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SUMMARY

In monoecious melon (Cucumis melo), sex is determined by the differential expression of sex determination
genes (SDGs) and adoption of sex-specific transcriptional programs. Histone modifications such as
H3K27me3 have been previously shown to be a hallmark associated to unisexual flower development in
melon; yet, no genetic approaches have been conducted for elucidating the roles of H3K27me3 writers,
readers, and erasers in this process. Here we show that melon homologs to Arabidopsis LHP1, CmLHP1A
and B, redundantly control several aspects of plant development, including sex expression. Cmihp1ab dou-
ble mutants displayed an overall loss and redistribution of H3K27me3, leading to a deregulation of genes
involved in hormone responses, plant architecture, and flower development. Consequently, double mutants
display pleiotropic phenotypes and, interestingly, a general increase of the male:female ratio. We associated
this phenomenon with a general deregulation of some hormonal response genes and a local activation of
male-promoting SDGs and MADS-box transcription factors. Altogether, these results reveal a novel function
for CmLHP1 proteins in maintenance of monoecy and provide novel insights into the polycomb-mediated
epigenomic regulation of sex lability in plants.

Keywords: polycomb-mediated gene repression, sex determination, cucurbits, sex allocation, flower
development.

INTRODUCTION species, where sex determination mechanisms are highly
Sex determination in plants is the developmental process sensitive to the environment (Irish and Nelson, 1989). In
by which male and female gamete-producing structures addition, sexual fate in these species is determined locally
are spatially separated along the plant (i.e., monoecious at the flower primordia, is often age- and position-
species) or in different individuals (i.e., dioecious species) dependent, and is controlled by genetic switches that con-
(Tanurdzic and Banks, 2004). Plant sex determination tinuously operate during the plant life cycle (Korpelainen,
mechanisms are eclectic, ranging from intrinsically genetic 1998; Pannell, 2017). Such permanent regulation of sex
(e.g., evolution of sex chromosomes) to environmental determination genes (SDGs), and the genetic networks
(e.g., temperature, photoperiod, phytohormones, among they establish, imperatively requires feedback loops that
others) (Pannell, 2017). One of the most relevant character- ensure continuous setting and re-setting of the sex deter-
istics of plant sex determination is the high frequency of mination decision.

species displaying labile sex (Korpelainen, 1998), in which Melon (Cucumis melo) is an economically important
sex allocation — favoring male or female parental functions crop widely known for its high diversity in sexual morphs
— constantly changes in response to internal and external and considered as a model organism for sex determina-
factors. This property is commonly found in monoecious tion studies (Grumet and Taft, 2011; Harkess and Leebens-
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Mack, 2016; Ma and Pannell, 2016). In several members of
the Cucurbitaceae family, including melon, flower primor-
dia are initially bisexual but often undergo sex determina-
tion (Grumet and Taft, 2011). During this process, either
carpel or stamen primordia are selectively aborted in the
developing flower bud, thus leading to the formation of
unisexual flowers (Bai and Xu, 2013; Rodriguez-Granados
et al., 2017). Sex determination in melon and cucumber
(Cucumis sativus), its close relative, is regulated by three
major SDGs: CmACS11and CmACS7, which encode two 1-
aminocyclopropane-1-carboxylic acid synthases (ACS)
involved in the ethylene biosynthetic pathway, and
CmWIP1, coding for a leucine zipper transcription factor
(TF) (Boualem et al., 2008, 2015; Martin et al., 2009).

In monoecious melon and cucumber, coexistence of
flowers of opposite sex relies on the differential expression
of CmACS11 and CmWIP1, the master SDGs promoting
female and male flower development, respectively (Boua-
lem et al., 2015; Martin et al., 2009). In these species, the
proportion of male flowers (MFs) and female flowers (FFs)
is position-dependent and continuously influenced by sev-
eral environmental factors such as temperature, photope-
riod, and developmental cues, among others (Korpelainen,
1998; Lai et al., 2017, 2018). Under optimal conditions,
genetic sex determination (GSD) takes a predominant role
and flower sexual fate is determined in a position-
dependent manner where FF production is exclusively
observed at the most proximal nodes of lateral branches
(LBs) (Boualem et al., 2015; Harkess and Leebens-Mack,
2016). This scenario changes under suboptimal conditions
where environmental sex determination (ESD) dominates
over GSD and leads to changes in sex allocation (e.g.,
male:female ratio) as an adaptive response (Korpelainen,
1998; Lai et al., 2017, 2018).

In a previous study, we have shown that the acquisition
of sex-specific gene expression is regulated at the chroma-
tin level by H3K27me3, a histone mark commonly found in
transcriptionally repressed genes. Notably, sex-specific
profiles of H3K27me3 were not only observed on
hormone-related and flower development genes but also
in master SDGs such as CmWIP1, thereby suggesting a
potential role of H3K27me3 in unisexual flower develop-
ment (Latrasse et al., 2017).

H3K27me3 is a repressive histone mark with major
implications in animal and plant development. This mark
is deposited by a subclass of polycomb group (PcG) pro-
teins that interact and form a complex known as polycomb
repressive complex 2 (PRC2) (Hennig and Derkacheva,
2009; Reinberg, 2011; Schubert et al., 2006). The catalytic
unit of PRC2, also known as the ‘writer’, deposits
H3K27me3 at its genomic targets through the histone
methyltransferase activity of the SET domain (Derkacheva
and Hennig, 2014). Three PRC2 ‘writers’ have been identi-
fied in Arabidopsis: CURLY LEAF (CLF) (Goodrich et al.,

1997), SWINGER (SWN) (Chanvivattana et al., 2004), and
MEDEA (MEA) (Grossniklaus et al., 1998). While AtCLF and
AtSWN play redundant roles in vegetative development
and flowering (Chanvivattana et al., 2004), AtMEA controls
H3K27me3 deposition during seed development (Kohler
et al., 2003).

Downstream molecular events in response to H3K27me3
require the action of the so-called ‘readers’, which bind
H3K27me3 marks and recruit other epigenetic regulators
for local chromatin compaction and gene repression (Der-
kacheva and Hennig, 2014). The plant LIKE HETEROCHRO-
MATIN PROTEIN1 (LHP1) is an H3K27me3 reader in
Arabidopsis (Feng and Lu, 2017; Turck et al., 2007; Velu-
chamy et al., 2016). Despite its structural homology with
the Drosophila H3K9me2 reader DmHP1 (Gaudin et al.,
2001), the LHP1 chromodomain (CD) has a higher affinity
for H3K27me3 in facultative heterochromatin (Exner et al.,
2009; Libault et al., 2005; Turck et al., 2007). LHP1 acts as a
molecular hub, interacting with other proteins and RNA
molecules through its chromoshadow domain (CSD) and
hinge regions, respectively (Berry et al., 2017; Feng and Lu,
2017; Gaudin et al., 2001; Latrasse et al., 2011). Further-
more, previous studies have revealed additional roles of
LHP1 in H3K27me3 maintenance and reinforcement, as
PRC2 components can be recruited by LHP1 through mech-
anisms dependent on and independent of H3K27me3 (Der-
kacheva and Hennig, 2014; Mylne et al., 2006).

