009). Additionally, a subset of SBP genes can be subjected
to miR156-guided transcriptional cleavage and translational
repression, for example, 11 out of the 17 SPLs in Arabidopsis and
seven out of the 19 SPLs in pear, thereby being integrated into
miR156/SPL modules to regulate plant growth, development, and
stress response (Zhang et al., 2015; Qian et al., 2017). Clearly,
the SBP family members show distinct features and perform
their functions with redundancy and specificity. Thus, addressing
the diversity and specificity of the SBP family in different crop
species is of great significance in order to precisely utilize them to
improve agronomic traits.

It has been accepted that the functional roles of SBP genes are
highly conserved across plant species. However, novel functions
of SBP genes have been constantly revealed in crop species with
special developmental processes or organs (Bhogale et al., 2014;
Silva et al., 2014; Qian et al., 2017). Fruit growth and ripening is
a specific process for fruit-bearing plant species, and many fruit-
specific events occur during the process. Accumulating evidence
indicates that SBP genes are involved in the regulation of fruit
growth and ripening. For instance, the Colorless non-ripening
(CNR) locus of tomato (a homolog of AfSPL3) is crucial for
fruit ripening (Manning et al., 2006), while SPL18 in grape might
regulate berry development at the veraison stage in an ABA-
independent manner (Xie et al., 2019). Likewise, VinTDR4 (a
SQUAMOSA-class MADS-box gene) is positively involved in the
regulation of anthocyanin accumulation during bilberry fruit
ripening (Jaakola et al., 2010), while MaSPL16 in banana regulates
carotenoid biosynthesis through promoting the expression of
MaLCYBs genes (Zhu et al.,, 2020). These functions were not
observed in non-fleshy-fruited plant species such as Arabidopsis
and rice. Obviously, it is of great interest to comprehensively
characterize the SBP family in crops with special developmental
processes or organs and to reveal their functional roles and
neo-functionalization.

Since the SBP family proteins are powerful regulators with
functional diversification in plants, study of these genes will
enhance understanding of the regulatory network underlying
blueberry growth and development. To date, however, the
characteristics and functional diversity of the SBP family
have remained unexplored in blueberry. In recent years, the
transcriptional profiles of blueberry leaves, flower buds, and fruits
at different development stages have been investigated using
high-throughput sequencing technology (Rowland et al., 2012;
Gupta et al., 2015; Li et al, 2016). These transcriptome data
have enabled the identification of the SBP family genes involved
in blueberry growth and development. In the present study,
20 VcSBPs were identified from the blueberry transcriptome
database. Gene structure, phylogeny, motif composition, miRNA
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target sites, and expression patterns in different tissues were
systematically analyzed. Furthermore, the functional diversity
of the VcSBP family genes were studied in Arabidopsis.
Additionally, the targets of VcSBP proteins were investigated in
blueberry. These findings lay a foundation for further studying
the functional roles of the SBP genes and their regulatory
mechanisms during blueberry growth and development, which
will contribute to the improvement of blueberry agronomic traits.

MATERIALS AND METHODS

Plant Materials
Seven-year-old blueberry trees (Vaccinium corymbosum, cv.
Northland) from clonal propagation were grown at the
experimental station at Jilin University (Changchun, China).
Blueberry tissues were randomly harvested from six different
seven-year-old blueberry plants, including new leaf, young shoot,
unopened flower, opening flower, and fruit at six developmental
stages [green pad (FS1), green cup I (ES2), green cup II (FS3),
light green/white (FWS), pink (FPS) and blue (FMS) fruits] (Li
etal., 2020), frozen in liquid nitrogen and stored at —80°C.
Arabidopsis and tobacco (Nicotiana benthamiana) plants were
grown in growth chambers under long-days (16 h light/8 h dark)
at 20°C with 70-80% relative humidity.

Identification of SBP Genes in Blueberry

The CDS sequences of SBP genes from Arabidopsis and grape
were downloaded from the publicly available databases TAIR' or
Phytozome?, and then used as reference sequences to perform
local blast searches for querying their homologs against the
publicly available transcriptome databases of blueberry® and our
previously assembled transcriptome data. The conserved SBP-
specific domains were confirmed using the PROSITE Server?,
and all of the SBP-like genes without an SBP domain were
discarded. The physicochemical properties, including molecular
weight (MW), and isoelectric point (pI), of the identified SBP
proteins, were predicted using the ExPASy Compute pI/Mw tool’.

Chromosomal Location and
Phylogenetic Analysis of the VcSBP

Family Genes

All VcSBP genes were mapped to the genome of V. corymbosum,
cv. Draper, according to the approximate location information
(Colle et al., 2019), and their positions were imported into the
CIRCOS software to generate a circle plot (Krzywinski et al.,
2009). The SBP protein sequences (17 from grape, 27 from
apple, and 17 from tomato) were downloaded from Phytozome
(see text footnote 2). All the SBP protein sequences from
blueberry, Arabidopsis, grape, apple, and tomato were used for
phylogenetic analysis, and phylogenetic trees were constructed

Uhttps://www.arabidopsis.org/
Zhttps://phytozome.jgi.doe.gov/pz/portal. html
Swww.vaccinium.org
*https://prosite.expasy.org/
>https://web.expasy.org/compute_pi/

with the MEGA?7.0 software using the maximum likelihood with
1000 bootstrap replications (Kumar et al., 2016). The sequence
logo was created using Weblogo online software®.

Analysis of Gene Structure and

Conserved Protein Motifs

The exon/intron structure of each VcSBP gene was analyzed using
the Gene Structure Display Server’ by comparing the coding
sequence and genomic sequence. Potentially conserved motifs
of VcSBP proteins were predicted using the online Multiple
Expectation Maximization for Motif Elucidation (MEME)
toolkit®, with the following parameter settings: the minimum
motif width = 20, the maximum motif width = 50, and the
maximum number of motifs = 20.

MicroRNA Target Prediction

To identify VcSBPs targeted by miR156/157, the coding
regions and 3’ UTRs of all VeSBP sequences were analyzed
at the psRNATarget server’ with blueberry miR156/157
mature sequences (Hou et al, 2017). The sequence logo of
miR156/157 was created using the Weblogo online software (see
text footnote 6).

Expression Pattern Analysis of VcSBP
Genes in Blueberry

Total RNAs were isolated from blueberry leaf, shoot, unopened
flower, opening flower, fruit tissues at six developmental stages,
and blueberry tissue culture seedlings as well as Arabidopsis
leaf. First-strand cDNA was synthesized using the PrimeScript™
RT reagent kit with gDNA Eraser (Takara, Japan). qRT-
PCR was subsequently conducted with an ABI StepOnePlus
PCR system and SYBR Premix Ex Taq (Takara, Japan).
Blueberry ACTIN was set as an internal reference for data
normalization. Three biological replicates with three technical
replicates were performed for each sample, and data were
analyzed by the software ABI StepOnePlus v2.3 and one-way
ANOVA with LSD test, and p-value < 0.05 was considered
to be statistically significant. Primer information is listed in
Supplementary Table 1.

Vector Construction and Plant

Transformation
The full-length CDS of each VcSBP was amplified using gene-
specific primers (Supplementary Table 1). All purified PCR
products were cloned into the Gateway entry vector pPDONR207
and then transferred into the destination vector pEarleyGatel01
(pEG101) through homologous recombination. All the
constructed plasmids were confirmed by PCR and sequencing.
The expression vectors (pEG101-VcSBPs) were individually
transformed into Agrobacterium tumefaciens strain GV3101.
Arabidopsis transformation was conducted using the floral
dip method described by Zhang et al. (2006). Transgenic lines

Chttp://weblogo.threeplusone.com/
“https://gsds.cbi.pku.edu.cn/
8http://meme-suite.org/tools/meme
“http://plantgrn.noble.org/psRNATarget/
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were screened in the soil with 200 pg/mL glufosinate and
then confirmed by PCR with gene-specific primers. Primer
information is listed in Supplementary Table 1.

The VcMIR156a gene constructed into pBI121
as described previously (Li et al, 2020) and transferred
into Agrobacterium tumefaciens strain EHA105. Blueberry
transformation was performed according to the method
described by Song and Sink (2006). The transgenic blueberry lines
were obtained and confirmed by PCR with gene-specific primers
(Supplementary Table 1). The VcMIRI56a-overexpressing
transgenic Arabidopsis were generated as previously described
(Li et al., 2020).

was

Prediction of VcSBP Targets in Blueberry
The genes containing the TNCGTACAA element within 2000 bp
upstream were extracted against the reference genome of
blueberry (V. corymbosum, cv. Draper) (Colle et al, 2019).
To functionally annotate these targets, all protein sequences
were analyzed using eggNOG-Mapper'’. Density distribution of
distance was visualized using ggplot2 in R.

Yeast One-Hybrid (Y1H) Assay

To investigate the interaction of VcSBPs and their targets, the
full-length CDS of VcSBPI13a was cloned and introduced into
the vector pB42AD. The fragment 597-796 bp upstream of
the transcription start site (TSS) of VcLHCBI containing two
TNCGTACAA elements and the fragment 1096-1548 upstream
of the TSS of VcLHCB2 with five GTAC elements were
cloned as promoter regions (pVcLHCBI and pVcLHCB2) and
constructed into the vector pLacZi, respectively. Three negative
controls, i.e., pB42AD/pLacZi, pB42AD-VcSBP13a/pLacZi, and
pB42AD/pLacZi-pVcLHCBI1, pB42AD/pLacZi-pVcLHCB2, and
one positive control, pB42AD-AtRVES8/placZi-AtPRR5, were also
generated. Different plasmid combinations were separately co-
transformed into the yeast cells (EGY48). The primers are listed
in Supplementary Table 1.

RESULTS

Identification of SBP Genes and Their

Characterization in Blueberry

To identify SBP genes in blueberry, the CDS sequences of the
SBP genes from both Vitis vinifera and Arabidopsis were used
as queries to conduct BLASTn against the V. corymbosum GDV
RefTrans V1 and our previously assembled transcriptome data
(Hou et al.,, 2017). After removal of redundant sequences, a
total of 22 SBP sequences were identified in blueberry, which
are then named as VcSBP and each of them assigned a species
number corresponding to their closest homolog in Arabidopsis
(Supplementary Figure 1). To verify the sequences of the VcSBP
genes, their full-length CDSs were amplified and sequenced,
and the results showed that all the cloned SBP genes are
indeed the same sequence as listed in the Genome Database for
V. corymbosum cv. Draper v1.0.

Ohttp://eggnog- mapper.embl.de/

The features of all the VcSBP family members were
computationally characterized. As shown in Supplementary
Table 2, the CDS lengths of these VcSBP genes are quite variable,
ranging from 363 to 3222 bp, which is consistent with the SBP
family in other plant species such as Arabidopsis, apple, grape
(Hou et al, 2013; Li et al., 2013; Zhang et al., 2015). Their
deduced proteins were estimated to possess the theoretical pI
values from 5.96 to 10.54 and the MWs from 23.17 to 117.97 kDa.
Furthermore, the SBP domains were analyzed using the online
tool CD search''. As shown in Figures 1A,B, all the SBP proteins,
except VcSBP6¢c, VcSBP14aAS, and VcSBP14cAS, contain a
typical SBP domain featured by two zinc finger structures (C3H
and C2HC) and an NLS motif. VcSBP14aAS harbors an SBP
domain with the absence of C3H and an incomplete C2HC, while
the SBP domains in VcSBP6c and VcSBP14cAS lack the NLS
motif (Figures 1A,B). These results indicated that the 22 putative
genes are SBP family members.

