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Most species in Rosaceae usually need to undergo several years of juvenile phase
before the initiation of flowering. After 4-6 years’ juvenile phase, cultivated loquat
(Eriobotrya japonica), a species in Rosaceae, enters the reproductive phase, blooms
in the autumn and sets fruits during the winter. However, the mechanisms of the
transition from a seedling to an adult tree remain obscure in loquat. The regulation
networks controlling seasonal flowering are also largely unknown. Here, we report
two RELATED TO ABI3 AND VP1 (RAV) homologs controlling juvenility and seasonal
flowering in loquat. The expressions of EjRAV1/2 were relatively high during the juvenile
or vegetative phase and low at the adult or reproductive phase. Overexpression of
the two EjRAVs in Arabidopsis prolonged (about threefold) the juvenile period by
repressing the expressions of flowering activator genes. Additionally, the transformed
plants produced more lateral branches than the wild type plants. Molecular assays
revealed that the nucleus localized EjRAVs could bind to the CAACA motif of the
promoters of flower signal integrators, EjFT1/2, to repress their expression levels. These
findings suggest that £jRAVs play critical roles in maintaining juvenility and repressing
flower initiation in the early life cycle of loquat as well as in regulating seasonal flowering.
Results from this study not only shed light on the control and maintenance of the
juvenile phase, but also provided potential targets for manipulation of flowering time
and accelerated breeding in loquat.

Keywords: flowering time, juvenility, annual flowering, FT, branching, loquat, RAV

INTRODUCTION

Flowering is a crucial process required for reproductive success, integrating external and internal
signals (Song et al., 2013). This process is energy-consuming and therefore plants need to undergo
diverse juvenile periods to accumulate sufficient reserves before flowering (Andrés and Coupland,
2012). For annual plants, such as Arabidopsis, the whole life cycle is limited to several months
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with a short juvenile phase followed by flowering and fruit
setting in the adult phase, and the life cycle ends as fruits
become mature (Somerville and Koornneef, 2002). In contrast,
the long-lived perennial trees, such as poplar and eucalyptus,
have a long juvenile phase that lasts for several years (Missiaggia
et al., 2005; Hsu et al.,, 2006). Although perennial plants bloom
annually or seasonally after the initiation of the first flowering,
the long juvenile period is time-consuming and needs to be
shortened to accelerate breeding and other research programs for
economically important perennial plants (Watson et al., 2018).

As a key developmental event of a plants life cycle, the
juvenile-to-adult transition of both annual Arabidopsis and
perennial trees is regulated by gradually decreasing the
miR156/157 expressions as well as increasing the expressions of
its target genes encoding a set of plant specific SPL (SQUAMOSA
PROMOTER BINDING PROTEIN-LIKE) proteins (Xu
et al, 2016; Jia et al, 2017). Commonly, the miR156 levels
would decline as the plant age increases, which elevates the
expression levels of SPL transcription factors to promote
flowering by inducing the expressions of floral integrator genes
including FLOWERING LOCUS T (FT), SUPPRESSOR OF
OVEREXPRESSION OF CO1 (SOC1), APETALAI (API), and
LEAFY (LFY) (Wang, 2014; Xu et al,, 2018).

The Rosaceae family possesses approximately 90 genera and
3,000 species with several fruit trees like apple, pear, Prunus, and
strawberry producing delicious and nutritious fruits; ornamental
plants such as rose, Prunus mume and oriental cherry as well
as medicinal plants like loquat (also a fruit tree), Potentilla
chinensis and hawthorn (Potter et al., 2007; Xiang et al., 2016).
The growth habits vary greatly in this family, from herbaceous
rosette plants to deciduous or evergreen trees. For example,
the herbaceous strawberry could flower in its first season, while
woody fruit trees usually need several years to end the juvenile
period (Kurokura et al, 2013). FT, a major component of
florigen, and its antagonistic homolog TERMINAL FLOWER
1 (TFL1) are vital regulators of plant flowering (Daniel, 2015),
and their homologs in Rosaceae have proven to initiate the
reproductive phase and regulate seasonal flowering (Kotoda et al.,
2010; Kurokura et al., 2013). Overexpression of FT orthologs
derived from fruit tree species in Arabidopsis induced its early
flowering (Tridnkner et al., 2010; Yarur et al., 2016). Currently
available studies in fruit trees suggested the conserved role of
FT in promoting the floral transition, and additional functions
were implied in these studies based on the observations of
pleiotropic transgenic phenotypes (Goeckeritz and Hollender,
2021). In some other fruit species such as kiwifruit, the FT
orthologs were reported to play a role in maturity regulation
and vegetative phenology in addition to flowering (Voogd et al.,
2017). As another key flowering integrator, SOC1 was frequently
reported to regulate the endodormancy break (Gomez-Soto
et al,, 2021). In sweet cherry, the PavSOCI gene was reported
to interact with dormancy-associated MADS-box (DAM) genes
to co-regulate flower development (Wang J. et al., 2020). In
peach (Prunus persica), PpPSOCI has been used as a marker
for the timing of endodormancy break (Haldsz et al.,, 2021).
Meanwhile, efforts have been made to use these genes as
targets to shorten the juvenile period and accelerate breeding

(Yamagishi et al., 2016; McGarry et al,, 2017; Li et al, 2019).
Nevertheless, the gene network regulating the initiation of
flowering in Rosaceae is still rarely reported, resulting in limited
novel gene targets.

Loquat (Eriobotrya japonica) is a subtropical evergreen fruit
tree native to China (Su et al, 2021). The seedlings need to
undergo 4-6 years of juvenile phase before the first flowering
(Zheng et al, 1991). Its deciduous relatives, such as apple
and pear, induce inflorescence in early summer, develop flower
meristems in autumn, enter endodormancy in late autumn, and
finally bloom in the next spring (Kurokura et al, 2013). By
contrast, the cultivated loquat induces inflorescence and develops
flower in the same year (Jiang et al., 2019), but the process from
flowering to fruit setting occurs quickly in the winter season and
fruits ripen in spring. The life history and annual growth cycle of
cultivated loquat were illustrated in Supplementary Figure 1. As
for loquat, previous works from our group and other researchers
have identified some activators including EjAPI (Liu et al., 2013),
EdFT and EdFD (Zhang et al., 2016), EJLFY (Liu et al., 2017),
EjSOCI (Jiang et al., 2019), EACO and EdGI (Zhang et al., 2019)
and EjSPL3/4/5/9 (Jiang et al., 2020a), as well as repressors like
EJTFLI (Jiang et al., 2020b) and EjFRI (Chen W. et al., 2020). The
functions of these genes were conserved between Arabidopsis and
loquat. However, whether these genes or other genes in loquat
have any relation with the control or maintenance of juvenility is
still unknown. Meanwhile, the pathways of these genes to induce
flowering remain to be elucidated.

RELATED TO ABI3 AND VPI1 (RAV) family genes, including
TEMPRANILLO (TEM), play vital roles in linking photoperiod-,
gibberellin- as well as other pathways to control flowering and
juvenility in Arabidopsis (Castillejo and Pelaz, 2008; Osnato et al.,
2012; Matias-Hernandez et al., 2014). However, it is unknown
whether the homologs of RAV modulate flower initiation in
long-lived perennial trees. To test this idea, here we cloned
two RAV homologs (EjRAVI and EjRAV2) from E. japonica.
EjRAVI and EjRAV2 turned out to be good biomarkers that
maintain juvenility and vegetative stages in loquat with abundant
transcripts at these stages and rarely expressed at reproductive
stages. In this study, we examined the roles of EjRAVI and
EjRAV2 in the transition from juvenile phase to reproductive
phase in loquat, and investigated their functions in seasonal
flowering in trees during fruit production. Our work revealed
that EjRAV proteins could bind to the CAACA motifs in
promoter regions of FT homologs to repress flower signal
integration in loquat.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

According to our previous observations, the cultivated loquat
trees start flower primordial differentiation and inflorescence
formation from late June to July (Liu et al., 2013; Jiang et al,,
2019). Hence, shoot apical meristem (SAM) observation as
well as the collection of SAM and mature leaf samples of
“Zaozhong-6," a main cultivar in China, were performed from
16th May to 8th August in 2018 at the loquat germplasm resource
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preservation garden (South China Agricultural University,
Guangzhou, China). The samples were collected at around 10:00-
11:00 a.m. in every 7 days (except for 23rd May) during this
time window. To decipher the correlations of gene expression
levels between EjRAVI/2 and other flowering regulating genes
for the duration of juvenile phase, mature leaves from 1-year-old
seedlings, 2-year-old seedlings, 2-year-old grafted trees and fruit-
bearing adult trees (all trees with “Zaozhong-6" background)
were collected on 11th July, 2018 (at around 10:00-11:00 a.m.)
with three biological replicates from our germplasm resource
preservation garden. For each replicate, three mature leaves were
randomly collected from one plant and were immediately frozen
in liquid nitrogen.

Arabidopsis and Nicotiana benthamiana were used for stable
and transient genetic transformation, respectively. Columbia-0
(Col-0) ecotype Arabidopsis and N. benthamiana were preserved
by our research group, and tem2 (Col-0 background) mutant
was purchased from the Arabidopsis Biological Resource Center'
with a stock number of CS909678. All these plants were planted
in a long-day (16 h light/8 h dark) greenhouse at 22°C.
The 4-week-old T3 Arabidopsis plants were collected for gene
expression assays.

RAV Gene Family Identification in Loquat

Genome

The six RAV family protein sequences of Arabidopsis were
downloaded from GenBank and used as queries to Blast search
for homologs in “Jiefangzhong” loquat genome (Su et al., 2021)
using TBtools software with an E-value cutoff at 1e~!°, protein
identity>40 and bit score>100 (Chen C. et al., 2020). Expression
level heat maps of the six identified EjRAVs in 10 tissues were
drawn based on FPKM values from transcriptome data (available
at China National GeneBank database with accession number
CNP0001531) using TBtools software (Chen C. et al.,, 2020).
Multiple sequence alignment was performed using ClustalX’.
The phylogenetic relationship of the RAV genes was calculated
by MEGAS5 (Tamura et al., 2011), with the bootstrap values at
the branch nodes calculated from 100 replications. The following
proteins were used for phylogenetic analysis: AtTEM/EDF1
(NP_173927.1), AtRAV2/EDF2/TEM2 (NP_173927.1), AtE
DF3 (NP_189201.1), AtRAV1/EDF4 (NP_172784.1), AtRA
V3 (CAA0284621.1), AtRAVL3 (NP_175524.1); CaRAV
(AAQO05799.1), CsRAV1 (AEZ02303.1), DKERF32 (QFU8520
5.1), DKERF34 (QFU85207.1), EjRAV1 (QBQ58100.1), EjJRAV2
(QBQ58101.1), FaRAV1 (AZL19498.1), FaRAV3 (AZL19
500.1), FaRAV5 (AZL19502.1), FaRAV6 (AZL19503.1), GmRAV
(NP_001237600.1), MdRAV1 (MD13G1046100), MARAV2 (AU
796416.1), MtRAV1 (XP_003591822.1), MtRAV?2 (AES97413.2),
MtRAV3 (AES63108.1), NtRAV (NP_001311676.1), OsRAVLI
(ADJ57333.1), OsRAV6 (XP_015624169.1), PtRAV1 (XP_00
2315958.2), PtRAV2 (XP_002311438.2), PtRAV3 (XP_00230
4025.1), SIRAV2 (ABY57635.1). AtDRN-LIKE (NP_173864.1)
was selected as an out-group.

Uhttps://abrc.osu.edu
Zhttp://www.ebi.ac.uk

RNA Extraction and cDNA Preparation

Total RNA of loquat leaves and Arabidopsis plants were extracted
with the EASYspin Plus plant RNA extraction kit (Aidlab, China)
under the manufacturers’ instructions. Then, the PrimeScript™
RT reagent Kit (TaKaRa, Japan) was used to prepare the first-
strand cDNA of all the samples.

Gene Transformation in Arabidopsis

EjRAV1 and EjRAV2 sequences were amplified and cloned into
the pGreen-35S vector to construct the pGreen-35S:EjRAVI
and pGreen-35S:EjRAV2 vectors with the primer pairs listed
in Supplementary Table 1 using the PrimeSTAR® HS DNA
Polymerase (TaKaRa, Japan). The PCR amplicons and linearized
vector (digested by HindIIl and EcoRI; New England Biolabs,
United States) were fused with a Hieff Clone® Plus One
Step Cloning Kit (Yeasen Biotech, China). 35S:EjRAVI
and 35S:EjRAV2 vectors were first transformed into the
Agrobacterium tumefaciens GV3101:psoup cells, then floral-
dip method was used to transfer overexpression vectors into
Arabidopsis as previously described (Henriques et al., 2006).

Quantitative Real-Time PCR Assays

Gene expression levels were analyzed using quantitative real-time
PCR as previously done (Su et al., 2019). The specific quantitative
primers were designed using the Primer Premier 6.0 software’.
EjRPL18 (MH196507) and AtUBQI0 (AL161503) were used as
the reference genes for loquat and Arabidopsis gene expression
assays. Detailed primer sequence information for all the detected
genes were listed in Supplementary Table 1. All the biological
samples were detected in triplicates using iTaq™ universal SYBR
Green Supermix (Bio-Rad, United States) in the LightCycler480
system (Roche, Sweden).

Transient Expression Assays in Nicotiana

benthamiana

The coding regions without stop codon of EjRAVI and EjRAV2
were fused into pGreen-35S-GFP (green fluorescent protein)
with primer pairs listed in Supplementary Table 1. The
vectors were then transformed into Agrobacterium tumefaciens
GV3101:psoup, GV310l:psoup cells at ODgyy = 1.0 were
centrifuged at 4,500 g for 5 min, and the pellets were suspended
with MMA solution (MES, MgCl, and Acetosyringone) to
ODggo = 0.2 (Hellens et al., 2005). The dilute Agrobacterium
cells were then incubated in dark under room temperature for
1 h and finally used to inject into N. benthamiana leaves. The
tobacco leaves were incubated in long day greenhouse for 2
days, images of EjRAV1-GFP, EjJRAV1-GFP and 35S-GFP were
captured with the Observer. D1 fluorescence microscope system
(Carl Zeiss, Germany).

The pGreen-0800:EjSOCI vectors were previously prepared
(Jiang et al., 2020a). EjFT1 and EjFT2 promoter sequences
were fused into pGreen-0800 vector with primer pairs listed
in Supplementary Table 1, and the protocol for pGreen-0800

3http://www.premierbiosoft.com/primerdesign/
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reporter vector construction was similar to that used in pGreen-
358:EjRAV1 vector preparation. Then, PLACE website* was used
to check the binding sites for RAV proteins on each promoter.
The positions of predicted RAV binding sites on these promoters
were highlighted in Supplementary Figure 2 and listed in the
Supplementary Table 2.

The coding regions of EjRAVI and EjRAV2 were fused into
the pSAK277 vector to construct the effector vector (Hellens
et al., 2005) with primer pairs listed in Supplementary Table 1.
The effector and reporter vectors were then transformed into
Agrobacterium tumefaciens GV3101:psoup cells. Then, the mixed
Agrobacterium solution with effector and reporter vectors was
injected into N. benthamiana leaves as formerly performed
(Hellens et al., 2005). The activities of firefly and renilla
dual-luciferase were detected using a Dual-Luciferase Reporter
Assay kit (Promega, America) under the instruction of the
manufacturers 2-3 days after leaf injection.

Electrophoretic Mobility Shift Assay

The coding sequences of EjRAVI and EjRAV2 were cloned
into pET28a using primers listed in Supplementary Table 1.
The 6 x His-EjRAV recombinant proteins and 6 x His
control were expressed in Escherichia coli BL21 (DE3) cells
and induced at ODgpp = 0.6~0.8 by 1 mM isopropyl-beta-
D-thiogalactoside (IPTG), and oscillated for 4 h at 220 rpm
(revolutions per minute) after addition of IPTG. The raw induced
proteins were then purified with Amylose Magnetic Beads (NEB,
United States). Electrophoretic Mobility Shift Assay (EMSA)
assays were performed as previously described (Yu et al., 2020).
An EMSA Probe Biotin Labeling Kit (Beyotime, China) was
then used to label biotin to the ends of oligonucleotide probes.
Excessive unlabeled wild type or mutant probes were used for
competition experiments. The probe sequences were listed in
Supplementary Table 1. The EMSA assay was performed with
an EMSA/Gel Shift kit and detected with a chemiluminescent
EMSA kit (Beyotime, China). Ultimately, photos of all the gel
shift experiments were taken with a ChimeScope series 3300 mini
system (Clinxscience, China).

Yeast One-Hybrid Assays

Yeast one-hybrid (Y1H) assays were performed according to
the Matchmaker Gold YI1H system user manual (Clontech,
America) to detect the binding capacities of EjRAV1/2 to the
EjFT promoters. Both EjFT1 and EjFT2 promoters contain five
putative RAV binding elements (CAACA motif or CACCTG
motif, see in Supplementary Figure 2 and Supplementary
Table 2). According to Supplementary Figure 2, four promoter
segments containing all the binding motifs were designed for
yeast binding assays, and the segment regions were separately
inserted into the pAbAi reporter vector to obtain baits.
Meanwhile, the CDS of EjRAV1/2 was fused to the pGADT7
vector. Then, the recombinant pGADT7-EjRAV1 or pGADT7-
EjRAV2 was transformed into the YIHGold yeast strain with
linearized reporter plasmid pAbAi-proFT1 or pAbAi-proFT?2 to

“https://www.dna.affrc.go.jp/PLACE/?action=newplace

further determine the protein-DNA interactions. The primers
used in these assays were listed in Supplementary Table 1.

RESULTS

Identification of RAV Family Genes

A total of six RAV family genes were identified in the loquat
genome (Figure 1A). These genes were clustered into three
clades, among which Ej00070074 and Ej00062569 were clustered
with four Arabidopsis RAV/ITEM genes (RAVI, RAVI-LIKE,
RAV2 and RAV2-LIKE), Ej00055913, Ej00028520 and Ej00016351
grouped with FaRAV5, while Ej00018657 clustered into the
RAV3 clade. These genes showed different expression patterns.
Ej00070074 and Ej00062569 (formerly named as EjRAVI and
EjRAV2) were found to be highly expressed in most of the
vegetative tissues while the expression levels of the other
four genes were scarcely detected (Figure 1B). The highly
expressed EjRAVI and EjRAV2 were speculated to possibly
play a role in repressing flowering or repressing flower bud
differentiation in loquat.

EjRAV1/2 Abundance Negatively
Associated With the Annual Flowering

Pattern

To understand the potential roles of EjRAVI and EjRAV2, we
first analyzed their expression patterns in fruit producing trees
of Zaozhong-6 during inflorescence development. We started
observations in May because fruits ripened in April and the
SAM was still at vegetative growth stage. At this moment, the
expression of EjAPI, a marker gene for floral initiation, was
almost undetectable (Figures 2A,B). The SAM of trees stopped
growing in July as the vegetative growth ceased, and the floral
initiation and inflorescence development started. Ultimately, the
SAM was transformed into inflorescence from shoot as the
transcription levels of EfAPI started to elevate dramatically from
18th July (Figures 2A,B).

Abundant EjRAVI and EjRAV2 transcripts were detected at
the vegetative growth stage. When the vegetative bud growth
ceased, their expression levels were dramatically decreased and
maintained at extremely low levels till the floral initiation started
(Figures 2C,D). In contrast, the expressions levels of EjFT1 and
EjFT2 increased as EjRAVI and EjRAV2 were down-regulated
(Figure 2E). Interestingly, the expression levels of both EjSOCI-
1 and EjSOCI-2 increased after the up-regulation of EjFT1
and EjFT2, and a remarkable increase in the expression levels
of EjAPI was also detected (Figure 2F). The gene expression
assays suggested that EJRAVI and EjRAV2 may act as negative
regulatory factors in the initiation of flowering in a fruit
producing loquat tree.

Abundant EjRAV1/2 and Rare EjFT and
EjSOCT1 Transcription Levels in Seedlings

at Juvenile Phase
Prolonged juvenile phase is one of the most important ways
that guarantee species survival. However, it reduces breeding

Frontiers in Plant Science | www.frontiersin.org

December 2021 | Volume 12 | Article 816086


https://www.dna.affrc.go.jp/PLACE/?action=newplace
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Peng et al.

EjRAV1/2 Delay Flowering in Loquat

MJRAV2
A EjRAV1 (Ej00070074)
MdRAV1

A EjRAV?2 (Ej00062569)

97

DKERF32
DKERF34

NtRAV

SIRAV2
CaRAV
MtRAV2
MtRAV1
GmRAV
AtRAV1/EDF4
AtEDF3/RAVIL
AtRAV2/EDF2/TEM2
100 ' AtTEM1/EDF1

69

81

FaRAVS
Ej00055913
Ej00028520
Ej00016351

FaRAV3
PtRAV3

0.1

FIGURE 1 | A phylogenetic tree and expression heat map of RAV family genes in loquat. (A) A phylogenetic tree containing RAV homologs identified in loquat
genome and other species. AtDRN-LIKE was selected as an outer-group. The red triangles indicate candidate RAVs that play role in the transition of reproductive
phase in loquat. At, Arabidopsis thaliana; Ca, Capsicum annuum; Cs, Castanea sativa; Dk, Diospyros kaki; Ej, Eriobotrya japonica; Fa, Fragaria ananassa; Gm,
Glycine max; Md, Malus domestica; Mt, Medicago truncatula; Nt, Nicotiana tabacum; Os, Oryza sativa; Pt, Populus trichocarpa; S|, Solanum lycopersicum.

(B) Tissue expression patterns of E[RAV family genes based on FPKM values from 10 tissues.

B
140.00
EEN EEEE o
100.00
HEEE EE 0
60.00
40.00
20.00
. 0.00
OsRAV6
OsRAVL1
FaRAV1
X @ & > X
ADRN-LIKE \oo@&\o‘%’\ N S
3 N eL & 2
e ST LY %
OQQ@@% N
) ()
S N

efficiency, especially for perennial crops. To further confirm
whether EjRAVI and EjRAV2 play roles in the regulation of
juvenile phase in loquat, we analyzed the expression patterns
of EjRAVI1/2 and other important flowering regulating genes
in 1-year-old seedlings, 2-year-old seedlings, 2-year-old grafted
trees, and fruit-bearing trees (Figure 3A). The 1-year-old
seedlings and 2-year-old seedlings were still at the juvenile
phase. The SAMs of both 2-year-old grafted trees (the scions
were cut from fruit-bearing trees) and fruit-bearing trees were
transformed into inflorescence in the autumn and set fruits
later. The abundance of EjRAVI and EjRAV2 transcripts were
gradually reduced as the tree achieved the ability to form floral
bud step by step (Figures 3B,C). By contrast, the expression
levels of EjFT1, EjSOCI-1 and EjSOCI-2 increased continuously
over this period (Figures 3D-F). Overall, the gene expression
analyses suggested that EjRAV1 and EjRAV2 may act as important

regulators of juvenility phase by repressing the flowering
activator gene expressions.

Overexpression of EjRAV1/2 Prolonged

the Juvenile Phase in Arabidopsis

To confirm the above-mentioned speculation on the functions
of EjRAV1 and EjRAV2 in the regulation of flowering time, we
cloned each of them into a pGreen-35S plant overexpression
vector for overexpression (OE) in Arabidopsis. Sequence
alignment revealed that the encoded proteins of both genes are
characterized by an AP2 domain and a B3 domain, as well as by
a nuclear localization signal (NLS) and a B3 repression domain
(Supplementary Figure 3). OE of both EjRAVI and EjRAV2 in
Columbia-0 (Col-0) background significantly delayed flowering
(Figure 4A). The days to bolting after germination strikingly
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FIGURE 2 | Floral initiation and expressions of flowering regulating gene homologs in “Zaozhong-6" loquat. (A) Developmental changes in shoot apical meristem
(SAM) of “Zaozhong-6” loquat from May 2018 to April 2019. (B=F) Expression patterns of E/AP1 (B), EjRAVT (C), E[RAV2 (D), EjFT1/2 (E), and E[SOC1-1/2 (F)
during floral initiation and early inflorescence development. EjAP7 was detected in SAM, while other genes were detected in mature leaves. The error bars represent
standard deviation for three biological replicates. The light gray colored window indicates vegetative phase.
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increased (3-4-fold) for all the OE transgenic plants than the
wild type plants (Figure 4B), which indicated that EjRAV1 and
EjRAV2 prolonged the juvenile phase in transgenic plants. At the
same time, the number of rosette leaves of each OE transgenic
line also greatly increased (Figure 4C). Unexpectedly, all the
OE transgenic plants had a larger number of branches (about
twofold) (Figures 4D,E) and stronger root systems than that
of Col-0 (Figure 4E). It was also interesting that abundant
anthocyanins were enriched in the basal parts of petiole and stem
for all the OE transgenic plants (Figure 4F). Gene expression
quantification confirmed that the expression levels of flowering
activating genes, including AtFT, AtSOCI, AtAPI, and AtLFY,
were significantly reduced in EjRAVI-OE and EjRAV2-OE
transgenic plants compared to the wild type plants (Figure 4G).
In addition, EjRAVI and EjRAV2 were overexpressed in the tem?2
mutant. Only stable EjRAV2-OE lines were obtained on the
tem2 background. EjRAV2-OE/tem2 rescued the phenotype of
tem2 to that of Col-0 wild type plant (Figure 4H). The days
to bolting and numbers of rosette leaves of EjRAV2-OE/tem2
transgenic plants were strikingly larger (> 2 fold) than that of
the tem2 mutant (Figures 4L,)). In summary, the OE experiments
conducted here indicated that EjRAVI and EjRAV2 repress the
flowering and activate branching and anthocyanin accumulation
in transgenic plants.

EjRAV1/2 Localized in Cell Nuclei and
Bind to CAACA Motifs to Repress the
Expressions of EjFT and EjSOC1

In agreement with the conserved NLS) appeared at the 5’
terminals of the encoded amino acid sequences (Supplementary
Figure 3), EjJRAV1-GFP and EjRAV2-GFP were localized in the
cell nuclei of tobacco leaf cells (Figure 5A). To understand
whether these two proteins play a role in EjFT or EjSOCI
expression modulation, dual-luciferase assays were performed.
A total of 5, 5, 5, and 1 candidate RAV family protein binding sites
were identified in the promoter regions of EjFT1, EjFT2, EjSOCI-
1 and EjSOCI-2, respectively (Supplementary Figure 2 and
Supplementary Table 2). The luciferase assay data showed that
EjRAV1 greatly reduced the expressions of EjFT1/2 and EjSOCI-
1/2, while EjRAV2 could significantly inhibit the expressions of
EjFT2 and EjSOCI-2 (Figure 5B). Overall, these results suggested
that the EjRAV1/2 proteins localized in the cell nucleus play
regulatory roles in loquat.

To further check the abilities of EjRAV1 and/or EjRAV2 to
regulate the expression levels of these genes, EjJRAV1 and EjRAV2
proteins were prepared with Escherichia coli cells. Specific bands
were induced by IPTG with protein size between 40 and 55
KDa and purified with Amylose Magnetic Beads. Protein-DNA
binding was then assayed for EjJRAV1-proEjFT1/2 and EjRAV2-
proEjFT1/2 (Supplementary Figure 4), EjRAV1-proEjSOCI-
1/2 and EjRAV2-proEjSOCI-1/2 (Supplementary Figure 5)
combinations. The EMSA assays indicated that EjRAV1, but
not EjRAV2, can bind directly to the CAACA motif at P1
(—1583 to —1579 bp) of proEjFTI, but not proEjFT2, in vitro
(Figures 5C,D and Supplementary Figure 4). Yeast one-hybrid
assay was performed to identify other binding sites on proEjFT2,

which showed that EjJRAV1 and EjRAV2 can directly bind in vivo
to segment3 (—1118 to —994 bp) that contains two CAACA
motifs (Figure 5E).

DISCUSSION

Loquat, a Distinct Evergreen Fruit Tree,

Blooms in Autumn

The decision to flower in plants during both the early life
cycle and annual growth season is a complicated process that
ultimately affects reproductive ability, breeding efficiency as well
as other research progresses on the species (Somerville and
Koornneef, 2002). In addition, flowering time determines the
season for fruit, cut-flower and other horticultural products
supplies (Wilkie et al., 2008). Loquat is one of the minor
fruit trees whose fruits ripen from spring to early summer
to meet the market demand of fresh fruits in spring, which
benefits the growers greatly (Badenes et al., 2009). Commonly,
SAM of perennial plants such as poplar (Tylewicz et al., 2018)
and deciduous fruit trees (Kurokura et al., 2013) would cease
growth and enter dormancy in fall to enable survival in the
cold-drought stressful winter. The time of dormancy release is
closely related to the flowering time of deciduous fruit trees
including apple, pear, peach, and apricot (Falavigna et al,
2019). Here, we found that loquat initiated floral bud formation
(Figure 2A) in a similar season compared with that of apple
and pear in summer (Wilkie et al., 2008); however, the loquat
SAM developed into an indeterminate panicle and bloomed
immediately after floral initiation (Figure 2A) without the growth
cease of reproductive buds or entering dormancy in fall. These
results were in accordance with previous observations on the
morphological transition of SAM, which also revealed immediate
floral initiation in loquat (Liu et al., 2013; Jiang et al., 2019).
Collectively, the results from the present and previous studies
revealed that the constant development of inflorescence and
flower bud without entering dormancy leads to the unique
flowering habit (in autumn) of cultivated loquat. Future in-
depth studies are required to elucidate how cultivated loquat has
evolved this distinct flowering ability.

RAV Homologs Maintain Juvenility and

Repress Floral Induction in Loquat

The peculiar flowering habit of loquat ensures the availability
of its fresh fruits in spring, a season short of fresh fruits in
the market. Lots of endeavors aiming to identify pathways
modulating flower induction in loquat have been carried out
in the last decade (Esumi et al, 2005; Yang et al, 2007;
Fernandez et al., 2010; Liu et al., 2013; Zhang et al., 2016;
Reig et al, 2017; Jiang et al, 2019, 2020a,b; Chen W. et al,
2020; Xia et al, 2020). FT and SOCI are floral integrators
that link upstream photoperiod and other environmental or
internal signals to promote flowering, while the downstream
API controls the identity of floral meristem during flower bud
transition (Bliimel et al., 2015; Bouché et al., 2016). In loquat,
using orthologs of these genes as biomarkers, the developmental
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presumptive RAV protein binding sites on promoter of EjFT1 at (—1583 to —1579 bp), (—1059 to —1054 bp), (—1033 to —1029 bp), (—782 to —778 bp), and (—73 to
—66 bp). Unlabeled probe could reduce binding ability of EjRAV1 to P1 in (D). (E) Binding ability of EjJRAV1 and EjRAV2 to segment3 (—1118 to —994 bp) of EjFT2
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stages of SAM during the annual growth cycle were classified
as vegetative growth, vegetative growth cease and floral bud
initiation (Figure 2), in accordance with our former histological
observations (Jiang et al., 2019). In reference to these stages,
negative correlations were detected between the expressions of
EjRAV1/2 and the flowering activators, FT, SOCI, and API.
Notably, the elevation of expressions of flowering activators
occurred after the down-regulation of EjRAV1/2 (Figures 2B-F).
These results implied that EjRAV1/2 are repressors of flowering
during the vegetative phase of an annual growth season.

The long juvenile phase would severely reduce breeding
efficiency of a perennial crop. Therefore, identifying targets to
promote flower initiation at early stage became utmost important
(Watson et al., 2018). Although a few flowering regulating
genes have been reported to shorten the juvenile period (Hsu
et al.,, 2006; Kotoda et al., 2010; Li et al., 2019), few studies
were focused on the identification of candidate genes associated
with the promotion or release of juvenility (Missiaggia et al.,
2005). In the current study, remarkable negative correlations
were discovered between the expressions of EjRAV1/2 and three
flowering activator genes in loquat trees at different growth
stages. The abundant accumulation of EjRAV1/2 was related
with the low expressions of EjFT and EjSOCIs at seedling
stage, while high expression levels of EjFT and EjSOCIs and
low levels of EjRAV1/2 were detected in fruit bearing trees.
Similarly in olive and antirrhinum, high DeTEM or AmTEM gene
expressions were detected during the juvenile phase (Sgamma
et al,, 2015). To further validate the functions of EjRAV1/2, we
generated overexpressed EjRAVI and EjRAV2 transgenic plants
of Arabidopsis with two different backgrounds (Col-0 ecotype
and tem2), and the flowering time of all the transgenic plants
were delayed while the juvenile period prolonged strikingly with
a sharp decline of expression levels of flowering activator genes
(Figure 4G). Our results were consistent with previous studies
on the overexpression of AtTEM1/AtTEM?2 (Castillejo and Pelaz,
2008) and DeTEM/AmTEM (Sgamma et al., 2015). Here, the gene
expression analyses and overexpression experiments revealed
that EjRAV1/2 are vital regulators of prolonged juvenility and
repress floral induction in loquat.

EjRAVs Bind to the CAACA Motif of
Flowering Signal Integrators to Delay

Flower Bud Induction

Binding to the CAACA or CACCTG motif is essential for RAV
genes to link photoperiod and gibberellin pathways to modulate
flowering in Arabidopsis (Kagaya et al., 1999; Castillejo and Pelaz,
2008; Osnato et al., 2012). The expression of FT, modulated by
the balance between CO and TEM, is an integrated signal that
triggers flowering (Castillejo and Pelaz, 2008). Here, we identified
the binding and transcriptional regulation capacities of EjRAV1/2
on FT and SOCI homologs. Our results confirmed that cell
nuclei localized EjRAV1/2 bind to the CAACA motif upstream
of EjFT1 and EjFT2 promoters to repress their expressions.
Although SOC1 is also a flowering pathway integrator and
EjRAV1/2 sharply reduced the expression of EjSOCI, no binding
site was detected on EjSOCI’s promoter region by EMSA

(Supplementary Figure 5). This might be due to that EjRAV1/2
influence EjSOCTI’s expression through another way instead of
directly binding to the promoter region of EjSOCI, or due
to other reasons, which requires future investigations. While
AtRAVs and EjRAVs bind to the CAACA motifs upstream of
FT promoter regions (Castillejo and Pelaz, 2008), OsRAVLI, a
RAV homolog from rice, binds to the E-Box (CACCTG) in the
promoters of Brassinosteroid (BR) signaling and the biosynthetic
genes (Je et al,, 2010).