With the purpose of providing genetic evidence for the
role of PRC complexes in melon sex determination, we
screened for loss-of-function mutations in H3K27me3
writers and readers through Targeting Induced Local
Lesions in Genomes (TILLING). The melon genome
encodes two H3K27me3 writers, hereafter CmCLF and
CmSWN, and two LHP1 homologs (i.e., CmLHP1A and B).
Splicing and non-sense mutant alleles of CmCLF were
recessive lethal whereas those of CmSWN did not cause
any developmental phenotype, thus suggesting a predomi-
nant role of CmCLF in plant development. We also identi-
fied a splicing mutation in CmLHP1TA and a non-sense
mutation in CmLHP1B. Our results suggest that CmLHP1A
and B redundantly control plant development, as severe
pleiotropic phenotypes were mainly found in Cmlhpiab
double mutants. Interestingly, these plants also display sex
allocation changes where the male:female ratio was dra-
matically increased. In accordance, various genes regu-
lated by H3K27me3 and expressed in a male-specific
manner displayed reduced levels of H3K27me3 in
Cmlhplab double mutants, thus leading to their ectopic
expression. These include several male-promoting genes
such as CmWIP1, CmPI, and genes involved in auxin
homeostasis. Altogether, these results demonstrate that
CmLHP1A and B are epigenomic regulators of gene
expression with important roles not only in plant develop-
ment but also in sex determination in melon. Additionally,
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this work also provides insights into the roles of these pro-
teins in sex allocation in monoecious species and opens
question about the molecular mechanisms behind the
well-reported, yet barely explored sex lability in the plant
kingdom.

RESULTS

Loss-of-function mutants of PRC components display
several defects in plant development

Melon homologs to CLF, SWN, and MEA were identified
using PLAZA (Van Bel et al., 2017). In contrast to Arabidop-
sis, we identified only two putative H3K27me3 methyl-
transferases, which we named CmCLF (MELO3C020854)
and CmSWN (MELO3C017913) based on the protein
sequence similarities shared with their Arabidopsis coun-
terparts (Figure S1a). Publicly available RNA sequencing
(RNA-seq) data in monoecious melon (Latrasse et al.,
2017) showed that both genes are ubiquitously expressed,
presenting similar expression levels except for the root,
where CmSWN transcripts were more abundant
(Figure S1b). Annotation of the predicted protein
sequences indicated that CmCLF and CmSWN consist of
923 and 890 amino acids (aa), respectively, and retain the
SET, Cys-rich, and SANT domains, previously reported for
this subfamily in Arabidopsis (Figure S1c) (Huang et al.,
2017).

To genetically characterize the functions of CmCLF and
CmSWN, we used the TILLING approach on an ethyl
methanesulfonate (EMS) population previously generated
for monoecious melon (Dahmani-Mardas et al., 2010).
Among the mutations identified, we prioritized the two
most deleterious ones (i.e., non-sense and splicing muta-
tions) affecting each gene for further analysis. Therefore,
Cmswn Q14* (Cmswn-1), Cmswn Q414*(Cmswn-2), Cmclf
W157* (Cmclf-1), and Cmclf splicing (Cmclf-2) mutants
were chosen for phenotyping (Figure S1c).

While swn mutants in Arabidopsis do not display major
developmental phenotypes (Chanvivattana et al., 2004), clf
plants are dwarf and early flowering, their leaf blades are
curled upwards, and the flowers have several homeotic
transformations (Goodrich et al., 1997). Similar to these
findings, no major developmental phenotypes were
observed in Cmswn-1 and Cmswn-2 mutants. Strikingly,
we were not able to obtain Cmclf-1 and Cmclf-2 homozy-
gous mutants from the M2 segregating population, and
Cmclf heterozygous plants phenocopied WT individuals,
thus suggesting that these Cmclf alleles are recessive
lethal.

Because of the lethality of Cmclf loss-of-function
mutants, we decided to elucidate the role of PRC on sex
determination by focusing on H3K27me3 readers. We iden-
tified two copies of LHP7in melon and several members of
the Cucurbitaceae family. Each copy clustered into two
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distinct monophyletic clades, hereafter named groups A
and B (Figure 1a). CmLHP1A and CmLHP1B copies were
structurally very similar, both containing the previously
annotated CD and CSD (Figure 1b), and predicted to
encode proteins of 409 aa and 455 aa, respectively.
Although both copies were ubiquitously expressed, as pre-
viously observed for the Arabidopsis homolog (Gaudin
et al., 2001), the CmLHP1B locus displays higher expres-
sion levels than CmLHP1A in all the analyzed tissues
(Figure S2; Latrasse et al., 2017).

Through the TILLING approach, we were able to identify
one stop and one splicing mutation in CmLHP1B and
CmLHP1A, respectively. As a common feature, both muta-
tions affect the CSD domain, located at the C-terminal part
of the protein. In detail, the Cmlhp1b Q409* stop mutation
abolishes the last 46 aa of the CSD (Figure 1b,c) while the
Cmlhp1a splicing mutation leads to the transcription of the
last intron (Figure S3). The latter is predicted to result in a
frame shift and a protein product of 412 aa, with poorly
conserved residues at the C-terminal end of the CSD
(Figure 1b,c).

Ihp1 mutants in Arabidopsis display a very similar pleio-
tropic phenotype to the one of c/f (Gaudin et al., 2001).
Conversely, we did not observe major developmental phe-
notypes in Cmlhp1a and Cmlhp1b mutants, possibly due
to residual protein activity in spite of the mutations and/or
functional redundancies between these two paralogs
(Figure 2a). To test the latter, we generated and character-
ized Cmlhp1ab double mutants. Interestingly, Cmlhplab
mutants displayed a pleiotropic phenotype characterized
by an overall dwarfism, shorter and thinner stems
(Figure 2a), smaller curled leaves (Figure 2b), and smaller
flowers compared to the WT or any of the single mutants
(Figure 2c). We also observed male inflorescences with
supernumerary flowers (Figure 2d-f), exceeding the five to
eight flower fascicles commonly found in melon
(Figure 2e; Rattan and Kumar, 2016). Besides, Cmlhp1ab
adult plants showed reduced apical dominance and gener-
ally disorganized plant architecture (Figure 2g). Altogether,
these results are consistent with the known role of LHP1 in
plant development and provide evidence for its conserva-
tion in the plant kingdom. It is noteworthy that although
our genetic approach suggests a functional redundancy
between CmLHP1A and B, the extent of this should be
addressed in better detail.