Distribution of VcSBP Genes in the
Blueberry Genome and Their

Evolutionary Relationships

To date, the draft genome assembly of V. corymbosum contains
1760 scaffolds". To map the locations of the VcSBP family genes
in the draft genome, a Circos map was generated using the
corresponding scaffolds where the VcSBP genes are situated.
It turns out that they are unevenly distributed in 15 different
scaffolds (i.e., 1, 2, 4, 5, 8, 11, 12, 22, 23, 24, 25, 26, 34, 35,
883, Figure 1C). Further observation indicated that two pairs
of VcSBP genes (VcSBPI14a and VcSBP14aAS, VcSBPI4c, and
VcSBP14cAS) were situated at the same loci with the similarity
of 65.01 and 93.09%, respectively, indicating that they might
be derived from different transcript splicing of the same genes.
Thus, the 22 SBP sequences were likely derived from 20 SBP
genes and two alternative splices. Gene family expansion can
arise from gene duplication events such as tandem duplication
and segmental duplication of chromosomal regions (Leister,
2004). Generally, tandem duplication refer to those closely related
genes separated by the distance within 50 kb in the same
chromosome. It was observed that the distance between VcSBP8a
and VcSBP8b is 15,110 bp (Figure 1C and Supplementary
Table 2), suggesting that they might be derived from tandem
duplication. In contrast, the distances between VcSBP7a and
VcSBP7b as well as VcSBP14b and VcSBPI4c are relatively far
from each other, and their similarities reach 99.27 and 94.26%,
respectively, implying that they were possibly generated from
segmental duplication.

To explore the evolutionary relationships among the SBP
family proteins, a phylogenetic tree was generated using
the protein sequences of VcSBPs and the SBPs from apple,
grape, tomato, and Arabidopsis. As shown in Supplementary
Figure 2, all the SBP proteins were classified into six different
groups (G1-G6), and VcSBPs were separately distributed
to the 6 groups, suggesting that the VcSBP family might

ywww.ncbinlm.nih.gov/Structure/cdd/wrpsb.cgi

Phttps://www.vaccinium.org/analysis/49
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FIGURE 1 | The SBP domains and chromosomal localization of the VcSBP family genes. (A) Multiple alignment of the SBP domains. The two conserved zinc-finger
structures (C3H and C2HC) and the NLS are indicated. (B) Sequence logo of the SBP domains in VcSBPs. The total height of each stack represents the
conservation degree of each position, while the height of the letters within each stack indicates the relative frequency of the corresponding amino acid.

(C) Chromosomal localization and duplication of SBP genes in blueberry. Each colored box represents a scaffold. The approximate distribution of each VcSBP gene
is marked on the circle with a short black line. The tandem duplication cluster is indicated with stars. Colored lines indicate the linkage group with segmental
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have experienced evolutionary diversification similar to
those in the other four plant species. For example, seven
small VcSBP proteins with no more than 254 aa (VcSBP3,
VcSBP5, VcSBP6c, VcSBP9a, VcSBP10, VcSBP14aAS, and
VcSBP14cAS) were separately distributed into the six
groups, while the large proteins with more than 800 aa
(VcSBP14a, VcSBP12a, and VcSPB7a/7b) were clustered into
G5 and G6, respectively. Further observation indicated that
VcSBPs were closer to their homologs from apple, grape,
Arabidopsis and/or tomato in the phylogenetic tree. For
instance, VcSBP3 was grouped together with SlySBP3, AtSBP3,
VvSBP9, CNR, and while VcSBP2 was distributed into the
subgroup of SBP2/10/11 with the inclusion of VvSBP2,
SlySBP2, and AtSBP2.

VcSBP Family Shows Diverse Gene

Structures and Motif Compositions

To understand the structural diversity of VcSBP family genes,
the exon/intron structures were generated according to the
gene coding and genomic sequences. Consistent with previous
reports in other plant species (Hou et al., 2013; Li et al., 2013;
Zhang et al,, 2015), VcSBP genes showed a high variation in the
number of exons. As indicated in Figure 2A, four VcSBP genes
(VcSBP7a, VcSBP7b, VcSBPI12a, and VcSBPI4a) comprise 10
exons with intron intervals. In contrast, VcSBP6¢, VcSBP14aAS,
and VcSBP14cAS harbor only one exon without intron. The
remaining VcSBPs have 2-4 exons. Furthermore, integration
analysis of exon/intron structures with phylogenetic relationship
and sequence identity was conducted. It turns out that the pairs
of VcSBPs in the same clade basically display similar exon/intron
structures (Figure 2A). Two pairs of duplicated genes (VcSBP7a
and VcSBP7b, VcSBP14b, and VcSBP14c) show not only similar
exon/intron structure but also high similarity with the values
of 99.27 and 94.21%, respectively (Supplementary Table 2),
supporting that they might undergo similar exon/intron gain
or loss events with less functional diversification. However, the
remaining VcSBP pairs with similar exon/intron structure in
the same clade displayed relatively low similarities ranging from
8-48% (Figure 2A and Supplementary Table 2), implying the
diversity of their functional roles.

To provide clues about the functional diversity of VcSBP
family, conserved motifs in each of the VcSBP proteins were
predicted using the online tool ScanProsite. As shown in
Figure 2B, twenty conserved motifs were identified in VcSBPs,
and two motifs (the motifs 1 and 2) constitute the SBP
domain. Five VcSBPs (VcSBP7a/7b and VcSBP14a/14b/14c)
harbor 11-13 motifs, while the remaining VcSBPs contain
2-5 motifs. Although most of the 20 motifs are functionally
unknown, the existence of multiple motif compositions
implied the functional diversity of the SBP family in
blueberry. The 20 VcSBPs and two alternatively spliced
species were clustered into eight groups in the phylogenetic
tree. It was observed that the VcSBP proteins in the same
group in the phylogenetic tree basically show similar motif
composition, suggesting possible functional redundancy
within the same group.

VcSBPs Are Differentially Expressed in
Different Tissues and Throughout Fruit

Development

To obtain clues about the functional roles of VcSBP genes,
their expression patterns in five tissues (new leaf, young shoot,
opening, and unopened flower, and mature fruit; Figure 3A)
were examined using qRT-PCR. Since high sequence similarity
exists within each of the three VcSBP groups (VcSBP7a/b,
VcSBP6b/c, and VcSBP14a/b/c/cAS), only one gene was chosen
as representative for each group (VcSBP6b, VcSBP7a, and
VcSBP14a). The examined VcSBP genes were found to be
differentially expressed in the five tissues. As shown in
Figures 3B,C, 10 SBP genes showed the highest expression
in shoot, especially VcSBPI13b and VcSBP9a, with 7.46-509.52
and 7.12-118.31-fold increase as compared to the other four
tissues. Meanwhile, three VcSBP genes (VcSBP8a, VcSBP8b, and
VcSBP12a) were highly expressed in opening flower (Figure 3D),
and three VcSBP genes (VcSBP5, VcSBP6b, and VcSBP13a) in
unopened flower and shoot (Figure 3E). In mature fruit, all
the VcSBP genes were expressed at relatively low levels except
VcSBP9b, VcSBP12b, VcSBP14a, and VcSBP14aAS (Figure 3F).
These results suggested that the VcSBP family might perform
functions in an organ-specific manner.

Blueberry fruit development can be generally divided into
three phases: fruit growth, a transition from growth to
maturation, and maturation (Zifkin et al., 2012). To explore
the functional roles of SBP family during fruit development,
the expression patterns of VcSBPs were investigated in fruits
at six developmental stages (green pad, green cup I, green cup
II, light green/white, pink, and blue fruit, Figure 3A). The
three early developmental stages represent the growth phase;
the light green/white stage corresponds to the transition stage;
the pink and blue stages refer to the maturation phase. As
shown in Figures 3G,H, 10 VcSBP genes were highly expressed
at the three early developmental stages (green pad, green
cup I, green cup II), and dramatically decreased at the light
green stage (especially VcSBP3, VcSBP5, VcSBP9b, VcSBPIO,
and VcSBP13b with more than 10-fold changes as compared
to the ones at green cup II), and then remained at a low level
until fruit maturation. Conversely, the expression levels of some
VcSBP genes (VcSBP9b, VcSBP12a, VcSBP12b, VcSBPI4a, and
VcSBP14aAS) were relatively low at the three early developmental
stages, but then increased from the light green stage until fruit
maturation (Figure 3I). Also, it was observed that VcSBP8b
was gradually increased from the green cup I stage to the light
green stage, and then remarkably decreased at the maturation
stage (Figure 3J). These results suggested that VcSBP family
might play different, even opposite, roles during blueberry
fruit development.

A Subset of SBP Genes Are Targeted by
miR156 in Blueberry

It is well acknowledged that most SBP family members can
be regulated through miR156/157-mediated mRNA cleavage
or translational repression in plants (Wang and Wang, 2015).
Previously we identified six MIR156/MIR157 genes in blueberry
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FIGURE 2 | Gene structures and protein motif compositions of the VcSBP family. (A) The exon/intron structures of VeSBP genes. The left panel is the phylogenetic
tree of VcSBP genes. Eight groups are clustered (G1-G8), and the percent similarity between the gene pair is listed. The right panel shows the intron-exon structures
where the exons are shown by rectangular, and the introns are represented by thin lines. (B) Motif analysis of VCSBP proteins. The left panel is the phylogenetic tree
of VcSBP proteins, and eight groups are clustered (G1-G8). The right panel shows the motif compositions of VcSBP proteins. The motifs were identified using the
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FIGURE 3 | Expression patterns of VcSBP genes in different tissues and during fruit development. (A) Photograph of different tissues and fruits at six developmental
stages. Different tissues include blueberry new leaf, young shoot, unopened flower, opening flower, and mature fruit, while FS1, FS2, FS3, FWS, FPS, and FMS refer
to green pad, green cup |, green cup I, light green/white, pink, and blue stages, respectively. (B-F) Expression pattern of VcSBP genes in different blueberry tissues.
(G-J) Expression pattern of VcSBP genes in fruits at six developmental stages. Total RNAs extracted from the above different tissues and fruits at six developmental
stages were used for gqRT-PCR analysis. Three biological replicates and three technical replicates for each biological replicate were performed. Error bars indicate
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(Hou et al, 2017). To computationally identify the SBP
family members targeted by miR156/157 in blueberry, the
miRNA responsive elements (MREs) were searched using the
complementary sequences of six miR156/157s against the 20
VcSBPs and the 2 alternatively spliced variants (Supplementary
Figure 3). It was found that 10 of the VcSBPs harbor one or two
MRE(s) for miR156/157 (Figure 4A), suggesting that they have
the potentials to be targeted by miR156/157. Further examination
indicated that the MREs were located in the coding region
of 8 VcSBPs (VcSBP2, VcSBP6a, VcSBP6b, VcSBP8b, VcSBPYa,
VcSBP9b, VcSBP13a, and VcSBPI13b) and 3/-UTR region of
two VcSBPs (VcSBP3 and VcSBP5). Noticeably, two MREs for

miR156/157 were observed in the 3-UTR region of VcSBP3.
It is worth mentioning that, previously, VcSBP2/SPL12 was
experimentally verified to be targeted by miR156/157 (Li et al.,
2020). Here, further mining of our degradome data revealed four
additional miR156/157-guided cleavages of VcSBP transcripts,
including the assembled sequences Comp14442, Comp42467,
Comp25517, and Comp34004 (Figure 4B), which correspond to
the cDNA sequences of VcSBP9b, VcSBP6b, VcSBPS5, and VcSBP3,
respectively. These data suggest that these VcSBPs might be
targeted by miR156 in vivo.

To verify the SBP family members targeted by miR156/157s
in vivo, genetic transformation was performed to obtain
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transgenic  blueberry lines overexpressing VcMIRI56a
(Figure 4C). qPCR analysis indicated that the expression of
VeMIR156a was indeed increased in the two transgenic blueberry
lines (Figure 4D). Furthermore, the expressions of the above 10
SBPs and VcSBP12b were examined in the transgenic blueberry
lines and untransformed control. As shown in Figure 4E, all
the examined VcSBP genes were significantly repressed by
the VeMIRI56a overexpression, especially VeSBP2, VcSBP5,
VcSBP6b, VcSBP9a, VcSBP12b, VcSBP13a, and VcSBP13b with
more than two-fold decreases, suggesting that these eleven SBP
genes can be regulated through miR156/157-mediated mRNA
cleavage in vivo.