EjRAVs Promote Branching and

Anthocyanin Accumulation

Plant architecture is one of the most important factors
modulating grain/fruit production (Wang L. et al, 2020).
Loquat is particularly robust in apical dominance and deficient
of lateral branches, which remarkably limit the potential of
fruit yield improvement (Badenes et al., 2009). Interestingly,
the overexpression of EjRAVI1/2 remarkably promoted lateral
branches in Arabidopsis, similar to the role of their close
homologs CsRAV1 (Moreno-Cortés et al.,, 2012) and PtRAVI
(Moreno-Cortés et al., 2017) in the induction of sylleptic
branches. Transgenic plants overexpressing RAVI lost shoot
apical dominance in Arabidopsis. In rice, OsRAVLI (Je et al,
2010) and OsRAV6 (Xianwei et al., 2015) maintain BR
homeostasis to modulate leaf angle and seed size. Meanwhile,
the TEM genes in Arabidopsis can link photoperiod and
gibberellin signals to control flowering (Osnato et al., 2012)
and jasmonic acid signaling in salt tolerance (Osnato et al.,
2020). These studies suggest that RAVs may act to reprogram
hormone homeostasis and signal transduction to further promote
lateral branches. In Arabidopsis, changes on strigolactone
signaling affected shoot branching and anthocyanin biosynthesis
via binding to BRANCHEDI (BRCI) and PRODUCTION
OF ANTHOCYANIN PIGMENT 1 (PAPI) promoters (Wang
L. et al, 2020). Consistent with this speculation, research
in strawberry revealed that FaRAVI1 can positively regulate
anthocyanin accumulation in the fruit by activating FaMYBI0,
a homolog of PAPI (Zhang et al., 2020). Meanwhile, the vital
branching regulators including BRCI (Niwa et al., 2013) and it
homologs TEOSINTE BRANCHED 1, CYCLOIDEA, PCF/TCP
transcription factors (Lucero et al, 2017) were involved in
flowering time regulation via interacting with FT or direct
regulation of SOCI transcription. Therefore, the RAV gene family
play vital roles in many developmental processes.

Here, we identified two multifunctional RAV homologs in
loquat with major roles in maintaining juvenility and delaying
flowering in an annual growth cycle. Based on these results, we
presented a potential model of pathways of EjRAV1/2 to modulate
floral bud formation during the tree life cycle and annual growth
cycle based on molecular assays (Figure 6). In this putative
model, EjRAV1/2 bind directly to the CAACA motifs upstream of
EjFT1 and EjFT2 promoters and repress their expressions to keep
loquat trees in the juvenile phase and delay flowering in an annual
growth cycle. In addition, EjRAVI and EjRAV2 are important
regulators of shoot branching and anthocyanin biosynthesis. The
substantial evidence revealed that EjRAV1/2 play vital roles in the
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FIGURE 6 | A proposed model for EjRAV1/2 to regulate flowering time. The central network shows that EjRAV'1/2 repress FT and SOC7 homologs expressions to
delay flowering in an annual production season of loquat. The arrows represent promotion of FT and SOC1 homologs on flower initiation. The T arrows represent

transcriptional repression of EjRAV1/2 on FT and SOCT expressions.
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initiation of flowering, and both could be potential targets for
breeding programs to accelerate loquat breeding by shortening
the juvenile phase and extend the fruit supply season.

CONCLUSION

Two RELATED TO ABI3 AND VPI (RAV) homologs were
isolated in loquat. These two genes maintained high expressions
during the juvenile or vegetative phase, which was negatively
correlated with flowering promoting genes like EjFT1/EjFT2
and EjSOCI-1/EjSOCI-2. Overexpression of EfJRAVI and EjRAV2
delayed flowering and repressed FT, SOCI and API expressions
in Arabidopsis. Both EjRAV1 and EjRAV2 proteins are localized
to the cell nuclei and could bind to the CAACA motifs and repress
the expressions of EjFTs and EjSOCIs. These findings contribute
to our understanding of the molecular mechanism of loquat

phase change and flowering time regulation and provide gene
targets to shorten the fruit tree juvenility and accelerate breeding.
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Large and premature organ abscission may limit the industrial development of fruit
crops by causing serious economic losses. It is well accepted that ethylene (ET) is a
strong inducer of organ abscission in plants. However, the mechanisms underlying the
control of organ abscission by ET are largely unknown. We previously revealed that
LcKNAT1, a KNOTTED-LIKE FROM ARABIDOPRSIS THALIANA1 (KNAT1)-like protein,
acted as a negative regulator in control of fruitlet abscission through suppressing
the expression of ET biosynthetic genes in litchi. In this study, we further reported
that LcKNAT1 could also directly repress the transcription of LcEIL2 and LcEIL3, two
ETHYLENE INSENSITIVE 3-like (EIL) homologs in litchi, which functioned as positive
regulators in ET-activated fruitlet abscission by directly promoting the expression of
genes responsible for ET biosynthesis and cell wall degradation. The expression level of
LcKNAT1 was downregulated, while LcEIL2/3 was upregulated at the abscission zone
(AZ) accompanying the fruitlet abscission in litchi. The results of electrophoretic mobility
shift assays (EMSASs) and transient expression showed that LcCKNAT1 could directly bind
to the promoters of LcEIL2 and LcEIL3 and repress their expression. Furthermore, the
genetic cross demonstrated that the B-glucuronidase (GUS) expression driven by the
promoters of LcEIL2 or LcEIL3 at the floral AZ was obviously suppressed by LcKNATT
under stable transformation in Arabidopsis. Taken together, our findings suggest that the
LcKNAT1-LcEIL2/3 regulatory module is likely involved in the fruitlet abscission in litchi,
and we propose that LcKNAT1 could suppress both ET biosynthesis and signaling to
regulate litchi fruit abscission.

Keywords: litchi (Litchi chinensis Sonn.), fruitlet abscission, LcCKNAT1, LcEIL2/3, ethylene

INTRODUCTION

Organ abscission is a widespread phenomenon throughout the life cycle of plants that occurs not
only under stressful environmental conditions (biotic and abiotic) but also as a result of its own
developmental process (Sexton and Roberts, 1982; Patterson, 2001; Taylor and Whitelaw, 2001;
Roberts et al., 2002; Estornell et al., 2013). A high incidence of organ abscission (leaves, flowers,
or fruits) may limit yield in crop species and, therefore, make their cultivation economically not
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viable. Thus, understanding the molecular mechanism of
abscission is of great significance for the development of
the crop industry.

Many factors coordinate the abscission process, of which
plant hormones play a critical role. It is now well accepted
that ethylene (ET) acts as a strong inducer in organ abscission.
ET is formed from methionine via S-adenosyl-L-methionine
(AdoMet) and 1-aminocyclopropane-1-carboxylic acid (ACC).
ACC synthase (ACS) and ACC oxidase (ACO) catalyze the
conversion of AdoMet to ACC and of ACC to ET, respectively
(Yang and Hoffman, 1984). The effect of ET on organ abscission
is closely related to its biosynthesis and signal transduction
pathway. On the one hand, the increase of ET production
was found in organs prior to abscission (Meir et al., 2019).
On the other hand, organ abscission was induced or obviously
accelerated after the application of exogenous ET, such as fruit
abscission in mango (Nunez-Elisea and Davenport, 1986), olive
(Kitsaki et al., 1999), apple (Dal et al., 2005), grape berry
(Uzquiza et al., 2014), and litchi (Li et al, 2015; Ma et al,
2021), leaf abscission in citrus (Gomez-Cadenas et al., 1996),
and flower abscission in Lupinus luteus (Wilmowicz et al,
2016). As the core downstream transcription factor (TF) of ET
signaling, ETHYLENE INSENSITIVE 3 (EIN3) and EIN3-LIKE
(EIL) proteins are considered to play a crucial role in ET-
induced organ abscission. For example, OeEIL2 was upregulated
under ET treatment and was identified to be associated with
mature fruit abscission in olive (Parra-Lobato and Gomez-
Jimenez, 2011). ET treatment accelerated the leaf abscission of
Chinese cabbage, in which the expression of BcEIL1/2/3 was
significantly induced (Meng et al., 2019). After knocking down
the expression of LeEILs, the flower abscission was obviously
reduced in tomatoes (Tieman et al, 2001). Recently, we also
found that LcEIL2/3 functioned as positive regulators of fruitlet
abscission in litchi, probably by activating the expression of
genes responsible for ET biosynthesis and cell wall degradation
(Ma et al, 2020). Taken together, previous studies strongly
demonstrate that organ abscission is closely associated with ET
biosynthesis and signaling. However, how the ACS/ACO genes
are regulated and the mechanism underlying EIN3/EILs in the
regulation of abscission remains elusive.

Litchi (Litchi chinensis Sonn.) is an important tropical and
subtropical economic fruit crop. It is widely cultivated in
over 20 countries. However, there are three or four waves of
physiological fruit abscission dependent on cultivars throughout
fruit development, leading to heavy economic loss and extremely
limiting the development of the litchi industry (Yuan and
Huang, 1988; Mitra et al., 2003). In Arabidopsis, KNOTTED-
LIKE FROM ARABIDOPSIS THALIANA1/BREVIPEDICELLUS
(KNAT1/BP) has been proven to be a key downstream
factor of the INFLORESCENCE DEFICIENT IN ABSCISSION-
HAESA/HAESA-LIKE2 (IDA-HAE/HSL2) pathway that controls
the floral organ abscission in an ET-independent mode (Butenko
et al., 2003; Cho et al., 2008; Stenvik et al., 2008; Shi et al., 2011;
Santiago et al., 2016). In a previous study, we identified a KNAT1
homolog in litchi, i.e., LcKNAT1; interestingly, LcKNAT1 could
suppress the ET production to control the fruitlet abscission by
directly binding to the promoter of ET biosynthesis genes (Zhao

et al., 2020). In this study, we further reported that LcKNAT1
could also directly bind to the promoters of LcEIL2/3 and
suppress their expression. These results suggest that LcKNAT1
could regulate the fruitlet abscission by suppressing both ET
biosynthesis and signaling in litchi.

MATERIALS AND METHODS

Plant Materials and Treatments

Three 20-year-old “Feizixiao” litchi trees (L. chinensis Sonn.)
were randomly selected in the orchard of the South China
Agricultural University. Twenty fruit-bearing shoots about 5-
8 mm in different directions were chosen. Treatment of fruitlet
removal at 25 days after anthesis was applied in ten shoots,
and the other ten were used as control. Among each treatment,
three shoots were used to monitor the dynamics of peduncle
abscission and the others were used for sampling. Fruitlet
abscission zone (FAZ) samples were collected and stored at -80°C
for future analyses. Each tree was treated as a biological replicate
(Li et al,, 2015).

Generation of Transgenic Plants

The coding sequence of LcKNAT1 was cloned and infused into
vector pPCAMBIA1302 driven by the CaMV 35S promoter. Then,
the recombinant construct was transformed into Arabidopsis Col
plants according to the floral dip method (Clough and Bent,
1998). Transgenic lines were selected by hygromycin resistance
and analyzed by quantitative reverse transcription PCR (qRT-
PCR). T3 homozygous transgenic Arabidopsis plants were used
for further analysis.

2',7’-Bis-(2-Carboxyethyl)-5-(and-6)-
Carboxyfluorescein Fluorescence

Analyses

The 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein
(BCECF) fluorescence analysis was carried out to measure
cytosolic pH. According to the previously described studies
(Sundaresan et al., 2014; Ying et al., 2016), Arabidopsis flowers
were removed from the plant body and soaked into 10 uM
BCECF-AM (B1150, Thermo Scientific) solution for 20 min
under darkness. Then, phosphate-buffered saline (PBS, pH
7.4) was used to remove the excess BCECF-AM. Images were
taken using the confocal laser scanning microscope (LSM 7
DUO, ZEISS, Germany). BCECF fluorescence and chlorophyll
autofluorescence were detected under 488 nm and 633 nm
light, respectively.

Histochemical g-Glucuronidase Assays

and Genetic Cross Assays

Notably, 1,500 bp promoter sequence of LcEIL2 or LcEIL3
was cloned and infused into vector pCAMBIA1391 which
contains the p-glucuronidase (GUS) reporter, respectively. The
recombinant constructs were transformed into Arabidopsis
Col plants to obtain T3 homozygous Prorcpmn2:GUS or
Propcpr3:GUS plants. Then, T3 homozygous Propcgr2:GUS
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plants or Pror .y 3:GUS plants were crossed with T3 homozygous
35S8:LcKNATI-2 plants, and F1 358:LcKNATI1-2 X Propcgrr2:GUS
plants or 35S:LcKNATI-2 x Prorcpir3:GUS plants were used
for GUS staining. In brief, flowers/siliques of transgenic plants
were incubated in GUS staining buffer for 6 h at 37°C and then
decolorized using 70% ethanol. GUS signals were detected by a
stereoscope (ZEISS, SV11).

Real-Time Polymerase Chain Reaction
Analysis

Total RNA was extracted using the Column Plant RNAout Kit
(TIANDZ, Beijing). The TransScript One-Step gDNA Removal
Kit and the cDNA Synthesis SuperMix Kit (TransGen, Beijing)
were used to generate the first-strand ¢cDNA. qRT-PCR was
performed using SYBR Green Polymerase Chain Reaction (PCR)
SuperMix (Bio-Rad) on an ABI7500 Real-Time PCR System
(Applied Biosystems). The expression level was analyzed using
elongation factor 1-alpha (EF-1a) and Ubiquitin 10 (UBQ) as
an internal reference for litchi and Arabidopsis, respectively
(Zhong et al., 2011; Ying et al., 2016). Three biological replicates
were carried out.

Yeast One-Hybrid Assay
Yeast one-hybrid (Y1H) assay was performed by using the
Matchmaker Gold Yeast One-Hybrid System (Clontech). The

coding sequence of LcKNAT1 was inserted into the pGADT?7
vector. LcEIL2 or LcEIL3 promoter was cloned into the pAbAi
vector. The recombinant pAbAi constructs were linearized
and then transformed into the Y1H Gold strain, respectively.
Positive yeast cells were transformed with pGADT7-LcKNAT].
The DNA-protein interaction was assessed based on the
growth ability of transformed yeast on SD/-Leu medium with
aureobasidin A (AbA).

Electrophoretic Mobility Shift Assay

The sequence containing the DNA-binding domain of LcKNAT1
was cloned into vector PGEX-4T-1, and then, the recombinant
construct was transformed into Escherichia coli strain BM
Rosetta (DE3). The GST-LcKNAT1 fusion protein was purified
using GSTSep Glutathione Agarose Resin (YEASEN, Shanghai).
The probes including KNOX binding sites were biotin-
labeled at the 3’ end, deriving from LcEIL2 and LcEIL3
promoters. The cold probes, containing the same sequences
without biotin-labeled, and the mutant probes were used
as competitors. These probes were incubated with GST-
LcKNAT] fusion protein. The DNA-binding assays were detected
using the LightShift Chemiluminescent EMSA Kit (Thermo
Scientific, Illinois, United States). ChemiDoc MP Imaging System
(Bio-Rad, Hercules, CA, United States) was used to take
the binding photos.
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Dual-Luciferase Reporter Assay

To detect the effect of LcKNAT1 on the transcriptional ability of
LcEIL2 and LcEIL3, a dual-luciferase (LUC) transient expression
system was performed. The coding sequence of LcKNAT1 infused
into pGreenll 62-SK vector was used as the effector. The
promoter sequence of LcEIL2 or LcEIL3 inserted into pGreenll
0800-LUC vector was used as the reporter. Each pair of effector
and reporter was incubated and co-transformed into tobacco
leaves as reported previously (Ma et al., 2019). Notably, 2 days
later, the Dual-Luciferase Assay reagents (Promega) were used
to detect the LUC and renilla (REN) LUC activity, and then,
the ratio of LUC/REN was calculated. For each pair, at least six
independent replicates were performed.

Statistical Analysis

Data were reported as the means + SE. Statistical significance was
detected according to the one-way ANOVA using SPSS (version
21.0, Chicago, IL, United States).

RESULTS

LcKNAT1 Is Decreased but LcEIL2/3 Are
Increased at Abscission Zone
Accompanying the Fruitlet Abscission

Process in Litchi
Previously, LcKNATI was found to be significantly
downregulated, while LcEIL2/3 was obviously upregulated

A
Site Sequence
LcEIL2pro 547 (+) TGACTAGGT
624 (-) TGACCTGAC
LcEIL3pro
735 (-) TGACCTTTTTGAC
B Empty LcKNAT1
-Ura -Ura/+AbA2® -Leu/+AbA2%®

. :

LcElL2pro [

‘l. .
LcEIL3pro | j .

FIGURE 2 | Binding of LcKNAT1 to the promoters of LcEIL2 and LcEIL3 by
Yeast one-hybrid (Y1H) assay. (A) The core TGAC cis-elements were
responsible for KNOX protein binding in the promoters of LcEIL2 and LcEIL3.
(B) The Y1H analysis of LcKNAT1 binding to LcEIL2/3 promoters. Left: No
basal activities of LcEIL2 or LcEIL3 promoter were detected in yeast grown on
SD medium lacking Ura in the presence of aureobasidin A (AbA). Right: Yeast
growth assay after the Y1H reporter strains were co-transformed with
LcKNAT1 effector. The interaction was evaluated based on the growth
conditions of transformed yeast on SD medium lacking Leu in the presence of
AbA.
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FIGURE 3 | Binding of LcKNAT1 to LcEIL2 and LcEIL3 promoters in vitro. The
electrophoretic mobility shift assay (EMSA) using purified LcCKNAT1-GST
fusion protein. The sequences of wild and mutant probes were shown at the
top of the images. Shifted bands, suggesting the formation of DNA-protein
complexes, are indicated by arrows. “ — " represents absence, and “ + ”
represents presence. 100 x and 500 x indicate the increasing concentrates
of probes. Non-biotin-labeled probe with the same sequence was used as a
cold competitor. Only the GST protein was served as a negative control.
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after two fruitlet abscission-induced approaches, namely,
girdling plus defoliation and ET treatments (Ma et al., 2020).
To obtain more detailed information regarding their expression
patterns, we performed fruitlet removal treatment in this study,
and their expression was monitored starting from 1 h after
treatment. As shown in Figure 1A, peduncle abscission was
induced 48 h after treatment, possibly due to the continuous
polar flow of auxin passing through the peduncle AZ was
eliminated by the removal of the fruitlet (Meir et al., 2010; Ku¢ko
et al., 2020). At 96 h after fruitlet removal, more than 89% of
peduncles were abscised. Consistent with our previous results,
LcKNATI was sharply reduced from 1 h after fruitlet removal
and then maintained this low expression level throughout
the abscission process (Figure 1B). In contrast, both LcEIL2
and LcEIL3 were significantly increased from 6 h after fruitlet
removal (Figures 1C,D). Together, these results indicate that the
expression pattern of LcEIL2/3 is opposite to that of LcKNATI
during the fruitlet abscission process in litchi.

LcKNAT1 Binds to the Promoters of
LcEIL2/3 and Represses Their

Expression

Through screening the cis-elements in the promoter sequences
of LcEIL2/3, we found that both LcEIL2 and LcEIL3 promoters
contained the TGAC motifs, a KNOX TF-binding motif (Bolduc

et al., 2012; Figure 2A). Thus, these findings prompted us to
examine whether LcEIL2/3 promoters could be recognized by
LcKNAT1L. To test it, we first performed a Y1H assay using the
LcEIL2/3 promoters as baits and LcKNAT1 as prey. As shown
in Figure 2B, the yeast cells containing the promoter of LcEIL2
or LcEIL3 failed to grow on SD/-Leu medium with AbA. In
contrast, the yeast cells co-transformed with LcKNAT1, and the
promoters of LcEIL2 or LcEIL3 could grow well on SD/-Leu
medium with AbA, suggesting that LcKNAT1 can bind to the
promoters of LcEIL2 or LcEIL3 and activate the reporter genes
in yeast. We then carried out electrophoretic mobility shift assays
(EMSAs) using GST-LcKNAT1 fusion protein. DNA fragments
(~50 bp) containing KNOX cis-element in the promoter regions
of LcEIL2/3 were synthesized and labeled with biotin at the
3’ end. As shown in Figure 3, when GST-LcKNAT1 fusion
protein was incubated with labeled probes, the recombinant
LcKNATI1 was able to strongly bind to the LcEIL2 or LcEIL3
promoter fragments, and this binding could be abolished by
high concentrates of unlabeled competitors containing the same
sequences in a dosage-dependent manner but not by competitors
containing the mutant binding sites. These findings indicate that
LcKNATT1 directly and specifically binds to the TGAC element
within the promoter of LcEIL2/3 in vitro.

Furthermore, we performed a dual-LUC assay to examine
whether LcKNAT1 could repress the activity of LcEIL2/3
promoters. As shown in Figure 4, compared with control,
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FIGURE 4 | LcKNAT1 represses the transcriptional activity of LcE/L2 and LcEIL3. (A) Schematic representation of the double reporter and effector plasmids used for
LcKNAT1 transcriptional activity assay on target gene promoters. (B) Transient expression assays on LcKNAT1 transcriptional repression of LcEIL2 and LcEIL3. The
reporter and effector vectors were co-introduced into tobacco leaves. After 48-h incubation, the suppression of LcEIL2/3 and mutated LcEIL2/3 promoters by
LcKNAT1 was shown by the ratio of LUC/REN. Mutated LcEIL2/3 promoters were as shown in Figure 3. Each value represents the means of six biological
replicates, and vertical bars represent + SD. Asterisks indicate a significant difference (Student’s t-test: **P < 0.01).
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the LUC/REN ratio was dramatically reduced when either the
Propcgr2-LUC or the Propcgpns3-LUC reporter construct was
co-transfected with the effector of pGreenlIl 62-SK-LcKNATI,
indicating that LcKNAT1 could repress the promoter activity
of LcEIL2/3. Additionally, this repression was abolished when
the core TGAC elements of LcEIL2/3 promoters were mutated,
indicating that LcKNAT1 can bind to the promoters of LcEIL2/3
via the core TGAC element and repress their activity.

The Ectopic Expression of LcKNAT1 in
Arabidopsis Delays the Floral Organ
Abscission and Suppresses the

Promoter Activity of LcEIL2/3

To further confirm that LcEIL2/3 is negatively regulated by
LcKNAT1, we carried out a stable transformation assay in

Arabidopsis. First, we generated three transgenic Arabidopsis
lines expressing LcKNAT1 (Figure 5A). 35S:LcKNATI-1 and
358:LcKNAT1-2 transgenic lines showed a higher expression level
and were selected for further functional analysis. As shown in
Figure 5B, for wild-type Col, when plants bore 30 siliques,
there were only two siliques with floral organs attached. In
contrast, 355:LcKNAT1-1 and 35S:LcKNAT1-2 transgenic plants
still retained the floral organs at position 30. The increase of
cytosolic pH at AZ was reported to be closely associated with
organ abscission in Arabidopsis (Sundaresan et al., 2014). We
then used a pH-sensitive indicator, BCECF-AM, to detect the
pH value in the cytosol of AZ tissues of transgenic plants. We
found that BCECEF signals were obviously appeared at position 4
in Col, while the BCECEF signals could not be detected in both
358:LcKNAT1-1 and 355:LcKNATI-2 transgenic lines, consistent
with their floral organ abscission process (Figure 5C). Taken

35S:LcKNAT1-1  35S:LcKNAT1-2

BCECF-AM staining, and then examined using the confocal laser scanning microscope. Merged images of BCECF fluorescence with chlorophyll autofluorescence
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FIGURE 5 | Ectopic expression of LcKNATT in Arabidopsis suppresses floral organ abscission. (A) The expression levels of LcKINATT in Arabidopsis transgenic
lines. LcKINATT driven by the CaMV 35S promoter was transformed into wild-type Arabidopsis. (B) Phenotypes of floral organ abscission process in Col and
LcKNATT transgenic lines. Floral organ position numbers were counted from the first flower with visible white petals on the top of the inflorescence. (C) BCECF
fluorescence micrographs of floral organ AZ in Col and LcKNATT transgenic lines. Inflorescence samples were separated from the plant body, incubated in
were shown, which are representative images out of 3-4 replicates. Asterisks indicate a significant difference (Student’s t-test: **P < 0.01).
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together, these findings suggest that LcKNAT1 functions as a
strong negative regulator in control of the floral organ abscission
in Arabidopsis.

Then, we ectopically expressed the GUS reporter driven
by the promoter of LcEIL2 or LcEIL3 in Arabidopsis. GUS
staining revealed that both LcEIL2 and LcEIL3 had a dominant
accumulation at the floral AZ. A stronger GUS signal in floral
AZ could be detected from positions 3 to 9 in the Projcgjr2:GUS
plant and positions 5 to 9 in Pror.gr3:GUS plant, respectively.
Then, homozygous Proycgr2:GUS plants or Proycgr3:GUS plants
were crossed with homozygous 35S:LcKNATI-2 plants, and
F1 35S:LcKNATI-2 X Prorcpir2:GUS plants or 35S:LcKNATI-
2 X Propcpn3:GUS plants were used for GUS staining. As
shown in Figure 6A, both the GUS signals driven by the
promoter of LcEIL2 or LcEIL3 at the positions detected
were significantly suppressed in the presence of LcKNATI.
Additionally, relative quantitative assays show that the expression

level of the GUS gene driven by LcEIL2 or LcEIL3 promoter
was obviously downregulated by LcKNATI, with 7.3-fold and
6.9-fold reduction, respectively (Figure 6B), further supporting
that LcKNAT1 could suppress the promoter activity of LcEIL2/3
in planta.

DISCUSSION

It is well known that ET is a strong inducer of organ
abscission and has been widely reported in many fruit crops
(Nunezelisea, 1986; Rasori et al., 2002; Dal et al, 2005;
Gil-Amado and Gomez-Jimenez, 2012; Uzquiza et al., 2014; Li
et al., 2015; Merelo et al., 2017). However, the mechanisms
underlying ET in the regulation of abscission are largely
unknown. In a previous study, we revealed that LcKNAT1 acts
as a negative regulator of fruitlet abscission by repressing ET
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FIGURE 6 | GUS expression driven by the promoter of LcEIL2 or LcEIL3 is repressed by LCKNAT. (A) &*Procg 2:GUS x @35S:LcKNAT1-2 indicates that T3
homozygous Pro; ¢g 2:GUS plant was crossed with T8 homozygous 35S:LcKNAT1-2 plant, and F1 35S:LcKNAT1-2 x Pro;cgy 2:GUS or

35S:LcKNAT1-2 x Pro;cgi3:GUS plants were used for GUS staining. (B) Quantitative assay of the GUS expression level in Pro, qg; 2:GUS plants,

35S:LcKNAT1-2 x Progcgi 2:GUS plants, Pro; og 3:GUS plants, and 35S:LcKNAT1-2 x Pro;¢g 3:GUS plants, respectively. Asterisks indicate a significant difference
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biosynthetic genes (Zhao et al., 2020). In this study, we further ~ displayed a regulatory function in the control of the floral
proved that the ET signaling components LcEIL2/3 were also  organ abscission in Arabidopsis (Zhao et al., 2020). However,
repressed directly by LcKNAT1 using both transient expression the overexpression of KNAT2 or KNAT6 only slightly promoted
systems and stable transformation assays. We thus propose thata  the floral organ abscission in Arabidopsis wild-type background
LcKNAT1-LcEIL2/3 regulatory module might be involved in the  (Shi et al., 2011), and it is possible that the overexpression of
fruit abscission in litchi. LcKNAT3 or LcKNAT6, as LcKNAT3 and LcKNAT6 were the
Results from the ectopic expression of LcKNAT]I in tomatoes homologs to AtKNAT2 and AtKNAT6, displayed very weak
and Arabidopsis implied that LcKNAT1 likely played critical —phenotype. It will be interesting to further check whether the
roles in the control of the fruitlet abscission in litchi. In overexpression of LcKNAT3 or LcKNAT6 could also rescue
combination with the findings from our previous and this the abscission phenotype in ida mutant. Thus, so far it could
study, how LcKNAT1 functions as a strong repressor during not be claimed that the mechanism underlying LcKNAT1 in
the fruitlet abscission in litchi could be partially explained as  control of the fruit abscission in litchi is different from that of
follows: (i) ET is the key inducer of abscission, and LcACS1/7 BP/KNAT1 in Arabidopsis. Furthermore, we showed previously
and LcACO2/3 involved in ET synthesis are induced at the that KNAT1 binding motifs were also conserved in Arabidopsis;
fruitlet AZ; (ii) LcKNAT1 can directly repress the ET biosynthetic ~ however, role of KNAT1 in regulating ET synthetic genes has
genes including LcACS1/7 and LcACO2/3, to suppress ET  never been investigated. It is likely that KNAT1 could negatively
production; (iii) LcKNAT1 can directly repress the transcription  regulate both other KNOX members and the genes related to ET
of LcEIL2/3, which are the central regulators of ET signaling; (iv)  biosynthesis and signaling during the fruit abscission in litchi or
LcEIL2/3 can directly activate the transcription of LcACS1/4/7  floral organ abscission in Arabidopsis.
and LcACO2/3 and cell wall degradation genes LcCEL2/8 and In Arabidopsis, BP/KNAT1 acts as the key downstream TF of
LcPG1/2. Additionally, ET can repress LcKNATI expression but  IDA-HAE/HSL2 signaling to repress the floral organ abscission
promote LcEIL2/3 transcription. Therefore, before abscission (Cho et al., 2008; Stenvik et al., 2008; Shi et al., 2011). Previously,
is triggered, LcKNAT1 expression is maintained at a relatively ~we also found that the homologs of IDA and HAE/HSL2 are
high level, thereby resulting in a repressive state of both present in the litchi genome and demonstrated that LcIDL1 and
ET biosynthesis and signaling. In contrast, when LcKNATI — LcHSL2 have similar functions in the control of the floral organ
expression is inhibited by abscission-inducing signals, both the abscission in Arabidopsis (Ying et al., 2016; Wang et al., 2019).
ET biosynthesis and signaling are derepressed, thereby activating ~ Additionally, since the ectopic expression of LcKNAT1 decreases
the abscission process (Figure 7). pedicel AZ activation in tomatoes (Zhao et al, 2020) and
In the model plant Arabidopsis, genetic evidence has blocks floral organ abscission in Arabidopsis (Figure 5B), we can
demonstrated that BP/KNAT1 functions in the control of the speculate that a conserved LcIDL1-LcHSL2 signaling module is
floral organ abscission by regulating the activity of two other  probably sitting upstream and regulating the repressor activity of
KNOX-related genes KNAT2 and KNAT6 (Shi et al, 2011). LcKNATI. Interestingly, ida mutants could not be rescued by ET
In our previous study, a total of eight KNOX homologs were treatment, which led to the conclusion that the IDA-HAE/HSL2
identified from the litchi genome. Interestingly, only LcKNAT1 pathway may control abscission in an ET-independent manner
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FIGURE 7 | Proposed model for the role of LcKNAT1 in ethylene (ET)-regulated fruitlet abscission in litchi. LcKNAT1 can directly repress LcACS1/7, LcACO2/3, and
LcEIL2/3, when LcKNATT is repressed by unknown abscission-inducing signals LcACS1/7 and LcEIL2/3 which are derepressed. Furthermore, LcEIL2/3 can also
bind to LcACS1/7 and LcACO2/3 but promote their transcription, therefore forming a feedback loop to enhance the ET biosynthesis and signaling. Additionally, ET

could also disable the repressor function of LcKNAT1 through the indirect activation of the LcIDL1-LcHSL2 module via an unknown factor, thereby enhancing the
activation of the cell wall degradation genes LcCEL2/8 and LcPG1/2 to induce fruitlet abscission.
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(Jinn et al., 2000; Butenko et al., 2003, 2006). However, this
conclusion has been recently reconsidered with the findings that
the IDA homologs from different species, including tomato,
soybean, oil palm, citrus, and yellow lupine, are induced during
the abscission process activated by ET (Tucker and Yang, 2012;
Estornell et al., 2015; Sto et al., 2015; Wilmowicz et al., 2018).
In litchi, LeIDLI and LcHSL2 in the AZ are also ET-induced
during the fruit abscission (Ying et al, 2016; Wang et al,
2019). Our results partially support the conclusion that the IDA-
HAE/HSL2 abscission signaling module is ET-dependent (Botton
and Ruperti, 2019; Meir et al., 2019) and propose that LcKNAT1
may act as the downstream of LcIDL1-LcHSL2 signaling subject
to a no direct positive ET feedback mechanism and is required
for the last steps of the execution of the abscission process.
Thus, we hypothesized that ET treatment could have a dual
effect by triggering the expression of genes encoding cell wall
hydrolases and disabling the repressor function of LcKNAT1
through the indirect activation of the LcIDL1-LcHSL2 module
via an unknown factor (Figure 7). In the future, efforts should
be devoted to explore the role of ET in the AZ, in particular the
cross talk between ET and IDA-HAE/HSL2 signaling pathways.
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Some members of the Rosaceae family, particularly pear, contain stone cells in their fruits.
Although stone cells in pear fruits are well studied, relatively little attention has been given
to loquat stone cells. Only a few reports have suggested a relationship between stone
cell traits and storage and transport tolerance of loquat fruits. Previously, we generated
the variety JT8 from the interspecific hybrid of the loquat cultivar Jiefangzhong (JFZ;
Eriobotrya japonica Lindl. cv. Jiefangzhong, female parent) and wild Taiwanese loquat
(TL; E. deflexa Nakai, male parent). The JT8 fruits had a granular feel, similar to that of
pear fruits, due to the presence of stone cells. In this study, the shape, size, development,
and distribution dynamics of stone cells of Eriobotrya plants were thoroughly investigated.
The results showed that loquat stone cells are brachysclereids and often contain typical
branching pits. Loquat stone cells were distributed as both single stone cells and in stone
cell clusters (SCCs), and the density of the stone cells near the core was higher than that
near the peel. Stone cell density first increased and then decreased during fruit development.
These traits noted in Eriobotrya were very similar to those observed in pear, indicating a
close relationship between loquat and pear. Moreover, the contents, density dynamics,
and aggregation traits of stone cells of the interspecific hybrid JT8 were derived from the
male parent (TL). Transgressive segregation was likely exhibited in the content of stone
cells and the size of the SCCs. More specifically, the content of stone cells reached 1.61%
(w/w). In extreme cases, SCCs of JT8 exceeded 1,000 um in length and 500 pm in width.
This demonstrated that stone cell traits could be transmitted from parent to progeny
through interspecific hybridization. The density dynamics of stone cells in two loquat
cultivars with different storage and transport tolerances were also investigated, which
indicated that the cultivar with more stone cells was more tolerant to storage and transport.
We suggest that wild loquat genetic resources containing stone cells in Eriobotrya plants
can be used to gradually improve the storage and transport tolerance of loquat fruits.