CmLHP1A and B positively regulate female flower
development and maintenance of monoecy

In monoecious melon, MFs and FFs develop in a position-
dependent manner. MFs develop at the main stem (MS)
and distal nodes of LBs, whereas FFs are exclusively
formed at proximal nodes of LBs (Boualem et al., 2015).
H3K27me3 was previously shown as a key repressive his-
tone modification involved in the development of
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Figure 1. CmLHP1A and B phylogenetic relationships, gene body structures, and protein sequences. (a) Phylogenetic analyses of LHP1 homologs. Protein
sequences from different plant species were aligned and used to generate a neighbor-joining phylogenetic tree with 1000 bootstrap replicates. The percentage
of replicate trees in which the associated taxa clustered together in the bootstrap test is shown next to the branches. Cs (Cucumis sativus), Cm (Cucumis melo),
Cla (Citrullus lanatus), Mc (Momordica charantia), Pt (Populus trichocarpa), Ath (Arabidopsis thaliana), Al (Arabidopsis lyrata), Cpa (Carica papaya), S| (Solanum
lycopersicum), Zm (Zea mays), Os (Oryza sativa), Pp (Physcomitrella patens). (b) Gene body structures of CmLHP1A and B. Gray boxes and black lines corre-
spond to exons and introns, respectively. Gene position of both the chromodomain (CD) and the chromoshadow domain (CSD) are shown. EMS-derived muta-
tions for CmLHPTA and CmLHP1B are indicated with arrowheads. (c) Protein sequence alignment of the LHP1 CSD. Cmlhp1b stop and Cmlhp1la splicing
mutations are indicated in red and orange, respectively. Protein sequence of the Cmlhp1a splicing mutant was included in the alignment and mistranslated resi-
dues are shown (orange box). Drosophila melanogaster polycomb (DmPc) and HETEROCHROMATIN PROTEIN 1 (DmHP1) are also included in the alignment.
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Figure 2. Cmihplab double mutants display a
pleiotropic phenotype in melon. (a) Two-week-old
monoecious WT, Cmlhpla, Cmlhplb, and
Cmlhplab plants. (b) Leaves from adult plants
showing a curly leaf phenotype in Cmlhp1ab. (c)
Male flowers from 2-month-old plants. (d) Second-
ary branches of adult plants. Normal expression of
monoecy is observed in Cmlhpla and b and mon-
oecious WT plants, where female flowers (red
arrows) develop at the proximal nodes of emerging
branches and male flowers (white arrows) develop
at distal nodes. This pattern is lost in the Cmlhp1ab (d)
double mutant, where fewer branches and more
supernumerary male inflorescences are observed.
Scale bar, 4 cm. (e, f) Male flower fascicles on the
main stem (MS) of monoecious WT (e) and
Cmlhp1ab (f). Flower buds are indicated by aster-
isks. (g) Two-month-old plants. MSs are easily rec-
ognized in Cmlhp1a and b and monoecious WT
plants (black arrows). Cmlhp1ab double mutants, in
contrast, display an increased branching that leads
to an overall distortion of plant architecture.

. onoeciousﬁ
(9) e

unisexual flowers and maintenance of monoecy in melon
(Latrasse et al., 2017). To assess whether Cmlhp1ab muta-
tions could have an impact on sex determination, we
looked for sexual transitions (e.g., male-to-female transi-
tions) in Cmlhp1ab, Cmlhp1a, and Cmlhp1b mutants. For
this purpose, we focused on the sexual phenotype of
flowers derived from the most proximal node of the LBs,
hereafter L1, where FFs should develop (Figure 3i). No sig-
nificant sexual transition was observed in Cmlhpla and b
single mutants compared to WT plants (Figure 3a—c). In
contrast, Cm/hp1ab double mutants displayed several sex
expression alterations that led to a general shift towards
maleness. For instance, some L1 nodes bore FFs, some
MFs and FFs simultaneously, and others displayed a total
masculinization of the node (Figure 3d-g). We also
observed the terminal flower phenotype, traditionally
attributed to the /hp7 mutant in Arabidopsis (Larsson et al.,
1998), and that in this case consisted of supernumerary
inflorescences of MFs (TMF, Figure 3f). Quantification of
male-to-female transitions at L1 nodes showed that
Cmlhp1ab displays a strong, almost total transition of FFs
into MFs (Figure 3h,i). In conclusion, our findings provide
genetic evidence for the previously suggested role of
H3K27me3 in the maintenance of monoecy in melon and
highlights the function of CmLHP1A and B as positive reg-
ulators of FF development.

Monoecious WT Cmihp1a Cmihp1b Cmihp1ab

Monoecious WT

The role of polycomb in sex determination in melon 5

Monoecious WT  cmihp1a Cmlhpib  Cmihp1ab

Cmlhp1a Cmlhp1b Cmlhp1ab

Cmlhp1a Cmihp1b Cmlhp1ab

CmLHP1A and B regulate gene expression through the
control of H3K27me levels

In order to elucidate the molecular events related to the
pleiotropic phenotype observed in Cmlhplab, we gener-
ated RNA-seq data from this mutant and monoecious WT
leaves. We decided to work with leaves as it is a more
homogenous, convenient tissue for comparative genome-
wide analyses. Differential expression analysis detected
2537 deregulated genes in the double mutant, with a
higher proportion being upregulated than downregulated
(1534 versus 1002 genes) (Figure S4, Data S1). On the one
hand, the upregulated gene set was enriched for GO terms
related to the development of branching structures,
vegetative-to-reproductive transition, and responses to
auxin, gibberellin, and ethylene (Figure S2a). On the other
hand, downregulated genes, which mainly represent indi-
rect targets, were enriched in GO terms related to the cell
cycle, specifically DNA replication and cell division, and
plant growth architecture (Figure S4b).

Considering the role of LHP1 in H3K27me3 spreading at
PRC2 genomic targets (Derkacheva et al., 2013; Veluchamy
et al., 2016), we hypothesized that the observed deregula-
tion of gene expression in Cmlhp1ab mutants might be a
consequence of genome-wide changes in H3K27me3. To
assess this, we first generated H3K27me3 ChIP-seq data
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Figure 3. Cmlhp1ab double mutants display changes in sex expression. (a—c) Lateral branches bearing female flowers (FFs) in monoecious WT (a), Cmlhp1a (b),
and Cmlhp1b (c). (d-g) Lateral branches of Cml/hp1ab bearing an FF (d), flowers of opposite sex at the same node (e), terminal male flowers (TMFs) (f), and
branches with MFs (g). (h) Quantification of masculinized nodes. The ratio of L1 nodes bearing male flowers was calculated for monoecious WT, Cmlhp1a,
Cmlhp1a, and Cmlhp1ab. Letters represent different statistical groups; P < 0.05, t-test. (i) Graphic representation of Cmlhp7ab sex expression phenotype. Scale

bars, 2 cm.

from leaves of WT plants. Two biological replicates were
processed and found to have a correlation coefficient of at
least 0.97 (Figure S5a). The H3K27me3 peak position was
determined at the genome-wide level and assigned to the
closest coding sequence (CDS). As expected, a strong cor-
relation of the H3K27me3 peak position was observed
between both WT datasets. H3K27me3 localized preferen-
tially along the gene body, followed by the gene-flanking
regions, where a stronger peak density was observed
at the ‘distal’ promoter region (-5 kb) than at regions
downstream the 3’ end of genes (Figure Sé6a).