VcSBP Family Plays Diverse Roles in
Arabidopsis and Affects Chlorophyll

Accumulation

To investigate the functional roles of VcSBP genes, transgenic
Arabidopsis lines were generated for the VcSBP genes.
Phenotypic analysis indicated that the VcSBP family genes
performs diverse functions in Arabidopsis, mainly involved
in four aspects of biological or developmental processes:
flowering, leaf development, trichome formation, and
chlorophyll accumulation. Overexpression of seven VcSBPs
(VcSBP7a/7b, VcSBP14a/14b, VcSBP3, VcSBP5, and VcSBP13a)
led to early flowering (Figure 5A and Supplementary
Figures 4A,B), whereas VcSBP8b repressed plant flowering
and trichome formation in Arabidopsis (Figure 5A and

Supplementary Figures 4C,D). It was also observed that curling
leaf could be arisen from overexpression of each of the three
VcSBP genes, VcSBP10, VcSBP13a, or VcSBP13b (Figure 5A
and Supplementary Figure 4E), while the transgenic lines
overexpressing VcSBP13a or VcSBP8b showed narrow leaf
(Figures 5A,B). Additionally, serrated leaf was observed in
the transgenic lines overexpressing VcSBPI2b or VcSBPI3a
(Figure 5A and Supplementary Figure 4F). Clearly, the VcSBPs
in the same phylogenetic clade cannot always generate similar
morphological characters (Figure 5A).

Previously, we reported that overexpression of VcSBP2/SPL12
enhanced chlorophyll accumulation in Arabidopsis (Li et al.,
2020). Here, we noticed that transgenic plants overexpressing
each of the 4 VcSBP genes (VcSBP2, VcSBP12b, VcSBP13a, and
VcSBP8b) clearly showed dark green leaves (Figure 5B). Also,
a little succulence was observed for the leaves of the VcSBP8b-
overexpressing transgenic lines (Supplementary Figures 4C,D).
Chlorophyll contents were then determined in the transgenic
Arabidopsis lines. As shown in Figure 5C, total chlorophyll
contents in the transgenic lines overexpressing VcSBP2,
VcSBP12b, or VcSBP13a were 1.28, 1.31, and 1.24 times higher,
respectively, than that in WT. Consistently, both chlorophyll
a and b were increased by 1.15-1.43 and 1.24-1.29-folds as
compared to WT, respectively (Figure 5C). However, chlorophyll
content was decreased in the VcSBP8b-overexpressing transgenic
lines, which might be due to the succulent leaves. Furthermore,
the expressions of eight chlorophyll-associated genes were
examined in the VcSBPI3a-overexpressing transgenic lines,
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including 7 chlorophyll biosynthetic genes (AtHEMA1, AtDVR,
AtPORA, AtPORB, AtPORC, AtCAO, and AtCHLH) and one
chlorophyll-binding protein gene (A!LHCB). Consequently,
all the genes were significantly upregulated by overexpression
of VcSBP13a except AtHEMAI that showed a slight decrease
(Figure 5D). Especially, AtPORA was remarkably increased
by 10-folds (Figure 5D). These results indicated that VcSBPs
affect chlorophyll accumulation via regulating the expression of
chlorophyll-associated genes in Arabidopsis. Since SBP family
is transcriptionally regulated by miR156, the expressions of
the above eight chlorophyll biosynthetic genes were examined
in the VecMIRI56a-overexpressing transgenic Arabidopsis.
Consistently, AtDVR and AtPORC were significantly repressed
by VeMIR156a overexpression (Supplementary Figure 5).

SBP Family Might Affect the Expression
of VcLHCB1 via Targeting Its Promoter in
Blueberry

Increasing evidence indicated that SBPs are able to bind
to the consensus sequence TNCGTACAA with GTAC as its
essential core (Kropat et al., 2005). To provide some clues for
understanding the targets of SBPs in blueberry, the potential
genome-wide binding sites were searched using the consensus
sequence against the V. corymbosum cv. Draper v1.0 genome.
Consequently, 2568 genes were found to harbor the potential
binding motif of SBP proteins in their promoter regions
(Supplementary Table 4), suggesting that they are possible
targets of SBP proteins in blueberry. The potential targets
were classified into five groups based on their functional
roles, including transcription, DNA-or-RNA-related; metabolism
defense or protein binding; cellular process; synthesis, catalysis or
modification; biological process unknown (Figure 6A). Further
examination indicated that the distribution of the potential
binding sites in the promoter regions varied among the five
groups. The density of the binding sites over the target
genes in the groups G5, G3, and G2 peaked around ~900,
1100, and 1200 bp upstream of their TSSs, while no obvious
peak was found for the target genes in the groups G4 and
G1 (Figure 6B).

Consistent with the above results that VcSBPs affect
chlorophyll accumulation in Arabidopsis, nine chlorophyll-
associated genes were found to harbor the potential binding
site of SBP proteins, including three LIGHT HARVESTING
CHLOROPHYLL A/B BINDING PROTEINs (VcLHCBs),
two LOW QUANTUM YIELD OF PHOTOSYSTEM III
(VeLQYI1), 3 CHAPERONE-LIKE PROTEIN OF PORI-like
(VeCPPI), and one LOW PSII ACCUMULATION 3 (VcLPA3).
Subsequently, five genes were chosen as representatives to
examine their expression patterns in transgenic blueberry
plants overexpressing VcMIR156a where 11 VcSBPs were
transcriptionally repressed (Figure 4E). As shown in Figure 6C,
the expressions of VcLPA3 and two VcLHCBs were significantly
downregulated by MIR156a overexpression in blueberry, whereas
no significant change was observed for VcLQYI and VcCPPI.
Furthermore, the expression patterns of their corresponding
Arabidopsis homologs (such as AtLHCB2.1, AtLHCB2.2,

AtLHCB5, AtLQYI, AtCPP1, and AtLPA3) were investigated
in transgenic Arabidopsis with VcSBP13a overexpression.
Consequently, all these homologous genes were significantly
promoted by VcSBP13a overexpression (Figure 6D).

To examine if the SBP proteins bind to these genes, VcSBP13a
and two VcLHCBs (VcLHCBI and VcLHCB2) were separately
chosen as representatives of baits and preys to perform Y1H
analysis. Sequence analysis indicated that the promoter region
of VcLHCBI contained two typical binding sites (TNCGTACAA
element), whereas only GTAC elements were observed in
the promoter region of VcLHCB2 (Figure 6E). As shown in
Figure 6F, like the positive control (pB42AD-AtRVES/placZi-
AtPRR5), strong blue colonies were observed when VcSBP13a
acts as bait and the fragment of VcLHCBI promoter as
prey. In contrast, very light blue appeared in the colonies
containing pB42AD as bait and pLacZi-pVcLHCBI as prey, and
no blue color was shown for the other two negative controls
(pB42AD/pLacZi and pB42AD-VcSBP13a/pLacZi). These results
indicated that physical interaction occurred between VcSBP13a
and the VcLHCBI promoter. However, no blue color was
observed in the colonies when pB42AD-VcSBP13a acted as bait
and pLacZi-pVcLHCB2 as prey.

DISCUSSION

SBP genes belong to a small family of plant-specific transcription
factors. In the present study, 20 SBP genes were identified in
blueberry, and the number of VcSBP family members is similar to
the ones in Petunia (21), Tartary buckwheat (24), grape (17), and
pear (19) (Hou et al., 2013; Li et al., 2013; Zhou et al., 2018; Liu
etal., 2019), supporting the notion that the number of SBP genes
in different plant species is relatively stable during evolution
(Liu et al, 2019). Gene family generally arises from gene
duplication during evolution, therefore leading to the acquisition
of neofunctionalizations and subfunctionalizations as well as the
emergence of backup or redundant genes (Preston and Hileman,
2013; Wang and Wang, 2015). Among the 20 identified VcSBPs,
only two gene pairs (VcSPB7a and VcSBP7b, VcSBP14b, and
VcSBP14c) might have been derived from segmental duplication,
and one pair (VcSBP8a and VcSBP8b) from tandem amplification
(Figure 1C). Noticeably, the VcSBP genes in the same group
in the phylogenetic tree showed relatively low identity (8-
48%) except the two segmental duplication pairs (VcSPB7a and
VcSBP7b, VcSBP14b, and VcSBP14c, Figures 1C, 2A), suggesting
that most VcSBPs might be single-copy genes with functional
specificity. However, it was estimated that at least three rounds
of whole-genome duplication occurred during the evolution
of blueberry species (Wang et al.,, 2020), which are supposed
to facilitate the generation of multiple copy genes. It can be
explained by at least two reasons: (1) it is still possible that the
number of VcSBP genes might have been underestimated since
the identification of SBP genes was conducted on the basis of
available transcriptome data; (2) VcSBPs might belong to the
duplication-resistant genes, which generally return to single-copy
status through the duplication-resistant system or genetic drift
after suffering duplication events (Wang et al., 2020).
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FIGURE 6 | Computational and experimental analysis of the target client(s) of SBP(s) in blueberry. (A) The categories of putative target clients. Five categories were
classified in terms of their functional roles, including transcription, DNA-or-RNA-related (G1); metabolism defense or protein binding (G2); cellular process (G3);
synthesis, catalysis, or modification (G4); and biological process unknown (G5). (B) The density of SBP binding sites in the promoter regions of each group of target
clients. (C) The expression patterns of chlorophyll-associated genes (VcLHCB1, VeLQY4, VVcCPP1, VeLHCB2, and VeLPA3) in WT and transgenic blueberry lines
overexpressing VcMIR156a. (D) The expression patterns of chlorophyll-associated genes (AtLHCB2.1, AtLHCB2.2, AtLHCBS, AtLQY4, AtCPP1, and AtLPA3) in WT
and transgenic Arabidopsis lines overexpressing VcSBP13a. Values were normalized against the gene VcACTIN (C) or AtACTINS (D). Error bars indicate standard
errors of three biological and technical replicates, and significant differences are denoted by asterisks: *P < 0.05, **P < 0.01. (E) The schematic diagrams of the
promoters of VcLHCB1 and VcLHCB2. The downward triangles indicate the elements of TNCGTACAA and GTAC, and the number shows the start site of each
element. (F) Interaction assay between VcSBP13a and the promoters of VcLHCB1 and VcLHCBZ2 using the yeast one-hybrid assay. pB42AD/plLacZi-pVcLHCBT,
pPB42AD/placZi-pVcLHCB2, pB42AD/plLacZi, and pB42AD-\V/cSBP13a/pLacZi were set as negative controls; and pB42AD-AtRVES/placZi-AtPRR5 as positive
control.