Keywords: Eriobotrya plants, stone cells, fruits, morphological and developmental features, trait transmission
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INTRODUCTION

Loquat (Eriobotrya japonica Lindl.), a characteristic evergreen
fruit tree species originating from China, is now distributed
in more than 30 countries, mainly in East Asian, South Asian,
and coastal Mediterranean countries. Loquat fruits are not easy
to store and transport, and the period during which fresh
fruits are available is short, which restricts the improvement
of the planting efficiency of loquat (Lin et al, 2018). Some
kinds of Rosaceae fruits contain numerous stone cells, such
as pear and haw fruits, which make a distinct impression to
many people. Although careful researchers have noted that
some loquat cultivars also contain stone cells distributed within
their fruits, little attention has been given to stone cells in
loquat, which also belongs to Rosaceae. Stone cells were larger
and more abundant in the storage- and transport-tolerant
cultivars Jiefangzhong, Wugongbai, and Ruoyangqing and smaller
and rarer in the storage- and transport-susceptible cultivars
Changhong No. 3, Baili, and Baisha, suggesting that stone
cells exist in ripe fruits of some loquat varieties and are related
to the storage and transport tolerance of loquat fruits (Lin
et al., 2009; Zhu et al., 2018).

Stone cells (or sclereids) are sclerenchyma cells formed by
the secondary deposition of lignin on the primary cell wall
of parenchyma cells. Their development is closely related to
the synthesis, transfer, and deposition of lignin. Stone cells
can be distributed as single cells or as aggregates known as
stone cell clusters (SCCs; Nii et al., 2008). To the best of our
knowledge, many Rosaceae fruits contain stone cells, including
those of Pyrus spp., Eriobotrya japonica, Chaenomeles sinensis,
Crataegus pinnatifida, Prunus mume, Prunus armeniaca, Prunus
salicina, and so forth (Huang et al, 2005; Sun and Li, 2006;
Lin et al, 2009; Pan, 2011; Wu et al, 2013). In particular,
the fruits of pear cultivars contain a large number of stone
cells that significantly affect the quality of their fruits, thereby
attracting much attention and making these cultivars model
plants for the study of fruit stone cells (Wu et al.,, 2013). The
literature thus far has shown that most of the studies on fruits
containing stone cells are few and unthorough, except those
pertaining to pear fruits. For instance, when describing the
overall quality of hawthorn fruits, it was only mentioned that
there were few stone cells (Pan, 2011).

In pear, secondary cell wall thickening and lignin deposition
are key steps in the developmental process from parenchyma
cells to stone cells. First, lignin is deposited along the apical
angles of the primary cell wall and then gradually diffuses,
which leads to uneven thickening of the cell walls. With
the thickening of the secondary cell wall, the cell contents
gradually shrink to the cell center. Eventually, the cell contents
disappear, and the entire cell is completely composed of
secondary cell wall structures (Choi and Lee, 2013; Zhao
et al., 2013). Pear stone cells are brachysclereids that are
characterized by thickened secondary cell walls with severe
lignification, often with branching pits (Jin et al., 2013). The
cell wall components of pear stone cells contain large amounts
of lignin, cellulose, and hemicellulose (xylans), while the
parenchyma cells of pear fruits contain abundant pectin

(Brahem et al., 2017). The distribution of stone cells in pear
flesh is not uniform and changes significantly in different
growth stages (Choi and Lee, 2013). During fruit development,
the density of stone cells first increased and then decreased,
and the density of stone cells in different pear varieties
reached its peak at different times (Zhang et al., 2017). Nii
et al. (2008), Choi and Lee (2013), and Zhang et al. (2017)
reported dynamic changes in stone cell distribution during
the developmental process of pear fruits. The density of stone
cells is higher near the core than near the peel. In addition,
the number and size of stone cell clusters near the core are
often higher than those near the peel (Tao et al, 2009).
Different species and cultivars have diverse stone cell traits,
such as content, shape, and size (Tao et al., 2009). When
fruits can be used for traditional Chinese medicine, stone
cell morphology is often used as one of the bases for the
identification of medicinal varieties, such as Crataegus
pinnatifida and Prunus mume (Huang et al., 2005; Sun and
Li, 2006). Cao et al. (2010) found that the content of stone
cells in pear pulp differed among 304 cultivars and interspecific
hybrids. Tian et al. (2011) found that the size of SCCs in
pear pulp differed among 319 cultivars and interspecific
hybrids. Different stone cell traits are related to the texture
and quality of pear fruits (Cao et al., 2010; Tian et al,
2011). There is a positive correlation between the content
of pear stone cells and the firmness, adhesiveness, and
chewiness of pear pulps (Choi et al., 2007; Liu et al., 2020).

In contrast, the fruits of loquat cultivars were similar to
pear cultivars in the shape of stone cells, which belong to
brachysclereids (Lin et al., 2009; Zhu et al,, 2018). A series
of recent studies reported the composition and development
of loquat stone cells. It was found that loquat stone cells
contained lignin, cellulose, and hemicellulose, the cell corner
(CC) and middle lamella (ML) deposited only lignin and
pectin, and parenchyma cells contained almost no lignin
(Zhu et al., 2018, 2019). During the development of loquat
stone cells, lignin and cellulose gradually filled stone cells,
while pectin mainly filled the CC and ML. Loquat stone
cells contained abundant lignin functional groups of
coniferaldehyde and coniferyl alcohol (Huang et al., 2019).
Stone cells and vascular bundles were the active areas of
lignin deposition. Cyclic stone cells deposited lignin in both
the inner and outer layers. When stone cells are fully filled
with lignin, the outer layer of stone cells can still continue
to deposit lignin so that adjacent parenchyma cells can also
start to deposit lignin (Zhu et al., 2021). Therefore, some
stone cells can be observed alone and surrounded by
parenchyma cells. On the other hand, some parenchyma cells
around stone cells also accumulate lignin, which later becomes
stone cells and eventually forms stone cell clusters (Huang
et al, 2019; Zhu et al, 2021). Interestingly, the newly
synthesized lignin in loquat pulp was specifically deposited
in the CC and ML of parenchyma cells around vascular
bundles during storage, thus forming a network structure
(Zhu et al,, 2021).

The above studies indicated that pear stone cell traits were
closely related to the texture and quality of pear fruits, which
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has become an important index in pear breeding. In contrast,
stone cell traits of loquat fruits are not well known, and
some reports involving loquat stone cells suggested the existence
of a certain relationship between stone cell traits and storage
and transport tolerance in loquat fruits. Our former research
work produced the hybrid variety JT8 from the interspecific
hybrid of the common yellow-fleshed loquat cultivar
Jiefangzhong (JFZ; Eriobotrya japonica Lindl. cv. Jiefangzhong,
female parent) and wild Taiwanese loquat (TL; E. deflexa
Nakai, male parent). It was found that the fruits of JT8
obviously had a stone cell taste similar to that of pear fruits.
Although stone cell traits have potential application value to
improve the storage and transport tolerance of loquat cultivars,
the key problem of stone cell trait transmission from parents
to progenies in interspecific crosses has not been solved in
loquat. Therefore, in this study, the shape, size, development,
and distribution dynamics of stone cells of Eriobotrya plants
were thoroughly studied, and the potential breeding value
of stone cell traits in improving the storage and transport
tolerance of loquat fruits and the transmission of stone cell
traits from parents to progeny in interspecific crosses
were discussed.

MATERIALS AND METHODS

Plant Materials and Treatments

The fruits of Eriobotrya plants were used as plant materials,
including the common loquat cultivars Jiefangzhong (JFZ;
Eriobotrya japonica cv. Jiefangzhong) and Baili (BL; E. japonica
cv. Baili), the wild Taiwanese loquat (TL; E. deflexa Nakai)
and another form of Taiwanese loquat (TLk; E. deflexa f.
koshunensis Nakai), and the following interspecific hybrids:
JEZ (R)xTL (38) No. 8 (JT8) and JFZ (?)xTLk (8) No. 2
(JTk2) and No. 3 (JTk3). The fruits of cultivars JFZ and
BL were derived from mature trees located in an outdoor
orchard at 25°45' N and 118°55' E (Changtai town, Putian
city, Fujian province, China). The fruits of other loquat plants
were sampled from mature trees located in Loquat Plants
Resource Nursery at 23°16' N and 113°37' E (South China
Agricultural University, Guangzhou city, Guangdong province,
China). The cultivars JFZ and BL underwent flower thinning
at full bloom. Each inflorescence contained 10 ~ 15 fertilized
ovaries with no petals and withered flower cores. Wild loquats
and interspecific hybrids had few flower inflorescences;
therefore, flower thinning was not carried out for these
plants. The start of full bloom was defined as 0 DAF (days
after full bloom). Three groups of samples were collected
separately: the first group was used to determine the stone
cell content and consisted of the mature fruits of JFZ, TL,
TLk, JT8, JTk2, and JTk3; the second group was used to
thoroughly investigate the shape, size, development, and
distribution dynamics of stone cells and included the fruits
of JFZ and JT8, which were sampled at 14, 28, 42, 56, 70,
84, 98, 112, and 126 DAF and the fruit of TL, which was
sampled on only four occasions at 14, 98, 112, and 126
DAF due to rare occurrence (in some years, no fruit was

produced); and the third group was used to study the
relationship between storability, fruit hardness, and stone
cell development and included fruits of the storage- and
transport-tolerant cultivar JFZ and susceptible cultivar BL
(Lin et al, 2008), which were sampled at 14, 28, 63, 98,
and 126 DAE

Determination of the Stone Cell Content
The stone cell content of mature fruits was determined according
to Nie’s method with some modifications (Nie et al., 2006).
The ripe loquat pulp was cut up and frozen in a freezer (—20°C)
for 24h. After thawing, the pulps were homogenized at 22,000 rpm
for 3min. The homogenized pulps were washed and incubated
with 0.8L distilled water for 3min, and then, the supernatants
were collected. The procedure was repeated several times until
there was no sediment. The collected supernatants were passed
through filter paper, and the stone cells remained on the filter
paper. The collected stone cells were dried and weighed, and
the content was calculated as follows: stone cell content
(%) =weight of collected stone cells (g DW)/weight of fresh
pulp (g FW)x100.

Observation of Fruit Cross-Sections With
Phloroglucinol-HCI Staining

Fresh loquat fruit was cut along the equatorial plane, and the
cross-section was covered with 1M HCI and incubated for
10min. After slight drying with absorbent paper, the cross-
section was covered with 1% phloroglucinol. After 10min, the
cross-section was observed by a SX-3 stereoscopic microscope
(Shanghai Optical Instrument Factory, China) with a 20x
microscopic field.

Observation of Frozen Sections With
Phloroglucinol-HCI Staining

The fruit pulp was divided into small pieces of
0.5mm x0.5mm x 0.5mm and fixed with 4% paraformaldehyde
(PFA) overnight. After that, the small pieces were embedded
by using O.C.T. compound (SAKURA, Japan). Frozen tissue
sections with a thickness of 30pm were cut by a CM1850
freezing microtome (Leica, Germany) and placed on Superfrost
Plus microscope slides (Thermo, United States). The sections
were covered with 1M HCI and incubated for 1min, and
then, an equal volume of 1% phloroglucinol was added. After
10 min, the frozen sections were observed by a DMi8 inverted
fluorescence microscope (Leica, Germany) with a 400x
microscopic field.

Data Statistics

The stone cell density of the fruits was calculated as the
proportion of the phloroglucinol-HCI stained area to the
total area in the equatorial cross-section of the fruit pulp.
Statistical analysis was undertaken using Image] software.
The length and width of stone cells in the microscopic field
of the frozen sections were measured. GraphPad Prism 8
(GraphPad Software, United States) was used for data statistics
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and plotting. One-way ANOVA was used to test significant
differences among three columns, while Students t-test was
used for two columns.

RESULTS

Determination of Stone Cell Content in the
Common and Wild Loquat Parents and
Interspecific Hybrids

As shown in Table 1, the stone cell content of the common
loquat JFZ was very low (0.03%), while the contents of the
wild loquat TL (1.59%) and TLk (0.95%) were at least one
order higher than that of JFZ. The interspecific hybrid JT8
(from JFZxTL) had a high stone cell content, of which the
mass ratio was up to 1.61%, higher than that of the male
parent TL. In addition, high stone cell contents were also
observed in the interspecific hybrids JTk2 and JTk3 (from
JEZx TLk), with mass ratios of 0.79 and 0.96%, respectively.
The results showed that the high stone cell contents of the
interspecific hybrids probably came from the male parent wild
loquat, which could exhibit transgressive inheritance. Microscopic
observation of stone cells extracted from the fruits of the
interspecific hybrid JT8 revealed many large stone cells or
stone cell clusters (Figure 1). This may be the main reason
for the granular taste of JT8 fruits.

TABLE 1 | Stone cell contents in different loquat plants.

Loquat Pulp weight (g)° Stone cell weight (g) Proportion (w/w)
genotypes

JFZ 30.83 0.01 0.03%

TL 32.12 0.51 1.59%

TLk 36.58 0.34 0.95%

JT18 34.79 0.56 1.61%

JTk2 35.25 0.28 0.79%

JTk3 30.11 0.29 0.96%

“The total weight of pulps used to determine stone cell content.

Stone Cell Distribution Traits in the
Common and Wild Loquat Parents and
Interspecific Hybrids During Fruit
Development

Cross-sections of JFZ, TL, and JT8 fruits with phloroglucinol-HCl
staining were observed and are displayed in Figure 2. The
observation of TL was only performed at four time points at
14, 98, 112, and 126 DAF because of its few fruits. The fruit
size of JFZ was significantly larger than those of TL and JT8,
and the fruit size of JT8 was between those of the two parents
and closer to the male parent TL. At 14 DAF the outlines
of numerous cells were light purple in the fruits of three
Eriobotrya plants, indicating that lignin deposition and secondary
cell wall thickening had occurred and that the formation of
stone cells had begun before 14 DAE After that, the stained
cell outline became increasingly thick, the color increasingly
deepened, and an increasing number of entire cells became
dark purple. The results showed that with the development
of fruits, lignin continued to fill in the sclerenchyma cells
until the protoplasts disappeared and the stone cells were
completely developed. The stone cell density of the JFZ rapidly
increased from 5.16% at 14 DAF to 27.58% at 42 DAF, reached
a maximum value of 28.40% at 56 DAF, and then slightly
decreased to 25.24% at 70 DAF It then rapidly decreased to
10.68% at 85 DAF, after which it gradually declined to 3.98%
until the mature stage at 126 DAE The stone cells tended to
aggregate into small SCCs in the JFZ. The stone cell density
of the wild loquat TL was significantly higher than that of
JFZ and lower than that of JT8 at the four sampled time
points. The stone cells increased from 9.85% at 14 DAF to
26.12% at 98 DAF with a dense and wide distribution and
then decreased to 8.25% at 126 DAF, at which time many
large stone cell clusters were still apparent. In the interspecific
hybrid JT8, the stone cell density also presented a trend of
early increase and later decrease. The stone cell density increased
from 15.77% at 14 DAF to a maximum value of 31.19% at
98 DAF, followed by a decrease to 19.77% at 126 DAF. The
time of peak stone cell density in JT8 may be the same as

FIGURE 1 | The stone cells extracted from JT8. (A) The appearance of stone cells. (B) The microscopic morphology of stone cells. The gray bar represents 1 mm.
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FIGURE 2 | Phloroglucinol-HCI staining and microscopic observation of transverse sections of fruit pulp from three loquat plants. Due to the few samples in wild
loquat TL, only four developmental stages were examined, including 14, 98, 112, and 126 DAF. Three fruit images at the top of the figure show the mature fruit size,
shape, and color of three loquat plants; in particular, the color of mature TL fruits was brown green. The width of each black or white box represents 1cm; the black
bar at lower right represents 500 um; bar charts show the stone cell density; and “ns” represents that there is no significant difference, “*” represents value of
p<0.05, “**” represents value of p<0.01, “**” represents value of p<0.001, and “***” represents value of p<0.0001.
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that of the male parent TL and later than that of the female
parent JEZ. The dense distribution of stone cells and many
large SCCs also appeared in JT8, similar to the male parent
TL. The density and aggregation traits of stone cells of JT8
were similar to those of the male parent TL, suggesting that
these stone cell traits were derived from the male parent.
Interestingly, the density of stone cells and large SCCs was
obviously higher than that of the two parents, indicating that
some traits of stone cells may exhibit transgressive inheritance.
In fruits at 126 DAF, the density of stone cells was higher
near the core than near the peel, and the SCCs near the core
were larger than those near the peel, while the distribution
of stone cells in TL near the peel was higher than that in
JT8 and JFZ, which indicated that some traits of stone cells
could be inherited from the female parents. Interestingly, no
obvious stone cells could be found in the peel tissues of the
three Eriobotrya plants. In brief, the key finding was that stone
cell traits could be transmitted from parents to progenies in
interspecific crosses and that the transgressive inheritance of
stone cell traits might occur.

Morphological and Developmental Traits
of Stone Cells in Common and Wild Loquat
Parents and Interspecific Hybrids

The stone cells of three Eriobotrya plants are brachysclereids,
and their developmental processes are almost the same. The
development of stone cells was accompanied by the thickening
of secondary cell walls and the shrinkage of protoplasts until
the formation of typical stone cells filled with secondary cell
walls occurred, and the protoplasts often disappeared. The pits
of stone cells were thicker and clear with branching in the JFZ
but thinner and unclear in the TL. There were more pairs of
interlinked pits between adjacent stone cells in the JFZ and
fewer in the TW. The shape and size of pits in JT8 were similar
to those in the female parent JEZ (Figures 3A-C). The statistical
results showed that the length and width of stone cells and
SCCs were not evenly distributed and exhibited great variation.
The stone cell length and width of JFZ and JT8 varied widely,
while those of TL did not. The median and quartile values of
the length and width of stone cells between JFZ and JT8 were
similar and were significantly greater than those of TL

JFZ (?)

JT8 (F1)

FIGURE 3 | Phloroglucinol-HCI staining and microscopic observation of freezing microtome sections of fruit pulp taken from three loquat plants at 126 DAF. (A) The
secondary cell wall of sclereid primordium cells starts to thicken (400x). (B) The sclereid primordium cell shows a continuously thickened secondary cell wall and
shrunken protoplasm (400x). (C) The typical stone cell is filled by secondary cell wall structures without protoplasm (400x). (D) Stone cell clusters (400x). (E) Stone
cell clusters (100x). The black bar in the lower right represents 10pm in (A,B) and 50 pm in (E).
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(Figures 4A,B). The results indicated that the traits of shape
and size of stone cells tended to be inherited from the female
parent JFZ. In addition, the density of stone cells in the JFZ
was sparse, there were only a few stone cells aggregated in single
SCCs, while the density of stone cells in the TL was higher,
and there were many stone cells aggregated in single SCCs
(Figures 3D,E). The statistical results showed that the ranges of
stone cell length and width of the two parents were small, while
those of JT8 were very dispersed. The median and quartile values
of the length and width of TL stone cells were greater than
those of JFZ stone cells, and both of them were smaller than
those of JT8 stone cells. The length of most JT8 SCCs, a small
proportion of TL SCCs and some JFZ SCCs, and the width of
more than half of JT8 SCCs and a small proportion of TL SCCs
were greater than 250m (Figures 4C,D). The results illustrated
that although the size of TL stone cells was small, the stronger
aggregation of TL stone cells led to larger-sized SCCs in the
TL than in the JFZ. However, the aggregation of stone cells in
JT8 tended to be derived from the male parent TL, and the

size of stone cells tended to be inherited from the female parent
JEZ, which resulted in the size of JT8 SCCs exhibiting transgressive
inheritance. It is worth noting that in the fruits at 126 DAE
newborn sclereid primordium cells with thin secondary cell walls
could be observed in JFZ and JT8 but were rare in TL. This
result suggested that JFZ and JT8 fruits may be sustained to
produce new stone cells, while TL may be incapable in this
regard after a certain time point. These results also supported
our previous statement that stone cell traits could be transmitted
from parents to progenies and between different species, and
that the transgressive inheritance of stone cell traits might occur.

The Distribution of Stone Cells in Two
Loquat Cultivars With Different Storage
and Transport Tolerances During Fruit
Development

BL was susceptible to storage and transport, its pulp texture
was very fine, while JFZ was tolerant to storage and transport,
and its pulp texture was coarse (Lin et al., 2008). As shown
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FIGURE 4 | The sizes of stone cells and stone cell clusters in freezing microtome sections of fruit pulp collected at 126 DAF from three loquat plants as determined
through phloroglucinol-HCI staining and microscopic observation. Violin plots are used to display the distribution of data sets, and similar violin shapes represent similar
data distributions. The thick dashed lines represent the median values, and the two thin dashed lines represent the first and third quartiles. The wider parts of the violin
parts correspond to higher probabilities of observed values, while the narrower parts correspond to lower probabilities. Longer and sharper ends of the violin plots
correspond with more outliers. The red-dashed line indicates 250 um. (A) Stone cell length; (B) Stone cell width; (C) Stone cell cluster length; (D) Stone cell cluster width.
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in Figure 5, the stone cell density in BL fruit remained at
approximately 1.00% from 14 DAF to 98 DAF and then
decreased to 0.32% at 126 DAF. In contrast, the density of
stone cells in the JFZ first increased from 5.39% at 14 DAF
to 30.67% at 63 DAF and then decreased to 3.51% at 126
DAE Undoubtedly, the number of stone cells in the JFZ
was much higher than that in the BL. The results showed
that stone cell traits were correlated with the storage and
transport tolerance and pulp texture of loquat fruits and
that higher stone cell content and density might be beneficial
to enhance the storage and transport tolerance while worsening
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FIGURE 5 | Phloroglucinol-HCI staining and microscopic observation of
transverse sections of fruit pulp from white and yellow loquat fruits. DAF: Days
after full bloom; BL: White-fleshed loquat fruit (Eriobotrya japonica Lindl. cv.
Baili); JFZ: Yellow-fleshed loquat fruit (Eriobotrya japonica Lindl. cv.
Jiefangzhong); and 20x: 20x stereoscopic microscopy observations. Bar
charts show the stone cell density; “****” represents value of p<0.0001.

the taste of loquat fruits. A 20x stereoscopic microscope
revealed that many stone cells were scattered in 126 DAF
JEZ fruits, and some of them were aggregated into small
SCCs, while only a few single stone cells were found in 126
DAF BL fruits. This may be the reason why JFZ has a less
desirable taste than BL.

DISCUSSION

Stone cells (or sclereids) are sclerenchyma cells characterized
by thickening and lignified cell walls (Nii et al., 2008; Zhang
et al,, 2017). Stone cells can be classified into five types
according to their morphology: brachysclereids, macrosclereids,
osteosclereids, astrosclereids, and trichosclereids (Zhao and
Zhu, 2014). Stone cells are generally believed to have greater
hardness than parenchyma cells and thus could serve a
supporting function (Brahem et al., 2017). Moreover, stone
cells have also been found to act as a physical defense against
white pine weevils in Sitka spruce (Whitehill et al., 2016).
At present, most studies on stone cells have been carried
out in pear fruits, while only a few have mentioned loquat
(Lin et al,, 2009; Zhu et al., 2018). In this study, the shape,
size, development, and distribution dynamics of fruit stone
cells of Eriobotrya plants were thoroughly studied. The stone
cell traits of Eriobotrya plants were highly similar to those
of pear, especially the following traits. Pear stone cells are
brachysclereids and often include branching pits (Choi and
Lee, 2013). Pear stone cells can be found as single cells or
as SCCs, and they are usually distributed as SCCs (Wu et al.,
2013; Brahem et al., 2017). Some pairs of interlinked pits
could often occur between adjacent stone cells. The secondary
cell walls of some pear parenchyma cells are thickened first
to form sclereid primordium cells, and then the secondary
cell walls are continuously thickened until the protoplasm
disappears and the cell fills with secondary cell wall structures.
The stone cell development is then complete (Jin et al., 2013;
Zhao et al.,, 2013). With the development of pear fruits, the
rate of stone cell production was higher than that of fruit
expansion, and therefore, the density of stone cells increased
until the peak. Subsequently, the rapid expansion of parenchyma
cells resulted in a fruit expansion rate greater than the stone
cell production rate, resulting in a continuous decrease in
stone cell density. The time for stone cells to reach the peak
distribution density varied among different pear varieties.
In addition, the distribution of stone cells in the pear pulp
was not uniform. The density of stone cells was higher and
the size of the SCCs larger near the core, but the opposite
was found near the peel (Nii et al, 2008; Choi and Lee,
2013; Zhang et al., 2017). These similar traits between loquat
and pear stone cells indicated the existence of a relationship
between loquat and pear, which may provide new ideas for
the study of the relationship and evolution among the fruit
trees of Rosaceae. Moreover, due to the highly similar features
of stone cell traits between loquat and pear fruits, the relevant
research results of pear stone cells can be used as an important
reference for the study of loquat stone cells.
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The pear-like granular taste is hardly found in the fruit of
loquat cultivars, so there is not much consumer concern about
whether loquat fruits contain stone cells. Prof. Lin Shunquan,
one of the authors of this paper, collected 26 species of Eriobotrya
and used seven species of Eriobotrya and two- related species
to conduct 91 cross combinations between Eriobotrya plants
and 21 cross combinations between Eriobotrya plants and related
plants from 2004 to 2014 (Lin, 2017). Previous studies found
that the fruit of the interspecific hybrid JT8 obviously had a
granular taste similar to that of pear fruits (unpublished). In
this study, we found that some stone cell traits were significantly
different among Eriobotrya plants. The key finding of this study
is that stone cell traits could be transmitted from parents to
progenies in interspecific crosses, and the transgressive inheritance
of stone cell traits might occur. Therefore, it is feasible to
transfer stone cell traits of wild loquat into common loquat
cultivars by cross-breeding. The content of pear stone cells
exhibited quantitative trait inheritance, and the content of pear
stone cells in hybrid offspring showed a trend of significant
increase compared with their parents (Cui et al., 2011; Zhang
et al, 2018). It has also been reported that the content of
stone cells in hybrid offspring tended to be distributed around
the mid-parent value, and the contents of stone cells were
greatly affected by the male parent (Bai et al., 2018). The size
and density of pear SCCs also showed quantitative trait
inheritance, and the size and density of the hybrid offspring
tended to be larger and smaller than those of the parent,
respectively. The degree of variation was different from those
of the parental varieties (Cui et al,, 2011; Zhang et al., 2018).
The propensity for the inheritance of pear stone cells could
be used to partly explain the stone cell traits of the interspecific
hybrid JT8 in this study, but determining whether the inheritance
of stone cell traits in the loquat interspecific hybrid population
is similar to that of pear requires further study.

Compared with apple, pear, and many other Eriobotrya
fruits, loquat fruits have poor storage and transport tolerance,
which is one of the problems that the industry urgently needs
to solve (Lin et al, 2018). A few reports have revealed a
certain correlation between stone cell traits and storage and
transport tolerance in loquat cultivars (Lin et al., 2009; Zhu
et al.,, 2018). We further verified the relationship between stone
cell traits and storage and transport tolerance in loquat fruits
and found that there were few stone cells during the whole
fruit development process in a storage- and transport-susceptible
cultivar. This suggested that stone cell traits have potential
application value to improve the storage and transport tolerance
of loquat cultivars. However, all of the main loquat cultivars
were domesticated from a species of Eriobotrya named common
loquat, whose genetic basis was very narrow (Wang and Lin,
2012). In contrast, the genetic basis of pear cultivars is
much broader, and at least five species of pear plants are
ancestors of domesticated cultivars, including Pyrus ussuriensis,
P. sinkiangensis, P. pyrifolia, P. communis, and P. x bretschneideri.
The stone cell traits of these cultivars and their interspecific
hybrids showed abundant diversity (Cao et al, 2010; Tian
et al., 2011). Stone cell traits, such as content, size, and density,
can affect the quality of pear fruits, so one of the main goals

of pear breeding is to breed excellent varieties with fewer
stone cells (Choi and Lee, 2013; Zhang et al., 2017, 2018).
Nevertheless, the results of this study showed that the content
and density of stone cells and the diameter of SCCs in loquat
cultivars were relatively small. Therefore, it was necessary to
use interspecific hybridization to transfer appropriate stone cell
traits from wild loquat into loquat cultivars, thus improving
the storage and transport tolerance of loquat cultivars.

JEZ was tolerant to storage and transport, while BL was
susceptible to these factors. However, the pulp texture was
coarse in the JFZ and very fine in the BL (Lin et al.,, 2008).
Both JFZ and BL are regarded as “standard” varieties of “fruit
hardness” and other fruit traits in the Chinese DUS test standard
of loquat (Lin et al,, 2019). In China, breeding research attention
has traditionally been placed on maintaining the original taste
of loquat by ensuring a high TSS content, with storage and
transport tolerance only being considered in recent years. Our
results suggested that higher stone cell content and density
might be beneficial to enhance storage and transport tolerance
while worsening the taste of loquat fruits. Therefore, it will
be necessary to investigate the correlations between storage
and transport tolerance and fruit texture and taste in loquat
to ensure a good balance between these characteristics in future
breeding programs.

Different pear varieties exhibit diverse stone cell traits. A
large diameter and density of SCCs lead to a more crude
and granular taste. The effect of SCCs with diameter greater
than 250 pm on pulp texture is significant (Cao et al., 2010;
Tian et al, 2011). In this study, although the size of TL
stone cells was small, the stronger aggregation of TL stone
cells led to a larger size of SCCs in this species than in JFZ.
However, JT8 SCCs combined the aggregation traits from
the male parent TL and the size traits from the female parent
JEZ, thereby exhibiting transgressive inheritance for the SCC
size-related traits. The length and width of most JFZ SCCs
were less than 250 pm. In contrast, the length of most SCCs
and the width of more than half of the SCCs were greater
than 250 pm in JT8, and certain SCCs could exceed 1,000 pm
in length and width. This may be the reason why JT8 fruits
had an obviously granular taste, while JFZ fruits did not.
Therefore, efforts to improve the storage and transport tolerance
of loquat cultivars by using stone cell traits from wild loquat
should fully consider the effects of stone cell traits on the
taste of interspecific hybrid fruits. At the same time, a common
disadvantage of interspecific hybrids is that their fruits are
usually smaller than those of loquat cultivars (e.g., JFZ);
therefore, backcrossing is essential (Lin, 2017). In addition,
it is worth noting that there was high stone cell content in
the peels of pear fruits, and the distribution density of stone
cells was as follows: within the peel > in the pulp near the
core > in the pulp near the peel (Zhang et al., 2017). Stone
cells have high mechanical strength and could fulfill a supporting
function and even a role in physical defense against insect
herbivory (Whitehill et al., 2016). In this study, no obvious
stone cells could be found in the peel tissues of three Eriobotrya
plants, which we considered to be one of the important
reasons why loquat fruits were susceptible to storage and
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transport tolerance. It is not clear whether there are wild
loquats with stone cells distributed in the peels. Therefore,
the fruit stone cell traits in wild loquat need to be further
studied. Wild loquat with desirable stone cell traits (e.g.,
content and size or distribution in fruit peels) will be beneficial
for improving the storage and transport tolerance of loquat
cultivars by using these traits.