We also performed chromatin immunoprecipitation
coupled with sequencing (ChIP-seq) analysis against RNA
polymerase |l (RNAPII), which denotes active transcription,
and compared the localization of RNAPII peaks with the
ones previously called for H3K27me3. This comparison
showed that RNAPII peaks occupy mainly the transcription
start sites (TSSs) of genes and poorly colocalize with

H3K27me3, consistent with the well-known anticorrelation
between H3K27me3 and gene expression (Figure S6b).
This was further confirmed after integrating RNA-seq and
ChlP-seq data from WT plants, as the lowliest expressed
genes displayed the highest intensity of H3K27me3 and
vice versa (Figure S6c).

We then assessed the relationship between gene expres-
sion deregulation in Cmlhp1ab and H3K27me3. For this
purpose, we first determined the proportion of up- and
downregulated genes in Cmlhplab that are marked by
H3K27me3. We found a greater proportion of genes being
upregulated and marked by H3K27me3 (905 out of 1534
genes, 59%) than downregulated (367 out of 1002 genes)
(Figure 4a). Plotting the levels of H3K27me3 of these 905
and 367 genes revealed that the degree of histone methyla-
tion varies greatly between these two sets. Upregulated
genes showed higher H3K27me3 levels than downregu-
lated genes (Figure 4b; Figure S6d), thus indicating that

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 4. H3K27me3 maintenance and distribution is altered in Cm/hp1ab mutants. (a) Venn diagram showing the overlap between H3K27me3-marked genes
and deregulated genes in Cmlhp1ab mutants. Numbers of overlapping genes expected by chance are shown in parentheses (RNA-seq: log,(FC) < —2 [down]
and > 2 [up], P < 0.05). *P < 0.005, Chi-square test. (b) Metaplot showing H3K27me3 normalized read densities (in WT monoecious plants) of up- and downregu-
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between WT and mutant (mutant — WT) are shown in black. Scale bar, 2 kb. (f) Metaplot showing H3K27me3 normalized read densities of downregulated and
hypermethylated genes (204 genes from panel (c)). (g) Examples of H3K27me3 hypermethylation profiles of two downregulated genes in Cmlhp1ab. H3K27me3
levels between WT and mutant (mutant — WT) are illustrated in the subtraction track colored in black. Scale bar, 500 bp.
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the differential transcriptional state of these genes might
be partly controlled by H3K27me3.

In order to determine if gene deregulation in Cmlhp1ab
is associated with H3K27me3 changes, we generated two
biological replicates of H3K27me3 ChIP-seq on the double
mutant and compared them to those from WT plants
(Figure S5). A total of 3008 differentially methylated genes
were identified in Cmlhp1ab (Data S2). Among these, 61%
corresponded to hypomethylated genes (1839 out of 3008
genes), in agreement with the positive role of LHP1 in
H3K27me3 deposition. Interestingly, we observed that
Cmlhp1ab mutations also led to hypermethylation of sev-
eral genes, although they represented a smaller fraction
(1169 genes out of 3008, approximately 39%). To address
the impact of these changes on gene expression, we com-
pared the lists of deregulated (RNA-seq: |log,(FC)| > 1, P <
0.05) and differentially methylated genes of Cmlhp1ab.
According to this comparison, H3K27me3 hypomethylation
was significantly associated with upregulation while hyper-
methylation was more related to downregulation (P <
1e—6, Chi-square test) (Figure 4c).

LHP1 in Arabidopsis promotes the spreading of
H3K27me3 towards the 3’ end of its target genes (Derka-
cheva et al., 2013; Veluchamy et al., 2016). To evaluate if
the H3K27me3 distribution changes in Cmlhp1ab, we plot-
ted the H3K27me3 read density of hypo-up (hypomethy-
lated and upregulated) and hyper-down (hypermethylated
and downregulated) genes in WT and mutant contexts.
Contrary to /hp1 mutants in Arabidopsis, we observed that
H3K27me3 hypomethylation of hypo-up genes in
Cmlhp1iab is not restricted to the 3' end of genes, and it
can be observed along the gene body and its flanking
regions (Figure 4d,e; Figure S7a). This pattern changes in
hyper-down genes, for which H3K27me3 hypermethylation
is preferentially observed at the gene body (Figure 4f,g;
Figure S7b). Altogether, our analyses indicate that CmLHP1
controls H3K27me3 deposition and/or maintenance, and
thereby modulates gene expression.

Female-to-male transition in Cml/hp1ab mutants is related
to male-like expression of master SDGs

Flower sexual fate in monoecious melon is determined by
the differential expression of the master SDGs, CmACS11
and CmWIP1. CmACS11 is expressed in future FFs, where
it represses CmWIP1 and directly activates CmACS7, which
are the negative regulators of carpel and stamen differenti-
ation, respectively. In MFs, conversely, CmACS11 is
repressed, and CmWIP1 transcription burst results in car-
pel arrest and inhibition of CmACS-7 (Boualem et al.,
2015). Expression of these three SDGs was measured in
WT and Cmlhp1iab flowers collected from the MS (MF in
WT and MF in Cmlhp1ab) and L1 positions (FF in WT and
transitioned-MF in Cmlhp1ab) (Figure 3i; Figure S8a).
Cmlhp1iab flowers — both at the L1 and MS - presented

almost undetectable expression of CmACS7 and
CmACS11, thus resembling WT MFs and significantly dif-
fering from FFs where both genes are upregulated. Simi-
larly, L1- and MS-derived flowers in Cmlhp1ab displayed
comparable CmWIP1 expression levels to those of WT MFs
(Figure S8a). In order to discern whether these expression
patterns are related to H3K27me3 changes in Cmlhp1ab,
we assessed the distribution of H3K27me3 along
CmACS11, CmWIP1, and CmACS7 gene bodies. To this
end, we used our previous, publicly available H3K27me3
ChlP-seq data from MFs and FFs of monoecious melon
(Latrasse et al., 2017), and the ChIP-seq data we generated
for Cmlhplab and WT leaves. H3K27me3 was observed
along the gene bodies and flanking regions of these three
SDGs in all the tissues analyzed. In comparison to
CmACS11 and CmACS7, CmWIP1 presented the most con-
trasting profile of H3K27me3 between sexes, with MFs dis-
playing hypomethylation at these loci compared to the
FFs. Additionally, CmWIP1 presented the highest hypo-
methylation in the Cmlhplab background, whereas
CmACS11 and CmACS7 were slightly hypermethylated
(Figure S8b).