SBP family performs diverse functions during plant growth  same phylogenetic group showed similar motif compositions and
and development. Here, we presented four aspects of evidence gene structures, while the diversity in motif compositions and
to show the functional diversity of the SBP family in blueberry.  gene structures was observed between the SBP family members
Firstly, it has been proposed that the diversification of gene in different phylogenetic groups (Figure 2). These observations
structures and conservation of motifs may be tightly associated — support a scenario that the SBP family underwent functional
with the functional evolution of SBP genes (Salinas et al., 2012;  conservation and diversification during evolution (Preston and
Hou et al,, 2013; Li et al., 2013; Li and Lu, 2014; Shalom et al., Hileman, 2013; Wang and Wang, 2015; Zhang et al., 2015).
2015; Liu et al,, 2019). In the present study, it was revealed Secondly, the spatio-temporal expression is generally thought
that the majority of VcSBP family members belonging to the as key contributors to functional specificity for a gene family
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(Paul et al., 2012; Hasan et al., 2017). VcSBP genes displayed
tissue-specific and fruit development stage-specific expression
patterns (Figure 3), implying that the VcSBP family might exert
diverse functions in blueberry. Thirdly, the SBP family can be
regulated via miR156-guided transcript cleavage or translational
repression, and a subset of SBPs have been proved to be targeted
by miR156 through recognizing MREs on their transcripts, for
example, 11 out of the 17 SBPs in Arabidopsis, 15 out of the
27 SBPs in apple and 7 out of the 19 SBPs in pear (Li et al,
2013; Zhang et al., 2015; Qian et al., 2017). In the present study,
several members of the VcSBP family were computationally and
experimentally demonstrated to be targets of miR156 (Figure 4),
implying that a subset of VcSBPs are able to form a regulatory hub
with miR156, therefore exerting vital functions during blueberry
growth and development. Lastly, overexpression of VcSBPs in
Arabidopsis gave rise to multiple morphological phenotypes
(Figure 5 and Supplementary Figure 4). Thus, our results
provided an overall framework for understanding the functional
diversity of VcSBP genes, which will contribute to the genetic
improvement of the agronomic traits of blueberry.

The SBP family acts as pivotal regulators of diverse biological
and physiological processes in plants. In the present study,
functional analysis in Arabidopsis indicated that VcSBP genes
might be involved in multiple developmental processes such as
leaf shape regulation (serrated leaf formation, VcSBP12b/13a;
narrow leaf, VcSBP8b/13a), trichome formation (VcSBP8b), and
flowering time control (VcSBP7a/7b/14a/14b/3/5/13a, Figure 5
and Supplementary Figure 4). These observations are consistent
with previous reports in Arabidopsis. For example, AtSPL10
overexpression causes narrow leaf in Arabidopsis (Gao et al,
2018); AtSPL3/4/5 exert important functions in regulating
Arabidopsis flowering and developmental transition (Jung et al.,
2016; Xu et al., 2016); AtSPL3/4/5/8/9/10/13 affect trichome
formation (Yu et al., 2010); and loss-of-function mutation of
AtSPL14 increases the number of leaf hydathodes and enhances
leaf margin serration (Stone et al., 2005). Thus, our results
support the notion that the functionality of the SBP family
proteins is highly conserved among distinct plant species
(Preston and Hileman, 2013). However, not all the VcSBPs
display the same functional roles as their counterparts in other
plant species. For instance, overexpression of VcSBP8b leads
to a very narrow leaf in Arabidopsis (Figure 5B), whereas its
Arabidopsis counterpart AtSPL8 fails to generate similar leaf
morphology, and it is AtSPLIO instead that was reported to
modulate leaf morphology (Gao et al., 2018). Previous studies
also indicated that mutation of LGI, the closest homolog of
Arabidopsis AtSPL8, in maize, rice, and barley gave rise to
the lack of ligules and auricles (Lee et al,, 2007; Wang and
Wang, 2015), whereas in Arabidopsis mutation of AtSPL8 fails
to cause a similar structure of ligules. Thus, it seems that
it is not always possible to foretell the functional roles of
individual SBP genes based on homology, although the SBP
family as a whole shows functional conservation across diverse
plant species. More interestingly, overexpression of three VcSBP
genes (VcSBP10/13a/13b) in Arabidopsis causes the formation
of curling leaves (Supplementary Figure 4E). Previous report
indicated that mutation in rSPL13 led to an up-curled leaf

phenotype in alfalfa (Gao et al., 2018). Nevertheless, no evidence
shows the formation of curling leaves by being members of the
SBP family in Arabidopsis. Thus, it appears that SBP family might
show species-dependent functions or novel function in some
specific plant species.

Several studies indicated that the SBP family plays important
roles during fruit ripening. For example, VmTDR4 (a
SQUAMOSA-class MADS-box gene) is positively involved
in the regulation of anthocyanin accumulation during bilberry
fruit ripening (Jaakola et al., 2010), while MaSPL16 in banana
regulates carotenoid biosynthesis through promoting the
expression of MaLCYBs (Zhu et al., 2020). Likewise, SISPL-CNR,
an SBP transcription factor in tomato, is mainly expressed in
ripening fruits and serves as a positive player in the regulation
of fruit ripening and cell death (Lai et al, 2020). In the
present study, five VcSBP genes were found to be expressed at
relatively low levels at three early stages of fruit development
and significantly increased during fruit ripening (Figure 3I),
suggesting that they might act as regulatory hubs to control
fruit ripening in blueberry. In contrast, 10 VcSBP genes were
highly expressed at three early stages of fruit development and
dramatically decreased to a low level when fruit initiates ripening
(Figure 3G,H), which is consistent with previous reports that the
expressions of VWSPL6/10/13 were gradually decreased as grape
berry develops and ripens (Cui et al., 2018), while the FvSPLs
were transcriptionally decreased during strawberry fruit ripening
(Xiong et al., 2018). These results suggest that the 10 VcSBPs
might be required for fruit development and suppressed during
fruit ripening in blueberry.

Generally, the development and ripening of fleshy fruits
are accompanied by a wide range of changes at cellular,
molecular and metabolic levels, including fruit enlargement,
degreening, accumulation of pigments, softening, etc. Previously,
we revealed that VcSBP2/SPLI2 affects the accumulation of
chlorophylls in Arabidopsis (Li et al., 2020). In the present
study, the contents of chlorophyll a and b were found to be
increased by the overexpression of at least three SBP genes
(VeSBP2, VcSBP12a, and VcSBP13a) in Arabidopsis (Figure 5).
Moreover, the chlorophyll biosynthetic genes in Arabidopsis
were indeed elevated by VcSBPI3a overexpression (Figure 5D).
These observations indicated that a subset of VcSBPs might be
involved in the regulation of chlorophyll accumulation. Previous
studies have revealed that SBP family proteins can directly
interact with their clients (for example, AtFUL, AtSOC1, AtDFR,
AtAPI, MAWRKY100, MaLCYBI1.1, and MaLCYBI1.2, MADSS5,
and MADS32), thereby regulating diverse biological processes in
plants such as flowering, inflorescence formation, biosynthesis of
secondary metabolites, root regeneration, and response to stress
(Yamaguchi et al., 2009; Gou et al., 2019; Ma et al., 2020; Zhu
et al., 2020). However, the targets of SBP proteins associated
with chlorophyll accumulation have remained to be found. Our
Y1H assay showed that VcSBP13a could physically bind to the
promoter region of an LHCB gene in blueberry (Figure 6). Thus,
we proposed that VcSBPs are able to positively regulate the
expressions of chlorophyll-associated genes (at least VcLHCBI)
directly through binding to their promoter regions to affect
chlorophyll accumulation in blueberry.
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In conclusion, the SBP family was systematically identified
and functionally characterized in blueberry, and they show
conservation and divergence in characteristics and functional
roles across plant species. Based on the targets and functional
roles of VcSBPs as well as their expression patterns, we propose
that a subset of VcSBPs might be involved in the regulation
of chlorophyll accumulation directly through targeting to the
chlorophyll-associated genes such as VcLHCBI. These findings
provide the first comprehensive understandings of the features
and functional diversity of the SBP family in blueberry, which will
facilitate their utilization in the improvement of the agronomic
traits of blueberry.
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A subset of eukaryotic transcription factors (TFs) possess the ability to reprogram one
cell type into another. Genes important for cellular reprograming are typically located in
closed chromatin, which is covered by nucleosomes. Pioneer factors are a special class
of TFs that can initially engage their target sites in closed chromatin prior to the engagement
with, opening of, or modification of the sites by other factors. Although many pioneer
factors are known in animals, a few have been characterized in plants. The TF LEAFY
(LFY) acts as a pioneer factor specifying floral fate in Arabidopsis. In response to
endogenous and environmental cues, plants produce appropriate floral inducers (florigens).
During the vegetative phase, LFY is repressed by the TERMINAL FLOWER 1 (TFL1)-FD
complex, which functions as a floral inhibitor, or anti-florigen. The florigen FLOWERING
LOCUS T (FT) competes with TFL1 to prevent the binding of the FD TF to the LFY locus.
The resulting FT-FD complex functions as a transient stimulus to activate its targets. Once
LFY has been transcribed in the appropriate spatiotemporal manner, LFY binds to
nucleosomes in closed chromatin regions. Subsequently, LFY opens the chromatin by
displacing H1 linker histones and recruiting the SWI/SNF chromatin-remodeling complex.
Such local changes permit the binding of other TFs, leading to the expression of the floral
meristem identity gene APETALAT. This mini-review describes the latest advances in our
understanding of the pioneer TF LFY, providing insight into the establishment of gene
expression competence through the shaping of the plant epigenetic landscape.

Keywords: Arabidopsis thaliana, chromatin, floral meristem identity, histone, LEAFY, pioneer factor

INTRODUCTION

A subset of eukaryotic transcription factors (TFs) possess reprograming activity to change one
cell type into another (Meshi and Iwabuchi, 1995; Drouin, 2014). During cell fate reprograming
in eukaryotes, TFs control gene expression programs to enable the formation of distinct cell
types from the same genome. Different gene expression programs are blocked by chromatin-
mediated mechanisms. TF-binding sites are often masked by nucleosomes, which play important
roles in genome packaging and gene expression. The nucleosome consists of a segment of
DNA wound around two copies of four types of histone proteins. Nucleosome positions in
the genome determine the accessibility of the DNA to regulatory proteins.

A special class of TFs called pioneer factors can access their target DNA sequences inside
nucleosomes, typically in chromatin regions where the presence of linker histones represses
transcription (Iwafuchi-Doi and Zaret, 2014, 2016; Soufi et al, 2015; Iwafuchi-Doi, 2019).
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The Pioneer Factor LEAFY

The primary functions of pioneer factors are cell fate
reprograming and the establishment of competence for changes
in cellular fate (Zaret and Carroll, 2011). Notable examples
include Sox2 and Oct4, two of the four key TFs that together
cause the conversion of mammalian somatic cells into induced
pluripotent stem cells (Takahashi and Yamanaka, 2006). Molecular
genetic, biochemical, and crystal structural analyses have revealed
common features of pioneer factors in animals. A pioneer
factor in plants was recently identified by two independent
groups (Jin et al., 2021; Lai et al., 2021). In this mini-review,
the author describes the latest advances in our understanding
of this pioneer factor, LEAFY (LFY).

MASTER REGULATORS ARE POTENTIAL
CANDIDATES FOR PIONEER
TRANSCRIPTION FACTORS

Pioneer TFs are a special group of master regulators. Although
not much is known about pioneer TFs in plants, many master
regulators have been already identified. Although the definition
of the term master regulator or master regulatory gene has
expanded since the late 1970s, the original definition was a
“gene that occupies the very top of a regulatory hierarchy” which
“by its very definition should not be under the regulatory
influence of any other gene” (Ohno, 1979). This definition was
later modified to describe the hierarchy of cell fate specification
in eukaryotes (Nasmyth and Tatchell, 1980; Lewis, 1985; Hamdi
et al.,, 1987; Herskowitz, 1989; Lewis, 1992). Over the next 20
years, the term master regulator was used for genes or proteins
with the ability to convert one cell type into another when
misexpressed. Classic examples include the myogenic TF MyoD1 in
mouse and the hematopoietic TF SCL in zebrafish (Davis et al.,
1987; Porcher et al., 1996; Robb et al., 1996; Gering et al., 1998;
Tapscott et al., 1998). The basic helix-loop-helix (bHLH) family
TF MyoD1 regulates muscle cell differentiation by inducing cell
cycle arrest (Olson et al, 2020). Other examples of pioneer
factors are the nuclear factor Y (NF-Y) TFs in mouse, and the
TFs Oct3/4, Sox2, Klf4, and c-Myc (collectively called the
Yamanaka factors) in human and mouse (Takahashi and Yamanaka,
2006; Takahashi et al., 2007; Oldfield et al., 2014). Overall, many
animal pioneer factors play key roles in embryogenesis (Lai
et al, 2018). Both master regulators and pioneer factors control
cell reprograming; therefore, master regulators encoding TFs
could be considered candidate pioneer factors. However, the TF
families to which most of the animal pioneer factors belong
are absent from plants (Lai et al., 2018).