CONCLUSION

Overall, the shape, size, development, and distribution dynamics
of stone cells of Eriobotrya plants were thoroughly studied. It
was found that the stone cell traits of Eriobotrya plants were
highly similar to those of pear, indicating a relationship between
loquat and pear, which may provide a new idea for the study
of the relationship and evolution among the fruit trees of
Rosaceae. Moreover, the results also demonstrated that stone
cell traits could be transmitted from parents to progenies in
interspecific crosses. Thus, it is feasible to transfer stone cell
traits of wild loquat into common loquat cultivars by cross-
breeding. Our results provide a new approach to improving
the storage and transport tolerance of loquat cultivars through
the use of stone cell traits from wild loquat plants.
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Longan (Dimocarpus longan Lour.) is an important economic crop widely planted in
tropical and subtropical regions, and flower and fruit development play decisive effects
on the longan yield and fruit quality formation. MCM1, AGAMOUS, DEFICIENS, Serum
Response Factor (MADS)-box transcription factor family plays important roles for the
flowering time, floral organ identity, and fruit development in plants. However, there is
no systematic information of MADS-box family in longan. In this study, 114 MADS-
box genes were identified from the longan genome, phylogenetic analysis divided them
into type | (Ma, MB, My) and type Il (MIKC*, MIKCE) groups, and MIKC® genes were
further clustered into 12 subfamilies. Comparative genomic analysis of 12 representative
plant species revealed the conservation of type Il in Sapindaceae and analysis of cis-
elements revealed that Dof transcription factors might directly regulate the MIKC®
genes. An ABCDE model was proposed for longan based on the phylogenetic analysis
and expression patterns of MADS-box genes. Transcriptome analysis revealed that
MIKCE genes showed wide expression spectrums, particularly in reproductive organs.
From 35 days after KCIO3 treatment, 11 MIKC genes were up-regulated, suggesting
a crucial role in off-season flower induction, while DIFLC, DISOC1, DISVP, and DISVP-
LIKE may act as the inhibitors. The gene expression patterns of longan fruit development
indicated that DISTK, DISEP1/2, and DIMADS53 could be involved in fruit growth and
ripening. This paper carried out the whole genome identification and analysis of the
longan MADS-box family for the first time, which provides new insights for further
understanding its function in flowers and fruit.

Keywords: longan, MADS-box, ABCDE model, KCIO3, flower, fruit development
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INTRODUCTION

The MADS-box genes, widely distributed in fungi, plants, and
animals, encode a large transcription factor family. These genes
with diverse functions play important roles in plant development,
signal transduction, and stress responses (Riechmann and
Meyerowitz, 1997; Messenguy and Dubois, 2003). The family
name “MADS” consists of the initials of its earliest genes,
MCM1 in yeast, AGAMOUS (AG) in Arabidopsis thaliana
(Arabidopsis), DEFICIENS in Antirrhinum majus, and Serum
Response Factor (SRF) in humans (Passmore et al., 1988; Sommer
et al,, 1990; Yanofsky et al., 1990). Each MADS protein possesses
a conserved domain of about 60 amino acids named MADS-
box at the N-terminus, which recognizes and binds to CArG
boxes (CC[A/T]6GG) (De Bodt et al., 2003). At an evolutionary
level, all the members can be divided into two lineages, type I
and type II, according to their relationships to animal SRF-like
and MEF2-like genes, respectively (Alvarez-Buylla et al., 2000).
In general, type I MADS genes have simple structures with 1-2
exons and there are few reports on their functions. The type II
genes were also named MIKC genes due to their four domain
structures: the highly conserved MADS-box (M) domain, the
less-conserved intervening (I) domain, the moderately conserved
keratin-like (K) domain, and the variable C-terminal (C) region
(Theissen et al., 1996; Kaufmann et al., 2005). In Arabidopsis
MADS-box genes were separated into five groups including Ma,
MB, My, M3, and MIKC based on the phylogenetic analysis
(Parenicova et al., 2003). These MIKC type transcription factors,
only found in the plant, can be subdivided into MIKC® and
MIKC* groups based on differences in I and K domains and have
been characterized functionally in the regulation of growth and
development (Theissen et al., 2000; Becker and Theissen, 2003).
These type II genes may be separated from the ancestor of extant
land plants (Becker and Theissen, 2003).

In seed plants, extensive research has been performed since
the MIKC® type genes were demonstrated to be involved in
floral organ identity, the control of flowering time, and seed
development. They can be further classified into 12 clades
(Becker and Theissen, 2003), for example, SUPPRESSOR OF
OVEREXPRESSION OF CONSTANS 1 (SOCI1) and SHORT
VEGETATIVE PHASE (SVP) participate in the regulation of
flowering time; APETALA 1 (API) is not only a floral meristem
identity gene, but also the floral organ identity gene; FRUITFULL
(FUL) regulates cell differentiation during fruit development
(Coen and Meyerowitz, 1991; Gu et al,, 1998; Lee and Lee,
2010). With extensive researches, the well-known ABCDE model
was built from studies in Arabidopsis and Antirrhinum majus,
which explains floral organ identity (Coen and Meyerowitz, 1991;
Theissen, 2001; Theissen and Saedler, 2001). Within the floral
meristem, A + E genes specify sepals, A + B 4 E genes specify
petals, B + C + E genes determine stamens, and C + E genes
direct carpels, in addition, D + E genes are involved in ovule
development. In the model plant Arabidopsis, A-class genes are
represented by API, APETALA2 (AP2), FUL, CAULIFLOWER
(CAL), and AGAMOUS-LIKE 79 (AGL79) (Jofuku et al., 1994),
B class correspond to genes from APETALA3 (AP3) and
PISTILLATA (PI) (Goto and Meyerowitz, 1994; Yang et al., 2003),

C class includes AG (Yanofsky et al., 1990), D class includes
SHATTERPROOF (SHP) and SEEDSTICK (STK) and E class
include 4 SEPALLATA genes (SEP1, SEP2, SEP3, and SEP4)
(Pelaz et al,, 2000; Pinyopich et al, 2003; Ditta et al., 2004;
Zahn et al., 2006).

Longan (Dimocarpus longan Lour., 2n = 2x = 30), a member
of the Sapindaceae family, was derived and widely cultivated
in Southeast Asia (Lai et al., 2000). As a famous subtropical
fruit tree, longan commonly called “dragon eye” in China is of
high nutritional and medicinal value (Mei et al., 2014). Floral
induction (FI) is the biological basis for the development of
floral organs and fruit. However, in longan, FI is sensitive to
temperature and thus floral reversion occurs frequently (Chen
et al.,, 2009). Began in the late 1990s, potassium chlorate (KClO3)
has been heavily input into longan thanks to the discovery of
flowering induction by KClO3 at almost any time of the year
(Subhadrabandhu and Yapwattanaphun, 2001; Manochai et al.,
2005). Interestingly, off-season FI by KCIO3 was only found in
longan, even its close species litchi (Litchi chinensis Sonn.) has
never been affected by KClOs3. Several studies have investigated
the physiological mechanisms of FI by KClO3, indicating that
starch, sucrose contents, and cytokinin may play an important
role (Sringarm et al., 2009; Chang, 2010). In addition, “Sijimi”
(“SJ”) longan, performs a unique trait of perpetual flowering
(PE), flower and bears fruit throughout the year without external
environment conditions (Zhang H.N. et al., 2016). Longan likely
has a special FI mechanism among the perennial fruit species. In
this decade, the molecular genetics of flowering in model plants
has a great advanced development (Fornara et al., 2010), but the
research progress of flowering regulation in perennial fruit trees
is very limited due to their long juvenile period and complex
genetic backgrounds. Several flowering genes have been cloned
and analyzed in longans such as FLOWERING LOCUS T (FT),
AP1, and LEAFY (LFY) (Winterhagen et al., 2013), however, no
research has been carried out on the MADS-box family in longan.

Recently, we sequenced and assembled the “Shixia” (“SX”)
longan genome, this chromosome level genome can assist us
with the analysis of MADS-box genes from the entire genome.
Here, we identified 114 MADS-box genes from the longan
genome for the first time, with the phylogenetics, gene evolution,
conserved motif, and cis-element analysis was performed. We
also determined the expression profiles of longan MADS-box
genes particularly the ABCDE model genes during off-season
FI under KClO3 and fruit development. This work provides an
overview and information useful for future functional analysis of
longan MADS-box genes in the reproductive process.

MATERIALS AND METHODS

Data Retrieval and Plant Materials

The Arabidopsis MADS-box genes were retrieved from The
Arabidopsis Information Resource (TAIR)'. The MADS-box
genes of Amborella trichopoda, Citrus clementina, Citrus sinensis,
Vitis vinifera, Oryza sativa, Sorghum bicolor, Zea mays, Musa

'http://www.arabidopsis.org/
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acuminate, Nymphaea colorata, and Physcomitrella patens were
described in previous reports (Aono and Hasebe, 2006; Arora
et al., 2007; Zhao et al,, 2011; Hou et al., 2013; Project, 2013;
Wang et al, 2015; Liu et al, 2017; Zhang et al., 2020). The
genomic data of Selaginella moellendorffii and Chlamydomonas
reinhardtii were obtained from Phytozome® and Xanthoceras
sorbifolium was downloaded from GigaDB’. The evolutionary
relationships of the above species were obtained from National
Center for Biotechnology Information (NCBI)*. The RNA-seq
data from ten tissues (root, stem, leaf, dormant bud, flower
bud, flower, young fruit, pulp, pericarp, and seed) of “Sijimi”
(“SJ”) longan were downloaded from the NCBI under accession
number: PRJNA329283 and PRJNA387674 from previous studies
(Lin et al., 2017; Jue et al., 2019).

The collection of Dimocarpus longan and the performance
of experimental research on such plants complied with the
national guidelines of China. We collected apical buds under CK
and KClO3 (99% active ingredient) treatment from 4~6 years
old “Shixia” longan in Maoming, Guangdong, China at ten-
time points (from day 0 to day 54 including November 18,
2016, November 23, 2016, November 28, 2016; December 3,
2016, December 8, 2016, December 13, 2016, Decemberl18, 2016,
December 23, 2016, December 29, 2016, and January 11, 2017).
Four whorls of floral organs including sepal, petal, stamen, carpel
(pistil without ovary) and ovary of “Baoshi No. 1” (“BS-1”) and
fruit of n were collected in Germplasm Repository of Longan
(Dimocarpus longan), Fuzhou City, Ministry of Agriculture. All
samples were collected and stored at —80°C until RNA-Seq.
A pair-end library was made using the Illumina® TruSeq™
RNA Sample Preparation Kit [RS-122-2001(2), Illumina] and
sequencing using Illumina X ten.

Identification and Features of MADS-Box
Family in Longan

Two strategies were used to identify the MADS-box transcription
factor family: the hidden Markov model (HMM) profile of SRF-
TF domains (PF00319) from the Pfam database® was used as a
query to identify MADS-box sequences with HMMER version
3 (Eddy, 2011) against the longan genome with a threshold
of e-value < 1 x 107°. In addition, MADS protein sequences
of Arabidopsis were used as queries to search against the
longan genome using the BLASTP program (Altschul et al,
1990) with an e-value cutoff of le—5 and identity > 40%.
Subsequently, these proteins were submitted to the Pfam database
and NCBI Conserved Domain Search® to confirm the presence
and completeness of the MADS domain. Candidate genes
without the MADS domain were re-annotated manually with the
assistance of FGENESH (Solovyev et al., 2006). The physical-
chemical properties of longan MADS-box genes were predicted
with the online tool ProtParam from ExPASy (see text footnote 6).

Zhttps://phytozome.jgi.doe.gov/pz/portal.html

*http://gigadb.org/
“https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi
Shttp://Pfam.sanger.ac.uk/

Chttps://web.expasy.org/protparam/

Phylogenetic Analysis

Sequence alignments of MADS-box genes were performed using
the MUSCLE program in MEGA X (Kumar et al., 2018) with
default parameters. The NJ (neighbor-joining) phylogenetic tree
was constructed using MEGA X with the following parameters:
Poisson model and pairwise deletion, bootstrap for 1000
replicates. Maximum-likelihood (ML) phylogenetic trees were
constructed using FastTree software (Price et al., 2009) with the
LG model. Arabidopsis MADS-box genes (AtMADS) were used
to assist classification (Theissen et al., 2000).

Chromosome Locations and Synteny
Analysis

To analyze the synteny for longan MADS-box genes (DIMADS),
the BLASTP program (e-value < le—5), and MCScanX (Wang
etal.,, 2012) were used. The tool ‘duplicate gene classifier’ was used
to classify the origins of duplicate genes for longan.

Gene Structure, Conserved Motif, and

Cis-Element Analysis

Gene structures of MADS-box genes were extracted from the
General Feature Format (GFF) file and the diagram was drawn
with the online program Gene Structure Display Server (GSDS”).
Conserved motifs were identified using Multiple EM for Motif
Elicitation (MEME, version 5.3%) with the following parameters:
10 different motifs, Minimum Motif Width 10, Maximum
Motif Width 100. The identified motifs were sent to Interpro’
for annotation.

The 1,500-bp sequences upstream of the start codon of
each longan MADS-box gene were extracted to predict cis-
acting elements through PlantCARE". We further detected the
conserved motifs from promoters of MIKC® genes using MEME
with p-values < 0.05 and compared the motifs with known
transcription factor binding sites (TFBS) from JASPAR Core
plants 2018 database'' by performing Motif Comparison Tool
TOMTOM (TOMTOM version 5.3'?) with e-value < 0.05.

RNA-Seq Data Analysis

Raw reads from RNA-seq were trimmed with Trimmomatic
version 0.39 (Bolger et al., 2014) to remove adaptor sequences
and low-quality reads. The high-quality reads were mapped to the
“SX” longan genome using HISAT2 version 2.1 (Kim et al., 2015).
The expression levels of MADS-box genes were normalized to
fragments per kilobase of exons per million fragments mapped
(FPKM) using StringTie version 2.1.2 (Kovaka et al., 2019). We
defined genes with an FPKM value < 1 as not expressed, genes
with FPKM value > 1 as lowly expressed, and values > 10 as
highly expressed. Genes with FPKM value > 100 were extremely
highly expressed. The differentially expressed genes (DEGs) were

"http://gsds.gao-lab.org/

Shttp://meme-suite.org/tools/meme
“https://www.ebi.ac.uk/interpro/search/sequence/
Ohttp://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://jaspar.genereg.net
Phttps://meme-suite.org/meme/tools/tomtom
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identified using the R package DESeq2 version 1.3 (Love et al.,
2014). The gene co-expression networks were constructed using
the WGCNA (Langfelder and Horvath, 2008) package with
the filtered genes (FPKM > 1 at least one sample). Software
Cytoscape version 3.7.1 (Shannon et al, 2003) was used to
visualize the gene interaction networks of MADS-box genes.

Expression Validation of DIMADS by
qRT-PCR

The cDNA for qRT-PCR was synthesized using the StarScript II
First-strand cDNA Synthesis Mix with gDNA Remover (GenStar,
A224-10). Gene-specific primers were designed using the online
tool PrimerQuest” (Supplementary Table 1). Two longan actin
genes (Dil.10g021740.1 and Dil.06g016430.1) were used as the
internal control and three replicates were performed (Jue et al.,
2019). The qRT-PCR amplification was carried out using 2x
RealStar Green Fast Mixture (GenStar, A301-10) on a Multicolor
Real-Time PCR Detection System (Bio-Rad) using the protocol
for this kit: 95°C for 2 min, 40 cycles of 95°C for 15 s and 60°C
for 30 s. The relative expression levels of the candidate genes were
calculated using the 2— A ACt method.

RESULTS

Identification of MADS-Box Genes in

Longan

To identify the MADS-box gene family, both the hidden
Markov model (HMM) profile (PF00319) and 107 Arabidopsis
MADS-box protein sequences were used as queries to perform
HMMER and BLASTP against the “SX” longan genome. A total
of 117 candidate MADS-box genes were identified. Among
them, nine genes that did not have MADS domain-coding
sequences were manually re-annotated with the assistance of the
online tool FGENESH. Three re-annotated sequences without
MADS domain were excluded from further analysis. Finally,
114 complete MADS-box genes were confirmed and named
as DIMADSI-DIMADSI114 based on their genomic location
in the chromosome (Supplementary Table 2). The length
and molecular weight of 114 MADS-box proteins ranged
from 64 AA and 7358.57 Da (DIMADS85) to 643 AA and
72378.92 Da (DIMADS101), with isoelectric points in the range
of 5.06 to 10.49 (Supplementary Table 2). This result showed
divergences in physicochemical properties among MADS-box
family members in longan.

Phylogenetic and Evolutionary Analysis

To classify and examine the evolutionary relationship among
MADS-box genes, we constructed a neighbor-joining (NJ)
phylogenetic tree with alignments of longan and Arabidopsis
MADS-box protein sequences. The result showed that DIMADS
were divided into 5 groups, as in Arabidopsis (Parenicova et al.,
2003; Supplementary Figure 1). Of these, 63 longan MADS-box
genes were assigned to type I including 39 genes in Ma, 10 genes

Bhttps://sg.idtdna.com/pages/tools/primerquest

in MB, 14 genes in My. 51 DIMADS were classified as type II
including 36 MIKC® and 15 MIKC* type genes.

The MADS-box family is widely distributed in plants, and
to understand the gene evolution in longan, we searched for
MADS-box genes in the genomes of 15 representative plant
species for comparative genomic analysis. Nine of them have
been previously reported (see Methods), while MADS-box genes
of the other six plant species were identified and classified from
their genomes. As shown in Figure 1, both type I and type II
have single genes in C. reinhardtii (Algae), supporting the view
that these two types of MADS-box genes are very ancient and
originated before the origin of Embryophyte. The MADS-box
genes were expanded in Angiospermae due to the e-whole-
genome duplication (WGD). Compared to type I, the number of
type II genes is relatively conserved in monocots and eudicots.
In addition, longan has the largest number (114) of MADS-box
genes, similar to litchi.

In order to further classify the MIKC genes, two phylogenetic
trees were constructed using MADS-box proteins from
Arabidopsis, longan, litchi, and Xanthoceras sorbifolium
(yellowhorn) using the maximum-likelihood (ML) and neighbor-
joining (NJ) methods (Figure 2 and Supplementary Figure 2).
The structures of the two trees based on NJ and ML methods
were similar, indicating a reliable subfamily division. The
longan MIKC® genes could be divided into 12 subgroups with
Arabidopsis genes as a reference, and no novel subfamily was
found, indicating the conservation of the gene evolution in
dicot species. The Flowering Locus C (FLC) clade of Arabidopsis
contains one FLC gene and five homologs, MADS-AFFECTING
FLOWERING 1-5 (MAFI-5), which was attributed to the two
rounds of Arabidopsis specific WGD. Only one gene was found
in each Sapindaceae FLC clade, which was similar to the result
in Citrus (Hou et al., 2013). Similar to FLC, subgroups TT16
and AGAMOUS-like 6 (AGL6) contained the minimum number
(one) of longan type II genes. For the SVP clade, there are
two genes (SVP and AGL24) in Arabidopsis, with the SVP
subgroup consisting of the largest number (11) of MIKC®
type genes in longan, indicating that some of the loss and
duplication events probably occurred after the divergence of two
the species. As dormancy-associated MADS-box (DAM) genes,
which were highly homologous to SVP and AGL24, have been
proven to affect dormancy in peach (Bielenberg et al., 2008), we
collected reported DAM gene sequence data from Prunus persica
(peach), Prunus mume (plum), Pyrus pyrifolia (pear), and Malus
domestica (apple) to generate a phylogenetic tree with longan
and litchi (Supplementary Figure 3). Except for the main SVP
and AGL24 clade, all the Rosaceae DAM genes cluster in one
clade, with nine longan MADS genes (named as DISVP-LIKE)
and seven litchi MADS genes located in an individual cluster.

Genomic Distribution and Gene
Duplication

The 114 MADS-box genes were unevenly distributed on 15
chromosomes of the longan genome (Figure 3A). At least 3
DIMADS were found in each chromosome, chromosome 11
had the largest number of family members at 20, and only
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Total Typel Ma MB My Type Il MIKC¢ MIKC®
B—a— A. thaliana 107 61 24 21 16 46 39 7
C. clementina 84 35 24 6 5 49 44 5
D. Longan 114 63 39 10 14 51 36 15
L. chinesis 110 59 34 13 12 51 36 15
! X. sorbifolium 79 32 19 6 7 47 32 15
V. vinifera 54 10 3 6 1 44 39 5
S. bicolor 65 30 26 2 2 35 33 2
6—@ Z. mays 75 32 27 3 2 43 39 4
e O. sativa 75 32 13 9 10 43 38 5
B a M. acuminata 96 31 - 8 65 60 5
¢ N. colorata 70 4 32 5 4 29 25 4
A. trichopoda 34 12 6 4 2 22 20 2
S. moellendorffii 18 8 2 - 10 7 3
P .patens 24 7 - - - 17 6 1"
Algae C. Reinhardtii 2 1 - 1 . .
Whole Genome Duplication
FIGURE 1 | The MADS-box gene family in 15 species. The evolutionary relationship of 15 species on the left of the figure was obtained from NCBI
(https://www.nchi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi). The right of the figure shows the number detail of the MADS-box family in each species. Type
| MADS-box genes contain three groups: Ma, MB, My, and type Il genes are subdivided into MIKC® and MIKC* groups.

three genes were located on chromosomes 4 and 12. Gene
duplication has been considered the driving force for species
evolution, and WGD events have probably occurred in many
eukaryotes, sometimes more than once (Van de Peer, 2004).
Previous research has established that over 90% of the increase
in the number of regulatory genes was caused by the three
WGD events in Arabidopsis (Maere et al., 2005). In this study,
we investigated gene duplication events in Arabidopsis, longan,
litchi, and yellowhorn genome using MCScan X. Of the genes of
the longan MADS-box family, 44 (38.6%) originated from WGD
or segmental duplication, 20 (17.5%) appeared to have been
created through tandem duplication, 22 (19.3%) were proximal
duplicated genes and 28 (24.6%) were dispersed duplicated genes
(Table 1). In Arabidopsis, nearly half of the MADS-box genes
(46.7%) originated from dispersed duplication, while tandem
duplication events were more widespread in the MADS-box
genes which indicates they made a valuable contribution to the
evolution of the longan MADS-box family. Of significance, at
least 26 genes of the Ma group were clustered on special regions
of chromosomes 2, 7, and 13, indicating that tandem duplications
were the main force driving the expansion of this MADS-
box group.

In Sapindaceae, type II gene numbers were generally
conserved, while type I gene numbers varied. Longan and litchi
have consistent numbers of MADS-box genes in all the subgroups
with the exception of Mf and My (Figure 1). Yellowhorn had
much fewer type I MADS-box genes (32) than both longan
(63) and litchi (59). Therefore, we constructed the comparative
syntenic maps among longan, litchi, and yellowhorn (Figure 3B).
For type I, 44 orthologous gene pairs were identified between
longan and litchi, indicating close relationships. In comparison
to longan and litchi genomes, gene concentration was observed
in which was mainly caused by the loss of type I genes in
the corresponding longan chromosomes 1, 2, 3, 6, 11, 13, 14,

and 15. Moreover, the synonymous substitution rates (Ka/Ks)
of the gene pairs were calculated to identify the evolutionary
forces. All of the 58 orthologous gene pairs had Ka/Ks < 1
(Supplementary Table 3), suggesting that purifying selection
may be the dominant force driving the evolution of Sapindaceae
type I MADS-box genes.

Gene Structure and Conserved Motifs of

Longan MADS-Box Family

To assess the structural diversity of longan MADS-box genes, the
GSDS program was used to display intron-exon organization.
The results showed that the structures of type I genes were
short and simple with the presence of 0-2 introns except for
DIMASDI101 with 9 introns (Supplementary Figure 4). The full-
genome lengths of DIMADS40 and DIMADS42 were significantly
longer at 6503 and 9040 bp. Through the survey of transposable
element (TE) sequences, we found that 9 and 5 TEs were located
in DIMADS40 and DIMADS42, respectively (Supplementary
Table 4). Compared with type I, type II genes contain more
exons in the range of 0-12, which is in contrast to the previous
report that MIKC genes have a common structure of 1-6 exons
(Johansen et al., 2002). In addition, the average length of MIKC*
genes (3,900 bp) was shorter than MIKC® genes (8,800 bp).
Since MIKC type genes with complex structures play
functional roles in developmental processes in plants (Becker
and Theissen, 2003), we analyzed the conserved motifs of longan
MIKC type proteins using the MEME program. A total of
10 conserved motifs were identified among 51 MIKC protein
sequences (Figure 4 and Supplementary Table 5) and the
number of motifs in DIMADS ranged from 1 to 7 and each
subfamily had similar motif compositions. Motif 1 which was
annotated as MADS domain was found in nearly all protein
sequences except for DIMADSS86, 84, 87 in the SVP class and
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FIGURE 2 | Phylogenetic analysis of type Il MADS-box transcription factors. The maximum-likelihood (ML) tree was constructed with MIKCE proteins sequences

DIMADSI in the MIKC* class, with the distribution of the
unknown motif 4 being similar to motif 1, suggesting that
these two motifs play crucial functions. Motif 2, 3, and 7
may be fragments of the K-box and are distributed in most
MIKC® members, but motif 5 annotated as K-box was only
found in MIKC* class. The result reveals that the primary
differences between MIKC® and MIKC* proteins are variations
in the K domain.

Cis-Elements and Potential Transcription
Factor Binding Sites

Transcription factors (TFs) control and regulate gene expression
through binding cis-elements in the promoters of target genes.
To investigate the regulatory gene networks of the MADS-box

family, we analyzed the cis-elements of the upstream 1,500-bp
sequences of DIMADS based on the PlantCARE database.
Cis-elements associated with 11 biological processes such as
light-responsiveness and the circadian clock were annotated in
DIMADS (Supplementary Table 6). Of note, the number of
functional elements in MIKCC type genes is significantly less
than that of other genes (Figure 5A). Light-responsive boxes
existed in all MADS-box genes. Hormone-related (ABRE, TGA-
element, AuxRR-core, GARE-motif, P-box, etc.) and defense and
stress-responsive (WUN-motif, LTR, TC-rich repeats, ARE) cis-
elements were found in most family members. Additionally,
DIMADS]1 belonging to the MIKC* group had the most cis-
elements amongst the gene families. In the MIKCC subfamily, the
hormone-related elements were more frequently located in SEP,
FLC, and SVP clades.
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FIGURE 3 | Chromosomal location and synteny analysis of the MADS-box genes. (A) A total of 114 MADS-box genes are located in 15 chromosomes with different
colors. Gene pairs of WGD or segmental duplication are linked using blue lines. Tandem duplication genes are marked by red stars. Gene labels of five types: Ma,
MB, My, MIKC*, and MIKCC are denoted by blue, green, yellow, red, and black, respectively. (B) Synteny relationship of type | MADS-box genes from longan, litchi,
and yellowhorn genomes. Gray lines in the background indicate the collinear blocks within two genomes. Red lines highlight the syntenic type | MADS-box gene
pairs.

Transcription factors can directly bind to specific sequences
in promoters of target genes called binding sites to affect
gene expression. In order to further identify the transcription
factors which potentially control the MIKCC type genes,

the promoters of 36 MIKC® genes were processed using
MEME software to locate cis-motifs. As a result, 20 enriched
motifs were found and a total of 26 TFs along with their
DNA bind sites were identified in 7 motifs by comparison
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TABLE 1 | Numbers of MADS-box genes from different origins in Arabidopsis, longan, litchi, and yellowhorn genomes.

Number of Number of genes from different origins (percentage)
MADS-box genes
Singletons WGD/Segmental Tandem Proximal Dispersed
Arabidopsis thaliana 107 4 (3.7%) 24 (22.4%) 11 (10.3%) 18 (16.8%) 50 (46.7%)
Dimocarpus longan 114 0 (0.0%) 44 (38.6%) 20 (17.5%) 22 (19.3%) 28 (24.6%)
Litchi chinensis 114 1(0.1%) 18 (15.8%) 27 (23.7%) 14 (12.3%) 54 (47.4%)
Xanthoceras sorbifolium 79 1(0.1%) 22 (27.8%) 13 (16.5%) 8 (10.1%) 35 (44.3%)
Name P-value  Motif Locations
DIMADS108  2.95¢-96 i B e e D
DIMADS113  1.10e-101  DESSSSSNNSN BT
E Class DIMADS74  2.04e-95 B e e D
DIMADS70  3.25e-89 I ewTTm
AGL6 DIMADS18  5.95e-88 B e R
AGL12 DIMADS67  4.75¢-69 e BN
DIMADS98 ~ 2.59e-74 e W1
DIMADS109  8.32¢-74 H B
A Class DIMADS69 ~ 182¢-05 NSNS WN——T—]
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DIMADS20 ~ 2.72¢-88 _ e W T
C/D Class DIMADS49  1.62e-46 _
DIMADS66 ~ 4.66e-86 I e e D
ELC DIMADS73 ~ 9.38c-64  _IEEENmm [T
DIMADS56 ~ 6.87e-73 _ S e ]
soc1 DIMADS19  5.43¢-86 I s
DIMADS111  3.52e-40 ' I — —
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FIGURE 4 | Conserved motif compositions of longan type Il MADS-box proteins. The neighbor-joining tree was constructed with the aligned protein sequences of
longan type Il MADS-box genes. 10 motifs were identified and displayed in different colors.

with the JASPAR database (Figure 5B and Supplementary family. For example, CYCLING DOF FACTOR 5 (CDF5)
Table 7). 21 TFs were C2H2 zinc finger proteins particularly and COGWHEELI (COGI) binding sites were found in 4
the DNA-binding One Zinc Finger (Dof) transcription factor —motifs. Other TFs belong to BARLEY B RECOMBINANT/BASIC
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FIGURE 5 | Prediction of cis-elements and transcription factors of DIMADS. (A) The number of cis-elements related to light-responsive, defense and
stress-responsive, circadian, hormone-responses and meristem. The upstream 1.5 kb sequences of all longan MADS-box genes were analyzed through PlantCARE.
(B) The cis-motifs and transcription factors potentially target 36 MIKCC genes. Red indicates the transcription factor binding sites were found in promoter motifs of
MIKCE genes.

PENTACYSTEINE (BBR/BPC), MADS-box family and, ETS-
related genes.

A Proposed ABC(D)E Model in Longan

Extensive research showed that five classes of homeotic genes
called the ABCDE model, control floral development at the

molecular level. Phylogenetics and classification based on the
model plant as reference allowed the identification of the putative
functions of longan MADS-box genes. As shown in Figure 6A,
only one copy of an A-class functional MADS-box gene was
found in Amborella and four homologs were confirmed in
rice, Arabidopsis, and the three Sapindaceae species. Phylogeny
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indicated that A-class genes were present in a one-to-one
orthologous pattern in the Sapindaceae species. AP1 and CAL
originated from a recent duplication event and have both
partially redundant and unique functions (Alvarez-Buylla et al.,
2000), and only one gene of longan (DIMADS69) was found in
API1/CAL clade, named as DIAPI. In addition, the number of AP2
genes in the AP2/EREBP family was highly conserved in tested
Angiosperm (Figure 6A). Both AP3 and PI which diverged in
the ancestors of angiosperms experienced loss events in eudicots,
and C and D class genes formed a very close sister group, with
each Sapindaceae species having one AG, one STK, and one SHP
gene. SEP genes have roles throughout five whorls of floral organs
and were duplicated during angiosperm evolution. Four SEP
homologs were found in longan, litchi, and yellowhorn. Overall,
these results demonstrated that the number of ABCDE genes in
Sapindaceae was similar to the model plant Arabidopsis.

In order to investigate the correlation between ABCDE genes
and longan floral organs, we analyzed the expression patterns
of certain genes in mature four whorls of floral organs (sepals,
petals, stamens, carpel) and ovary by performing qRT-PCR
(Figures 6B,C). Although twelve selected genes could be detected
in most organs, they showed high specificity in different organs.
For A-class, DIAP1 was mainly expressed in the first three whorls
and DIMADS112 (DIFUL) was mainly expressed in carpel and
ovary. DIMADS63 (DIPI) of B class was only detected in petal
and stamen, DIMADS25 (DIAP3-1) also showed relatively high
expression in these two organs, even though it could be found
in all five organs. The only C class gene DIMADS49 (DIAG)
was detected in sepal, stamen, carpel, and ovary, especially in
stamen and carpel. Two D-class genes, DIMADS20 (DISHP)
and DIMADS66 (DISTK) were expressed in reproductive organs
(stamen and pistil) and showed relatively high expression levels in
the ovary which contains ovules. Interestingly, four members of
the E class showed different expression patterns in floral organs
suggestive of diversified gene function. The expression levels of
DIMADS74 and 113 (DISEPI and 3) were well-proportioned in
five orangs. However, DIMADS108 (DISEP2) showed a similar
expression pattern with DIAPI, and DIMADS70 (DISEP4) was
preferentially expressed in the ovary like DISTK.

Besides the ABCDE genes, AGL6 has been demonstrated to
control floral development. In Arabidopsis flowers, AGL6 could
be detected in all floral organs and in developing ovules (Koo
et al., 2010). However, the transcripts of DIMADSI18 (DIAGL6)
were only detected in the first three whorls of organs (sepals,
petals, and stamens), which suggested that this gene may not
control longan ovule development. These results allowed us to
predict the ABC(D)E model in longan (Figure 6D).

Tissue-Specific Expression Patterns of
DIMADS

To investigate the expression pattern of longan MASD-box
genes, previously published transcriptome data from multiple
tissues including root, stem, leaf, dormant bud (before the
emergence of floral primordia), flower bud, flower, young fruit,
pericarp, pulp, and the seed of “SJ” longan were used for analysis
(Lin et al., 2017; Jue et al., 2019). In line with previous studies

(Kofuji et al., 2003; Duan et al., 2015), almost all genes from type
I displayed low expression levels (FPKM value < 1) in nine
tissues (Supplementary Table 8). In addition, DIMADS21 was
highly expressed specifically in roots and DIMADS53 showed
extremely high expression in pulp (Supplementary Figure 5),
which suggests that these two genes play roles in root and fruit
development, respectively. Moreover, DIMADS45 was primarily
expressed in root, stem, and seeds. DIMADS65 was lowly
expressed in multiple tissues. In the MIKC* group, DIMADS71,
72, 114 with more protein motifs in the K-box region than others
showed higher expression in nearly all tissues, which provides
evidence to the fundamental role of the K-box domain. The
expression level of DIMADS27 and DIMADS58 in flower buds
and flowers were higher than other organs, indicating crucial
roles in the flowering process.