As a whole, these results indicate that Cmlhp1ab female-
to-male transition is related to the local acquisition of male-
like expression profiles of CmWIP1, CmACS11, and
CmACS7. While H3K27me3 hypomethylation could be one
explanation for CmWIP1 expression in Cmlhp1ab L1 flowers,
it is unclear whether changes in histone methylation are
responsible for downregulation of CmACS17 and CmACS?7.
In agreement with the role of CmLHP1A and B as epige-
nomic regulators, it is very likely that both proteins control
the sex determination pathway through mechanisms that
act either upstream or downstream of CmACS-11.

CmLHP1A and B control femaleness through H3K27me3-
mediated expression of genes involved in flower
development and hormone homeostasis

Gene Ontology (GO) analysis of H3K27me3 hypomethy-
lated and upregulated genes in Cmlhplab showed an
enrichment in genes related to flower development and
hormone responses (Figure 5a). In a previous study, we
identified MF- and FF-specific genes, based on their
expression and H3K27me3 levels in FF versus MF (Latrasse
et al., 2017). By MF-specific genes we refer to the genes
that are hypermethylated and downregulated in FFs, and
by FF-specific genes we refer to those that are hypomethy-
lated and upregulated in FFs.

Aiming to elucidate additional molecular events related
to the sex expression changes of Cmlhp1ab, we crossed
MF- and FF-specific gene lists with those of H3K27me3
hypo- and hypermethylated in Cml/hp1ab. Through this
comparison, we found that 17% (49/275) of FF- and 18% of
MF-specific genes (56/304 genes) were hypomethylated in
Cmlhp1ab mutants (Figure 5b, Data S3).

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Considering that FF development in melon results from
the repression of male-promoting and female suppressor
genes (Diggle et al., 2011; Pannell, 2017), we hypothesized
that female-to-male transition in Cmlhplab could be
related to H3K27me3 hypomethylation and ectopic expres-
sion of MF-specific genes in flowers at the L1. For this rea-
son, we decided to focus on the 56 MF-specific genes that
showed hypomethylation in Cmlhplab. GO analysis on
this gene set showed an enrichment in biological pro-
cesses such as regulation of transcription, auxin homeosta-
sis, and flower development (Figure 5c). Within this set,
we identified TFs such as CmWIP1 as well as melon homo-
logs to PISTILLATA (Pl) and SEPALLATA 2 (SEP2) of the
MADS-box family. In addition, we found enzymatic regula-
tors of auxin and cytokinin responses, including two
homologs to the indole-3-acetic acid (IAA)-amido synthe-
tases from the Gretchen Hagen3 (GH3) family (GH3.6 and
3.11-like enzymes) and a cytokinin dehydrogenase (homol-
ogous to AtCKX1) (Figure 5d). Expression of the above-
mentioned genes was quantified in Cmlhplab and WT
flowers. While MADS-box TF genes, CmPl and CmSEP2,
displayed similar expression levels in Cmlhplab and WT
MFs, we observed that CmGH3.6, CmGH3.11, and CmCKX1
were predominantly upregulated in mutant MFs at the MS
(Figure 5e), thus suggesting that deregulation of hormone
responses might be involved in the sexual phenotype we
observed in Cmlhp1ab mutants. Altogether, these findings
indicate that CmLHP1A and B are necessary for repressing
MF-specific genes in FFs and for controlling their expres-
sion in a position-dependent manner.

DISCUSSION

Conserved protein structure and roles of PcG proteins in
plant development

Plant homologs to Enhancer of Zeste [E(z)], the H3K27me3
writer in Drosophila, have undergone several duplication
events within the plant kingdom. Evolutionary studies have
shown that CLF is the ancestral H3K27me3 writer in plants
while SWN emerged in angiosperms, and MEA resulted
from a gene duplication event specific to the Brassicaceae
family (Huang et al., 2017; Qiu et al., 2017). Congruent with
these findings, we showed that the melon genome
encodes two H3K27me3 writers, which share a higher simi-
larity to CLF and SWN than MEA.

CLF and SWN play redundant roles in Arabidopsis, a fact
that is often related to the ubiquitous expression patterns
of these two proteins (Lafos et al., 2011; Qiu et al., 2017).
Similarly, CmCLF and CmSWN expression did not show
major tissue specificities, thus suggesting a functional
redundancy between them (Qiu et al., 2017, Figure S1b).
Our genetic study, however, suggests that CmCLF plays a
predominant role in plant development instead of function-
ing redundantly with CmSWN. Considering the lethality of

the Cmclf mutants analyzed in this work, less deleterious
alleles are necessary to characterize the function of CLF in
melon.

Homologs of LHP1 have been identified in several plant
families (Chen et al., 2016). In this study, we identified two
different orthologs in several cucurbits, including melon.
CmLHP1A and B displayed constitutive, yet different
expression levels across several tissues, suggesting that
they are subject to different regulatory mechanisms.
Although our results support functional redundancy
between CmLHP1A and B, it is possible that the mutations
analyzed here are not severe enough to notice major devel-
opmental phenotypes in Cmlhpla and Cmlhp1b single
mutants. Despite this, we observed pleiotropic phenotypes
in Cmlhplab double mutants that closely resemble those
observed in Arabidopsis and moss (Physcomitrella patens),
indicating that LHP1’s role in plant development is con-
served across different taxa (Gaudin et al., 2001; Parihar
et al., 2019). Remarkably, Cmlhp71ab mutants also dis-
played an increase in the male:female ratio, which indi-
cates that LHP1 not only controls overall plant
development but also specific developmental processes
such as sex determination.

LHP1 controls developmental processes in C. melo
through the regulation of H3K27me3 levels and
distribution

At the transcriptomic level, Cm/hp7ab mutants displayed
deregulation of multiple genes, with a major impact on
gene upregulation. Although this finding agrees with the
reported role of LHP1 as a transcriptional repressor, our
data also highlighted a substantial number of upregulated
genes. We consider that gene upregulation corresponds
mainly to indirect effects, which have been commonly
observed in previous studies (Feng and Lu, 2017; Piacentini
et al., 2003; Rizzardi et al., 2011; Wei et al., 2017).

Most importantly, we observed that the changes in tran-
scription in Cmlhplab are coherent with the pleiotropic
phenotype we observed. Overall reduced growth and curly
leaf phenotypes could be explained by the downregulation
of genes controlling the cell cycle (Figure S4b). Indeed,
LHP1 has been shown to play a role in the maintenance of
the epigenetic memory during DNA replication by interact-
ing with two different DNA polymerase subunits, the DNA
polymerase o subunit INCURVATA2 (ICU2) (Barrero et al.,
2007) and the DNA polymerase ¢ subunit EARLY IN SHORT
DAYS 7 (ESD7) (Del Olmo et al., 2010). In addition, LHP1 in
Arabidopsis interacts with CYCLOPHILIN71 (CYP71) and
can also form a complex with ASYMMETRIC LEAVES1
(AS1) and AS2 to control leaf development and differentia-
tion (Li et al., 2016). Similarly, altered plant architecture in
Cmlhp1ab mutants could be a consequence of the upregu-
lation of genes involved in hormone responses, branching,
and flower and shoot development (Figure S4a).