Many TF genes whose activity is sufficient to re-specify cell
fate when overexpressed have been identified in Arabidopsis
thaliana. For example, the master regulator LEAFY
COTYLEDON1 (LEC1) is a NF-Y protein that maintains
embryonic cell fate during embryogenesis and prevents premature
seed germination (West et al, 1994; Lotan et al, 1998; Lee
et al., 2003; Tao et al., 2017). Master regulators in plants are
involved in cell fate decisions throughout development. For
example, the NAC TF VASCULAR-RELATED NAC DOMAIN7

(VND?7) promotes xylem vessel cell differentiation (Kubo et al,
2005). Ectopic VND7 expression was sufficient to confer xylem
character. A few bHLH proteins, such as MUTE and FAMA,
drive the sequential steps of stomatal differentiation (Ohashi-Ito
and Bergmann, 2006; Pillitteri et al., 2007). Overexpression of
FAMA specified the identity of stomatal and myrosin cells,
while MUTE misexpression conferred guard cell fate to leaf
epidermal cells (Ohashi-Ito and Bergmann, 2006; Pillitteri et al.,
2007; Shirakawa et al., 2014). Overexpression of the APETALA
2 (AP2) family TF gene PLETHORAZ2 induced ectopic root
formation (Aida et al., 2004; Galinha et al., 2007). MADS-box
TFs are the core factors involved in floral organ specification
(Coen and Meyerowitz, 1991). When overexpressed, they have
the ability to transform one type of organ into another (Riechmann
and Meyerowitz, 1997). Overexpression of MADS-domain TFs
is sufficient to convert leaves into floral organs (Honma and
Goto). Among the MADS-box TFs, APETALA1 (AP1) and
SEPALLATA3 (SEP3) were proposed to act as pioneer TFs
since they can access closed chromatin (Pajoro et al, 2014).
The LFY gene encodes a plant-specific helix-turn-helix TF
(Weigel et al., 1992; Weigel and Nilsson, 1995; Hames et al.,
2008). Although overexpression of LFY alone cannot induce
ectopic flower formation and does not alter embryogenesis and
root formation, overexpression of LFY with WUSCHEL (encoding
a homeodomain TF that promotes stem cell formation) in root
tissues conferred floral fate to root cells (Gallois et al., 2004;
Wagner et al.,, 2004). Furthermore, LFY, together with one of
its coactivators, the F-box protein UNUSUAL FLORAL ORGANS,
can alter leaf development and produce ectopic floral organs
(Parcy et al., 1998; Risseeuw et al., 2013).

Among those master regulators, LEC1, AP1, SEP3, and LFY
affect chromatin structure (Lai et al., 2018). LEC1 shows sequence
similarity to animal pioneer factors. LEC1 might act in the same
way as NF-Y in terms of structure and function. MADS-box
genes are detected in many eukaryotes, including plants and
animals. However, the functional diversification of MADS-domain
TFs in plants is much higher than in animals. Indeed, AP1 and
SEP3 interact with chromatin remodelers to open chromatin
(Smaczniak et al., 2012). On the other hand, MADS-domain TFs
in animals act as settler TFs whose genomic binding is principally
governed by proximity to open chromatin (Sherwood et al., 2014).
Further analysis is required to understand the precise function
of the plant MADS domain in the context of chromatin. LFY
was the most well-characterized pioneer factor of all the master
regulators (Jin et al, 2021; Lai et al,, 2021). LFY is only found
in plants (Maizel et al., 2005). These results suggested that plant
and animal pioneer factors have both the same and different
modes of action in terms of structure and function. Further
analysis is required to understand the molecular mechanisms of
gene expression regulated by plant pioneer factors and its candidates.

THE BASIS AND VALIDATION OF
PIONEER FACTORS

Based on our understanding of animals, pioneer factors are
characterized by four major properties (Figure 1; Iwafuchi-Doi
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and Zaret, 2014, 2016; Soufi et al, 2015; Lai et al, 2018;
Iwafuchi-Doi, 2019). The first property is direct binding to a
target DNA sequence inside a nucleosome (Figure 1). This
feature is often examined through electrophoretic mobility shift
assays (EMSAs; Fernandez et al, 2019; Jin et al, 2021; Lai
et al., 2021) and sequential TF and core histone chromatin
immunoprecipitation (ChIP; Desvoyes et al., 2018; Jin et al,
2021) to provide evidence that putative pioneer factors have
specific chromatin-binding properties suitable for such activities.
To exclude the possible contribution to other factors, in vitro
and in vivo experiments are required.

The second property is the initiation of chromatin remodeling
(Figure 1). To assess this, the chromatin state of a target DNA
sequence must be examined before and after the pioneer factors
of interest are expressed. Assay for transposase-accessible
chromatin with high-throughput sequencing (ATAC-seq), DNase
I hypersensitive site sequencing (DNase-seq), or MNase digestion
coupled with high-throughput sequencing (MNase-seq) are
often used for this purpose (Zhang et al., 2012, 2015; Bajic
et al, 2018). ATAC-seq and DNase-seq are used to measure
chromatin openness, while MNase-seq is employed to analyze
nucleosome occupancy. Prior to the binding of pioneer factors,
target DNA sequences are closed and nucleosomal. However,
a causal relationship between pioneer factor binding and
chromatin opening must be proven as: Merely identifying a
correlation between the target DNA sequences of TFs and
chromatin opening sites does not necessarily imply cause and
is insufficient to validate pioneer factor status.

The third property is allowing for other factors to bind the
chromatin (Figure 1). Pioneer factors open up local chromatin
regions, thereby directly or indirectly allowing other factors
to bind to their targets. Most other TFs cannot initially access
a target DNA sequence inside a nucleosome because they lack
secondary protein structures important for the recognition of

the nucleosome. These non-pioneer TFs are often located
alongside the pioneer factor binding sites during or after pioneer
factor binding.

The fourth property is the establishment of competence for
cell fate changes (Figure 1). This feature is usually analyzed
through deletion and ectopic expression of a TF gene in vivo
(Sablowski and Meyerowitz, 1998; Wagner et al., 1999, 2004).
The effect of the binding of a TF on DNA accessibility at the
target sites inside a nucleosome can then be examined. Since
the fourth property of pioneer factors and the definition of
master regulators largely overlap, master regulators encoding
TFs could be considered candidate pioneer factors. Among
the master regulators noted above, only LFY meets all four
criteria in plants, so far.

REGULATION OF LEAFY REPRESSION
AND ACTIVATION

During the vegetative phase, the regulatory region of the LFY
gene integrates developmental and environmental cues to determine
the timing of LFY expression (Figures 2A,B; Blazquez et al,
1997, 1998; Blazquez and Weigel, 2000). In addition to the
2.3-kilobase-pair upstream intergenic LFY promoter region, which
contains distal and proximal elements, the genic region of LFY
also plays key roles in this integration (Figure 2A; Blazquez
et al., 1997, 1998; Blazquez and Weigel, 2000; Yamaguchi et al.,
2009, 2013, 2016; Wu et al., 2015; Zhu et al., 2020). The precocious
expression of LFY in plants during the vegetative phase led to
premature flower formation (Weigel and Nilsson, 1995). As a
result, these plants produced few seeds. Thus, LFY expression
must be repressed until a specific time point (Figures 2B,C).

Later work indicated that, to prevent it from specifying
floral fate, LFY is repressed by the floral inhibitor

Pioneer O Histone marks >z
factors )
D Non-pioneer Histones
transcription .
[ tactors Cell fate reprograming

+ Binding of nucleosomal DNA in heterochromatin (P1)

- Initiation of chromatin remodeling (P2)

+ Allowing other factors to bind chromatin (P3)

+ Establishment of the competence for cell fate changes (P4)

FIGURE 1 | Activity and properties of pioneer factors. Left: hierarchical model of target activation by the pioneer transcription factors. Right: four basic properties of
the pioneer factors. The DNA-binding domains of the pioneer factors allow them to target closed chromatin prior to activation [property 1 (P1)]. This binding increases
the accessibility of target sites (P2), making the sites accessible to other factors (P3). Pioneer transcription factors play a primary role in cellular programing (P4).
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TSS Sterile Alpha Motif ~ DNA-binding domain

LFY (420 aa)

LFYlocus

Step 1: Recruiting TFL1 protein and repression of
LFY expression

Step 2: Recruiting FT protein and activation of
LFY expression (with other factors)

AP1 locus

Pre-Step : Closed chromatin

Step 1: Scanning and binding target sites (P1)

Step 2: Opening chromatin by displacing H1
linker histones and recruiting SWI2/SNF2
chromatin remodelers (P2)

Step 3: Regulation of AP71 expression with
other factors (P3)

Step 4: Specification of floral fate (P4)

Bl LFY o H1linker histones

LFY  AP1 Pioneer factor activity | Kl @ Histones

A
Fr

E F

LFY protein

LFY protein

AP1 promoter

FIGURE 2 | The pioneer transcription factor LEAFY in Arabidopsis thaliana. (A) LFY gene and LFY protein domain structures in Arabidopsis. The positions of
the conserved regulatory elements (Blazquez and Weigel, 2000) and exons in the gene are indicated in white and green, respectively, and the N-terminal domain,

(Continued)
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FIGURE 2 | protein-binding domain, and DNA-binding domain in the protein are indicated in blue, yellow, and dark gray, respectively. DE, distal element; PE,
proximal element; and TSS, transcription start site. The scale bar represents nucleotide lengths. (B) LFY protein accumulation and AP7 expression during flower
formation. Different lateral organs are formed during each phase of the plant lifecycle. During the vegetative (V) phase, rosette leaves form; during the inflorescence
phase 1 (1), cauline leaves and associated secondary inflorescence branches form; and during the inflorescence phase 2 (12), flowers form. LFY activity and AP71
expression are indicated by the green and purple color bars, respectively. (C) Hierarchical model of LFY activation. (D) Hierarchical model of AP activation by the
pioneer transcription factor LFY. Properties (P1-P4) are shown in Figure 1. (E) Crystal structure of LFY and AP7 double-stranded (ds) DNA. LFY protein is shown in
green, while dsDNA is shown in purple. The data were obtained from the Protein Data Bank (https://www.rcsb.org). (F) Phenotypes of the /fy mutant (left), wild type
(middle: WT), and LFY overexpressor (right: LFYox). Above: top view. Below: side view. Asterisks indicate secondary inflorescences subtended by cauline leaves on

the main stem.

(anti-florigen) TERMINAL FLOWER 1 (TFL1) during the
vegetative phase (Bradley et al., 1997; Ratcliffe et al., 1998;
Conti and Bradley, 2007). Consistent with the role of TFL1 in
repressing LFY expression, ¢fll mutant, and TFLI overexpressor
plants showed LFY overexpressor and Ify mutant phenotypes,
respectively, in terms of secondary inflorescence number:
The knockout mutation of TFLI decreased the number of
secondary inflorescences, while the constitutive overexpression
of TFLI increased the number of secondary inflorescences
(Ratcliffe et al, 1998). TFL1 is a member of the
phosphatidylethanolamine-binding protein (PEBP) family (Jin
et al,, 2021) and is thought to act as a transcriptional cofactor
in a floral repression complex that includes the basic leucine
zipper (bZIP) transcription factor FD (Honma and Goto,
2001; Abe et al., 2005; Ho and Weigel, 2014; Collani et al.,
2019; Goretti et al., 2020; Zhu et al., 2020). FD recruits
TFL1 to the second exon of LFY (Figure 2C; Zhu et al.,
2020). This recruitment is largely dependent on FD activity,
as TFL1 occupancy is strongly reduced in the null fd mutant
background (Zhu et al., 2020). The recruitment of TFL1-FD
to LFY is mediated by evolutionarily conserved bZIP cis-motifs
located at the second exon of this gene (Zhu et al., 2020).
As is often the case with exonic TF-binding sites, these sites
contribute to LFY gene expression.