MIKCE type genes have important functions in the productive
organs in plants (Becker and Theissen, 2003). In longan,
genes of MIKC® displayed a wide range of expression levels
in different tissues, among which 11 (30.6%), 18 (50.0%), 17
(47.2%), 17 (47.2%), 24 (66.7%), 20 (55.6%), 16 (44.5%), 16
(44.5%), 8 (22.2%), 14 (38.9%), and 16 (44.5%) were expressed
(FPKM value > 1) in root, stem, leaf, dormant bud, flower
bud, flower, young fruit, pulp, pericarp and seed, respectively
(Supplementary Figure 6). Although expression patterns of
DIMADS were conserved within each subfamily, several genes
showed different expression levels in tested tissues such as DIAP]I,
DIFUL, and DIMADSI09 in the A-class group. Our analysis
showed that expression patterns of MIKC® genes in longan
tissues were classified into four clusters (Figure 7A). In cluster 1,
most genes show little expression but several genes such as SVP
class members were expressed in leaf, stem, and dormant bud.
DIMADS67 and DIMADS88 were specifically expressed in roots.
In cluster 2, DIMADS was mainly expressed in vegetative tissues.
DIMADS?73 (DIFLC), DIFUL, and DIMADS29 (DISVP) of cluster
3 displayed extensive-expression levels in nearly all tested tissues.
In cluster 4, DIAGL6 and 9 genes of the ABCDE classes were
mainly expressed in the reproductive organs including flower
bud, flower, fruit, pericarp, and seed. From this finding, it is clear
that MIKCC type DIMADS might perform significant roles in
flowering and fruit development as opposed to other organs.

To further survey the expression patterns of key DIMADS
having reliable transcriptional support, quantitative RT-PCR was
performed using total RNA isolated from leaf, dormant bud
(before the emergence of floral primordia), floral bud (floral
primordia), flower, and pulp (Figure 7B). Among seven selected
genes, DIAPI, DIMADS57 (DIAP3-2), and DIAGL6 were only
detected in floral or flower tissues, suggesting a unique function
in flowering. DISEP3 showed high expression in the floral bud,
flower, and pulp tissues. Moreover, DIMADS53 showed specific
high expression in pulp, consistent with the result of RNA-seq.

Differential Expression of DIMADS in

Off-Season Flower Induction

The compound potassium chlorate (KClO3) has been widely
used to induce flowering in longan since the last century
(Subhadrabandhu and Yapwattanaphun, 2001). In this study, we
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detected the expression of MADS-box genes in apical buds at ten-
time points using untreated controls (CK) and KCIOj treatments
(see Methods). A total of 34 genes were expressed in more than
one stage (FPKM > 1), including 26 MIKC® type genes, 3 MIKC*
genes, and 5 genes of type I (Supplementary Table 9).

Among these, we found 14 genes showed significant
differential expression levels (| logFC| > 2 and P-value < 0.05)
after KCIO3 treatment, including the ABCE model genes and
other flowering time integrators (Figure 8A). DIAP1, DIMADS98,
and DISEP4 were up-regulated from day 41 to day 54, especially
DIAP] with the highest FPKM value. It is interesting to note that
DIAP3-1, DIAP3-2, DIPI, DIAG, DISEP1/2/3, and DIAGL6 showed
the same patterns with upregulation on day 54. Therefore, these
up-regulated genes could be considered as promoting factors for
off-season flowering induction. In addition, DIMADSI111, DIFLC,
and DIMADS82 displayed a decreased pattern from day 35 to
day 54, suggesting that these may inhibit longan flowering in
this time period.

To assess the relationships between DIMADS and other genes
throughout the genome that may affect off-season flowering, the
expressed genes were classified into 16 modules by weighted

gene co-expression network analysis (WGCNA) (Supplementary
Figure 7). The result showed that 14 differentially expressed
MADS-box genes were distributed in four modules (MEyellow,
MEbrown, MEturquoise, and MEgreenyellow). Based on the
differentially expressed MADS-box genes, we constructed the co-
expression networks and found that 113 genes were presumed
to interact with them (Figure 8B). Based on the Arabidopsis
thaliana flowering interactive database', we found five flower-
related genes interacted with MADS-box genes in the networks
including UNUSUAL FLORAL ORGANS (UFO), TEOSINTE
BRANCHEDI1/CYCLOIDEA/PROLIFERATING CELL FACTOR
(TCP), CRABS, FLOWERING PROMOTING FACTORI (FPF1),
and HOTHEAD (HTH) (Kania et al., 1997; Krolikowski et al.,
2003; Hepworth et al., 2006; Gross et al., 2018; Zhao et al., 2020).
Besides these flower-related genes, (UDP-Glycosyltransferase-2)
UGT-2, (SPATULA) SPT, and SWEET1 were predicted to co-
expressed with the MADS-box genes although have not yet
been reported for the function related to flower. Whether these
genes play functions in longan flower induction and development

"“http://www.phytosystems.ulg.ac.be/florid/
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needs more experiments to confirm. In addition, 8 DIMADS
(DIMADS98, DIAG, DISEP1/2/3, DIPI, DIAP3-2, and DIAGL6)
were found in the green-yellow module and DIAGL6 was the top
hub gene with the highest kME value (0.99) indicating the central
role in flower development (Figure 8B).

Moreover, we also compared the expression levels of DIMADS
between “SX” and “SJ” during three floral transition stages
(T1: dormant bud; T2: floral primordia; T3: floral organ
formation). As a result, seven MADS-box genes were significantly
differentially expressed in two accessions (Supplementary
Figure 8). The expression of DIMADS111, DIAGL24, DIFLC, and
DISOCI was higher in “SX_T1” than that in “SJ_T1,” and they
were all downregulated in the following two stages except for
DISOCI. DIAPI was upregulated in T1 and T2 in both accessions
but showed higher expression levels in “SX” than that in “SJ.” On
the contrary, the DIMADS98 displayed a higher expression in “SJ”
than that in “SX” in the entire stages.

Expression Profiling of DIMADS During

Fruit Development

It was reported that the MADS-box gene family have functions
in fruit development and ripening (Moore et al., 2002), and
our present study analyzed the expression pattern of DIMADS
in six fruit developmental stages at 80, 100, 110, 120, 130, and
140 DAF (days after flowering of female flower) of 10 years

“XC” tree by RNA-seq. 21 MADS-box genes were expressed
in at least one stage of fruit development (Figure 9A and
Supplementary Table 10). Ten genes (DIMADS75, 70, 59, 55,
72, 18, 114, 29, 49, 68) were only expressed at low levels in
the first two stages of fruit development (DAF 80 and DAF
100). DIAP3-1, DIAP3-2, and DIMADS71 were down-regulated
gradually during developmental stages and DIFLC showed the
reverse trend. DISTK and DISHP exhibited the highest expression
levels in DAF 80, while the expression of DISTK rose in later
stages and DISHP decreased until it was not expressed at all.
Increasing expression from DAF 80 to DAF 130 was found
in DISEPI and DISEP2 indicating that they may be involved
in the fruit ripening process. It is significant that DIMADS53
(Ma) showed an extremely high expression level suggesting
important functions in longan fruit development. The RNA-seq
results of DIAP3-2, DISTK, DIFLC, DIFUL, and DIMADS53 were
corroborated by qRT-PCR. The relative expression levels were
in agreement with the FPKM, confirming the accuracy of our
transcriptomic analysis (R> > 0.9; Figure 8B).

DISCUSSION

Given the developments in genome sequencing, there are
numerous reports on the important MADS-box family in
various plants such as Arabidopsis (Parenicova et al., 2003),
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FIGURE 8 | Transcript analysis of longan MADS-box genes in off-season flower induction. (A) Expression profile of differentially expressed MADS-box genes during
10 stages (day 0~54) under CK and KCIOg treatment. (B) Co-expression networks of differential expression MADS-box genes during off-season flower induction.
Each node represents a gene and the lines between nodes represent co-expression correlations.

rice (Arora et al., 2007), soybean (Fan et al., 2013), and banana
(Liu et al,, 2017). In this study, we completed the identification
of the MADS-box gene in “SX” longan genome for the first
time, and 114 MADS-box members were identified and classified
into type I: Ma (39), MB (10), My (14), and type II: MIKC®
(36), MIKC* (14) (Supplementary Table 2). Combined with the

relative representative plant species, it is possible to understand
the evolution of MADS-box genes.

Evolution of MADS-Box Family
In this study, we identified the MADS-box genes from 15
representative species (Figure 1). The primitive lower plant,
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Chlamydomonas reinhardetii, only contained two genes belonging
to both type I and type II, in accordance with the view that these
two types of genes appeared by a duplication event before the
divergence of plants and animals (Alvarez-Buylla et al., 2000).
Overall, the number of MADS-box genes in Angiosperms is
larger than that in Pteridophyta, Bryophyta, and Alga. A large
expansion of MIKC® genes was found in basal angiosperms,
given that flowering is a typical feature of high plants, we predict
MIKC® genes may be endowed with new functions as plants
evolved especially in flowering and development. In monocots
and eudicots, type II genes showed relative conservation and
the number of type I genes varied greatly in eudicots. It was
found that longan contained the largest number of family genes,
and we speculate that members of the MADS-box family were
likely more active for tandem duplication after the y-WGD event
in longan than other eudicot species (Table 1). Furthermore,
the degree of retention of type I genes seems to be higher
than in other angiosperms. MIKC* genes expanded much
more and they mainly originated from WGD/Segmental and
dispersed duplication.

In Sapindaceae, the three examined genomes have no
additional WGD after the y-WGD, while, both longan and
lichee have large numbers of MADS-box genes as the tandem
duplication events frequently occurred in the longan genome.
This phenomenon indicated that longan and lichee probably
have complex molecular mechanisms for flower development
due to the interaction of large sets of MADS-box genes for
the regulation of gene networks. Sapindaceae could be classified
into two subfamilies including Sapindoideae and Dodonaeoideae
(Harrington et al., 2005). The divergence of the two subfamilies

resulted in a great variation in the number of the type I
genes particularly for MB and My (Figure 1), which was
probably caused by the functional redundancy of the two
subgroups of MADS-box genes since these genes have few reports
detailing their functions (Masiero et al., 2011). MIKC® genes
were demonstrated to be involved in floral organ identity, the
control of flowering time, and seed development. The relatively
consistent number of MIKCC genes in Sapindaceae is likely
attributed to the functional conservation of these genes in floral
organ development.

Dof Family May Regulate MIKC® Genes

in the Flowering Process

The potential transcription factors which control MIKC® genes
were identified, and 26 TF binding sites were found in promoters
of most MIKC® genes (Supplementary Table 7). The majority
of TFs contain C2H2 zinc finger domain such as the Dof
family, which is involved in photoperiod inducement of flowering
and flowering development (Yanagisawa, 2002). In Arabidopsis,
CYCLING DOF FACTOR (CDF) is the well-known inhibitory
factor of flowering which can repress the expression of FT
and CONSTANS (CO), it can be degraded by ubiquitin-protein
KELCH REPEAT, F-BOX 1 (FKF1) (Imaizumi et al., 2005).
OBF4 Binding Protein 3 (OBP3) and Cogwheel 1 (COGI)
modulate phytochrome to further influence flowering (Park
et al., 2003; Ward et al.,, 2005). Other research showed that
maize transcription factor Zmdofl regulates pollen formation
and development (Chen et al., 2012). In rice, overexpressing
OsDof12 led to early flowering and up regulation of OsMADS14
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(Li et al., 2009). The previous study has demonstrated that Dof
proteins were able to recognize (A/T)AAAG sequence as the
core motif (Chen et al., 1996; Yanagisawa and Schmidt, 1999). In
this study, similar binding sites of CDF5, COG1, FOXP1, OBP3,
and other Dof genes were found in cis-motif 2, 3, 4, and 5
(Figure 5B). It could be speculated that Dof TFs may directly
regulate MIKC® genes in longan, however, this speculation needs
further investigation.

BBR-BASIC  PENTACYSTEINE (BPC) identified in
Arabidopsis is a small transcription factor family of seven
members (Meister et al., 2004). BPCI binds to the STK
promoter at GA consensus sequences and regulates the
expression of STK (Kooiker et al., 2005). In addition, chromatin
immunoprecipitation analysis showed that BPCs also bind to the
GA boxes in vivo, and their mutation can result in suppressed
expression of the STK promoter (Simonini et al., 2012). Our
data showed that three genes of the BBR-BPC family probably
bind sequences in cis-motif 1, which provides evidence that
BPC binding sites are important for STK and other MIKC®
genes (Figure 5B). Moreover, AGAMOUS-LIKE 42 (AGL42) is a
member of the SOCI subfamily and controls the floral transition
in the axillary meristem, and SOCI directly binds to CArG-boxes
from other SOCI class genes (Dorca-Fornell et al., 2011). SOCI
plays a central role in the flowering pathway (Moon et al., 2003;
Yoo et al, 2005), and a recent study showed that SOCI also
binds to its own locus and several flowering genes including
the MADS-box members (Immink et al., 2012). Cis-motif 6
annotated as SOCI binding sites was found in the promoter of
15 MIKC® genes (Supplementary Table 7), perhaps SOCI class
members regulate other MADS-box genes during the longan
flowering process.

Functional Conservation of ABCDE

Model Genes in Longan

Longan is monecious and very little is known on longan floral
biology. We collected four whorls of organs and ovaries from
male and female flowers to predict the ABCDE model of
longan (Figure 6). The expression of A-class DIAPI was notably
higher in sepal than in other floral organs indicating the sepal
identity of A function. Its close paralogs DIFUL was mainly
expressed in the ovary. In Arabidopsis, FUL is required for
valve differentiation and expansion in the ovary after fertilization
(Zhang Y. et al., 2016). Generally, B class genes were restricted
to expressed in the second and third whorls in model plants
(Jack et al., 1992; Guo et al., 2015). In our results, DIPI was
only detected in petals and stamens, which is in line with its
expected function in petal and stamen identity specification.
DIAP3-1 was also expressed in the other two organs (sepal
and carpel), indicating neo-functionalization in longan after the
divergence of PI and AP3. Regarding the C class, AG was the
first floral organs identity gene found to determine the stamen
and carpel in Arabidopsis (Yanofsky et al., 1990). DIAG displayed
a higher expression level in the stamen and carpel than the
other organs, suggesting that DIAG maintains the C function
of specifying both male and female reproductive organs in
longan. A recent study revealed that Arabidopsis AG regulated

sepal senescence (Jibran et al., 2017). In this study, the transcripts
of DIAG were also found in sepals, supporting a potential
role for sepal senescence in longan. Both DISHP and DISTK
were relatively highly expressed in the ovary, we, therefore,
hypothesized that DISHP and DISTK perform class D functions
in longan ovule development.

All four members (SEP1/2/3/4) play redundant functions in
determining floral organ identity in Arabidopsis (Zahn et al,
2006). A similar result was found in longan with four DISEP
having different expression profiles in tested organs. DISEPI and
3 seem to account for a major position of E function due to
their wider and higher expression level. DISEP4 might regulate
the ovule development together with DIFUL, DISHP, and DISTK
in the early stage. AGL6 class was closely related to SEP in the
phylogeny (Figure 2; Becker and Theissen, 2003), and orthologs
of AGL6 in rice, maize, and petunia have been regarded as
regulators for multiple floral organ identity like Class E function
(Ohmori et al., 2009; Rijpkema et al., 2009). Our analysis showed
that DIAGL6 possibly controls sepal, petal, and stamen of longan,
not like TaAGL6 which is required for all four whorls of wheat
floral organs (Kong et al., 2021). Overall, the expression patterns
of ABCDE model genes in longan are similar to typical models in
Eudicots (Figure 6D).

The MADS Genes Are Involved in
Flowering and Respond to Potassium
Chlorate

MADS-box genes play significant roles in flowering processes in
plants. Expression analysis allowed us to predict the function
of longan MADS-box genes. Our results revealed a diverse
expression pattern in different longan tissues. Compared to
previous studies (Kofuji et al., 2003), the expression of most
genes in type I and MIKC* was not detected, with their function
remaining unclear and it is possible they are only be expressed
in specific cells or under specific conditions. Nevertheless, we
found several genes such as DIMADS21 and DIMADS53 in root
and pulp, suggesting these subfamilies with few studies never play
a negligible role (Supplementary Figure 5). These type I and
MIKC* genes should be investigated in future work.

Flowering is the key factor in yield determination (Bangerth,
2009), but the problem of poor production persisted for a
long time owing to low flowering rates in longan. Normally,
flower induction in longan needs a period of low temperature
(Suttitanawat et al.,, 2012), and longan can respond to KClO3
for floral bud formation. The molecular mechanism associated
with off-season flowering induction is of great value in scientific
research and is of practical significance.

MIKC genes are of vital importance in reproductive
development, especially the well know ABCDE model (Coen
and Meyerowitz, 1991). In the present study, many MIKC
genes seem to involve in the longan flowering process, as
highly expressed genes usually play important roles in plant
development. For example, DIAPI, DIPI, DIAGL6 were highly
expressed specifically in flower buds and flowers (Figure 7),
which highlights their key roles in flowering. DIAG, DISHE
DIFUL, DISEP1/2/3 showed high expression levels in multiple
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tissues, inferring their function in regions beyond just flowers.
More importantly, 11 DIMADS were up-regulated after KClO3
treatment (Figure 8A), highlighting the involvement of MADS-
box genes in off-season FI of longan.

Normally, LFY was considered as a determinant of flower
initiation that plays a central role in flower pathways (Fornara
et al, 2010). Recently, LFY was confirmed as a pioneer
transcription factor to promote floral transition via upregulating
AP] (Jin et al,, 2021). However, the ortholog of LFY in longan
showed no apparent changes during flower induction in “SJ” (Jue
et al., 2019). On further investigation, we found the expression
of DIAPI in “S]” was significantly lower than in “SX” especially
in the floral primordia stage, even though it was induced during
floral transition in both accessions (Supplementary Figure 8).
This result implied that the molecular pathways of flowering
in “SJ” may differ from those in the other longan accessions.
One A-class gene, DIMADS98, showed a higher expression level
in “SJ.” It is likely that the DIMADS98 displayed function
complementation with DIAPI in off-season FI.

In Arabidopsis, FLC and its five homologs, MAFI-
5 co-regulates flowering time by temperature-dependent
alternative splicing (Scortecci et al., 2001; Bastow et al., 2004).
Flowering induction in longan also requires low temperature
(vernalization), thus, FLC might be functionally constrained
in longan. DIFLC showed extensive-expression especially in
longan vegetative and reproductive tissues and slightly decreased
during off-season flowering. Significantly, the expression of
DIFLC was lower in “SJ” than that in “SX” during the whole
stages (Supplementary Figure 8). Given that FLC is regarded as
a repressor in different flowering pathways (Rouse et al., 2002),
we could speculate that DIFLC may be an inhibitor of off-season
FI in longan. SVP is another important gene in response to
environmental temperature to regulate plant flowering. The SVP
class showed obvious expansion and the collinearity analysis
implied it experienced tandem gene duplications like the DAM
genes in Rosaceae (Supplementary Figure 3). RNA-seq and qRT-
PCR analysis showed that SVP class genes such as DIMADS82
tend to be expressed in leaf tissue and dormant buds, and this
gene was also suppressed by KClO3 (Figures 7, 8). This leads
us to speculate that SVP class genes could regulate vegetative
development and be responsible for apical bud formation in
response to dormancy.

Moreover, SOCI responds to multiple floral induction
pathways including photoperiod, vernalization, and autonomous
(Lee et al., 2000). It acts downstream of FLOWERING LOCUS
T (FT) and regulates the expression of LFY which promotes
transcription of API (Immink et al., 2012). On the other hand, it
was also identified as a FLC suppressor (Lee et al., 2000). Contrary
to the previous study, DISOCI exhibited little expression in
flowers or floral buds and was down-regulated after KClO3
treatment. It is also notable that DIMADSIII (SOCI clade)
and DISOCI showed lower expression levels in “S].” Whether
SOCI clade genes have altered functions in longan remains to
be elucidated. From these results, it seems that genes in DIFLC,
DISVP, and DISOCI have similar functions in maintaining
vegetative growth and inhibiting floral transition, with further
studies being required to verify the function of these genes.

Potential Roles of Longan MADS Genes

in Fruit Development

Longan fruit, which contains many nutrients such as vitamins,
carbohydrates, mineral elements, and amino acids, plays an
important role in human anti-cancer, anti-aging, and brain
development (Rangkadilok et al., 2005). The growth and
development of longan fruit usually take 100-150 days. During
this period, there are obvious changes in fruit size, nutritional
composition, sweetness, and flavor, which are regulated by
external environmental conditions, plant hormones, and many
genes. In the present study, 9 of the MADS-box genes
were highly expressed in fruit (Figure 9). FRUITFULL FUL
is known for its role in controlling flowering time, carpel
identity, fruit development, and leaf morphology (Coen and
Meyerowitz, 1991; Gu et al., 1998; Torti et al., 2012). Functional
studies in multiple species indicated that FUL orthologs have
a conserved function for regulating fruit development even
in fruits with diverse morphologies and structures (Jaakola
et al, 2010; Bemer et al, 2012; Pabon-Mora et al., 2012;
Fujisawa et al, 2014). Not surprisingly, in longan, DIFUL
showed extremely high expression levels in young fruit, pericarp,
and flowers, suggesting that this gene also has a conserved
function for regulating the flowering time and fruit development
(Figures 7, 9).

Recent research showed that ectopic expression of MdPI
controls apple fruit tissue growth and shape, indicating that the
functions of B class genes are not limited to the development
of petals and stamen (Yao et al., 2018). Analysis of SIFAGLII
overexpression in tomatoes revealed that the D class gene
could regulate early fleshy fruit development (Huang et al,
2017). In this study, two DIAP3 genes were not only expressed
in flowers, but also expressed in fruit (seed, pericarp, and
pulp) with different patterns during fruit development. The
transcript of DISTK has detected all the examined fruit organs
with high levels in the pulp. It is likely that longan B and
D class genes experienced different evolutionary fates from
Arabidopsis and played functions for fruit development. In
addition, a preview study has reported that LeMADS-RIN is
necessary for fruit ripening at the tomato ripening-inhibitor
(rin) locus (Vrebalov et al., 2002). Arabidopsis SEP genes were
the homologs of LeMADS-RIN. We determined that DISEPI
and 2 were extremely highly expressed with expression tending
to increase during fruit development, which suggests DISEPI
and 2 may act as regulators of longan fruit ripening, with
further studies being required to verify their function. It is
noteworthy that a type I gene DIMADS53 only expressed in
the pulp of longan and remained at high expression levels
during fruit ripening. To the best of our knowledge, there is no
study about the orthologs of DIMADS53 in plants. This result
provides a new clue for the functional study of the MADS-box in
the plants.

CONCLUSION

This study identified 114 MADS-box genes including 63 types I
and 51 types II genes in the longan genome. Thirteen subfamilies
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of MIKC genes were identified through phylogenetic analysis
and the main difference between MIKC® and MIKC* proteins
were the K-box domain. Analysis of cis-elements revealed that
Dof transcription factors might directly regulate the MIKC®
genes. Phylogeny and gene expressional analysis showed that the
composition and expression of the ABCDE genes were conserved
in longan. We also provided expression information for DIMADS
in vegetative and reproductive tissues and this data led us to
conclude that MIKC® genes play crucial roles in flowering.
Several genes such as DISTK, DISEP1/2, and DIMADS53 could
be involved in fruit growth and ripening. In summary, this
comprehensive analysis provided the basic resources to examine
the molecular regulation of MADS-box genes in the longan
reproduction process.
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Longan (Dimocarpus longan Lour.) is an important subtropical fruit tree in China. Nearly
90% of longan fruit imports from Thailand are from the cultivar Yiduo. However, we
have observed that there exists a unilateral cross incompatibility (UCI) when Yiduo is
used as a female parent and Shixia (a famous Chinese cultivar) as a male parent.
Here, we performed a comparative transcriptome analysis coupled with microscopy
of pistils from two reciprocal pollination combinations [Shixiag® x Yiduo®(SY) and
Yiduo? x Shixiag(YS)] 4, 8, 12, and 24 h after pollination. We also explored endogenous
jasmonic acid (JA) and jasmonyl isoleucine (JA-lle) levels in pistils of the crosses. The
microscopic observations showed that the UCI was sporophytic. The endogenous
JA and JA-lle levels were higher in YS than in SY at the studied time points. We
found 7,251 differentially expressed genes from the transcriptome analysis. Our results
highlighted that genes associated with JA biosynthesis and signaling, pollen tube
growth, cell wall modification, starch and sucrose biosynthesis, and protein processing
in endoplasmic reticulum pathways were differentially regulated between SY and YS.
We discussed transcriptomic changes in the above-mentioned pathways regarding the
observed microscopic and/or endogenous hormone levels. This is the first report on
the elaboration of transcriptomic changes in longan reciprocal pollination combination
showing UCI. The results presented here will enable the longan breeding community to
better understand the mechanisms of UCI.

Keywords: Chinese longan, intraspecific cross incompatibility, jasmonic acid metabolism, plant-hormone, gene
expression

INTRODUCTION

Longan (Dimocarpus longan Lour.) belongs to the Sapindaceae family. It is one of the most
important subtropical fruit trees indigenous in China. Within China, major longan-producing areas
are distributed between 18-31.16°N latitude and 100°44’-122°E longitude, Guanxi, Guangdong,
and Fujian are the major production areas (Qiu, 2012). The fruit is rich in nutrients and has been
regarded as “precious tonic” since ancient times. It is believed that longan originated in China,
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since it has been cultivated for thousands of years
(Subhadrabandhu and Yapwattanaphun, 2001). Recently,
China has been importing large volumes of longan from nearby
countries, i.e., Thailand, Vietnam, and Cambodia (Hasachoo and
Kalaya, 2013). In 2020, China imported 72.67 MMT of longan
fruits'. The increasing imports are impacting local production.
There are more than 400 longan cultivars registered in China.
The major cultivars are Shixia, Chuliang, Dawuyuan, and Fuyan.
These cultivars are cultivated in different regions depending
on their traits and suitability to the local climate. Shixia is the
most cultivated cultivar in Guangdong province. However, its
production is lower than those that are grown in Thailand.
A major example is the Thai longan cultivar “E-Daw,” which
is known as Yiduo in China (Choo, 2000). Yiduo is a tropical
ecotype that was introduced in China by Thailand. Its yield is
relatively higher than that the Shixia or other cultivars in China.
Yiduo production per mu can reach 2,000-3,000 kg in Thailand.
After its introduction in China, its production has declined and
is mainly dependent on self-pollination to bear fruits. Yiduo
has several useful traits such as easy flowering, coarse and large
fruits, vigorous growth, high edible rate of fruit, and high yield
and quality of fruits, which have attracted the attention of
Chinese longan breeders to include it in Chinese longan breeding
programs. Our research group has tried to improve Yiduo
using local cultivars as male parent by hybridization. However,
in three successive years, we have noticed that there exists a
unilateral cross incompatibility (UCI) when Yiduo is used as a
female parent and Shixia as a male parent, i.e., Yiduo? x Shixia
J(YS). Our earlier data showed a fruit setting rate of 22.4%
and zero percent in SY and YS, respectively. Understanding this
reproductive barrier is a prime target for longan breeders to
uplift the quality of longan in China.

Unilateral cross incompatibility has been reported in multiple
plant species, e.g., capsicum (Onus and Pickersgill, 2004), faba

'www.tridge.com

Abbreviations: 12-OPDA, 12-13-epoxylinoleic acid to 12-oxophytodienoate; AA,
a-amylase; AOC, allene oxide cyclase; AOS, allene oxide synthase; AROI,
armadillo repeat only 1; BA, B-amylase; BAK, BRI1-associated receptor kinase;
BERUCTE, B-fructofuranosidase; BGL, B-glucosidase; BGLs, P-glucosidases;
CA30M, 3-O-methyltransferase; CAD, cinnamyl-alcohol dehydrogenase; CESA,
cellulose synthase; CHI, chintinase; CHXI15, cation/H(+) antiporter 15; CK,
control; CNGCI18, cyclic nucleotide-gated channel; COG, clusters of orthologous
groups; COI, coronatine-insensitive protein; CPK, calcium dependent protein
kinase; DAD, defective in anther dehiscence; DEGs, differentially expressed genes;
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bean (Abdalla, 1977), and field mustard (Takada et al., 2017), and
is defined as an intraspecific relationship in which pollinations
are only compatible in one direction (Tovar-Méndez et al,
2014). In Solanum species, UCI has been reported because
of rejection of pollen from self-compatible species on the
pistil of self-incompatible species (Tovar-Méndez et al., 2014).
In tomato, this UCI was linked to the absence of S-RNAse.
In brassica species, the self-incompatibility is regulated by
an S-haplotype-specific interaction between S-receptor kinase
(stigma-specific expression) and S locus protein 11 (tapetum-
cell-specific expression) (Takada et al., 2017). Generally, it
is considered that pre-fertilization/pre-zygotic/post-pollination
barriers can be responsible for such UCI that could be due
to failure of pollen germination or pollen growth in pistil (De
Nettancourt, 2001). Pollen tube growth is different from that
of other plant cells, as its growth is mainly restricted to the
tip region (Mascarenhas, 1993). Under conditions of pollen
competition, only fast-growing pollen tubes can accomplish
effective fertilization. Pollen tube growth varies in different
species (Stone et al., 2004), and certain factors such as calcium
and potassium ion concentration (Caser, 2017), biosynthesis
of cell wall polymers (Mollet et al, 2013), and availability
and concentration of sucrose/carbohydrates (O'Kelley, 1955;
Stadler et al., 1999) can contribute to pollen tube growth. These
factors are controlled by a large number of genes belonging to
different biosynthetic processes, i.e., plant hormone signaling, cell
enlargement, metabolism-related pathways, cell wall biosynthesis
and rearrangement, and protein processing (Becker and Feijo,
2007). An understanding of the expression of genes in specific
pathways would enable us to explore the possible reasons for
UCI in YS. Recent advancements in transcriptome sequencing
technology have enabled researchers to understand the molecular
mechanisms underlying cross incompatibility in maize (Wang
et al., 2018), self-incompatibility in lemon (Zhang et al., 2015),
tea (Zhang et al.,, 2016), and oilseed camelia (He et al., 2020), and
pollen tube development in olive (Iaria et al., 2016). A similar
approach would help us to explore transcriptomic signatures
by comparing different pollination combinations in Yiduo and
Shixia longan trees.

Methods to overcome UCI include genetic rescue (Holmes
et al, 2008), use of hormone application together with
irradiated pollen and mixed pollination, grafted ovary
method, cut-style method, e.g., Lycopersicon (Lycopersicum
esculentum x Lycopersicum peruvianum) (Majid, 1964), Tulipa
(Van Creij et al., 1997), and lily (Van Creij et al., 2000). Since
pollen germination and pollen tube growth are development-
related processes, the role of particular hormones cannot
be negated. For example, it has been reported that pollen
germination and pollen tube growth in apricot and Pinus
nigra are influenced by methyl jasmonate (MeJA) (Muradoglu
et al., 2010; Cetinbas-Geng and Vardar, 2020). Similarly, higher
endogenous jasmonic acid (JA) levels have also been related to
limited pollen germination in Arabidopsis (Ju et al., 2016).

In this study, we designed a reciprocal pollination
combination of these two cultivars and explored transcriptomic
signatures in pistil in different hours after pollination (HAP)
that could be associated with UCI. We discuss the possibilities
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that differences in pollen tube growth can be linked with UCL
Furthermore, we tried to understand and explain if there are
changes in the endogenous levels of JA and its derivative MeJA.
We discussed the possible roles of pollen tube-related genes,
phytohormone signaling, starch and sucrose biosynthesis,
phenylpropanoid biosynthesis, JA metabolism and signaling, and
protein processing in endoplasmic reticulum pathways in UCL

MATERIALS AND METHODS

Plant Materials

Three plants of two Dimocarpus longan Lour. Cultivars, i.e.,
Shixia and Yiduo, were selected from the Longan Resource
Nursery of Guangzhou City, Guangzhou, China. Care was taken
while selecting the longan trees, and it was ensured that the
selected trees were of the same growth and age (10 years old).
The flower spikes present on different sides of the trees were
chosen on 28 March 2020 for pollination and covered with
waterproof sulfuric acid bags (40 cm? x 30 cm?). Artificial
pollinations were carried out in two reciprocal combinations,
i.e., combination I: Yiduo? x Shixiag'(YS) and combination II:
Shixia@ x Yiduo(SY) (Figure 1). The pollinations were carried
out as reported earlier (McConchie et al., 1994; Pham, 2012). Each
pollination combination was marked for identification. Briefly,
on 31 March 2020 at 8:30 a.m., the bags were removed at the
same time from the flowers chosen as female, and pistils were
removed before pollination and immediately stored in liquid
nitrogen; each variety had three replicates. After this, artificial
pollination was carried out using the male flowers bloomed in
the same morning, and the pollinated flowers were bagged. Pistils
were collected 0, 1, 4, 8, 12, and 24 h after pollination (HAP),
quickly frozen in liquid nitrogen, and stored at —70° or in a
Kano fixing solution. The stored samples were then used for
detection of endogenous phytohormone levels (0, 4, 8, 12, and
24 HAP), transcriptome sequencing, and in vitro study on pollen
germination and pollen tube growth (0, 4, 8, 12, and 24 HAP).

Determination of Phytohormone Levels

An AB Sciex QTRAP6500 LC-MS/MS system was used to detect
the content of phytohormones before and after pollination in the
different pollination combinations reported earlier (Xiao et al.,
2018; Lopez-Cristoffanini et al., 2019).