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd.,
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In general, H3K27me3 was negatively correlated to RNA-
PIl occupancy on genes (Figure S6b), suggesting that in
most cases both elements are exclusive. This result is also
coherent with the known repressive role of H3K27me3 in
transcription, which was confirmed by assessing the rela-
tion between H3K27me3 and gene expression levels
(Figure Séc).

The role of LHP1 in the maintenance of H3K27me3 was
confirmed by the high proportion of genes that turned
hypomethylated in Cmlhp1ab. Consistent with preceding
studies, mutations in LHP1 can also lead to histone hyper-
methylation (Veluchamy et al., 2016), possibly due to the
deregulation of other H3K27me3 erasers and/or writers.
Besides, hypermethylated genes in Cmlhplab exhibited
low levels of H3K27me3 in the WT context (Figure 4b;
Figure Séd), thus supporting a role of this protein not only
in promotion H3K27me3 accumulation, but also in the con-
trol of its homeostasis and genomic distribution. Our
results equally indicate that CmLHP1 controls the spatial
occupancy of H3K27me3 along the gene body and flanking
regions. This fact suggests that CmLHP1’s recruitment
might precede H3K27me3 or that it is strongly necessary
for H3K27me3 deposition at many loci. In Arabidopsis, for
instance, LHP1 can be recruited in a PRC2-independent
manner by TFs such as SHORT VEGETATIVE PHASE (SVP)
for SEP3 repression or by PRC1-mediated recruitment (Der-
kacheva and Hennig, 2014; Liu et al., 2009). These results
highlight the complex relationship of PRC1- and PRC2-
dependent as well as -independent mechanisms for
H3K27me3 deposition and gene repression, with LHP1 act-
ing as a molecular bridge. Finally, we also showed that
H3K27me3 changes in Cmlhplab can have an impact on
gene expression and that hypomethylation is more
strongly associated with gene upregulation.

LHP1 mediates gene repression of genes involved in sex
determination and flower development

Sex determination in cucurbits and other species have a
well-defined genetic component. In the case of melon and
cucumber, GSD in monoecious species is primarily regu-
lated by a genetic switch operating on CmACS11 and
CmWIP1 (Boualem et al., 2008; Pannell, 2017). CmACS11
and CmWIP1 gain- and loss-of-function mutations have
been repeatedly selected over time and considered as
main events in the evolution of sexual systems in cucurbits
(Boualem et al., 2015). It has been previously demon-
strated that the emergence of gynoecy in melon is associ-
ated with the insertion of the Gyno-HAT transposon
nearby CmWIP1. Gyno-HAT is exclusively present in
gynoecious lines and shown to permanently repress
CmWIP1 for total feminization (Martin et al., 2009). The
role of DNA methylation in sex determination is not spe-
cific to cucurbits and extends to other families (Akagi et al.,
2016; Chuck et al., 2007; Li et al., 2021; Vyskot et al., 1993).

The role of polycomb in sex determination in melon 11

Chromatin modifications are well known for their revers-
ibility, a property conferred by the action of writers,
readers, and erasers. It is therefore reasonable to expect a
role of histone modifications in the control of SDGs, espe-
cially in monoecious species where sex is labile and spa-
tiotemporally regulated. Consistently, we previously
showed that H3K27me3 is deposited on the CmWIP1 locus
and that this deposition is CmACS11-dependent (Latrasse
et al., 2017). Cmlhp1ab mutants, which considerably phe-
nocopy Cmacs11, provide genetic evidence for this. More-
over, CmWIP1 is hypomethylated in Cm/hpTab mutants
(Figure S8b), which suggests H3K27me3 could function as
a dynamic regulatory mechanism of SDG expression.
Future research needs to be conducted to determine
whether this mechanism is responsive to different environ-
mental conditions.

Hypomethylated-upregulated genes in Cmlhplab were
enriched for GO terms related to flower development and
hormone responses (Figure 5a). Consistently, previous
studies have reported that LHP1 participates in the regula-
tion of auxin (Ariel et al., 2016), ethylene (Hu et al., 2011),
abscisic acid (Ramirez-Prado et al., 2019), and gibberellin
responses in Arabidopsis (Cui and Benfey, 2009). Interest-
ingly, LHP1 is also a major regulator of several homeotic
genes, including SEP2, SEP3, SHATTERPROOF1 (SHP1),
and SHP2, all of them typically related to floral meristem
differentiation and flower development (Kotake et al., 2003;
Turck et al., 2007).

With the purpose of elucidating the molecular events
related to the sexual phenotype of Cml/hp1ab mutants, we
identified the MF- and FF-specific genes that display
H3K27me3 changes in Cmlhpiab, using the dataset we
generated on leaves. For this, we assumed that H3K27me3
in these mutants is globally affected across tissues. We are
aware that this comparison might represent a caveat if one
intends to identify all the genes regulated by LHP1 in the
context of sex determination and this needs to be consid-
ered for future studies. Despite of this limitation, we were
able to pick out potential MF-specific genes that are
deregulated in Cmlhplab mutants and that could be
related to the sex expression changes we observed.

MADS-box TFs belonging to the B- and C-classes play a
key role in determining stamen and carpel identities,
respectively (Coen and Meyerowitz, 1991). In addition, the
expression of these genes is maintained even after sex
determination and their differential expression is associ-
ated with the production of unisexual flowers (Pfent et al.,
2005; Sather et al., 2010; Yang et al., 2019). This indicates
that MADS-box TFs are not only required for floral whorl
identity, but also that they can be directly or indirectly con-
trolled by SDGs for organ differentiation. Our results
showed that CmPI (encoding a B-class MADS-box TF) and
CmSEP2 (encoding an E-class MADS-box TF) are con-
trolled by H3K27me3 and that CmLHP1 is required for
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reinforcing this mark (Figure 5d). MADS-box TF genes
such as AG, PI, and SEP3 are also common PRC2 targets in
Arabidopsis (Schubert et al., 2006; Veluchamy et al., 2016).

In cucumber, exogenous treatment with auxin and cytoki-
nin results in an increase of femaleness, as both hormones
induce ethylene synthesis and signaling (Galun, 1959;
Pawetkowicz et al., 2019b; Takahashi et al., 1980). We
observed that homologs to AtGH3 and AtCKX1 enzymes,
which are involved in IAA activation and cytokinin degrada-
tion, respectively, are expressed in the WT MF, as previ-
ously reported in cucumber (Pawetkowicz et al., 2019a).
Furthermore, these genes become significantly upregulated
in the MS-derived flowers of Cmlhp1ab, thus suggesting
that they can be spatially controlled by PRC2. Accordingly,
previous studies have reported that some members of the
CKX and GH3 families are repressed through H3K27me3
deposition in Arabidopsis and rice (Oryza sativa) (He et al.,
2012; Liu et al., 2015). These findings suggest that auxin
and cytokinin in the nodes of the MS might play a role in
the establishment of the position identity of young LBs and
therefore the development of FFs at L1.