When conditions are right, plants transition from the vegetative
to the reproductive phase. In response to endogenous and
environmental cues, plants produce the appropriate floral inducers
(florigens). FLOWERING LOCUS T (FT), which (like TFL1)
belongs to the PEBP family, acts as a major florigen (Kobayashi
etal.,, 1999; Abe et al., 2005; Wigge et al., 2005). The antagonism
between FT and TFL1 involves competition for chromatin-
bound FD at the LFY locus (Zhu et al, 2020). The resulting
FT-FD florigen activation complex functions as a transient
stimulus at target loci (Figure 2C; Collani et al., 2019; Abe
et al., 2019). Other temporal regulators have been identified
as LFY activators, such as SUPPRESSOR OF CONSTANS
OVEREXPRESSION 1, AGAMOUS-LIKE24, SQUAMOSA
PROMOTER-BINDING PROTEIN-LIKE3, and MYB33
(Figure 2C; Gocal et al, 2001; Liu et al., 2008; Yamaguchi
et al., 2009). Whether these activators interact with each other
to determine the timing of LFY expression in the context of
chromatin is unknown.

The timing and the location of LFY expression must
be specified to confer floral fate on specific cells. The
IAA-AUXIN RESPONSE FACTOR (ARF) module and AP2-type
TFs control LFY expression in floral primordia, as indicated
by their similar expression patterns (Karim et al, 2009;

Yamaguchi et al, 2013, 2016; Wu et al, 2015). ARF5/
MONOPTEROS (MP) and two SWI-SNF ATPase chromatin
remodeling factors, SPLAYED (SYD) and BRAHMA (BRM),
activate shared targets including LFY (Figure 2C; Bezhani
et al, 2007; Yamaguchi et al., 2013; Wu et al, 2015). The
MP-SYD/BRM complex associates with evolutionarily conserved
and biologically important auxin response elements (AuxREs)
located in the proximal region of the upstream intergenic
LFY promoter (Yamaguchi et al., 2013; Boer et al., 2014; Wu
et al., 2015). The MP-SYD/BRM complex unlocks chromatin
and allows shared target loci of AuxREs to become accessible.
Numerous genes encoding AP2-type TFs, such as
AINTEGUMENTA (ANT), AINTEGUMENTA-LIKE
6/PLETHORA 3, PUCHI, DORNROSCHEN (DRN), and
DORNROSCHEN-LIKE (DRNL), show expression patterns
overlapping with that of LFY in floral primordia (Nole-Wilson
et al, 2005; Karim et al., 2009; Krizek, 2009; Yamaguchi
et al., 2013; Chandler and Werr, 2017). In higher-order or
sensitized mutants of these genes, LFY expression in floral
primordia is reduced, pointing to their roles in upregulating
LFY expression (Yamaguchi et al., 2016). Among these TFs,
ANT, and AIL6 moderately bind to the upstream intergenic
LFY promoter region near the proximal region (Yamaguchi
et al., 2016). However, how PUCHI, DRN, and DRNL contribute
to the activation of LFY expression remains to be clarified.

INITIAL TARGETING OF THE PIONEER
FACTOR LEAFY AND SUBSEQUENT
EVENTS

Once LFY is transcribed in the correct spatiotemporal
manner through the actions of the TFs described above,
LFY influences fate specification via transcriptional regulation,
functioning as a pioneer factor. The regulatory network
downstream of LFY comprises a set of interlocking feed-
forward loops that control the timing of the upregulation
of API, encoding a TF that specifies floral fate (Mandel
et al., 1992; Parcy et al., 1998; Wagner et al., 1999; William
et al., 2004; Benlloch et al., 2011; Moyroud et al., 2011;
Winter et al., 2011; Sayou et al., 2016). LFY specifies not
only floral fate, but also flower primordium founder fate
and floral organ fate. In this review, the author does not
discuss functions other than floral fate specification, since
they are covered in detail in recent reviews (O’Maoiléidigh,
2014; Wang and Jiao, 2018). LFY meets all four properties
for AP1 regulation (Figure 2D).
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LFY is composed of two domains, a sterile alpha motif
(SAM) oligomerization N-terminal domain and a C-terminal
DNA-binding domain (DBD), a helix-turn-helix fold that by
itself dimerizes on DNA (Figure 2A). Although the SAM
oligomerization domain itself does not affect DNA binding in
vitro, it is required for accessing regions with low-affinity-
binding sites and closed chromatin (Sayou et al.,, 2016). LFY
recognizes semi-palindromic 19-bp cis-elements through its
DBD (Figure 2E; Hames et al,, 2008; Moyroud et al., 2011;
Winter et al, 2011; Sayou et al., 2016). Besides cis-elements
in the DNA targets themselves, in vivo modifications in the
context of chromatin are important for the DNA-binding activity
of LFY. EMSA data indicate that LFY associates with the
nucleosomal regulatory region of API in vitro (Jin et al., 2021;
Lai et al, 2021; first property). When the cis-element was
mutated, LFY did not bind to the nucleosomal substrate,
suggesting that LFY binds to nucleosomal DNA via its cis-
element in vitro (Jin et al., 2021). MNase-seq and sequential
ChIP results supported the notion that LFY binds to the
nucleosomal regulatory region of API in vivo (Jin et al., 2021).

A LFY-binding test using DAP-seq and ampDAP-seq revealed
that LFY is able to bind to both methylated and non-methylated
DNA. Whereas an increased number of methylated cytosines
in the whole bound region strongly decreases the binding for
the two methylation-sensitive TFs (such as ERF018) in DAP
relative to ampDAP, LFY binding was only mildly affected
(O'Malley et al., 2016; Bartlett et al., 2017; Lai et al.,, 2021).
Since DNA methylation is often seen in closed chromatin
regions (Yin et al, 2017; Klemm et al., 2019), pioneer factors
may have to access DNA regardless of DNA methylation status.
Based on structural analysis of the DBD of LFY in complex
with AP, hydrophobic contacts between LFY and DNA could
be enhanced by the presence of a methyl group (Hames et al.,
2008). The role of DNA methylation in LFY binding needs
to be clarified in the future.

Initial chromatin opening by LFY is mediated by the
displacement of the histone H1 linker and the recruitment of
SWI/SNF chromatin remodelers (second property). The structural
similarity was observed between the helix-turn-helix DBD of
LFY and linker histone H1. H1-deficient plants show pleiotropic
defects during cell fate specification (Hames et al., 2008; Rutowicz
et al., 2019; Jin et al., 2021). After LFY induction, LFY removes
the H1 linker at the API locus (Jin et al., 2021). LFY interacts
with SYD and BRM to open up chromatin by remodeling the
nucleosomes at regulatory regions (Bezhani et al, 2007; Wu
et al, 2012). SWI3B, a core component of both SYD and
BRM, is recruited after LFY induction (Jin et al, 2021).
Furthermore, the induction or constitutive expression of LFY
increases local chromatin accessibility, as revealed by
formaldehyde-assisted identification of regulatory elements
(FAIRE) analysis (Jin et al., 2021; Lai et al, 2021).

After opening up local chromatin, LFY directly or indirectly
allows other TFs to bind their targets (Pastore et al, 2011;
Yamaguchi et al, 2014; Jin et al, 2021; third property). In
addition to directly activating AP1, LFY promotes the activation
of regulators of AP1. LATE MERISTEM IDENTITY (LMI2),
encoding an MYB TFE, is a direct target of LFY. Like LFY,

LMI2 also directly promotes API expression (Pastore et al.,
2011). The LFY-binding motif and the LMI2-binding motif in
the API regulatory region are in close proximity (Pastore et al.,
2011; Jin et al, 2021). The simultaneous activation of LFY
and LMI2 revealed that LMI2 binding in the context of the
nucleosome requires the pioneer function of LFY (Jin et al,
2021). LFY also activates the expression of EUI-LIKE P450
Al (ELAI), which encodes a gibberellin-inactivating enzyme;
increased LFY activity leads to reduced gibberellin levels and
increased DELLA protein levels (Yamaguchi et al., 2014). A
DELLA transcriptional cofactor interacts with the TF SPL9 at
the regulatory regions of API (Yu et al, 2012; Yamaguchi
et al., 2014) and activates API in parallel with LFY. Coherent
dual feed-forward loops induce API expression.

LFY has the ability to convert cell fate when overexpressed
(Weigel and Nilsson, 1995; Wagner et al., 1999, 2004; fourth
property). Loss or reduction of LFY activity resulted in an
increased number of secondary inflorescences, whereas
constitutive overexpression of LFY caused precocious flower
formation without secondary inflorescences (Figure 2F;
Weigel et al., 1992; Weigel and Nilsson, 1995). LFY conferred
floral fate to root explant cells and allowed callus to form
flowers and floral organs without producing leaves (Wagner
et al, 2004). Regardless of the tissue, LFY alters gene
expression programs via the same chromatin-mediated
mechanisms. Not only in floral cells, but also in root explant
cells, the interaction between LFY and nucleosomes,
displacement of the histone H1 linker, and recruitment of
SWI/SNF chromatin remodelers increased chromatin
accessibility, leading to upregulation of API (Jin et al.,, 2021;
Lai et al., 2021). Since root explants lack floral factors, and
the root explants did not previously exhibit floral fate, this
indicates that LFY alone is sufficient to trigger cellular
reprograming to determine floral fate.

CONCLUSION AND FUTURE
PROSPECTS

During cell fate specification in eukaryotes, cellular
reprograming is controlled by pioneer TFs. In the past three
decades, research into the roles of plant TFs in cell fate
specification using phenotypic, transcriptome, epigenome,
and crystal structure analyses has revealed the importance
of TFs whose misexpression changes the fate of one cell
type into another. Two independent groups recently uncovered
the initial targeting mechanism by which LFY can engage
closed chromatin. This initial targeting of nucleosomal DNA
allows LFY to initiate reprograming of silent genes, leading
to cell type conversion. Although LFY regulates a lot of
downstream target genes involved in flower primordium
founder cell fate, and floral organ fate as well, whether
LFY also has the potential to function as a pioneer factor
in the context of other target genes is not yet known. LFY
regulates API expression as a pioneer factor, but how different
target genes are regulated by LFY in a spatiotemporal manner
needs further study. There may be differences in the
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DNA-binding specificity of LFY in acting as a pioneer factor
vs. a non-pioneer factor.

One major limitation to current research on pioneer factors
in plants is the lack of a general understanding of these factors;
additional pioneer factors in plants need to be identified to
provide more data about this class of TFs. Although only LFY
fulfills all four criteria of pioneer factors, certainly others will
eventually be identified. Although linker histone H1 and SWI/SNF
chromatin remodelers play key roles in allowing LFY to exert
its roles as a pioneer factor, the initial targeting mechanisms
for each pioneer factor could be different. Interestingly, H1-
and SWI/SNF-deficient plants show pleiotropic defects, affecting
diverse processes including seed dormancy;, lateral root formation,
root hair fate, stomate formation, and callus formation. There
may be pioneer factors that control these developmental processes
via a mechanism shared with LFY. Various approaches will
also be useful for identifying pioneer factors that engage their
target sites in chromatin via unique mechanisms. Detailed
studies of diverse TFs will likely reveal subsets of factors with
dominant nucleosome-binding function and pioneer activity
in plants. Further understanding of how pioneer factors function
will lay the foundation for developing methods to manipulate
cell fate in plants.
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The miR156-targeted SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL)
transcription factors play key roles in regulating plant development, but little is known
about their function in abscisic acid (ABA) signaling. Here, we report that the miR156-
targeted SPLs enhance ABA responses and contribute to the inhibition of pre-harvest
sprouting. We find that SPL9 directly activates the expression of ABA responsive
genes through binding to their promoters. SPL9 was further shown to physically
interact with ABSCISIC ACID INSENSITIVE 5 (ABI5), a master transcription factor in
ABA signaling, thus promoting its association with the promoters of ABA responsive
genes. Furthermore, we reveal that the protein kinases SnRK2s interact with and
phosphorylate SPL9, which is essential for its role in the activation of ABA responses.
Together, our results disclose a SnRK2s-SPLs-ABI5 regulatory module in ABA signaling
in Arabidopsis.