Study on Pollen Germination and Pollen
Tube Growth

Pollen in situ germination and pollen tube growth in the style and
ovary were observed as described by Xie et al. (2019), with slight
modifications. Shixia pistils were pollinated with Yiduo pollens,
and Yiduo pistils were pollinated with Shixia pollens; then, pistils
were picked 0, 4, 8, 12, and 24 HAP separately. Isolated pistils
were then fixed in Carnoy’s fixative solution for 1 day. The pistils
were then cut dorsally after gradient rehydration and softened
with 4% NaOH for 12 h. The cut and softened pistils were stained
with 0.1% aniline blue and pressed to desired thickness. Stigma
and style were photographed under an upright fluorescence

microscope (Zeiss AxioScope Al; Zeiss, Jena, Germany), and the
ovule under a confocal laser scanning microscope (Zeiss LSM710;
Zeiss, Jena, Germany) equipped with a Zeiss Axio Cam HRC
camera (Zeiss, Jena, Germany).

Transcriptome Sequencing

Thirty samples (Table 1) were processed for extraction of total
RNA, purification of mRNA, and quantification as reported
earlier (Jue et al, 2019; Lee et al, 2019). The quantified
mRNA samples were then used to construct libraries. For this
purpose, the mRNA was enriched with magnetic beads [together
with Oligo (dT)], and it was randomly interrupted by adding
fragmentation buffer, first strand cDNA was synthesized. The
purified double-stranded ¢cDNA was repaired, A-tailed, and
connected to the sequencing adapter, and then AMPure XP beads
were used for fragment size selection. Finally, the cDNA library
is obtained by PCR enrichment. The quality of the libraries was
determined by quantitative PCR, the libraries were pooled for
each sampled tissue (pollination combination), and sequencing
was performed on an Illumina platform.

Bioinformatics Analyses of RNA-seq

Raw data were filtered to obtain clean data by removing reads
containing connectors and low-quality reads in FastQC?. GC
content distribution check was executed. The transcriptomic
data were aligned with the longan reference genome (Lin et al.,
2017) using HISAT2 (Kim et al., 2019). Comparison efficiency
(percentage of mapped reads in clean reads) was computed and
expressed as table and visualized in Integrative Genomics Viewer
(Robinson et al., 2011).

Gene expression was quantified as fragments per kilobase of
transcript per million fragments mapped (FPKM) and overall
distribution of gene expression was expressed as a graph.
Pearson’s correlation coefficient (PCC) and principal component
analysis (PCA) were computed for the expression data between
replicates of the treatments in prcomp’. Gene (read) count was
calculated in order to obtain false discovery rate (FDR). After
this, differentially expressed genes (DEGs) were screened using a
criterion, i.e., log2 fold change > 2 and FDR < 0.01. DEG-related
analyses were performed in DESq2 (Love et al., 2014).

The DEGs were functionally annotated in different databases,
ie, KEGG (Kanchisa et al., 2004), gene ontology (GO)
(Ashburner et al., 2000), clusters of orthologous groups (COG)
(Tatusov et al., 2000), PfAM, Swissprot (Apweiler et al., 2004),
egNOG (Huerta-Cepas et al., 2016), NR (Deng et al., 2006), and
KOG (Koonin et al., 2004) using BLAST (Altschul et al., 1997).
We then performed enrichment of DEGs in KEGG pathways in
R/clusterProfiler (Version 3.10.1).

RT-qPCR Analysis

To validate the RNA sequencing results, we selected 19 genes of
interest (involved in JA metabolism) and performed RT-qPCR
analyses. Primers were designed using Primer3Plus (Untergasser
et al,, 2007) (Table 2). qPCR setup and reaction conditions were

Zhttp://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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showing fruiting.

FIGURE 1 | Phenotype of the two reciprocal crosses between Yiduo (Y) and Shixia (S). (A) Yiduog x Shixias(YS) showing no fruiting. (B) Shixia? x Yiduos(SY)

TABLE 1 | Details of longan samples used for transcriptome sequencing.

Time after pollination (hours)

Pollination combination 4 8 12 24
Yiduo @ x Shixia (YS) YS4 YS8 YS12 YS24
Shixia ¢ x Yiduo 5(SY) SY4 SY8 SY12 SY24

CK1
CK2

Yiduo sepal-pistil before pollination
Shixia sepal-pistil before pollination

as reported earlier (Luo et al, 2021). Relative gene expression
was computed using the GAPDH gene as an internal control
(Luo et al., 2021).

Statistical Analyses

For biochemical (endogenous levels of the hormones) and
phenotypic traits (time required by a tube to reach the end of
style, length of style, and growth rate of pollen tube), means
were compared in Microsoft Excel 2019 by one-way ANOVA.
Difference at p < 0.05 was considered statistically significant.
Standard deviation was also computed for each trait.

RESULTS

Pollen Germination and Pollen Tube
Growth

The early datasets from our laboratory showed that in YS the fruit
setting rate % is zero (Figure 1). To extend our observations,
we explored some possibilities to which the UCI could be
associated. First, we tested if the pollen of Shixia is viable/cannot
germinate/sterile. To this regard, our microscopic observation
showed that the pollens of both Yiduo and Shixia can germinate

(Supplementary Figure 1). Second, we tested if the stigma of
Yiduo is receptive or not. We found that the Yiduo stigma is
receptive (Supplementary Figure 1), suggesting that the UCI is
probably not due to defective stigma in Yiduo but another reason.
Third, we tested if the pollen tube of Shixia can/cannot grow
on the style of Yiduo. For this, we observed the in situ growth
process of the pollen tube after pollinations in YS (Figure 2I). As
expected, there was no growth of pollen tube prior to pollination
(Figures 2A-C). In YS, the pollen tube elongated to the middle
of the style 4 HAP (Figures 2D-F) and reached the end of the
style 8 HAP (Figures 2G-I). However, 24 HAP, pollen tube signal
became weaker (Figures 2J-L). This indicates that the pollen tube
of Shixia can grow on the style of Yiduo. Finally, we observed
that the pollen tube of Yiduo could enter into the ovule of Shixia,
but in the case of Shixia pollen tube, it could not reach the ovule
of Yiduo (Figure 2II). Altogether, the microscopic observations
showed that the pollens of both Shixia and Yiduo can germinate,
the stigmas of both cultivars are receptive, and the pollen tubes
of both can growth into the style of the other. However, the final
observation that Shixia pollen tube failed to reach Yiduo ovule is
suspected to be the cause of the UCI (Figures 2N,P).

To further understand the possible cause of the failure of
Shixia pollen tube to reach Yiduo ovule, we measured the lengths
of styles of Yiduo and Shixia. We observed that the lengths of
the styles of Yiduo and Shixia are different, i.e., the length of
Yiduo style is almost double of that of Shixia style (Figures 3A,B).
This suggests that the failure of Shixia pollen tube to reach Yiduo
ovule (Figure 2II) can be linked to the length of Yiduo style
(Figures 3A,B). Besides, we also measured pollen tube growth
rate in the two reciprocal pollination combinations. We found
that the growth rate of the pollen tubes was significantly higher in
SY than in YS (Figure 3C). Altogether, our observations propose
that the observed IUC in YS is caused by the failure of the pollen
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TABLE 2 | List of primers used for real-time quantitative polymerase chain reaction (RT-gPCR) analyses of the selected genes.

Gene ID Gene name Forward primer sequence Reverse primer sequence
Dlo_022603.1.gene PLAT ATCGTGGTCGTTGTCG GAACTACAGAGGCGTGAG
Dlo_020248.1.gene PLAT ACGTTTGAGAGAA AGAAATCACCCAGC
Dlo_014311.1.gene PLAT AGCTCCCACTACCT TCAACTTCTGCCCCAC
Dlo_031198.1.gene LOX TTAGGCTATGGCGAGG TAAGACGAGCA
Dlo_006067.1.gene LOX CCATGGTCAACCTCCTC TCCACCTTTCATGTGCTC
Dlo_012185.1.gene LOX ACTCCGGTTAACAGC TTACACACTACATTTC
dlo_037902.1.gene LOX GGTAGCAGGATCAATA TGACCAAATGCAC
Dlo_012184.1.gene LOX13 GAAGACATTTGAGA ATTTAGGCCTAGTAT
Dlo_001507.1.gene LOX14 TGTAGTGGGGTGGTAT ATGTGGCATGAGGGG
Dlo_015582.1.gene AOS GATCGTGTTACATCA TCTCAGCCTCAAAGT
Dlo_011584.1.gene AOC TGATTGGTGAAGCTCAA TCATTGCACTGGC
Dlo_024807.1.gene OPR11 CATCTGATGGCACA TTACGAAGATGTGGG
Dlo_010077.1.gene OPR11 ATTAGGGGCAATC CCAACTCTTCGAAGTG
Dlo_022217.1.gene OPR11 GTTGCAAGTTCCATACT CAGCATAGCCAAGTCG
Dlo_001987.1.gene JMT ATCCTAAGGGATGC AGGATATTTCGCTG
Dlo_012262.1.gene JART GCCAGTCATTCAAGCA GCAGGTTCAAGCTTA
Dlo_003095.1.gene CYP94A2 TCCACCCTATGCTCTCA AGCCTCAATGGCAA
Dlo_013441.1.gene CYP94C1 AGGCAGATATTCATAG CTCAGAGCAGATAG
Dlo_032545.2.gene CYP94C1 GTCCACATACTTCACG AGAGAACAGATGAT
GAPDH AACGTTGCCTGATTTT GTACTTTCTTTCATACT

tube of Shixia to enter the ovule of Yiduo, and this is probably due
to the slow growth rate of the pollen tube of Shixia or the length
of the style of Yiduo, or a combination of both phenomena.

Transcriptome Sequencing

Our phenotypic and microscopic observations indicated chances
of involvement of pollen tube growth and failure of pollen
to reach the ovule in the case of YS pollination combination.
Therefore, we further explored the transcriptomic signatures
of both pollination combinations 4, 8, 12, and 24 HAP and
compared them with the respective non-pollinated Yiduo (CK1)
and Shixia (CK2) sepal-pistil.

Transcriptome sequencing of the 30 libraries (Table 1)
resulted in 271.9 GB clean data; on average, we got 5.71 Gb
per sample with a Q30 base percentage of >93.7%. Comparison
efficiency with the reference genome was 89.11 to 94%, and
GC content was higher than 44%. On average, >90% of the
reads could be mapped to the reference genome (Supplementary
Table 1). Overall gene expression was lower in CK than in the
other treatments (Figure 4A). The PCA showed that all biological
replicates clustered together. In addition, all the treatments
were grouped close to each other except for CK1, CK2, and
SY24 (Figure 4B).

Differential Gene Expression

Screening conditions for the DEGs were fold change > 2 and
FDR < 0.01. These conditions resulted in the identification of
7,251 DEGs in the studied longan pollination combinations.
Overall, we observed that the number of downregulated
DEGs was higher than that of upregulated DEGs in all the
pollination combinations compared to their respective controls
(Figure 4C). Relatively higher number of genes were differentially

regulated between CK1 and YS time points indicating large scale
transcriptomic regulation in YS as compared to SY in all time
points as compared to their respective controls.

The KEGG pathway enrichment analysis showed that the
DEGs were enriched in plant-hormone signal transduction
pathway (93 DEGs), protein processing and endoplasmic
reticulum (70 DEGs), and starch and sucrose metabolism (81
DEGs). Other than these, we also found enrichment of DEGs
in phenylpropanoid biosynthesis pathway (66 DEGs). All these
pathways were common in all the treatment comparisons
(Supplementary Figure 2 and Supplementary Table 2).

First of all, we compared the transcriptome sequencing
results of both SY and YS (4, 8, 12, and 24 HAP) with
their respective controls to find out DEGs associated with
pollination. There were 769 DEGs common in all the time
points in YS compared to CK1. Contrastingly, there were only
171 DEGs common in SY compared to CK2 (Figure 5 and
Supplementary Table 3). These common DEGs could be related
to overall development of the studied tissues in each of the
pollination combinations. We found that 778 and 229 genes
were specifically regulated in CK1 vs. SY24 and CK2 vs. YS24,
respectively. This is the time point when we expect that the
pollen will reach the ovule in the case of SY. The upregulated
genes included ABC transporter G family members, ankyrin
repeat-containing protein, bHLH131, bHLH25, and WRKY33
TFs in SY24 compared to CK2. Interestingly, we also found
the upregulation of an anther-specific protein, LAT52, in SY24
compared to CK2. This gene has been characterized for its
roles in pollen development; however, its specific expression
in SY24 might indicate its role in pollen tube development
(Sheoran et al., 2007). Other than this, there were two genes,
i.e, an ABC transporter and a later embryogenesis abundant
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Apical stigma

Middle of style End of style

FIGURE 2 | Observation of dynamic growth process of pollen tube. (I) Observation of dynamic growth process of pollen tube before and after pollination with Shixia
pollen by in situ germination under an upright fluorescence microscope. (A) Stigma before pollination. (B) Middle of style before pollination. (C) End of style before
pollination. (D) Stigma 4 h after pollination. (E) Middle part of style 4 h after pollination. (F) End part of style 4 h after pollination. (G) Stigma 8 h after pollination.

(H) Middle part of style 8 h after pollination. (I) End part of style 8 h after pollination. (J) Stigma 8 h after pollination. (K) Middle part of style 8 h after pollination.

(L) End of style 24 h after pollination. The pollen tube is blue after being stained with ultraviolet light. (I) Observation of the dynamic growth process of pollen tube by
in situ germination method under a confocal laser scanning microscope in reciprocal crosses of Yiduo and Shixia. (M) Yiduo x Shixia 12 h after pollination.

(N) Yiduo x Shixia 24 h after pollination. (O) Shixia x Yiduo 12 h after pollination. (P) Shixia x Yiduo 24 h after pollination. The red arrow points to the pollen tube.

1 Ovule

End of style

YS

SY

100 um

protein (Dimocarpus_longan_newGene_11049), that were highly
expressed in SY24 compared to CK2.

Differential Regulation of Plant-Hormone Signal
Transduction Pathway

All the treatment comparisons showed KEGG pathway
enrichment of plant-hormone signal transduction, suggesting
an important role of this pathway in pollination. Therefore, we
focused on the DEGs enriched in this pathway. Ninety-three
DEGs were enriched in the plant-hormone signal transduction
pathway (Supplementary Table 4; see DEGs highlighted in
dark orange color; Figure 6). We observed that almost all the
phytohormone signaling-related pathways were differentially
regulated in at least one time point in either of the pollination
combination. Interestingly, we found the specific regulation of 11
DEGs only in SY (DEGs with * in the Figure 6). These included
BAKI1, two ERF1s, GID1, IAA4, JAZ, PRP1, SAUR, SRK2, and
two TGAs. On the contrary, a larger number of DEGs (42) were
specifically expressed in CK1 vs. YS (4, 8, 12, and 24 HAP). These

observations indicate that phytohormone signaling has specific
roles in UCI in the pollination combination YS.

Differential Expression of Jasmonic Acid Metabolism

As reviewed in the section “Introduction,” JA levels have been
related to limited pollen germination in Arabidopsis (Ju et al.,
2016). Therefore, we explore JA metabolism to see the differential
transcriptome signature in both pollination combinations. The
conversion of galactolipids into a-linoleic acid by PLA1 and
DADI1 initiates JA metabolism in plants (Ishiguro et al., 2001).
Although we did not observe the differential expression of DAD1
gene between the studied samples, we observed that two PLA1
genes (Dlo_020248.1.gene and Dlo_022603.1.gene) had relatively
lower expression in the YS series compared to the CK1 and SY
time points. Particularly, their expression was nearly half in YS
compared to SY (Figure 7). In addition, we observed that six
transcripts annotated as LOXs were differentially regulated in
the studied tissues. Of these, one LOX (Dlo_012185.1.gene) was
specific to YS, and another was specific to SY (Dlo_012184.1.gene
LOX13), while the others were common in both pollination
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FIGURE 3 | Comparison of the pistil and pollen tube of longan with a
stereomicroscope. (A) Observation of the pistil of Yiduo and Shixia with a
stereomicroscope. (B) Length of the style in mm and (C) comparison of pollen
tube growth rate in the two reciprocal crosses. VY, Yiduo; S, Shixia. Different
letters show that the means differ significantly (o < 0.05). Error bars represent
the standard deviation.

combinations. The expression trend of the LOX genes was
similar in both YS and SY pollination time series. However, two
LOXs (Dlo_006067.1.gene and Dlo_012185.1.gene) had globally
higher FPKM values in YS than in SY, suggesting that 24 HAP,
the level of JA is higher in YS than in SY (Figure 7). AOS
and AOC control the conversion of 13(s) hydroperoxylinoleic
acid to 12-13-epoxylinoleic acid to 12-oxophytodienoate (12-
OPDA), respectively. 12-OPDA is then reduced to OPC8 (3-
0x0-2-(2-pentenyl)-cyclopentane-1-octanoic acid). This reaction
is controlled by OPR genes (OPDA reductase) (Wasternack
and Hause, 2013) and finally leads to JA biosynthesis. In this
study, we identified one AOS gene with a conspicuous different
expression pattern between YS and SY. We observed that the
transcript annotated as AOS (Dlo_015582.1.gene) had globally
higher expression in YS than in CKI1. However, in SY, its
expression was globally lower than in CK2. The transcriptome
analysis also showed three transcripts annotated as OPRI1
(Dlo_010077.1.gene, Dlo_022217.1.gene, and Dlo_024807.1.gene)
that were differentially expressed in the studied tissues. Only
Dlo_010077.1.gene showed an obvious difference between YS
and SY. The comparison between YS24 and SY24 indicated a
~three-fold difference (YS24 had higher expression), suggesting
high conversion of 12-OPDA to OPC8 in YS. Collectively,
higher expression of JA biosynthesis genes in YS than in SY
was observed, which implies high JA level in YS tissues. JA is
converted into MeJA by JA carboxyl methyltransferase (JMT)
(Seo et al, 2001). The transcriptome sequencing showed that
a JMT gene (Dlo_001987.1.gene) had reduced expression in
YS4, YS8, and YS12 compared to CK1, but that its expression

significantly increased in YS24 compared to CK1. In the case of
SY, its expression decreased in all the four time points compared
to CK2; however, the expression in SY24 was relatively higher 4,
8, and 12 HAP. The expression in both combinations was quite
similar 24 HAP, proposing a similar concentration between the
two combinations 24 HAP. Overall, the comparative expression
analysis directs that the levels of JA might be higher in the YS
time points than those in the SY pollination combination (the
JA content in the studied comparison is presented below in
section “Endogenous Jasmonic Acid Levels in Pistils of Yiduo and
Shixia”) (Figures 6, 7).

Differential Expression of Jasmonic Acid Signaling
Since JA signaling has been shown to be involved in the regulation
of genes associated with pollen germination, pollen tube growth,
and cross incompatibility (Muradoglu et al., 2010; Guan et al,,
2013; Chaturvedi et al., 2016), we explored the changes in the
expression of genes that were involved in JA biosynthesis and
signaling. JA signaling is a part of the plant-hormone signal
transduction pathway (Yang et al., 2019). JA-Ile is formed by
jasmonoyl-isoleucine synthetase 1 (JAR1), which is a member of
the GH3 gene family (Staswick and Tiryaki, 2004). This is the
major step in JA perception, since JA-Ile is the most biologically
active JA compound (Fonseca et al., 2009). The expression of
JAR1 was lower in YS4 and YS8 than in CK1, but it was increased
in YS12 and YS24; in particular, the expression was significantly
higher 24 HAP, suggesting higher conversion of JA into JA-Ile
at this time point. A similar expression pattern was noted in
the four time points of the SY pollination combination. The
main difference between both pollination combinations was that
YS24 had higher FPKM values than SY24, proposing that YS24
might have higher JA-Ile concentration than SY24. JA-Ile signal
is perceived by coronatine-insensitive protein 1 (COI), which
triggers the repression of JAZ. In both pollination combinations,
the expression of JAZs decreased as compared to their respective
controls, indicating that JA-Ile triggered the repression of JAZs,
although we did not note the differential regulation of COI
JAZ repression releases downstream transcription factors (TFs),
e.g., MYC2s. We noted that two MYC2s were differentially
regulated between the two pollination combinations. Both
MYC2 genes (Dlo_016741.1.gene and Dlo_027394.1.gene) were
downregulated in YS as compared to CKI1, whereas only
downregulated in SY4 and SY8 but upregulated SY12 and SY24
as compared to CK2. This observation proposes that in the YS
pollination combination, the JA-responsive activation of MYC2
is relatively lower than that of SY (in particular 12 and 24 HAP).
There are multiple genes present downstream of MYC2s that
regulated JA-triggered responses in plant tissues (Ruan et al.,
2019) (Figures 6, 7). Overall, considering the regulation of JA
metabolism and signaling-related genes in the two pollination
combinations, it can be proposed that JA biosynthesis and
signaling have an important role in UCI in YS.

The expression pattern of 19 genes involved in JA metabolism
was also confirmed by RT-qPCR analysis (Supplementary
Figure 3), which was consistent with the FPKM values of these
genes. Theses expression profiles signify both the reliability of the
RNA sequencing and the role of JA metabolism.
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Differential Regulation of Phenylpropanoid Pathway,
Cell Wall, and Pollen Tube-Related Genes

The KEGG pathway analysis indicated that 66 DEGs were
enriched in the phenylpropanoid pathway. The DEGs
included multiple genes that control the main steps of the
phenylpropanoid biosynthesis pathway. Three p-glucosidase
(BGLs), a caffeic acid (3-O-methyltransferase, CA30M), two
CADs, two shikimate O-hydroxycinnamoyltransferase (HSTs),
a phenylalanine ammonia-lyase (PAL), and seven peroxidases
(PODs) were specific to SY 8 and 12 HAP. Similarly, 21 DEGs
were specific to YS. We observed that of the three 4CLs,
the expression of two transcripts (Dlo_021761.1.gene and

Dlo_024529.1.gene) was significantly decreased in all the YS
time points, whereas the expression of the third transcript
increased significantly in YS24 compared to CK1 and YS4-12.
Contrastingly, the expression of the three 4CL transcripts
decreased at SY4 and SY8 but then returned to nearly the same as
of CK2 (but remained lower than CK2). One CA30M transcript
showed an expression pattern similar to that of 4CLs. The
biosynthesis of coumarine might be similar in both pollination
combinations because of increase in the expression of BGLs.
BGLs are known for their roles in the biosynthesis of coumarins
(Schaeffer et al., 1960). How coumarin biosynthesis may/may not
affect pollen tube elongation is less known (Adhikari et al., 2020).
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However, current observations propose that coumarins have
a limited role in pollen tube elongation. We also found the
differential expression of PALs, where two of the three PAL
transcripts showed reduced expression compared to the controls,
while the third transcript showed increased expression. This
similar expression trend between both pollination combinations
might suggest that PAL might not be a key stage for the control of
the biosynthesis of lignin in longan. This is understandable, since

PAL controls the first stage of phenylpropanoid biosynthesis,
i.e., phenylalanine conversion into cinnamic acid (Zhang
and Liu, 2015) (Supplementary Table 4 and Figure 8). Our
transcriptome sequencing also showed the differential expression
of a transcript annotated as myo-inositol transporter 13 (INT13).
Its expression decreased in both YS and SY series compared to
CK1 and CK2, respectively; however, its expression in YS24 was
lower than in SY24.
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FIGURE 6 | Comparison of hormone signal transduction pathway in the two longan pollination combinations. (A) Regulation of plant-hormone signal transduction
pathway in two longan pollination combinations, i.e., YS and SY, compared to their respective controls. Y, Yiduo; S, Shixia; CK1, Yiduo sepal-pistil before pollination;
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Since, pollen tube is a fast-growing cell and requires higher
amounts of cell wall deposition, it is also essential to check the
expression of cell wall-related genes. We selected all the DEGs
(33) containing the term “cell-wall” based on GO annotation and
checked their differential regulation in SY and YS. Of the 33 cell
wall-related DEGs, 15 were specific to YS. We found that the
expression of a cellulose synthase A (CESA, Di_newGene_10844),
galacturan 1,4-alpha-galacturonidase (GAG, Dlo_021956.1.gene),
and a pectinesterase (PE, Dlo_010992.1.gene) was reduced in SY
(4, 8, 12, and 24 HAP) compared to CK1. These expression
changes may suggest that the deposition of cell wall in the
growing pollen tube might be lower in the case of YS. However,
pollen tube growth in both SY and YS, at least until 12
HAP, could be due to the higher expression of a chitinase
(CHIL, Dlo_030519.1.gene) and a CESA (Dlo_017102.2.gene).
Particularly, we found that Dimocarpus_longan_newGene_10844
(CESA) expressions were reduced compared to CK1 in all

the four time points. Furthermore, its expression remained
almost unchanged in SY4-8, slightly decreased in SY12, and
then increased in SY24 (although in this stage, the expression
was still lower than in CK2). In YS24, its expression was
lower than that in SY24. Other than CESAs, we found
that the expression of most of the xyloglucan:xyloglucosyl
transferases (XETs) was higher in YS24 than in CKI and at
all the SY time points. Similarly, we noted the differential
expression of xylanase inhibitors (XIPs, Dlo_001017.1.gene
and Dlo_022672.1.gene), pectin methylesterase (PME, also
known as PE, Dlo_023530.1.gene), and PME-inhibitor (PMEI,
Dlo_024765.1.gene).

We also searched for the term “pollen tube” to screen
the DEGs associated with pollen tube and found 22 genes
that were differentially expressed in CK1 vs. YS and CK2 vs.
SY at different time points after pollination. We noted that
a cation/H(+) antiporter 15 (CHXI15, Dlo_011759.1.gene)
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showed higher expression in SY24 than in CK2, whereas
its expression first reduced 4,8, and 12HAP in YS but then
slightly increased (although not differentially expressed) in
YS24 compared to CKI1. Regarding our search against the
term “pollen tube)” we found the differential expression of
many Ca’™ signaling-related genes. Particularly, we found the
differential expression of three calcium-dependent protein
kinase (CPK) genes (CPK24 and two CPK17), a cyclic
nucleotide-gated channel (CNGCI18), and a syntaxin-124
(SYP124) gene. CPK17s were highly expressed in the YS time
points (particularly, their expression increased in YS24 compared
to CK1), whereas their expression was only fractional in the
SY time series. CNGC18 (Dlo_016664.1.gene) showed higher
gene expression in YS24 than in SY24. The transcriptome
data also revealed the higher expression of SYP124 in YS than
in SY. This expression trend is similar to that of other genes
affected by Ca?* signaling. Other than these, we noted the

differential expression of a protein RALF-like 4 (RLAFL4,
Dlo_022377.1.gene), a pollen-specific leucine-rich repeat
extensin-like protein 1, STRICTOSIDINE SYNTHASE-LIKE
13 (SS-like 13, Dlo_001471.1.gene), an armadillo repeat only 1
(ARO1, Dlo_024288.1.gene), and two proline-rich receptor-like
protein kinases (PERK12, Dlo_018577.1.gene and PERKS5,
Dlo_023831.1.gene). The RALF protein is known for male
sterility (Zou et al., 2017), whereas PERKs are known for pollen
tube growth (Borassi et al., 2021). RLAFL4, SS-like 13, and
PERKS should be given due consideration in future studies
exploring UCI in longan based on the expression patterns
observed in our study.

Differential Regulation of Starch and Sucrose
Biosynthesis Pathway

Earlier reports have presented that sucrose concentration
affects significantly pollen tube growth (Fragallah etal., 2019).

Frontiers in Plant Science | www.frontiersin.org

72

February 2022 | Volume 12 | Article 821147


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

Wang et al.

Mechanism of Unilateral Cross Incompatibility in Longan

Considering that we observed changes in cell wall biosynthesis,
loosening, and remodeling-related genes (see section
“Differential Regulation of Phenylpropanoid Pathway, Cell
Wall, and Pollen Tube-Related Genes”), in addition, we
checked the differential expression of genes (50 DEGs)
that were significantly enriched in the starch and sucrose
biosynthesis pathway. Interestingly, we found that three
of the four DEGs annotated as sucrose synthases (SuSy,
Dimocarpus_longan_newGene_4925, Dlo_005657.1.gene, and
Dlo_013696.1.gene) were downregulated in YS compared to
CK1. On the contrary, two of the four transcripts showed
upregulation in  SY, Dimocarpus_longan_newGene_4925
and Dimocarpus_longan_newGene_]1275), whereas one
gene (Dlo_005657.1.gene) had stable expression in the SY
series compared to CK2. Two sucrose phosphate synthases
(SPSs, Dlo_015436.1.gene and Dlo_022163.1.gene) also
showed decreased expression in YS compared to CKI,
in contrast to the upregulation of the second transcript
in SY compared to CK2 (Supplementary Table 4).
These observations are consistent with the observation
that in YS, pollen tube growth rate was lower than in
SY (Figure 3C).

The  1,4-alpha-glucan  branching  enzyme  (GBE,
Dlo_028752.1.gene) gene was upregulated in all the four
time points of both pollination combinations compared to their
respective CKs. Two hexokinases (HKs, Dlo_000488.1.gene
and Dlo_027870.1.gene) were downregulated in the YS
series compared to CKI1, whereas in SY, the first transcript
was upregulated. Another enzyme fructokinase (FRK,
Dlo_022066.1.gene and Dlo_033973.1.gene) that controls
the same step as of HK ie., conversion of D-fructose
to D-fructose-6P (Jiang et al, 2003; Kawai et al, 2005),
was downregulated in YS as compared to CK1 and
upregulated in SY as compared to CK2. However, f-
fructofuranosidase (BFRUCTF) showed decreased expression
in both pollination combinations, indicating depletion of
sucrose (Schwebel-Dugué et al, 1994). We also noted the
differential expression of multiple genes that take part in
D-glucose biosynthesis in the starch and sucrose biosynthesis
pathway. The breakdown of cellulose to cellodextin by
endoglucanase (EG, Dlo_022739.1.gene and Dlo_028821.1.gene)
(Opassiri et al, 2006) and then to cellobiose by EG and
beta-glucosidases (BGLs) (Yoshida and Komae, 2006)
leads to D-glucose biosynthesis. The expression of EGs
decreased in both YS and SY compared to CK1 and CK2,
whereas the expression of BGLs was variable in both cases
(Supplementary Table 4).

Finally, there were changes in the expression of genes related
to starch metabolism. Glucose-1-phosphate adenylyltransferase
(G1P), which converts a-D-glucose-1P to ADP-glucose
(Ghosh et al., 1992), showed a similar expression pattern
in both pollination combinations. Similarly, the gene that
controls the biosynthesis of starch/glycogen from amylose
i.e, 1l4-alpha-glucan branching enzyme (Baecker et al,
1986) was upregulated in all YS series as compared to
CK1. However, this gene was downregulated in SY series
(except for SY24). These expression changes indicate that

the starch biosynthesis is higher in all YS time points but
not in SY series (except for SY24) as compared to CK1 and
CK2. Our transcriptome data showed that the expression
of a-amylase (AAs) increased in the YS series compared to
CK1. On the contrary, only one AA (Dlo_001166.1.gene)
was upregulated in the SY series. The expression of two
of the three P-amylases (BAs) (Dlo_026796.1.gene and
Dlo_029595.1.gene) was reduced in YS compared to CK1
in all the time points. On the contrary, the expression of
the two above-mentioned BAs was reduced in SY4-12 but
significantly increased in SY24 compared to CK2 and CKI1
(Supplementary Table 4).

Differential Regulation of Protein Processing in the
Endoplasmic Reticulum

Pollen tube growth needs delivery of a wide variety of
proteins and requires intense streaming and trafficking (Scali
et al, 2021). In this regard, it is essential for a growing
cell to process proteins in the endoplasmic reticulum. The
KEGG pathway enrichment analysis indicated that 70 DEGs
were enriched in protein processing in the endoplasmic
reticulum pathway in both pollination combinations. Of the
70 DEGs, 40 were specifically expressed in CKI1 vs. YS.
Among the DEGs, two (HSP70KDa 1/8, Dlo_032043.1.gene
and molecular chaperon HtpG, Dlo_033047.1.gene) showed
interesting expression profiles, i.e., they were downregulated
in all the treatment comparisons except in CK2 vs. SY24.
Hsp70KDas are known for their involvement in polar nuclei
fusion during female gametophyte and sperm nuclear fusion
with central cell polar nuclei at fertilization (Maruyama et al.,
2010). Also, they are required for pollen development and
pollen tube growth (Maruyama et al, 2014). On the other
hand, the role of HtpGs in pollen tube development is not
elaborated yet. Nevertheless, HtpGs have been implicated in
heat stress endurance of pollen tubes (Chaturvedi et al., 2016)
(Supplementary Table 4).

Endogenous Jasmonic Acid Levels in

Pistils of Yiduo and Shixia

Using ab SCIEX QTRAP 6500 LC-MS/MS technique, we
measured the changes in JA and JA-Ile contents in the two
pollination combinations, i.e., SY and YS, before and after 4, 8,
12, and 24 HAP (Figure 9). We observed that, overall, the JA
levels were higher in YS than in SY (Figure 9A). A similar trend
was noticed for the endogenous JA-Ile levels (Figure 9B). These
observations propose that JA might be involved in UCI.