We observed that Cmlhplab mutations impacted, to a
greater extent, the expression of hormone homeostasis
genes in flowers at the MS. Conversely, these mutations
do not seem to significantly affect the expression of CmPI,
CmSEP2, and male-promoting SDGs in either L1- or MS-
derived flowers (Figure 6d). These findings suggest that
hormonal imbalance may be the predominant endogenous
cue affecting flowers at the MS and that this alteration
impacts the sexual fate of L1-derived flowers. In addition,
for this reason, we conclude that female-to-male transition
in Cmlhp1ab could be further affected by the gene deregu-
lation at the systemic level, reaching a point in which the
female parental function is costly to maintain, and there-
fore, MF development is favored. The latter might explain
as well why the few FFs found in Cm/hp1ab were unable to
set fruit; however, an alternative or additional explanation
for this can be related to the direct role of CmLHP1 pro-
teins in fruit development.

On the whole, we propose a model in which CmLHP1A
and B act as positive regulators of female flower develop-
ment. At the systemic level, LHP1 regulates hormone
responses and plant architecture which, when unaltered,
trigger the activation of a CmACS77 development-
dependent regulatory network at future FF buds. Once
CmACS11 is switched on or off at the flower bud,
CmLHP1A and B action might be required for regulating
flower development, hormone homeostasis, and SDG
expression in a sex-specific manner (Figure 6).

One of the main constraints when studying epigenomic
regulators, such as LHP1, is the broad range of mecha-
nisms they regulate, so discerning between direct or indi-
rect effects related to a specific phenotype becomes tricky.
Despite this limitation, we have shown that epigenomic

regulators, such as LHP1, play a role in the repression of
genes involved in plant development and is required for
controlling the male:female ratio in monoecious melon.
Finally, these results shed light on the molecular mecha-
nisms by which GSD and, potentially, ESD control SDGs.

EXPERIMENTAL PROCEDURES
Phylogenetic analysis

We identified potential homologs of LHP1, CLF, and SWN proteins
using PLAZA 4.0, an online source for plant comparative genomics
(Van Bel etal., 2017). LHP1 belongs to homolog family
HOMO04D003850. Full-length protein sequences were retrieved for
Arabidopsis thaliana (AT5G17690), Arabidopsis lyrata (AL6G28780),
Carica papaya (Cpa.g.sc73.30), Solanum lycopersicum (Solyc01g
081500.2.1, Solyc109g024470.1.1), Populus trichocarpa (Potri.019G
044400.1, Potri.013G070400), Zea mays (GRMZM2G117100), and O.
sativa (0s10g0324900). LHP1 protein sequences for cucurbits were
extracted from the Cucurbits genomic database CuGenDB (Zheng
et al., 2018) for C. sativus (CsaV3_3G009890.1, CsaV3_6G006350.1),
C. melo (MELO3C006209, MELO3C022484, version V3.6.1), Momor-
dica charantia (XP 022155759.1, XP 022147101.1), and Citrullus lana-
tus (Cla021326, Cla006977). Similarly to LHP1 homologs, CLF and
SWN homolog sequences were retrieved from PLAZA, (Homolog
family HOMO04D001615). We re-annotated CmCLF and CmSWN
genes using RNA-seq data from monoecious melon and comparing
them with ESTs (expressed sequence tag) deposited in the
FLAGdb++ interface. Genomic data, CDSs, and protein sequences
can be found in Data S1.

For assessing phylogenetic relationships, we aligned full-length
protein sequences using ClustalW. Phylogenetic trees were con-
structed through MEGA7 (http://www.megasoftware.net/index.
html) based on the neighbor-joining method. Protein sequence
alignment was visualized in Jalview (Waterhouse et al., 2009) and
colored in terms of identity percentage.

Plant material and growth conditions

Monoecious melon (C. melo) cultivar charentais (C. melo L. subsp.
melo var cantalupensis) was used as the parental control line for
all the experiments. Germinated seeds were transferred to 10-L
pots and placed in a glasshouse under long day conditions, at a
temperature of 27°C during the day and 21°C during the night and
under a relative humidity of 60%. EMS homozygous mutants and
segregating populations were multiplied until the M3 generation
and backcrossed to the parental line. The Cmlhplab double
mutants were obtained from the self-pollination of the Cmlhp1ab
sesquimutant (Cmlhp1Aa/bb).

TILLING approach

CmCLF, CmSWN, CmLHP1A, and CmLHP1B mutations were
screened on an EMS-mutagenized seed collection consisting on
8000 M2 families. DNA isolation, 3D pooling, and mutation detec-
tion were performed as described in (Boualem et al., 2015). SEN-
TINEL software was used for identification and annotation of the
mutations (Clepet et al., 2021) and mutations were confirmed by
Sanger sequencing.

Sexual phenotyping

Sexual transitions of 45-day-old plants of monoecious WT and
CmLHP1a, b, and ab mutants were estimated based on the sex of
flowers located at the L1 node of LBs (Figure 5i). We registered
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Figure 6. Proposed model for the roles of
CmLHP1A and B in melon sex determination. At the
systemic level, LHP1A and B are involved in the
control of several biological processes such as hor-
mone responses. At the local level, in the female
flower, CmLHP1A and B negatively control the
expression of genes involved in carpel abortion
(i.e., CmWIP1), stamen development (e.g., CmPI), .7|

and hormone balance (CmGH3) by maintaining LB
H3K27me27 levels at these loci. In Cmlhplab
mutants, male-promoting genes display reduced
levels of H3K27me3, thus favoring the development
of male flowers over female. MS: main stem, LB:
lateral branch. Gray and black arrows indicate inac-
tivated and activated regulatory processes, respec-
tively. Red colored text denotes deregulated (up
and down) processes.

CmLHP1AB

MS

W)e1

Carpel

this for 170 L1 nodes for each phenotype, which corresponds to at
least five plants of WT and CmLHP1 single mutants and 15
Cmlhp1ab plants. Female-to-male transitions were quantitatively
expressed as the ‘ratio of masculinized branches’, which corre-
sponds to the number of L1 nodes bearing male flowers divided
by the total number of branches registered.

RNA and RNA-seq library preparations

Total RNA was extracted from leaves using the Nucleospin RNA
kit (Macherey-Nagel), according to the manufacturer’s instruc-
tions. For RNA-seq analysis, libraries were synthetized using the
NEBNext Ultrall Directional RNA library Preparation Kit (NEB)
according to the manufacturer’s instructions. Three biological rep-
licates were generated for WT and Cmlhplab plants. Libraries
were prepared using the NEBNext® Ultra™ Il Directional RNA
Library Prep Kit for Illumina; 76-bp single-read end sequencing
was performed on a HiSeq 1500 device (lllumina).