Keywords: miR156, SPLs, ABA, ABI5, Arabidopsis

INTRODUCTION

The stress-related phytohormone abscisic acid (ABA) inhibits seed germination and seedling
growth to adapt various environmental challenges (Cutler et al., 2010; Weiner et al., 2010).
Molecular genetics studies have significantly advanced our understanding on the molecular basis of
ABA signaling in Arabidopsis. Among them, ABA-INSENSITIVEI (ABI1) (Leung et al., 1994; Gosti
et al, 1999) and ABI2 (Leung et al., 1997; Rodriguez et al., 1998) are clade A protein phosphatase
2Cs (PP2Cs), which negatively regulate ABA signaling during seed germination. However, the
downstream B3 transcription factor ABI3, AP2 transcription factor ABI4 and bZIP transcription
factor ABI5 positively regulate the ABA-inhibited seed germination and early seedling development
(Giraudat et al., 1992; Finkelstein et al., 1998, 2011; Finkelstein and Lynch, 2000; Umezawa et al.,
2010). Several SNF1 (sucrose non-fermenting 1)-related kinase 2s (SnRK2s), including SnRK2.2,
SnRK2.3, and SnRK2.6 (also known as Open Stomata 1, OST1), were identified as stress- or
ABA-activated protein kinases and function redundantly in ABA-mediated regulation of seed
germination, seedling growth, drought stress and stomatal closure (Mustilli et al., 2002; Fujii et al.,
2007; Nakashima et al., 2009; Ding et al., 2015; Huang et al., 2018).
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Since the identification of ABA receptors, PYRABACTIN
RESISTANCE1  (PYR1)/PYRI-LIKE (PYL)/REGULATORY
COMPONENTS OF ABA RECEPTORS (RCAR) (Fujii et al,
2009; Melcher et al., 2009; Miyazono et al., 2009; Santiago et al.,
2009; Soon et al,, 2012), a core ABA signaling pathway has been
discovered. In the absence of ABA, PP2Cs inhibit the activity
of SnRK2s by physical interaction and dephosphorylation
(Fujii et al, 2009; Ma et al, 2009; Umezawa et al., 2009),
leading to inhibition of downstream transcription factors
required for ABA-responsive gene expression (Kobayashi et al.,
2005). Perception of ABA by its receptors PYR/PYL/RCAR,
facilitates the interaction between PYR/PYL/RCAR and PP2Cs
to prevent PP2Cs inhibition on SnRK2s activity (Fujii et al.,
2009; Ma et al, 2009; Park et al, 2009). Thus, the ABA-
activated SnRK2s phosphorylate and activate the downstream
transcription factors (e.g., ABI5) to regulate ABA responsive
gene expression (Kobayashi et al, 2005; Fujii et al., 2007;
Nakashima et al., 2009).

The SQUAMOSA PROMOTER BINDING PROTEIN (SBP)-
like (SPL) belongs to plant-specific transcription factors and
contains a highly conserved SBP-box domain (Cardon et al.,
1999), which was revealed to specifically bind the core cis-
element GTAC (Yamasaki et al., 2004; Birkenbihl et al., 2005;
Liang et al., 2008; Lu et al., 2013). In Arabidopsis, SPL genes
are divided into two subgroups, represented by SPL3 (including
SPL3, SPL4, and SPL5) which encodes a small protein, and SPL9
(including SPL2, SPL6, SPL9, SPL10, SPL11, SPL13, and SPLI15)
which encodes a much larger protein, respectively (Cardon et al.,
1999; Yang et al.,, 2008). Among them, some SPL genes such as
SPL3, SPLY, and SPL15 are regulated by microRNA156 (miR156)
(Schwab et al., 2005; Wu and Poethig, 2006; Xing et al., 2010).
The miR156-targeted SPL transcription factors play key roles
in plant growth and development. For example, SPL3, SPL4,
SPL5, and SPL9 function in the control of flowering time and
phase transition (Wu and Poethig, 2006; Wang et al., 2009); SPL9
and its paralog SPLI5 regulate shoot branching (Schwarz et al.,
2008). In addition, recent studies reported that overexpression or
knockdown of miR156 can affect seed germination and dormancy
in Arabidopsis and rice (Huo et al., 2016; Liu et al., 2019; Miao
etal., 2019).

In this study, we uncover that miR156-targeted SPLs
transcription factors positively regulate ABA responses and
inhibit pre-harvest sprouting (PHS) in Arabidopsis. We
demonstrate that SPLs interact with the master transcription
factor ABI5 to promote ABA signaling. Furthermore, we show
that SnRK2s physically interact with and phosphorylate SPLs.
Importantly, the ABA-induced SPL9 phosphorylation is required
for its function in the activation of ABA responses.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Col-0 was used as the wild type.
Some of the plant materials used in this study were previously
described: GFP-rSPL9 (Wang et al., 2009); rSPL3-HA (Wang
et al, 2009); MIM156 (Wang et al, 2009); MIRI56 (Xie

et al., 2017); abi5-7 (Chen et al., 2012), and snrk2.2/2.3/2.6
(Fujii and Zhu, 2009). The GFP-rSPL9/abi5-7 and GFP-
rSPLY/snrk2.2/2.3/2.6 lines were generated by genetic crossing
between GFP-rSPL9 and abi5-7 or snrk2.2/2.3/2.6, respectively.
Arabidopsis seedlings were grown on half-strength Murashige
and Skoog (MS) solid medium containing 2% sucrose at
22°C in a light incubator with 16-h-light/8-h-dark photoperiod.
N. benthamiana plants were grown under a 16-h-light/8-h-dark
cycle in a greenhouse at 22°C for 1 month before infiltration.

DNA Constructs and Transgenic Plants

For BiFC assays, gateway cloning strategy (Invitrogen) was used.
The full-length coding sequence (CDS) of SPL9 or SPL3 was
cloned into pQBV3 vector (Dong et al., 2020) and subsequently
introduced into the destination vector pEarleygate202-YN (cYFP)
(Lu et al, 2010). Similarly, the full-length CDS of ABI5
was introduced into the pEarleygate201-YN (nYFP) vector
(Lu et al.,, 2010).

For LCI assays, the full-length CDS of SPL9 was cloned into
p1300-35S-nLUC vector or p1300-35S-cLUC vector (Chen et al,,
2008) to generate nLUC-SPL9 or cLUC-SPLY. Similarly, the CDSs
of ABI3, ABI4, ABI5, and SnRK2s were cloned into p1300-35S-
nLUC vector or pl1300-35S-cLUC vector (Chen et al., 2008),
respectively. The truncated versions of SPL9 or ABI5 were cloned
into p1300-35S-cLUC vector (Chen et al., 2008), respectively.

For pull-down assays, the full-length CDS of SPL9 or SPL3
was inserted into pMAL-c2X vector to generate MBP-SPL9 and
MBP-SPL3, respectively. Then, the MBP-SPL9 construct was
mutated to MBP-SPL9(2A) using the Site-Directed Mutagenesis
Kit (Mei5 Biotechnology, MF129-01). Similarly, the full-length
CDS of ABI5 was inserted into pGEX4T-1 vector to generate
ABI5-GST. All the ligations above were performed based on
ligation free cloning master mix (Applied Biological Materials,
E011-5-A) according to the manufacturer’s instruction.

For Em6pro:LUC and Emlp:LUC constructs, the ~1.5-kb
promoter of Emé6 and 800-bp promoter of Em1 were separately
ligated into the entry vector pQBV3, and then introduced into
the vector pGWB35 (Nakagawa et al.,, 2007). The construct of
358:rSPL9-MYC was generated based on the destination vector
pGWBI17 (Nakagawa et al., 2007). The constructs of rSPL9-YFP
and rSPL9(2A)-YFP were generated based on the destination
vector pEarly-101 driven by the 35S promoter.

To generate the SPL9pyo:GFP-rSPLY, SPL9po:GFP-rSPLI(2A)
and GFP-rSPL9/SnRK2.6-Flag transgenic plants, 2-kb promoter
of SPL9 was ligated into p1305-35S-GFP to produce p1305-
SPL9pro-GFP, next the full length CDS of SPL9 or SPL9(2A)
was introduced in it to generate SPL9pro:GFP-rSPLY or
SPL9p10:GFP-rSPLI(2A) construct, respectively. SnRK2.6 gene
was amplified and inserted into the p1300-35S-Flag vector.
Agrobacterium strain GV3101 carrying the construct was
then transformed into the Col-0 or GFP-rSPL9 plants to
generate SPL9po:GFP-rSPLY, SPL9y1o:GFP-rSPLI(2A) or GFP-
rSPL9/SnRK2.6-Flag transgenic plants using the floral-dip
method (Clough and Bent, 1998), respectively.

All the primers used for the constructs above are summarized
in Supplementary Table 1 and the constructs described above are
summarized in Supplementary Table 2.
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RNA Extraction and Gene Expression

Analyses

Total RNA was extracted using Trizol (Invitrogen) reagent
according to the manufacture’s instruction. About 2 pg of
total RNA were used for reverse transcription with the
5x All-In One RT MasterMix system (Applied Biological
Materials). Quantitative real-time polymerase chain reaction
(qRT-PCR) assay was performed using SYBR® Premix Ex Taq
Kit (TaKaRa), and the expression levels of ACT7 were used
as the internal control. The primer sequences are listed in
Supplementary Table 3.

ABA Treatment Assays and Pre-Harvest
Sprouting

For ABA responses, seeds of different genotypes were harvested
at the same time for the germination and cotyledon greening
assays as described before (Bu et al., 2009; Li et al., 2011). Seeds
of different genotypes were sown on the same 1/2 MS medium
supplemented with different ABA concentrations as indicated
and chilled at 4°C in the dark for 2 days (stratified). Then the
seeds were moved to 22°C with a 16-h-light/8-h-dark cycle in a
light chamber. The percentage of seed germination or cotyledon
greening was scored at 3 or 5 days after the end of stratification,
respectively. Germination was defined as an obvious emergence
of the radicle through the seed coat. Cotyledon greening is
defined as obvious cotyledon expansion and turning green (Bu
et al., 2009; Li et al., 2011; Chen et al., 2012). For the PHS test,
plants with early siliques that matured at the same time were
directly sown on water saturated filter paper then placed in the
growth chamber with a 16-h-light/8-h-dark cycle.

Firefly Luciferase Complementation
Imaging (LCI) Assays

The luciferase complementation imaging (LCI) assays for the
protein interaction detection was performed in N. benthamiana
leaves as described previously (Chen et al., 2008). The indicated
genes were fused into nLUC or cLUC, respectively, and
separately introduced into Agrobacterium strain GV3101. Then,
Agrobacteria cells carrying nLUC or cLUC derivative constructs
were co-injected in N. benthamiana leaves. The LUC activities
were analyzed using Night SHADE LB 985 (Berthold).