DISCUSSION

Cell Wall-Related Genes That Are
Associated With Changes in Pollen Tube
Growth Are Differentially Expressed in
Shixia? x Yiduos and Yiduo? x Shixias

There are many requirements for successful fertilization in plants,
i.e., pollen germination, receptivity of the stigma, pollen tube
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growth, and successful transmission of pollen (Krichevsky et al.,
2007). Our observations that the pollens of both Shixia and
Yiduo germinated normally, and that the stigma of the Yiduo
was receptive (Supplementary Figure 1) show that these two
pre-fertilization reproductive barriers are not different in the
studied pollination combinations, SY and YS (Deng et al., 2017).
The microscopic observation of the dynamic process of pollen
tube growth indicated that when a Shixia pollen is used to
fertilize a Yiduo stigma, signals of pollen tube growth weaken
24 HAP. This was further confirmed by observing the arrival
of the pollen tube in the ovule 12 and 24 HAP. These results
indicated that in the case of SY, the pollen tube reached the
ovule within 24 HAP; however, in the case of YS, its growth rate
was slower (Figure 2II). These microscopy-based observations
propose that (1) stigmas of both S and Y are receptive; (2) in
the case of SY, the pollen tube elongates and reaches the end
of style in 24 h; (3) whereas in the case of YS, the pollen tube
elongates into the style by 24 h but fails to reach the ovule,
indicating that the lower pollen tube growth in YS than in SY
is one of the reasons of UCI in YS. The notable transcriptome
change that is relevant to this microscopic observation is the
expression of 4CLs and CA30M. 4CLs controlling the essential
steps of the biosynthesis of secondary metabolites leading to
lignin (Hamberger and Hahlbrock, 2004). Their expression,
together with CA30M, indicates that lignin or other downstream
metabolites in YS24 must be decreased, whereas in SY it was
almost normal. This is relatable to the known fact that a massive
cell wall deposition is required for fast elongation of pollen
tubes, and that we observed faint pollen tube signals in YS24
(Figure 2). Earlier studies explained that the deposition of
lignin was affected by changes in the expression of 4CLs and
CA30M (Ma and Xu, 2008; Cao et al., 2020). Thus, these genes
would be a suitable candidate for increasing lignin deposition in
elongating pollen tubes.

The expression changes in CESAs suggests two things,
i.e., first, cellulose synthesis in YS is affected similar to the
lignin biosynthesis and, second, that YS24 may have lower
cellulose deposition than SY24 (Nawaz et al., 2019). The second

observation could not be generalized, since two other CESAs
showed higher expression in YS24 than in CKI, and their
expression pattern was similar in both pollination combinations.
The observation that there were three CESA transcripts could
be due to the fact that there are multiple CESA members
that differ in function and are expressed differently (Nawaz
et al., 2017a, 2019). Furthermore, in Arabidopsis, the silencing
of CESAI and CESA3 caused no pollen tube production
(Persson et al., 2007). Only a further experiment might reveal
if Dimocarpus_longan_newGene_10844 or the other two also
have a possible role in UCI in the YS pollination combination.
Xyloglucan is a major hemicellulosic polysaccharide of a primary
cell wall, which interacts with cellulose and controls cell wall
expansion. Qur observation that the expression of most of the
XETs was higher in YS24 than in CKI and all the SY time
points is in line with earlier reports that XET activity loosens
plant cell walls (Van Sandt et al., 2007; Nawaz et al., 2017b).
It suggests, that in the YS pollination combination, the pollen
tube could be under modification higher than that of the SY
pollination combination. This proposition is further supported
by the expression pattern observed for XIPs (Dlo_001017.1.gene
and Dlo_022672.1.gene), as XIPs are known for degradation of
xylans and the fact that in rice they are downregulated during
pollen tube growth (Dai et al., 2007). In addition, it is known
that the application (or increased expression) of PMEs causes
a dramatic decrease in pollen tube germination/growth (Bosch
et al., 2005). One PME (also known as PE, Dlo_023530.1.gene)
showed higher expression in YS24 (8.58) than in SY24 (3.06).
The expression pattern of one PME (Dlo_023530.1.gene) is
consistent with the known role of PMEs in Nicotiana tabacum
(Bosch et al., 2005). In accordance with this, the differential
expression of PMEI (Dlo_024765.1.gene) in YS and SY compared
to CK1 and CK2, respectively, indicates that in YS the PME
level might be higher because of the increased expression of
PME/PE as a result of the reduced expression of PMEI and
vice versa in SY. We say this because PMEI inhibits PME
from flower, siliques, and pollens (Wolf et al., 2003). Taken
together, our transcriptome results show that genes associated
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with cell wall biosynthesis, modification, and lignin deposition
express differentially between both YS and SY pollination
combinations, and are one of the reasons for UCI in YS. These
results lay down the foundations of specific future investigations
targeting cell wall modification during YS pollen tube growth
compared to that of SY.

Differential Expression of Pollen Tube
Growth-Related Genes Was Observed
Between Shixia? x Yiduos and

Yiduo? x Shixiag

Pollen tubes are fast-growing cells which require multiple factors.
In vitro pollen tube growth studies have highlighted that Ca?™,
K*, and pH dynamics are prime factors that accompany tip
growth (Hepler et al., 2006; Scheible and McCubbin, 2019). Thus,
ion transporters are prime targets to understand if there are
differences in pollen tube growth rate, as observed in our study
(Figures 2, 3). The observation that a CHX15 was upregulated
in the SY series compared to CK2 and downregulated in the
YS series compared to CKI is relevant to recent findings that
two CHXs (CHX21 and CHX23), when mutated, result in
normal pollen germination but are defective in pollen tube
guidance to the ovule (Lu et al, 2011). CHX15, CHX21, and
CHX23 belong to same subfamily of cation exchangers [see
UniProtKB - Q9SIT5% (Chanroj et al., 2011)]; therefore, a similar
role can be expected. This is an interesting observation and
a good gene of interest for a detailed exploration of its role
in longan UCIL Studies have elaborated that K* is required
to regulate turgor pressure in pollen tubes to burst during
fertilization (Holdaway-Clarke and Hepler, 2003), and that K*
influx promotes pollen tube growth (Mouline et al., 2002). At
a relatively higher Ca?* concentration, the mutation of CPKs
did not inhibit pollen tube growth in Arabidopsis, indicating
that CPKs (CPK11 and CPK24) control pollen tube growth. Our
observations that the expression of two CPK17s was higher in
YS than in CK1 and lower in SY than in CK2 can be relevant
to this known fact. Particularly, the higher CPK24 expression
in YS24 than in SY24 is consistent with this report (Zhao
et al, 2013). Ca’* channels are core components in pollen
tube tips that regulate Ca?>* gradients. Mutations in CNGC18
have been studied in Arabidopsis pollen tube growth and were
found critically responsible for pollen tube guidance. The similar
expression trend of the CNGC18 (Gao et al., 2016) indicates its
lesser role in UCI in the YS longan pollination combination.
Another protein whose localization is influenced by Ca?™ is
syntaxin (Silva et al,, 2010). In our data, the higher expression
of SYP124 in YS than in SY is consistent with an earlier report
as well as the expression pattern of CPKs (Silva et al., 2010).
The expression of 1-phosphatidylinositol-4-phosphate 5-kinase
is also consistent with the known function that homozygous
mutants lacking PIP5K4 transcript significantly affect pollen
tube growth and polarity (Sousa et al., 2008). Finally, pollen
tube growth has also been related with Arabidopsis inositol
transporter 4 (INT4) (Schneider et al., 2006). The expression of

“https://www.uniprot.org/uniprot/Q9SIT5

INT13 is consistent with the expression in Arabidopsis that INT4
was detected in growing pollen tubes and plays a role in high rate
of pollen rate growth (Schneider et al., 2006). Taken together, our
observations from transcriptome sequencing and comparison
indicate that many genes associated with pollen tube growth
were differentially expressed between SY and YS and cannot be
ignored particularly in relation to the microscopic observations
made in our report.

Starch and Sucrose Biosynthesis
Pathway Is Differentially Regulated in the
Yiduo? x Shixiag and

Shixia? x Yiduog Pollination

Combinations

Fast-growing pollen tubes require different resources such as
sugars, cell wall polymers, and energy. It has been established that
sucrose content is positively correlated with pollen germination
as well as pollen tube growth in N. tabacum (Parrotta et al,
2018) and Cunnighamial lanceolata L (Fragallah et al., 2019).
Thus, regulation of the starch and glucose biosynthesis pathway
can highlight potential genes that play a role in UCI in the
YS longan pollination combination. The downregulation of
SuSy and SPS in YS compared to SY is consistent with our
observations on pollen tube growth rate (Figures 2, 3) and
changes in the expression of genes related to pollen tube and
cell wall (see above sections). Both the SuSy and SPS genes
are required for sucrose metabolism (Winter and Huber, 2000),
and their expression changes indicate that this process might
be disturbed in the YS pollination combination compared to
SY. The expression of HKs and FRKs indicate that in YS, the
conversion of D-fructose to D-fructose-6P is reduced compared
to the SY pollination combination. This statement is based
on the known function of both enzymes (Jiang et al., 2003;
Kawai et al., 2005). However, transcripts for a gene present
upstream this step, i.e., BFRUCTE, showed decreased expression
in both pollination combinations, indicating depletion of sucrose
(Schwebel-Dugué et al., 1994), which shows that sucrose
breakdown is similar in both pollination combinations. The
breakdown of sucrose also results in D-glucose (Schwebel-
Dugué et al., 1994). In this regard, we noted the differential
expression of multiple genes that take part in D-glucose
biosynthesis in the starch and sucrose biosynthesis pathway.
The breakdown of cellulose to cellodextin by endoglucanase
(EG, Dlo_022739.1.gene and Dlo_028821.1.gene) (Opassiri et al.,
2006) and then to cellobiose by EG and beta-glucosidases (BGLs)
(Yoshida and Komae, 2006) leads to D-glucose biosynthesis.
The variable expressions of EGs and BGLs enable us to think
that there are changes happening in cellulose and its conversion
to D-glucose. Apart from sucrose and D-glucose metabolism-
related transcriptome changes, the fact that multiple genes
controlling starch metabolism, i.e., 1,4-aplha-glucan branching
enzyme, AAs, and BAs were differentially regulated between
YS and SY, indicating changes in starch concentration in
the studied tissues. Most probably, we can understand that
starch/glycogen biosynthesis in YS must be higher than in
SY, and that its conversion to maltose and/or destrin is
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also higher in YS than in SY. However, these expression
changes cannot be considered a direct cause of UCI in YS in
comparison to SY.

Jasmonic Acid Metabolism and
Signaling Are Regulated Differently in the
Yiduo? x Shixiag and

Shixia? x Yiduogs Pollination

Combinations

Since MeJA is known to affect pollen germination as well as
pollen tube growth (Muradoglu et al, 2010), we specifically
explored the JA metabolism and signaling pathways. Muradoglu,
Y:ldiz and Balta (Muradoglu et al., 2010) reported that MeJA
led to a decrease in pollen germination as well as pollen tube
growth in apricots. Another study reported that the application
of 2.5 mM MeJA resulted in no pollen germination in Pinus nigra
(Cetinbas-Geng and Vardar, 2020). Our observations that both JA
metabolism and signaling were differentially regulated in both the
YS and SY pollination combinations are in accordance with these
reports. Most importantly, in JA metabolism, the conversion of
galactolipids into a-linoleic acid is controlled by PLA1 and DAD1
(Ishiguro et al., 2001). The expression changes in PLA1 indicate
that the conversion of galactolipids into a-linoleic acid is higher
in SY and relatively lower in YS. This was further confirmed by
the expression trend of PLAI, as noted in the RT-qPCR analysis
(Supplementary Figure 3). Next step that leads the biosynthesis
of JA is the LOX pathway, i.e, AOS branch (Feussner and
Wasternack, 2002). The expression patterns of genes that control
important steps of the LOX pathway, i.e., LOXs, OPR11, and JMT
in YS (particularly at YS24) compared to SY are consistent with
observed changes in endogenous JA and JA-Ile levels based on the
known functions of the respective genes (also see Supplementary
Figure 3) (Ishiguro et al., 2001; Seo et al., 2001; Feussner and
Wasternack, 2002; Wasternack and Hause, 2013). JA-Ile is formed
by JARI, which is a member of the GH3 gene family (Staswick
and Tiryaki, 2004). This is a major step in JA perception, since
JA-Ile is the most biologically active JA compound (Fonseca
et al, 2009). Its higher expression in YS is consistent with
the higher JA-Ile concentration (Figure 7 and Supplementary
Figure 3). JA-Ile signal is perceived by COI, which triggers
the repression of JAZ. The transcriptome comparisons showed
that JA-Ile triggered the repression of JAZs in both YS and SY,
although we did not note the differential regulation of COL
JAZ repression releases downstream transcription factors (TFs),
e.g., MYC2s. The expression pattern of MYC2s indicates that
in the YS pollination combination, the JA-responsive activation
of MYC2 is relatively lower than that in SY (in particular 12
and 24 HAP) (Supplementary Figure 3). There are multiple
genes present downstream of MYC2s that regulate JA-triggered
responses in plant tissues (Ruan et al., 2019). These results are
in accordance with the fact that the downregulation of these
genes has been linked with the inhibition of endogenous JA
synthesis in Arabidopsis during pollen germination (Ju et al,
2016). Taken together, the changes in the expressions of JA
biosynthesis- and signaling-related genes indicate an important
role of JA in UCI. However, further studies involving exogenous

application of JA/MeJA or agents that can regulate its in planta
biosynthesis will elaborate its role. Also, characterization of
genes through gene silencing or other techniques would be
useful to explain clearly how the expression of the individual
genes affect UCI.

CONCLUSION

The reciprocal crossing in longan cultivars Yiduo and Shixia is
successful only in one way, i.e., SY, while in the case of YS, it is
incompatible. Our results elaborated the differential expression
of genes associated with plant-hormone signal transduction,
phenylpropanoid biosynthesis, protein processing in the
endoplasmic reticulum, and starch and sucrose biosynthesis
pathways. The detailed analysis of plant-hormone signaling
pathway indicated that JA metabolism and signaling have
important roles in UCI. The endogenous JA contents in
the YS pollination combination were higher than in SY.
In the case of YS, pollen tube growth was slow, and the
transcriptome comparison data could be related to it by
discussing pollen tube, cell wall, and starch and sucrose
metabolism-related transcripts. The candidate genes identified in
this study represent key resources for functional studies related
to UCI in longan.
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MiR156/SQUAMOSA PROMOTER BINDING-LIKEs (SPLs) module is the key regulatory
hub of juvenile-to-adult phase transition as a critical flowering regulator. In this study, a
miR156-targeted PvSPLE was identified and characterized in switchgrass (Panicum
virgatum L.), a dual-purpose fodder and biofuel crop. Overexpression of PvSPLE in
switchgrass promoted flowering and reduced internode length, internode number, and
plant height, whereas downregulation of PvSPL6 delayed flowering and increased
internode length, internode number, and plant height. Protein subcellular localization
analysis revealed that PvSPL6 localizes to both the plasma membrane and nucleus.
We produced transgenic switchgrass plants that overexpressed a PvSPL6-GFP fusion
gene, and callus were induced from inflorescences of selected PvSPL6-GFPe transgenic
lines. We found that the PvSPL6B-GFP fusion protein accumulated mainly in the nucleus
in callus and was present in both the plasma membrane and nucleus in regenerating
callus. However, during subsequent development, the signal of the PvSPL6-GFP fusion
protein was detected only in the nucleus in the roots and leaves of plantlets. In addition,
PvSPL6 protein was rapidly transported from the nucleus to the plasma membrane after
exogenous GAg application, and returned from the plasma membrane to nucleus after
treated with the GA; inhibitor (paclobutrazol). Taken together, our results demonstrate
that PvSPLE is not only an important target that can be used to develop improved cultivars
of forage and biofuel crops that show delayed flowering and high biomass yields, but also
has the potential to regulate plant regeneration in response to GAs.

Keywords: PvSPL6, flowering, biomass yield, subcellular localization, gibberellin, switchgrass
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INTRODUCTION

Flowering is the key physiological juncture at which the plant
transitions from vegetative to reproductive growth, and flowering
at the optimum time is important for plant growth and
reproductive success. The control of flowering time is also
critical for yield formation in cereal crops and biomass
accumulation in biofuel crops (Wang and Ge, 2006). Switchgrass
(Panicum virgatum L.) has been developed into a dedicated,
herbaceous bioenergy crop (Fu et al,, 2011), and biomass yield
is a major target trait for the genetic improvement of switchgrass.
The biomass yield of gramineous plants shows little increase
after the transformation from vegetative to reproductive growth,
as the nutrient supply flows primarily toward the inflorescence
at this time (Casler, 2012). Therefore, the genetic manipulation
of flowering time is a key approach for improving the architecture
and biomass yield of switchgrass and other biofuel and forage
crops (Wang and Ge, 2006; Johnson et al., 2017).

The molecular regulation of flowering time involves complex,
synergistic regulation by exogenous and endogenous factors
(Wang, 2014; Park et al, 2016; Campos-Rivero et al., 2017;
Cho et al., 2017; Inoescu et al., 2017). In addition, mechanisms
of flowering time regulation vary greatly among different plant
species (Hill and Li, 2016). The regulatory mechanism of
flowering time control in the model plant Arabidopsis thaliana
has been studied extensively. It involves five major pathways:
the photoperiodic, gibberellin, autonomous, vernalization, and
age pathways. Among these five pathways, aging has received
widely attention (Amasino and Michaels, 2010; Wang, 2014).
The age pathway ensures that plants flower even under
noninductive conditions (Poethig, 2009; Wang, 2014). MiR156
and its target SQUAMOSA PROMOTER BINDING-LIKE (SPL)
genes constitute the key regulatory hub of the age pathway
(Fu et al, 2012; Teotia and Tang, 2015). SPL genes encode a
class of plant-specific transcription factors (TFs) and are
conserved in monocots and eudicots (Klein et al., 1996; Yang
et al, 2007). In Arabidopsis, SPL genes can be divided into
three functionally distinct groups: (1) SPL2/9/10/11/13/15
participate in developmental stage transition, SPL9 and SPL15
play a major role in these processes; (2) SPL3/4/5 promote
the floral meristem identity transition; and (3) SPL6 does not
have a major function in shoot morphogenesis, but may
be important for certain physiological processes (Xu et al,
2016). SPL genes have been found to promote flowering mainly
through three pathways: (1) SPL3/4/5 redundantly promote
flowering through direct activation of LEAFY (LFY), FRUITFULL
(FUL), and API (LEAFY; Yamaguchi et al, 2009); (2) SPL9
positively regulates the floral promoters FUL, SUPPRESSOR
OF OVEREXPRESSION OF CONSTANSI (SOCI), and AGL-
LIKE 42 (AGL42; Wang et al., 2009). SPL9 can also promote
the transcription of downstream miR172 (Wu et al., 2009),
thereby inhibiting the expression of APETALA2-LIKE genes
(TARGET OF EAT1, TARGET OF EAT2, SCHLAFMUTZE, and
SCHNARCHZAPFEN; Aukerman and Sakai, 2003; Jung et al.,
2007). The AP2-like genes can inhibit the expression of the
flowering induction gene FLOWERING LOCUS T (FT). FT is
induced by the photoperiodic pathway and regulated by FUL

and SOCI under long-day conditions (Litt and Irish, 2003;
Mathieu et al., 2007); and (3) SPL2/10/11, which have close
homology to SPLY, can affect the flowering process by regulating
FUL gene expression (Wang et al., 2009). In contrast to the
extensive studies in Arabidopsis, little information is available
on the flowering-related roles of SPLs in the Gramineae. The
miR156-targeted PvSPLs in switchgrass belong to five orthologous
groups (OGs): OGl, 2, 4, 9, and 10 (Wu et al, 2016). OG2
clade genes have the potential to participate in the regulation
of reproductive development. PvSPL6, PvSPL7’, PvSPL8, and
PySPL17 all belong to the OG2 clade. According to the latest
research, PvSPL7 and PvSPL8 redundantly regulate flowering
in switchgrass. Overexpression of the individual SPL7 and SPL8
gene promotes flowering, whereas their individual downregulation
moderately delays flowering. Only simultaneous downregulation
of SPL7 and SPL8 causes significant delayed flowering. PvSPL7
and 8 induce phase transition and flowering in grasses by
directly upregulating SEPALLATA3 (SEP3) and MADS32 (Gou
et al.,, 2019).

Recent studies have shown that the SPLs act as a key hub,
integrating various flowering regulation pathways in Arabidopsis
(Hong and Jackson, 2015; Teotia and Tang, 2015). Photoperiodic
and gibberellin pathways have marked effect on the expression
of some SPL genes. For photoperiodic pathway, the expression
of SPL3/4/5 is influenced by photoperiod in early vegetative
stages (Jung et al, 2012). FT as the key component of the
systemic flowering signal interacts with FLOWERING LOCUS
D (FD), a meristem-specific bZIP transcription factor, in the
shoot apex. FD binds directly to the G-box motifs present in
the promoters of SPL3/4/5. Moreover, with respect to the
changes in photoperiod, SOC1 binds to the CArG motifs
present in the promoters of SPL3/4/5 to regulate their expressions.
Thus, photoperiod induction can induce SPL gene expression
in a CO-, SOCI-, or FT-dependent manner (Teotia and Tang,
2015). For gibberellin pathway, GAs are a group of diterpenoid
phytohormones that regulate a variety of events in plant
development, including seed germination, stem elongation, leaf
expansion, flowering, and fruit development (Sun, 2010; Mcatee
et al, 2013; Tuan et al., 2018; Bao et al.,, 2020). GAs have
been shown to regulate these diverse biological processes mainly
by overcoming the inhibition of the DELLA proteins, a family
of nuclear repressors of the GA response. Because DELLA
proteins do not contain canonical DNA-binding domains, they
regulate downstream genes by interacting with other TFs
(Daviere et al., 2008; Hauvermale et al., 2012; Locascio et al.,
2013; Xu et al, 2014). Growing evidence indicates that GA
signaling and the miR156/SPLs module are connected through
direct interactions between DELLAs and SPL TFs. For example,
the GA-induced flowering pathway can be integrated into the
miR156-mediated flowering pathway through interactions
between DELLAs and SPLs. The binding of DELLAs to SPLs
has been shown to impair the transcriptional activation of
downstream SPL target genes. Consequently, DELLAs delay
the floral transition by reducing SPL15-mediated expression
of MADS-box genes (SOCI and FUL) in the shoot apex or
by repressing the activation of FT through inhibition of SPL9 in
the leaves (Galvao et al., 2012; Yu et al,, 2012; Hyun et al., 2016).
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In addition, recent studies have shown that the DELLA-SPL9
module is involved in axillary bud formation. SPL9 inhibits
the transcription of the axillary bud identity gene LAS, while
binding of DELLA to SPL9 attenuates the repression of LAS
by SPL9, thereby promoting axillary bud initiation (Zhang
et al, 2020). However, given the fact that TFs are usually
expressed in a tissue-specific and temporally variable manner,
questions remain about the contribution of SPLs to GA signaling
at the tissue or single-cell level. Systematic protein-protein
interaction assays and visualization of protein-TF interactions
in vivo will help us to address this question.

In the past two decades, the proteolysis of membrane-bound
TFs (MTFs) has been studied extensively as a novel transcriptional
regulatory mechanism (Chen et al., 2008; Seo et al., 2008).
MTFs are TFs with transmembrane domains (TMs) that are
fixed to membranes in a dormant state. When exposed to
developmental and environmental cues, some MTFs undergo
proteolytic cleavage, releasing intracellular fragments into the
nucleus to control gene transcription (Liu et al, 2008; Seo
et al, 2010a,b). As a result, MTFs can rapidly respond to
pressures from extracellular or intracellular stimuli (Hoppe
et al, 2000). MTFs have been observed in many types of
organisms, including plants, animals, and microorganisms (Hoppe
et al, 2001; Yang et al, 2014; Xie et al., 2015). Consistent
with the activation pathways of more typical TFs, these molecules
are delicately regulated at many points throughout the signal
transduction process. Cellular stimuli can activate MTF precursors
and induce their translocation. Cellular translocation signals
include ligand-receptor binding response signals, growth
hormones, and many types of stress, including temperature,
drought, and salinity (Popovic et al., 2007; Seo et al., 2010a,b;
Ma et al, 2012; De Clercq et al., 2013; Misra et al., 2013).
Signal transduction in response to stress can enable the
visualization of protein-TF interactions. In plants, studies of
MTFs have focused on two major TF families, NAM/ATAF1/2/
CUC2 (NAC) and basic leucine zipper (bZIP; Chen et al.,
2008; Seo et al, 2008). To date, eight NAC, three bZIP, one
MYB, and one PHD TF have been identified and characterized
(Seo, 2014). However, other TF families that contain MTFs
have not previously been reported.

In this work, we demonstrate that PvSPL6, a miR156-targeted
member of the SPL family, can regulate flowering time in
switchgrass. As the number of same orthologous group with
PvSPL7 and PvSPL8, PvSPL6 can independently regulate the
flowering time. Inhibition of PvSPL6 expression causes a markedly
delays in flowering. Besides, unlike the homolog AtSPL3/4/5 in
Arabidopsis, PvSPL6 protein has both nuclear and plasma
membranes localization. However, the dual localization of
nuclear and plasma membranes only appears in the regeneration
stage during switchgrass development process. Exogenous GA;
application induces the rapid nucleus to plasma membrane
translocation of PvSPL6 proteins, and the GA; inhibitor
(paclobutrazol) application induces the plasma membrane
returned to nucleus translocation of PvSPL6 proteins. Hence,
PvSPL6 may be an excellent candidate for genetic modification
and improvement of biomass production in bioenergy crops.
Furthermore, it is possible to discover a new function and

mechanism of PvSPL6 in regulating regeneration by studying
how PvSPL6 localization responds to GA pathway.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The wild-type control and transgenic switchgrass plants were
generated from a high-quality embryogenic callus line with a
single genotype that was obtained by screening a mass of
Alamo switchgrass (P. virgatum L.) seed. The Alamo switchgrass
seed was derived from Noble Research Institute, Ardmore,
United States. Embryogenic callus of wild-type control and
transgenic plants was cultured in a sterile culture room at
23°C with a 16h light/8h dark photoperiod (390 pE/m?/s) and
80% relative humidity. Wild-type control and transgenic plants
were planted in a greenhouse at 26°C under a 16h light/8h
dark photoperiod (390 pE/m?/s) and approximately 60% relative
humidity. The development of switchgrass plants was divided
into five elongation stages (E1-E5) and three reproductive
stages (R1-R3) as described previously (Moore et al, 1991;
Hardin et al., 2013).

Vector Construction and Plant
Transformation

The predicted cDNA sequence of PvSPL6 (Pavir.2KG430400)
from the switchgrass genome database v4.1' was used to
design primers for cloning the full-length coding region
and RNAi fragment of PvSPL6. About 275bp fragment
representing a non-conserved region in the 5-UTR and
coding sequence of PvSPL6 was selected as the RNAi fragment.
This design can rule out the offtarget effect on other miR156-
targeted SPL genes. The amplified PCR products were
confirmed by Sanger sequencing, respectively. For the
overexpression of PvSPL6, the correct full-length coding
region was inserted into the binary pANIC6B vector by LR
recombination reactions (Invitrogen, United States). The
PANIC6B vectors contain the attRI-Cm'-ccdB-attR2 cassette
for overexpression of the target gene, a plant selectable
marker cassette (hygromycin phosphotransferase, hph), and a
visual reporter gene cassette (GUSPlus; Mann et al., 2012).
For suppression of PvSPL6, the verified RNAi fragment was
cloned into the RNAi-mediated suppression vector pANIC8B
driven by the maize Ubiquitin promoter (Mann et al., 2012).
The main difference between pANIC6B and pANICSB is
that the pANIC8B vectors contain the attR1-Cm'-ccdB-attR2
cassette downstream of an inverted repeat of itself, resulting
in a hairpin loop of the target sequence after recombination
and transcription. Then the constructed vectors were
transferred into Agrobacterium tumefaciens strain EHA105
using the freeze-thaw method (Chen et al., 1994). To generate
transgenic plants, the embryogenic callus line with a single
genotype was employed for Agrobacterium-mediated
transformation following the procedure described previously

'https://phytozome-next.jgi.doe.gov/
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(Xi et al., 2009). The control switchgrass plants were generated
by using empty pANIC6B and pANIC8B empty vectors,
respectively.

For the construction of vector to observe PvSPL6 subcellular
localization, the GFP was fused to the C-terminal of PvSPL6
coding region, and then inserted into the pANIC6B vector by
LR recombination reactions. Then verified constructs were
transferred into EHA105 and introduced into the embryogenic
callus line by Agrobacterium-mediated transformation.
Hygromycin (Phytotechlab, Lenexa, United States) was used
as the selection reagent for the production of PvSPL6q,
PvSPL6gna» and PvSPL6-GFPgy transgenic switchgrass plants.
Positive transgenic lines were identified by PCR using specific
hph, PySPLe, and PySPL6-RNAI primers
(Supplementary Table 1). The expected sizes of the PCR
products were 375, 642, and 275bp, respectively.

Subcellular Localization Assay

PySPL6 cDNA fragments encoding the N-terminal membrane
spanning domain (amino acid 1-71, cDNA 1-213 bp, PvSPL6-N)
and the remainder (amino acid 72-214, cDNA 214-642bp,
PySPL6-C) were amplified by PCR, respectively. The full-length
and two truncated coding sequences of PvSPL6 were fused
with GFP and ligated into the pCambial300 vector. EHA105
containing the final binary vector pCambial300::PvSPL6-GFP,
pCambial300::PvSPL6-N-GFP, or pCambial300::PvSPL6-C-GFP
was injected into leaves of four-week old Nicotiana benthamiana.
P19 from tomato bushy stunt virus was used to inhibit transgenic
silencing (Chen et al., 2007). The resulting fluorescence signal
was observed 48-72h after injection using a FluoView FV1000
confocal laser scanning microscope (Olympus, Japan). The
fluorescent dye propidium iodide (PI) was used as a cell plasma
membrane marker, the 4’,6-diamidino-2-phenylindole (DAPI)
was used as a cell nuclear marker. The primer pairs used for
vector construction are listed in Supplementary Table 1.

Quantitative Real-Time PCR Analysis

Total RNA was extracted from switchgrass stems using a TRIzol
kit (TransGen Biotech, Beijing, China) and was reverse-
transcribed into cDNA using a PrimeScript RT Reagent Kit
with gDNA Eraser (Takara, Dalian, China) according to the
manufacturer’s instructions. Quantitative real-time PCR (qRT-
PCR) was performed in a 20-pl reaction volume that contained
10pl of SYBR Premix ExTaq (Takara, Dalian, China), 2ul of
cDNA (first strand cDNA, diluted five times), and 0.5pM of
each primer. The primer pairs used for qRT-PCR are listed
in Supplementary Table 1. PvUBQ2 (Pavir.1KG065600) was
used as the reference for normalization (Huang et al.,, 2014).
The cycle thresholds were determined using a Roche Light
Cycler 480 II sequence detection system (Roche, Shanghai, China).

Phenotypic Measurements

Flowering time, internode number, internode length, tiller
number, and plant height were measured on three biological
replicates when plants reached the R1 stage. The I2 internodes
were used for the measurement of internode length.

Confocal Laser Scanning Microscopy After
Hormone and Plant Growth Regulator
Embryogenic callus were induced from inflorescences of selected
three PvSPL6-GFP lines. These callus was cultured on SM5
medium {MSO0+5mg/L 2,4-D (2,4-Dichlorophenoxyacetic
acid) +0.15mg/L 6-BA [N-(Phenylmethyl)-9H-purin-6-amine]}
supplemented with different hormones and plant growth
regulators for 2weeks. For hormones and growth regulators
treatments, different concentrations of 2,4-D (0, 1, 3, and
5mg/L), 6-BA (0.02, 0.05, 0.1, and 1mg/L), 6-Furfurylamino-
purine (KT; 0, 0.5, 1, and 4mg/L), gibberellin (GA;; 0, 10,
100, and 400mg/L), and paclobutrazol (0, 0.5, 1, and 2mg/L)
were used, respectively. The fluorescence signal of each callus
type under each hormone and growth regulator treatment was
observed 48-72h later using a FluoView FV1000 confocal laser
scanning microscope (Olympus, Japan).

Statistical Analysis

Three control switchgrass plants, three PvSPL6q; lines, and
three PvSPL6gyy; lines were statistical analyzed in this work.
The selected transgenic plants were propagated simultaneously
with three biological replicates. One-way ANOVA was used
for qQRT-PCR and phenotypic statistical analysis, and treatment
means were separated using Duncans multiple range test
(p<0.05). All the statistical analyses were performed with the
SPSS software (IBM SPSS Statistics 25.0, United States).

RESULTS

Molecular Cloning and Sequence Analyses
of Switchgrass SBP Transcription Factor
PvSPL6

Blastn searches against the switchgrass genome (P virgatum
v4.1, Phytozome) indicated that these four OG2 genes, PvSPL6
(Pavir.2KG430400), PvSPL7" (Pavir.2NG503700), PvSPL8
(Pavir.2KG430000), and PvSPL17 (Pavir.2NG503500), were located
on chromosome 2. PvSPL6 and PvSPL7’ as an allele share
over 86% sequence identity, and PvSPL8 and PvSPL17 as an
allele share 90.7% sequence identity (Supplementary Figure 1).
Another OG2 gene, PvSPL7, has also been reported recently
(Gou et al.,, 2019). We used orthologs of the five PvSPLs in
OG2 (PvSPL6, PvSPL7’, PvSPL8, PvSPL17, and PvSPL7) from
three genome-sequenced species (A. thaliana, Populus trichocarpa,
and Oryza sativa) to construct a phylogenetic tree. The tree
showed that PvSPL6 and PvSPL7’ clustered together in a group,
implying that they have a close evolutionary relationship and
similar functions. By contrast, the distance between PvSPL6
and PvSPL7 on the phylogenetic tree suggested that they may
have different functions (Figure 1A). The sequence alignment
further revealed the variation among PvSPL6, PvSPL7, and
PvSPL8 as well (Figure 1B). These results prompted us to
explore PvSPL6 in more detail. Using information from the
assembled switchgrass genome database at Phytozome, the full-
length sequence of PvSPL6 was isolated to study its function
in switchgrass.
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FIGURE 1 | Molecular characterization and sequence analysis of PvSPL6. (A) Phylogenetic analysis of SQUAMOSA PROMOTER BINDING-LIKEs (SPLs) in
clade OG2 in dicot and monocot plant species. A maximum likelihood tree was constructed in PhyML version 3.0 based on multiple alignments of deduced
protein sequences from Panicum virgatum (PvSPL6, Pavir.2KG430400; PvSPL7’, Pavir.2NG503700; PvSPL8, Pavir.2KG430000; and PvSPL17,
Pavir.2NG503500), Oryza sativa (OsSPL2, LOC_0s01g69830; OsSPL13, LOC_0s07g32170; OsSPL16, LOC_0s08g41940; and OsSPL18, LOC_0s09g32944),
Arabidopsis thaliana (AtSPL3, AT2G33810; AtSPL4, AT1G53160; and AtSPL5, AT3G15270), and Populus trichocarpa (PtSPL16, Potri.011G055900; PtSPL20,
Potri.001G398200; and PtSPL24, Potri.007G138800). Bootstrap support values (>50%) based on 1,000 replications are given at the nodes. The sequence data
were retrieved from Phytozome and/or Genbank. (B) Sequence alignment of PvSPL6, PvSPL7, and PvSPL8. The red box indicates the RNAi regions of PvSPLE;
the blue box indicates the artificial microRNA (amiRNA) regions of PvSPL7; and the green box indicates the amiRNA regions of PvSPL8. The artificial microRNA
regions mean the nonconserved regions of PvSPL7 and 8. The amiRNAs of PvSPL7 and 8 were to knockdown the expression levels of PvSPL7 and 8,
respectively. *means the identical nucleotide.