Differential expression analysis

After library sequencing, adapters were removed with trimmo-
matic v0.38 using the following parameters: ILLUMINACLIP:
TruSeq3-SE.fa:2:30:10, LEADING: 5, TRAILING: 5, MINLEN: 30.
Reads were mapped on the v4.0 genome assembly of C. melo L
(DHL92) using STAR with the following parameters:
sjdbOverhang 75 --outFilterType BySJout --outSAMtype BAM Sor-
tedByCoordinate --outFilterIntronMotifs RemoveNoncanonical.
The read count matrix was obtained using featureCounts with the
following parameters: -F GTF -t exon -g gene_id -T 8 -M -0 -s 2 -Q
30. Differentially expressed genes were identified using R 3.5.1
(www.R-project.org) and the package DESeq2 (P,q; < 0.05).

Chromatin immunoprecipitation experiments

ChIP experiments were carried out as previously described for
Arabidopsis plantlets (Ramirez-Prado et al., 2021), with minor
modifications. Briefly, 1 g of fresh leaves was cross-linked in 1%
(v/v) formaldehyde for 15 min. Cross-linking was quenched by
adding glycine at a final concentration of 0.125 m for 5 mins. Sam-
ples were homogenized and nuclei were isolated and lysed. The

e .o .0 e ®
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buffer composition and a detailed explanation of chromatin prepa-
ration can be found in (Ramirez-Prado et al., 2021). Cross-linked
melon chromatin was sonicated using a Covaris S220 (peak
power: 175 W, 200 cycles per burst, duty factory: 20%) for 9 min.
For H3K27me3 ChIP-seq, protein-DNA complexes were immuno-
precipitated with anti-H3K27me3 (Millipore, ref. 07-449) antibodies
overnight at 4°C with gentle shaking. Next, chromatin-antibody
complexes were incubated with Dynabeads Protein A (Invitrogen,
Ref. 100-02D) for 2 h. Beads were then washed twice for 5 min in
Low Salt Wash Buffer (0.1% SDS, 1% Triton X-100, 20 mwm Tris-HCI
pH 8, 2 mm EDTA pH 8, 150 mm NaCl), twice for 5 min in High Salt
Wash Buffer (0.1% SDS, 1% Triton X-100, 20 mm Tris-HCI pH 8,
2 mm EDTA pH 8, 500 mm NaCl), twice for 5 min in LiCl Wash
Buffer (0.25 m LiCl, 1% NP-40, 1% sodium deoxycholate, 10 mm
Tris-HCI pH 8, 1 mm EDTA pH 8), and twice in TE buffer (10 mm
Tris-HCI pH 8, 1 mm EDTA pH 8). Immunoprecipitated DNA was
eluted after a 15-min incubation at 65°C with 250 pl Elution Buffer
(1% SDS, 0.1 m NaHCO3). This step was repeated once for a total
of two elutions. Chromatin was reverse cross-linked by adding
20 pl of 5 m NaCl and incubated overnight at 65°C. Reverse cross-
linked DNA was then treated with RNase and proteinase K and
extracted with phenol/chloroform/IAA. Next, DNA was precipitated
with ethanol and 1 pl of GlycoBlue™ (ThermoFisher, Invitrogen,
catalog number: AM9516) and incubated overnight at —20°C. The
DNA pellet was then resuspended in 20 pl of nuclease-free water
(Ambion) in a DNA low-bind tube. Next, 10 ng of immunoprecipi-
tated or input DNA was used for ChIP-seq library construction
using the NEB-Next Ultra Il DNA Library Prep Kit for lllumina (New
England Biolabs, catalog number: NEB #E7645S/L) according to
the manufacturer’s recommendations.

For the Pol Il ChIP assay, we immunoprecipitated chromatin
using anti-Pol 1l (AB_2732926) as previously explained for
H3K27me3 ChIP. Before isolating protein-DNA complexes, we pre-
incubated the Dynabeads Protein G (Invitrogen, 100-07D) with a
bridging anti-mouse IgG (Active Motif, 53017) for 1 h at 4°C and
gentle shaking. Dynabeads protein G plus bridging antibody
coupled solution was then added to the sample. Bead washing
and the following steps were performed as explained above for
H3K27me3 ChIP-seq.
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Computational analysis of ChIP-seq

After sequencing, adapters were removed from the obtained reads
with trimmomatic v0.38, using the following parameters: ILLUMI-
NACLIP: TruSeq3-SE.fa:2:30:10, LEADING: 5, TRAILING: 5, MIN-
LEN: 30. Reads from all ChIP-seq experiments were mapped to the
v4.0 genome assembly of C. melo L. (DHL92) with Bowtie2 v.2.3.5
and the -—-very-sensitive setting. Reads with MAPQ < 30 and PCR
duplication were removed from mapped reads with samtools
v1.9. Peaks were identified with MACS2 v2.2.7 with the command
MACS2 callpeak --broad -t sample.bam -c Input.bam -g 7.8e8 -q
0.05 --extsize 150 --bw 500 -B -n --outdir. Peaks from each experi-
ment were annotated using the v4.0 gene annotation of C. melo L
(https://www.melonomics.net/) and bedtools v2.28.0 closest.

RPGC depth-normalized values of the read densities were com-
puted over 20-bp bins with Deeptools v3.1.0 bamCoverage and
used to draw the metaplots and heatmaps with Deeptools compu-
teMatrix, plotHeatmap, and plotProfile. The normalized read den-
sities were also used to generate co-occurrence plots over the
TSSs of genes using R 3.5.1 (www.R-project.org) and the package
ggplot2 v3.1.0 (www.github.com) with geom_bin2d (bins = 200).

Bigwig files were normalized with the S3norm method with
default parameters and deposited at GitHub (https:/github.com/
guanjue/S3norm). MAnorm2_utils were used to prepare the input
files for differential analysis. Then normBioCond, fitMeanVar-
Curve, diffTest, and the built-in function MAnorm2 were used to
conduct the differential expression analysis. H3K27me3 peaks
were annotated using the v4.0 annotation of C. melo L with bed-
tools v2.28.0 closest. For identifying hypermethylated and hypo-
methylated genes, we set a peak distance of +2 kb and an Ma
cutoff value (log,(FC)) of 0.4.

gRT-PCR experiments

Female and male flowers from monoecious and Cmlhp1ab double
mutants were sampled and sorted based on their node position
(MS or proximal nodes from LBs). After sampling, flowers were
further sorted by size and separated in different developmental
stages. Male and female flowers from stage 7 (Bai et al., 2004)
and 0.5-mm Cmlhp1ab flowers were used to assess gene expres-
sion. RNA was extracted using the Macherey-Nagel NucleoSpin
RNA plus kit, according to the manufacturer’s instructions. First
strand ¢cDNA was synthesized from 1 pg of RNA using the
ImProm-II™ Reverse Transcription System from Promega, follow-
ing the manufacturer’s instructions. Products were amplified and
fluorescence signals were acquired with a Bio-Rad CFX384
Touch™ Real-Time PCR Detection System. The specificity of ampli-
fication products was determined by melting curves. CmACT2
was used as internal control for signal normalization. The relative
quantification was performed following the 2724t method. Data
were obtained from duplicates of three biological replicates.
Sequences of primers can be found in Data S4.
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