Chromatin Immunoprecipitation-qPCR

Assays

The 6-day-old Arabidopsis seedlings grown on 1/2 MS medium
were treated with or without 50 WM ABA for 2 h and then
collected for chromatin immunoprecipitation (ChIP) assays
as previously described (Zhu et al., 2012). Briefly, about
2 to 3 grams of each sample were cross-linked in 1%
formaldehyde under vacuum for 15 min, followed by 5-min
neutralization with 0.125 M glycine. The samples were separately
immunoprecipitated with or without anti-GFP antibody (Abcam,
ab290). Finally, the GFP-specific enrichment of the fragments
from EmI or Em6 promoter was analyzed by qPCR using specific
primer sets listed in Supplementary Table 4. The enrichment

fold of a certain fragment was calculated by normalizing to the
amount of no antibody-immunoprecipitates DNA samples.

Subcellular Localization and Bimolecular
Fluorescence Complementation (BiFC)

Assays

For localization experiments, Agrobacterium GV3101 harboring
the rSPL9-YFP or rSPL9(2A)-YFP construct was injected into
N. benthamiana leaves. For BiFC assays, the indicated vectors
were co-transformed into Agrobacterium GV3101 and then co-
expressed in N. benthamiana leaves as described previously
(Dong et al., 2020). The injected tobacco leaves were incubated
for 48 h, and then the fluorescence signal of yellow fluorescent
protein (YFP) was observed using the confocal microscope
(Carl Zeiss, LSM880).

Protein Extraction, Immunoblotting, and
Co-immunoprecipitation (Co-IP)

Analyses

The GFP-SPL9 fusion proteins were extracted from the 6-day-
old GFP-rSPL9 or GFP-rSPL9(2A) transgenic plants using the
extracted buffer (125 mM Tris-HCI [pH 6.8], 4% SDS, 20%
glycerol, 0.001% Bromophenol blue, 2% p-Mercaptoethanol).
For the immunoblotting detection of GFP-SPL9, we used anti-
GFP (1:2000; Roche, 11814460001) antibody. ACT (1:5000;
CWBIO, CW0264) was employed as a loading control.

The Col-0, GFP-rSPL9 transgenic plants and anti-ABI5
antibody were used in the Co-IP assays for the interaction of
SPL9 and ABI5. Total proteins were extracted from the 6-day-old
seedlings treated with 50 pM ABA for 2 h using the lysis buffer
(50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 5 mM EDTA [pH
8.0],0.2% Triton X-100, 0.2% NP-40, 20 wM MG132) with freshly
added PMSF (0.6 mM) and 1x protease inhibitor. The extracts
were centrifuged for 20 min and the supernatant was incubated
with anti-GFP magnetic beads (MBL, D153-10) overnight. Next,
the beads were washed five times with the lysis buffer and eluted
samples were analyzed by immunoblotting with anti-GFP and
anti-ABI5 (1:5000; Agrisera, AS121863) antibodies.

The 6-day-old GFP-rSPL9 and GFP-rSPL9/SnRK2.6-Flag
transgenic plants treated with 50 pM ABA plus 30 uM
MGI132 for 4 h were used in the Co-IP assays for the
interaction of SnRK2.6 and SPL9. Total proteins were extracted
as described above. The supernatant was incubated with anti-
Flag magnetic beads (MBL, M185-10) overnight. Proteins were
detected with anti-GFP and anti-Flag (1:5000; MBL, M185-3L)
antibodies, respectively.

In vitro and Semi-in vivo Pull-Down

Assays

The constructs (MBP, MBP-SPL9, MBP-SPL3, GST, and ABI5-
GST) were separately transformed into Escherichia coli transetta.
The fusion proteins were induced with 4 mM isopropyl B-
D-thiogalactopyranoside (IPTG) at 18°C overnight. For the
pull-down assays of SPL9 and ABI5, the fusion proteins
were incubated with glutathione resin (GenScript) overnight
in column buffer (20 mM Tris-HCI [pH 7.5], 200 mM NaCl,
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1 mM PMSE 1 mM DTT and 1x protease inhibitor (Roche
4693132001)]. For the pull-down assays of SPL3 and ABI5,
the fusion proteins were incubated with amylose resin (New
England Biolabs) overnight in column buffer. Next, the GST bind
resin or MBP bind resin was washed five times with column
buffer, resolved by SDS-PAGE, and detected using anti-GST
(1:3000, CW0144, CWbiotech) and anti-MBP (1:3000, CW0288,
CWhbiotech) antibodies.

The 6-day-old GFP-rSPLY seedlings treated with 50 uM
ABA for 2 h and SnRK2.6-His fusion proteins were used for
the semi-in vivo pull-down assays. The GFP-SPL9 proteins
were extracted with lysis buffer with freshly added PMSF
(0.6 mM) and 1x protease inhibitor. Then SnRK2.6-His
fusion proteins were incubated with the GFP-SPL9 protein
extracts overnight and added Ni-NTA resin (TransGen Biotech,
DP101-01) for a further 2 h. The His bind resin was washed
five times with PBS buffer (CWBIO, CW0040S), resolved by
SDS-PAGE, and detected using anti-His (1:3000; CWBIO,
CWO0143M) and anti-GFP (1:2000; Roche, 11814460001)
antibodies, respectively.

In vitro and in vivo Phosphorylation

Assays

For the in vitro phosphorylation assays, 1 g MBP-SPL9, MBP-
SPL9(2A) or MBP-SPL3 fusion proteins were incubated with 1 pug
SnRK2.6-His in 20 pl kinase reaction buffer (25 mM Tris-HCI
[pH 7.5], 12 mM MgCly, 1 mM DTT and 1 mM ATP) at 37°C
for 1 h. The reactions were boiled with 5x SDS loading buffer
then separated by phos-tag SDS-PAGE (Kinoshita et al., 2006).
The signals were detected using anti-MBP antibody.

For the in vivo kinase assays, the GFP-SPL9 fusion proteins
were extracted with buffer (150 mM KCl, 50 mM HEPES [PH7.5],
0.4% Triton X-100, 1 mM DTT, 1x protease inhibitor and
phosphatase inhibitor cocktail) and immunoprecipitated with
anti-GFP magnetic beads. Then the IP products were separated
by phos-tag SDS-PAGE and analyzed with anti-GFP antibody.

Transcriptional Activity Assays in

N. benthamiana

The transcriptional activity assays were carried out in
N. benthamiana leaves as previously described (Sun et al,
2012). In brief, the reporter Emypo:LUC and effector 358:7SPL9-
MYC were separately introduced into Agrobacterium GV3101
to perform the con-infiltration in N. benthamiana leaves. The
N. benthamiana leaves after infiltrating 24 h were injected
with 50 WM ABA and incubated for a further 24 h. The
luciferase luminescence was observed using NightSHADE LB
985 (Berthold), and quantification of luciferase activities were
carried out with IndiGO software (version 2.03.0).

Accession Numbers

Sequence data from this article can be found in the
Arabidopsis Genome Initiative or GenBank/EMBL databases
under the following accession numbers: SPL9 (At2g42200),
SPL3 (At2g33810), ABI5 (At2g36270), ABI3 (At3g24650),
ABI4  (At2g40220), SnRK2.2  (AT3G50500), SnRK2.3

(AT5G66880), SnRK2.6 (AT4G33950), Eml (AT3G51810),
and Em6 (AT2G40170).

RESULTS

The miR156-Targeted SPLs Enhance

ABA Responses

To investigate a potential role of the miR156-regulated SPLs
in the ABA signaling, we tested the seed germination and
cotyledon greening phenotypes of SPLs-related transgenic lines
in response to ABA. The GFP-rSPL9 line is identical to a gain-
of-function mutant of SPL9 gene, in which a miR156-resistant
version of SPLY is expressed from its native promoter (Wang
et al., 2009), and the MIMI156 line has elevated expression of
SPLY and other SPLs (Wang et al, 2009). In the absence of
exogenously supplied ABA, the seed germination and cotyledon
greening percentages of different genotypes were comparable
(Figure 1A and Supplementary Figure 1). However, the seed
germination and cotyledon greening of GFP-rSPL9 and MIM156
seedlings were much lower than the wild-type Columbia-0
(Col-0) under ABA treatment (Figure 1A and Supplementary
Figure 1), indicating that overexpression of SPL9 and SPL3
conferred ABA hypersensitivity. Thus, the miR156-regulated
SPL9 appears to play a positive role in regulating ABA responses.
Meanwhile, SPL3 also positively regulates ABA responses in seed
germination and cotyledon greening (Supplementary Figure 1).
These results suggest that the miR156-targeted SPLs play an
enhancing effect on the ABA response during seed germination
and early seedling development.

Considering that ABA plays a critical role in preventing PHS,
which occurs when adequate temperature and humid conditions
prevail during late maturation of crops in the field, we wondered
whether the miR156-SPL9 module plays a role in preventing
PHS. We conducted germination assays using mature siliques
of the Col-0, GFP-rSPL9 and MIM156 plants. Interestingly, the
freshly harvested seeds from unopened siliques of GFP-rSPL9 and
MIM156 displayed greatly increased dormancy compared with
Col-0 (Figure 1B).

We further investigated whether the miR156-targeted SPLs
regulate the transcriptional expression of ABA responsive genes.
Quantitative reverse transcriptase-PCR (qRT-PCR) analyses
showed that ABA-induced expression levels of the representative
ABA-responsive genes Em1 and Em6 were dramatically enhanced
in the GFP-rSPL9 and MIM156 seedlings compared with Col-
0 plants (Figure 1C). In contrast, the ABA-induced expression
levels of Em6 in MIR156 seedlings were obviously lower than
those in WT plants (Figure 1C), demonstrating again that the
miR156-targeted SPLs enhance ABA responses.

SPL9 Directly Activates the Expression

of ABA-Responsive Genes

The above findings that SPLs enhance ABA responses promoted
us to study whether SPLs directly bind to the promoters
of ABA-responsive genes. As plant-specific transcription
factors, SPLs predominantly bind to the common SBP-binding
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FIGURE 1 | The miR156-targeted SPLs enhance ABA responses. (A) Germination phenotype of the indicated seedlings grown on medium containing 0, 0.5, or
1 wM ABA for 7 days. (B) Pre-Harvest Sprouting phenotype of the indicated genotypes in fresh mature siliques. (C) gRT-PCR assays showing the expression
patterns of ABA-responsive genes in 4-day-old seedlings of indicated genotypes with 10 wM ABA treatment (4 h ABA treatment for Em7; 2 h ABA treatment for
Em6). The expression levels in untreated seedlings (Control) for each genotype were set to one. Data are means + SD (n = 3). Asterisks indicate significant
differences between the Col-0 and transgenic seedlings. *P < 0.05, **P < 0.01, n.s. indicates no significant difference (Student ¢-test). (D) Chromatin
immunoprecipitation (ChIP)-gPCR assays showing the enrichment of SPL9 at the Em6 promoter regions. The vertical red lines in the upper panel indicate the

positions of SBP-box binding core motifs. The 6-day-old GFP-rSPL9 seedlings treated without (Control) or with 50 wM ABA for 2 h were harvested for ChIP assays.
Error bars denote & SD (n = 3). ACT7 was used as a control. (E) Transient expression assays illustrating the activation of Em6 promoter by SPL9. Upper panel
shows a representative leaf image, and the column diagram represents relative luminescence intensities (1 = 15). The mean value in combination one was set to one.
*P < 0.01, (Student’s t-test).
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FIGURE 2 | SPL9 physically interacts with ABI5 in vitro and in vivo. (A) Luciferase complementation imaging (LCI) assays showing that SPL9 interacts with ABI5. The
cLUC-SPL9 and cLUC-ABI3/ABI4/ABI5 were co-transformed into Nicotiana benthamiana leaves, respectively. (B) Co-immunoprecipitation (Co-IP) assays showing
that SPL9 physically interacts with ABI5 in vivo. Total proteins were extracted from the 6-day-old seedlings treated with 50 WM ABA for 2 h. The immunoprecipitates
were detected using anti-ABI5 and anti-GFP antibodies, respectively. (C) Bimolecular flu