The PvSPL6 TF Shows Both Nuclear and
Plasma Membrane Localization

A fused vector containing PvSPL6 and GFP was constructed
to investigate the subcellular localization of PvSPL6. After
Sanger sequencing validation, the pCambial300::PvSPL6-GFP
vector was introduced into tobacco leaves by infiltration with
A. tumefaciens strain EHA105 to produce transient expression.
Unlike miR156-targeted PvSPL2 and PvSPL4, the PvSPL6-GFP
signal was located in both the nucleus and the plasma
membrane (Figures 2A,B; Supplementary Figure 2A).
We then used TMPred* to predict TMs in PvSPL6. The
results showed that PvSPL6 had one potential transmembrane
helix from amino acids 41 to 58 (red label), with a score
of 1,035 (only scores above 500 are considered significant;
Figure 2C). PvSPL2 and PvSPL4 did not contain predicted
transmembrane helices (Supplementary Figure 2B), consistent
with the results of the subcellular localization analysis. To
determine the authenticity of TMPred predict, two truncated
coding sequences of PvSPL6, PvSPL6-N (contains the

*https://embnet.vital-it.ch/

N-terminal membrane spanning domain) and PvSPL6-C
(remainder) were fused with GFP and ligated into the
pCambial300 vector. Transient expression in tobacco leaves
showed that the PvSPL6-C-GFP signal was located entirely
in the tobacco cell nucleus, whereas the PvSPL6-N-GFP signal
was located in both the nucleus and plasma membrane
(Figure 2D). The SMART tool’ was used for functional
domain analysis. PvSPL6 was shown to have three functional
domains, located at amino acids 38-54, amino acids 79-107,
and amino acids 110-184, respectively (Figure 2E). Among
them, the functional domain located at amino acids 110-184
is squamosa promoter binding protein (SBP) domain. It is
a highly conserved domain of SPL transcription factor family
consisting of approximately 78 amino acid residues. Moreover,
the coding sequences of the functional domain located at
amino acids 38-54 of PvSPL6 was highly coincident with
the N-terminal membrane spanning domain. Hence, this
functional domain of PvSPL6 has the potential to determine
its membrane localization.

*http://smart.embl-heidelberg.de/
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FIGURE 2 | Subcellular localization and bioinformatics analysis of PvSPL6. (A) and (B) Subcellular localization assays of PvSPL6. Agrobacterium cells harboring
fusion constructs were infiltrated into the abaxial surfaces of Nicotiana benthamiana leaves, and samples were observed 72h later under a GloMax 20/20 single
tube luminometer (Promega, United States). GFP fluorescence, green fluorescent signal; P, propidium iodide signal; DAPI, 4’,6-diamidino-2-phenylindole signal;
Bright, bright field signal; and Merge, superimposed signal. Scale bar=20pum. (C) Transmembrane domain prediction of PvSPL6 by TMPred. The red dotted line
indicates a score of 500 (scores above 500 are considered significant). Black solid line means inside to outside helices; black dotted line means outside to inside
helices. (D) Subcellular localization assays of PvSPL6-N and PvSPL6-C. GFP fluorescence, green fluorescent signal; Bright, bright field signal; and Merge,
superimposed signal. Scale bar=20pum. (E) Functional domain predictions of PvSPL6. The boxes indicate functional domains. Purple box means the first functional
domain with low compositional complexity; orange box means the second functional domain with low compositional complexity; and blue box means conserved
SBP domain. The red section indicates the predicted transmembrane region.
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FIGURE 3 | Morphological characterization of PvSPL6E transgenic switchgrass plants. Morphological characterization of PvSPL6: and PvSPL6gy, transgenic
switchgrass plants. Scale bar=10cm.

Morphological Characterization of PvSPL6
Transgenic Switchgrass Plants

To characterize the function of PvSPL6 in switchgrass,
we constructed PvSPL6 overexpression and RNAi vectors and
introduced them into wild-type switchgrass callus by
Agrobacterium-mediated  transformation  (Supplementary
Figure 3). Compared with the wild-type control, the PvSPL6o
lines consistently displayed markedly earlier heading dates,
reduced internode lengths and numbers, and shorter plant
heights. By contrast, the PvSPL6yyy; lines showed conspicuously
delayed heading dates and increased internode lengths and
numbers (Figure 3). We selected the three PvSPL6.: lines
with the highest expression levels (PvSPL6¢g;, 71, and ) and
the three PvSPL6gya; lines with the lowest expression levels
(PVSPL6gxai 1>  and ) for further phenotypic analysis (Figure 4;
Supplementary Figure 4). Taken together, our results showed
that PvSPL6 overexpression and suppression altered plant
development. Upregulation of PvSPL6 shortened the vegetative
growth period and decreased dry biomass yield by 40.90, 44.96,
and 55.80% in the three lines. Downregulation of PvSPL6
extended the vegetative growth period and increased the dry
biomass yield by 47.73, 44.50, and 62.54% (Figure 5). To
exclude the possibility that other genes in the same clade were
inhibited by PvSPL6 RNAi, we also measured the expression
levels of PvSPL7’, PvSPL7, PvSPL8, and PvSPL17 in PvSPL6yyy;
transgenic plants. Only PvSPL6 expression was inhibited in
PvSPL6gya; plants relative to the wild-type, confirming that
the phenotype of the PvSPL6gy,; plants was caused by reduced
expression of PvSPL6 alone (Figure 4B; Supplementary
Figure 5). The phenotypes of the two transgenic plant types
indicated that PvSPL6 functions in the control the flowering
time and affects internode elongation in switchgrass. To explain
the observed phenotype, we roughly validated how PvSPL6
participates in regulation of floral transitions. The high correlation
between the expression levels of PvSPL6 and PvSEP3/PvMADS32,

the target genes of PvSPL7 and PvSPLS, in different transgenic
lines suggested that PvSPL6 has the similar regulatory mechanism
in floral transitions to PvSPL7/8 (Supplementary Figure 6).

Subcellular Localization of PvSPL6 in
Different Tissues

To further study the localization of PvSPL6, the verified
PANIC6B::PvSPL6-GFP constructs were transferred into a high-
quality embryogenic callus line with a single genotype. By
Agrobacterium-mediated transformation, we produced PvSPL6-
GFPy; transgenic plants. The PvSPL6-GFPy; transgenic plants
had phenotypes similar to those of the PvSPL6q; plants.
We induced embryogenic callus from three PvSPL6-GFPg
transgenic lines, and we observed PvSPL6-GFP signal only in
the nuclei of the undifferentiated transgenic callus (loose and
irregular and have not yet formed somatic embryos; Figure 6A).
This was not consistent with the results, we observed in tobacco
leaf cells. However, we observed partial translocation of the
PvSPL6-GFP signal from the nucleus to the plasma membrane
when the callus was in the differentiation stage (compact and
dense somatic embryo, and even appear green bud points;
Figure 6B). During subsequent development, the differentiated
calli formed complete switchgrass plants. Confocal laser scanning
microscopy showed that PvSPL6 exhibited its complete nuclear
localization in both leaves and roots of the resulting plants
(Figures 6C,D).

GA; Controls the Localization of PvSPL6 in
Switchgrass

To investigate the biological significance of PvSPL6 membrane
localization, we first needed to identify the factor and related
pathway to which PvSPL6 localization responds. Ligand-
receptor binding response signals, growth hormones, and
many types of stress may be the candidates for influencing
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FIGURE 4 | Quantitative real-time PCR (qRT-PCR) analysis of PvSPL6 transcript levels in different PvSPL6: and PvSPLBgy, transgenic switchgrass plants.

(A) gRT-PCR analysis of PvSPLE transcript levels in different PvSPLB¢ transgenic switchgrass plants. (B) Quantitative real-time PCR analysis of PvSPL6 transcript
levels in different PvSPLGBgy4 transgenic switchgrass plants. PvUBQ2 was used as a reference for normalization. The values are the means+SEs (n=3). The letters
above the error bars indicate significant differences determined by one-way ANOVA (p <0.05, Duncan’s multiple-range test).
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FIGURE 5 | Phenotypic statistics of PvSPL60: and PvSPL6gy, transgenic switchgrass plants. Comparisons of (A) flowering time, (B) plant height, (C) number of
tiller, (D) internode length, (E) number of internode, and (F) dry matter biomass. The values are the means + SEs (n=3). The letters above the error bars indicate
significant differences determined by one-way ANOVA (p <0.05, Duncan’s multiple-range test).

PvSPL6 localization. Combined the flowering phenotype of when PvSPL6 transgenic callus was treated with different
PySPL6 transgenic plants and the roles of GA pathway in  concentrations of GA; (0, 10, 100 and 400 mg/L). Compared
flowering regulation, we chose GA; to treat PvSPL6-GFPy;  with callus in SM5 medium without GA;, callus treated with
callus. Predictably, we observed partial PvSPL6-GFP signal even a low concentration of GA; (10mg/L) showed clear
translocation from the nucleus to the plasma membrane plasma membrane localization of PvSPL6-GFP. This plasma
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FIGURE 6 | Subcellular localization analysis of different tissues in PvSPL6-GFPqe transgenic plants. (A) Subcellular localization analysis of undifferentiated
embryogenic callus of PvSPLB-GFP¢ transgenic plants. (B) Subcellular localization analysis of differentiated embryogenic callus of PvSPL6-GFP. transgenic plants.
(C) Subcellular localization analysis of leaves from PvSPL6-GFPqe transgenic plants. (D) Subcellular localization analysis of roots from PvSPLG-GFPqe transgenic
plants. GFP fluorescence, green fluorescent signal; DAPI, 4’,6-diamidino-2-phenylindole signal; Bright, bright field signal; and Merge, superimposed signal. Scale

bar=20pum.

membrane localization became more obvious as the GA;
concentration increased (Figure 7). We also used various
other plant growth regulators treatments, 2,4-D (0, 1, 3, and
5mg/L), 6-BA (0.02, 0.05, 0.1, and 1 mg/L), and KT (0, 0.5,
1, and 4mg/L), to assess the hormone specificity of the

PvSPL6 response. Embryogenic callus from three PvSPL6-
GFPq; lines was cultured on SM5 medium supplemented
with the above compounds at 23°C in the dark for 2weeks,
and the subcellular localization of PvSPL6 was observed by
confocal laser scanning microscopy. PvSPL6 maintained its
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nuclear localization after treatment with all concentrations localization, we cultured differentiated callus with dual
of 2,4-D, 6-BA, and KT (Supplementary Figure 7). localization of nuclear and plasma membrane in medium
Furthermore, to further confirm the effect of GA; on PvSPL6  supplemented with different concentrations of GA; inhibitors

GFP fluorescence Bright Merge

Omg/L

10mg/L

..
3

Gibberellin (GAs)

pANIC6B::PvSPL6-GFP

FIGURE 7 | Subcellular localization analysis of embryogenic callus from PvSPL6-GFP. transgenic plants in response to GAs. Subcellular localization of PvSPL6 in
response to different concentrations of GA; (0, 10, 100, and 400mg/L). GFP fluorescence, green fluorescent signal; Bright, bright field signal; and Merge,
superimposed signal. Scale bar=20pum.
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(paclobutrazol, 0, 0.5, 1, and 2mg/L). The results showed
that PvSPL6-GFP signal translocation from the plasma
membrane returned to the nucleus in differentiated callus
after paclobutrazol treatment. And this phenomenon became
more obvious as the increase of concentration
(Supplementary Figure 8). In conclusion, the localization
of PvSPL6 is more sensitive to plant endogenous hormones
compared with plant growth regulators. And GA; is the
crucial factor responsible for the plasma membrane localization
of PvSPL6 in cells.

DISCUSSION

Precise flowering time is critical to reproductive success.
Since the discovery that miR156, whose expression decreases
with age, mediates the regulation of flowering time in plants,
the miR156-SPLs module has attracted significant attention
as the core regulatory hub of the age pathway. To date, the
SPL family has been found to promote flowering mainly
through three pathways in Arabidopsis. SPL3/4/5, SPL9, and
SPL2/10/11 are dominant in each pathway, respectively. In
contrast to the extensive studies in Arabidopsis, little
information is available on the flowering-related roles of SPLs
in the Gramineae. OG2 clade genes have the potential to
participate in the regulation of reproductive development in
switchgrass. PvSPL6, PvSPL7’, PvSPL8, PvSPL17, and PvSPL7
all belong to the OG2 clade. Based on molecular characteristics
and sequence analysis of genes, the subfamily was further
divided into three branches: PvSPL6 and PvSPL7’, PvSPL8
and PvSPL17, and PvSPL7. Among them, PvSPL6 and PvSPL7’,
PySPL8 and PvSPLI7 as the allele showed high degree of
sequence similarity and close evolutionary relationship. PvSPL7
showed significant divergence from the SPL genes belongs
to the same subfamily. Currently, Only PvSPL7 and 8 have
been functionally identified in switchgrass. Overexpression
of PvSPL7 and 8 promotes flowering, whereas downregulation
of individual genes moderately delays flowering. Simultaneous
downregulation of PvSPL7 and 8 results in extremely delayed
or nonflowering plants (Gou et al, 2019). We therefore
studied the function of PvSPL6 in the present study and
found that PvSPL6 regulated phase transition and flowering
in switchgrass. Downregulation of PvSPL6 by itself significantly
delayed flowering, suggesting that PvSPL6 may be the dominant
gene in this subfamily for the regulation of flowering time
in switchgrass.

Subcellular localization assays showed that PvSPL6 was
localized to both the nucleus and the plasma membrane,
unlike its SPL3/4/5 homologs in Arabidopsis. Transmembrane
domain prediction showed that PvSPL6 contained a
transmembrane structure that was not present in AtSPL3/4/5
or in other SPL subfamilies of switchgrass. As an MTF, PvSPL6
may therefore have unique functions or mechanisms. Large-
scale expression profiling of plant MTF genes and phenotypic
analyses of available mutants show that MTFs are involved
in diverse developmental processes and growth hormone
signaling (Kim et al, 2007). The transcriptional control

conferred by the activation of plant MTFs is thought to have
a wide array of regulatory roles in diverse aspects of plant
growth and development. Meanwhile, our data showed that
the nuclear and plasma membrane dual localization of PvSPL6
only occurred at the stage of callus differentiation during
the whole development process, so we speculated that the
plasma membrane localization of PvSPL6 had the potential
to participate in switchgrass regeneration. But these speculations
need to be further verified. Thus, research on the functional
implications of PvSPL6 plasma membrane localization may
break new ground and provide additional clues for
understanding the molecular mechanisms by which TF activity
is regulated.

Furthermore, relevant studies have shown that MTFs
mediate diverse aspects of stress response and enable the
rapid regulation of transcription under stressful conditions.
The rapid turnover of membrane-bound proteins is essential
for cell survival, as is the maintenance of a minimum level
of physiological activity under stress conditions (Vik and
Rine, 2000; Poon and Jans, 2005). Our data indicated that
PvSPL6 proteins were rapidly transported from the nucleus
to the plasma membrane after exogenous GA; application,
and returned from the plasma membrane to nucleus after
treated with the GA; inhibitor (paclobutrazol). Moreover,
PvSPL8, the same subfamily with PvSPL6, also showed both
nuclear and plasma membrane localization, and responded
to GA; treatment (Supplementary Figure 9). These results
confirm that the plasma membrane localization of PvSPL6
subfamily indeed respond to GA; signal and have a directly
or indirectly related to GA pathway. Previous studies have
shown that the binding of DELLAs, components of GA
signaling, to SPLs blocks the transcriptional activation of
their downstream target genes. DELLAs delay the floral
transition by reducing the SPL15-mediated expression of
MADS-box genes (SOCI and FUL) in the shoot apex or
by repressing the activation of FT in leaves by inhibiting
SPL9 (Galvao et al, 2012; Yu et al, 2012; Hyun et al,
2016). In addition, SPL9 represses transcription of the axillary
bud identity gene LATERAL SUPPRESSOR (LAS), and the
binding of DELLA to SPL9 attenuates germination (Zhang
et al., 2020). We therefore speculate that PvSPL6 may respond
to a specific protein in the GA signaling pathway. After
receiving this protein signal, the PvSPL6 TF may be activated
and then translocated from the nucleus to the membrane,
thus curtailing its TF activity in the nucleus. The biological
processes and regulatory mechanisms associated with the
transportation of PvSPL6 from the nucleus to the plasma
membrane in switchgrass are still largely unknown, but it
is worth investigating in the future.
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Litchi is an important Sapindaceae fruit tree. Flowering in litchi is triggered by low
temperatures in autumn and winter. It can be divided into early-, medium-, and late-
flowering phenotypes according to the time for floral induction. Early-flowering varieties
need low chilling accumulation level for floral induction, whereas the late-flowering
varieties require high chilling accumulation level. In the present study, RNA-Seq of
87 accessions was performed and transcriptome-based genome-wide association
studies (GWAS) was used to identify candidate genes involved in chilling accumulation
underlying the time for floral induction. A total of 98,155 high-quality single-nucleotide
polymorphism (SNP) sites were obtained. A total of 1,411 significantly associated SNPs
and 1,115 associated genes (AGs) were identified, of which 31 were flowering-related,
23 were hormone synthesis-related, and 27 were hormone signal transduction-related.
Association analysis between the gene expression of the AGs and the flowering
phenotypic data was carried out, and differentially expressed genes (DEGs) in a
temperature-controlled experiment were obtained. As a result, 15 flowering-related
candidate AGs (CAGs), 13 hormone synthesis-related CAGs, and 11 hormone signal
transduction-related CAGs were further screened. The expression levels of the CAGs in
the early-flowering accessions were different from those in the late-flowering ones, and
also between the flowering trees and non-flowering trees. In a gradient chilling treatment,
flowering rates of the trees and the CAGs expression were affected by the treatment.
Our present work for the first time provided candidate genes for genetic regulation of
flowering in litchi using transcriptome-based GWAS.
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INTRODUCTION

Litchi is an important Sapindaceae fruit tree. Flowering in
litchi is triggered by low temperatures in autumn and winter
(Menzel and Simpson, 1988; Chen and Huang, 2005; Zhou et al,,
2014). It is widely grown in southeast Asia within the latitude
of 17°-26°N, and is commercially cultivated in South Africa
and Australia within the latitude of 17°-32°S. These areas
are normally chill in winter without freezing temperatures, in
which chilling accumulation is enough for litchi floral induction.
However, during the past 20 years, insufficient winter chilling
attributed to global warming that has been occurring frequently.
An extreme case happened in the winter of 2018-2019, in which
the monthly average temperature was 17.8°C from November to
January, resulting in poor flowering and low yield in 2019 (Su
et al., 2020). Hence, it is important to understand the genetics
of litchi flowering in relation to chilling so as to find ways
for its regulation.

As the origin center of litchi, China is rich in litchi resources
with diverse traits. One of the most important traits of these
resources is the time for the accomplishment of floral induction,
which is related to the chilling requirement. Up till now, all the
litchi accessions found are evergreen fruit trees. They are grown
in areas with chill winter without freezing temperatures. Unlike
the deciduous fruit trees such as almond, whose leaves abscise and
floral buds are at the endodormancy stage in winter (Prudencio
et al., 2018, 2021), litchi floral buds are induced in winter, and
winter chilling is indispensable for floral induction (Menzel and
Simpson, 1988; Chen and Huang, 2005; Zhou et al., 2014). In
the model plant Arabidopsis, CONSTANS (CO) is regarded as
a direct activator of FLOWERING LOCUS T (FT), and the FT
protein is a long-seeking florigen that migrated from leaves to
the shoot apical meristem (SAM) to promote floral initiation
(Corbesier et al.,, 2007; Yang et al., 2007). Interestingly, litchi
trees grown under high-temperature conditions with only a few
leaves treated with low temperature could still produce flowers
(Zhang et al., 2017), suggesting the chilled leaves produced signals
and migrated from leaves to the SAM to induce floral transition.
Litchi resources can be divided into early-, medium-, and late-
flowering groups according to the time for floral induction and
blossom. The early-flowering group can undergo floral induction
early, just at the very beginning of winter, suggesting that it
needs a low chilling accumulation level, while the late-flowering
group has to be subjected to a long period of winter chilling,
suggesting that it needs a high chilling accumulation level. We
have recorded the time for floral initiation of the collected
accessions in our litchi germplasm garden and investigated the
chilling accumulation requirement for floral induction of the
accessions as basic information for years.

In the present study, we selected 87 accessions from our
litchi germplasm garden and recorded the time for floral
initiation, quantified the time and the chilling accumulation into
quantitative traits as the flowering phenotype data. We then
performed RNA-Seq of the accessions and collected population
single-nucleotide polymorphism (SNP) data for transcriptome-
based GWAS to identify associated genes (AGs). We also
performed RNA-Seq of leaves in flowering and non-flowering

trees. Based on this conjoint analysis of RNA-Seq, we narrowed
the AGs and identified candidate AGs (CAGs). At last, a
gradient chilling treatment of the litchi trees was carried out
and the expressions of the flowering-related CAGs were further
determined by quantitative real-time RT-PCR (qRT-PCR) to
identify crucial genes of flowering regulation underlying chilling
accumulation. Our present work for the first time provided
CAGs by transcriptome-based GWAS in litchi. These genes
may be applied for genetic regulation of flowering, and for
bypassing or partly bypassing chilling underlying climate change
and global warming.

MATERIALS AND METHODS

Plant Material and Experimental

Procedures

For the transcriptome-based GWAS, 87 litchi accessions
(cultivars or lines) were selected from the germplasm resource
garden in South China Agricultural University, Guangzhou,
China (latitude 23°9040” N, longitude 113°21018” E). The origin,
the pedigree, and the flowering property of the accessions are
shown in Supplementary Table 1. Leaves of the accessions were
collected in early December when temperature was low enough
for floral induction. Twenty mature leaves collected from four
directions of the terminal shoots from each accession were pooled
together as one sample. The samples were immediately frozen in
liquid nitrogen and stored at —80°C for RNA extraction.

To compare the gene expression pattern of the flowering
and non-flowering litchi trees, 20 5-year-old air-laying potted
trees (Litchi chinensis cv. Nuomici, 1-1.5 m height) with
similar phenological stages were used for controlled temperature
treatment. All the trees were grown in 30-L pots with loam,
mushroom cinder, and coconut chaff (v: v: v, 3:1:1). When
the terminal shoots matured, 10 trees as the non-flowering
control (H, high-temperature) were transferred to a growth
chamber at 25/20°C (day/night temperature, 12 h day and 12 h
night) with a relative humidity of 75-85% and natural light.
The remaining 10 trees, as the flowering treatment (L, low-
temperature), were transferred to a growth chamber at 15/8°C
with the same light and humidity conditions. The trees were
rewarmed to 25/20°C after 60 days of chilling. Leaves of the L-
and H-treated trees at the time points of 3, 30, 60, and 75 days
(floral initiation) were sampled, and leaves of the terminal shoots
from 3 to 4 trees were pooled together as a replicate (each time
point with three biological replicates). For the RNA-Seq data
confirmation, litchi potted trees were grown in chambers with
similar temperature and light conditions. Leaves of the L- and
H-treated trees at the time points of 0, 30, 60, and 75 days
(floral initiation) were sampled for analysis. The samples were
immediately frozen in liquid nitrogen and stored at —80°C for
RNA extraction and RNA-Seq.

To further confirm the chilling accumulation-related
candidate genes, the medium-late-flowering ‘Guiwei’ litchi trees
were selected. A total of 15 5-year-old air-laying potted trees with
similar phenological stages were grown in a growth chamber at
10°C for floral induction. The trees were evenly divided into
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three groups and transferred to a growth chamber at 22°C after
5 weeks (Treatment 1), 7 weeks (Treatment 2), and 9 weeks
(treatment 3, sufficient chilling accumulation), respectively.
Leaves of the trees at the time points of 0 day (S1), 21 days (S2),
and 35 days (S3) for Treatment 1, S1, S2, S3, and 49 days (54)
for Treatment 2, S1, S2, S3, $4, and 63 days (S5) for Treatment 3
were sampled. All the leaf samples were immediately frozen in
liquid nitrogen and stored at —80°C for RNA extraction.

Data Processing of Flowering Phenotype

of the Accessions

For trait surveys, we recorded the date of the emergence of
panicle primordia visible as “whitish millet.” We also recorded
the temperatures every 30 min from 1 September 2014 to 30
February 2015 using a temperature and humidity recorder (ZDR-
M20). To quantify the specific flowering time into quantitative
traits, we used three sets of data to describe the flowering
phenotypes. Symbol A, flowering phenotype based on the time of
panicle primordium (“whitish millet”) emergence, included eight
groups. Groups 1-2, 3, 4-5, 6, 7-8 indicated the early-, the early-
medium-, the medium-, the medium-late, and the late flowering
accessions, respectively. Symbol B indicated flowering phenotype
based on the days required for floral induction (from 1 September
2014 to the date when the “whitish millet” appeared). Symbol C
indicated flowering phenotype based on chilling accumulation
denoted by degree hours according to the method described by
Chen et al. (2016), as the sum of the temperatures lower than
20°C from 1 September 2014 to the date when the “whitish millet”
appeared.

RNA Isolation, Library Construction, and

Data Preprocessing

We chose the plant total RNA isolation kit (polysaccharides and
polyphenolics-rich) (Huayueyang, Beijing, China) to extract total
RNA from the litchi samples. A total of 5 g of total RNA
with an appropriate amount of Oligo-dT25 beads (Invitrogen,
Carlsbad, CA, United States) was used for RNA-Seq library
construction. First, the enriched mRNA was fragmented into
short fragments and reverse transcribed into cDNA by random
primers. Next, second-strand cDNA was synthesized using DNA
polymerase I, RNase H, and dNTPs. The cDNA fragments were
then purified by Agencourt AMPure XP (Beckman Coulter,
Pasadena, CA, United States). The purified cDNA fragments were
end-repaired, modified with poly (A) tails, and ligated to Illumina
sequencing adapters. At last, the size-selected fragments were
amplified and purified.

Libraries of 87 litchi accessions and 24 ‘Nuomici’ leaf samples
were sequenced with Illumina HiSeq™ 2500 (BGI Co. Ltd.,
Shenzhen, China). The full RNA-Seq data have been submitted
to the Sequence Read Archive (SRA) of the NCBI under
accession PRJNA766599 and PRJNA766549." Adaptors, low-
quality sequences, and rRNA sequences were removed from raw
reads. Then, the cleaned reads were mapped to the litchi genome?

Uhttps://www.ncbi.nlm.nih.gov/sra
Zhttp://121.37.229.61:82/

by TopHat2 (version 2.0.3.12). The eXpress (v1.5.1%) was used to
calculate the read counts and fragments per kilobase of transcript
per million mapped reads (FPKM) of each gene.

Genotype Analysis

Genome Analysis ToolKit, 4.0.6.0 (GATK) was used for SNP-
calling (Van der Auwera et al., 2013). SNPs with single sample
sequencing depth >3, missing rate less than 0.2, and the
minor allele frequency (MAF, the frequency of occurrence of
uncommon alleles in the population) more than 5% were
identified as the high-quality filtered SNPs. ANNOVAR (Wang
et al,, 2010) (version 77) was applied for SNP/InDel annotation.
The sequence difference matrix between individuals was obtained
from the population SNP data, and a phylogenetic tree was
constructed by the neighbor-joining method in the software
Treebest (version 1.9.2) and MEGA 6.0." The admixture model-
based software Admixture (version 1.3.0) (Alexander et al., 2009)
was used to estimate population structure and generate the Q
matrix. The software SPAGeDi (Hardy and Vekemans, 2002)
(version 1.5°) and the method described by Loiselle et al. (1995)
were used to obtain the kinship matrix (K matrix).

Association Analysis Between Flowering
Phenotypic and Population

Single-Nucleotide Polymorphism Data

The association analysis software TASSEL (Bradbury et al., 2007)
(version 3.0) was applied for the association analysis of flowering
phenotypic and population SNP data, and four models were
constructed: the general linear model (GLM model); the mixed
linear model with Q matrix as covariate (Q model); mixed linear
model with K matrix as covariate (K model), and mixed linear
model with Q matrix and K matrix as covariates (Q + K model).
The value of column “Symbol A" “Symbol B” in Supplementary
Table 1, and the natural logarithm of the value of column
“Symbol C” in Supplementary Table 1 were used for association
analysis. Q-Q plot was used to compare the distribution of
the observed (actual) p-value and expected (theoretical) p-value
of the models. Then, the Bonferroni correction was applied
to determine the threshold of significant level (0.05/markers
number). The quantitative trait loci (QTLs) were defined as the
most strongly associated SNP (lead SNP, p-value < 1.00E-05) loci,
and the genes that contained those QTLs were defined as AGs.

Association Analysis Between Gene
Expression and the Flowering
Phenotypic Data

The relationship between gene expression level of the screened
chilling accumulation related AGs (flowering, hormone
synthesis, hormone signal induction-related AGs) and the
flowering phenotypic data (Symbol C in Supplementary Table 1)
was calculated by linear regression using R.° For each gene,

Shttps://pachterlab.github.io/eXpress/index.html
“http://www.megasoftware.net/
Shttp://ebe.ulb.ac.be/ebe/SPAGeDi.html
Chttp://www.r-project.org/
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FPKM value was regressed as the dependent variable and
chilling accumulation as the independent variable, and R?* and
significance values were calculated. Differentially expressed genes
(DEGs) in the controlled temperature treatment were determined
by using the OmicShare tools (edgeR”), and significant DEGs
were restricted with FDR <0.05 and the absolute value of
fold-change > 1.5. Pathway enrichment analysis of the DEGs
were performed using the OmicShare tools.® The expression of
finally selected CAGs (p-value < 1.00E-05) was presented as a
heat map diagram by integrative toolkit TBtools (Chen et al.,
2020) (v1.075).

Quantitative Real-Time PCR Analysis

Total RNA was extracted by RNAprep Pure Plant Kit
(Polysaccharides & Polyphenolics-rich) (Tiangen Biotech,
China). A total of 1 g total RNA was used for the synthesis
of first-strand ¢cDNA by the TransScript One-Step gDNA
removal and cDNA synthesis SuperMix Kit (Transgen Biotech,
China). Primers F/R for qRT-PCR were designed by Primer
5.0 software and synthesized at Sangon Co. Ltd. (Shanghai).
The litchi homolog B-actin (NCBI GenBank accession number:
HQ588865.1) was used as the reference gene. All the primers are
shown in Supplementary Table 2. qRT-PCR was performed on
a CFX96 real-time PCR machine (Bio-Rad, United States) with
run as follows: 95°C for 10 min, followed by 40 cycles of 95°C
for 15 s, 60°C for 30 s, and 72°C for 30 s. A 2 x RealStar Green
Power Mixture (GenStar BioSolutions, China) was used in the
qRT-PCR reactions, and each analysis was performed in two
technical replicates and three biological replicates. The transcript
quantification of the genes was performed in relation to p-actin
and calculated using 27427 method (Livak and Schmittgen,
2001). Expressions of candidate genes were presented as a heat
map diagram using pheatmap package (see text footnote 6).

RESULTS

Flowering Phenotype of the Litchi

Accessions

Traits associated with flowering phenotype of the 87 accessions
were presented by “Symbol A “Symbol B, and “Symbol C”
(Supplementary Table 1). The accessions were subdivided into
eight subcategories based on the time of panicle primordium
emergence. Category 1-2 including 10 accessions were defined
as early-flowering group. Category 3 comprising 6 accessions
was the early-medium flowering group, while categories 4-
5, including 11 accessions, were the medium-flowering group.
Category 6 comprising 17 accessions was the medium-late-
flowering group. The last group, categories 7-8 including 43
accessions were defined as the late-flowering one (“Symbol A” in
Supplementary Table 1). “Symbol B” indicated the days required
for floral induction. The time required for floral induction was
quite different. For example, the time for the early-flowering
‘Sanyuehong’ was 54 days, while that of ‘Dongliuhao’ was

"https://www.omicshare.com/tools/Home/Soft/diffanalysis
Shttp://www.omicshare.com/tools/Home/Soft/pathwaygsea

169 days. “Symbol C” indicated the chilling accumulation for
floral induction. The chilling accumulation of the accessions
was multiple, that in the early-flowering ‘Sanyuehong’ was
about 600 times lower than in ‘Dongliuyihao’. In general, these
symbols indicated a multiplicity of flowering time and chilling
accumulation levels in the accessions.

Throughput and Quality of RNA-Seq

Libraries of the Litchi Accessions

We <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>