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Abstract: The vast diversity of traits exhibited by horticultural crops largely depends upon variation
in gene expression regulation. The uppermost layer of gene expression regulation is chromatin com-
paction. In plants, the LIKE HETEROCHROMATIN PROTEIN 1 (LHP1) is a member of the Polycomb
Repressive Complex 1 (PRC1) that controls the spreading of the H3K27me3 mark throughout the
genome to regulate gene expression. Much of the epigenetic control exerted by LHP1 has been deeply
explored on the model species Arabidopsis thaliana. Recent advances in melon, tomato, and soybean
highlight the relevance of LHP1 in controlling the development and physiology of a plethora of
traits in crops. However, whether LHP1 exerts its diverse roles through similar mechanisms and
through modulating the same target genes has been overlooked. In this review, we gather a wealth of
knowledge about the LHP1 mode of action, which involves a tight connection with histone marks and
long noncoding RNAs to modulate gene expression. Strikingly, we found that LHP1 may be linked to
H3K27me3 regulation across the plant lineage, yet, through epigenetic regulation of a distinct set of
target genes. This is supported by subtle differences in subcellular LHP1 localization between species
found here. In addition, we summarize the variety of developmental outputs modulated by LHP1
across land plants pinpointing its importance for plant breeding. Hence, LHP1 has probably been
co-opted in different lineages to modulate diverse traits contributing to crop diversification.

Keywords: LIKE HETEROCHROMATIN PROTEIN 1; Polycomb Repressive Complex 1; genome topology;
long noncoding RNA; Arabidopsis; Physcomitrella patens; melon; tomato; soybean

1. Introduction

Plant developmental diversity is the result of differential gene expression. The upper-
most layer of gene expression regulation is governed by epigenetic mechanisms. Epigenetic
gene repression is mainly controlled by the coordinated action of the Polycomb Repres-
sive Complexes 1 and 2 (PRC1 and 2) through the deposition of the Trimethylation of
Histone H3 Lysine 27 (H3K27me3) repressive mark. The LIKE HETEROCHROMATIN
PROTEIN 1 (LHP1) is a pivotal component of the epigenetic machinery, being the first
identified member of PRC1 in plants [1]. The main role exerted by LHP1 is to repress gene
expression throughout maintaining the H3K27me3 mark over the 3′ end of target gene
bodies in euchromatic regions. Moreover, through this regulatory path, LHP1 modulates
the global genome topology in the model species Arabidopsis thaliana [2]. Consequently,
LHP1 is crucial for several developmental processes in Arabidopsis, such as flowering
time, flower morphology, plant height, biomass, and plant response to environmental
cues [3–5]. Despite the progress in knowing the biological role and mode of action of LHP1
for Arabidopsis, an understanding of LHP1’s role in other plant species is in its infancy. For
instance, what aspects of the molecular function of LHP1 are conserved or have diverged
within the plant kingdom are misunderstood. In this review, we gathered all the knowledge
about LHP1 roles in model and crop plants, and we identified the main open questions
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about conserved and divergent aspects related to its mode of action. Here we underpin that
LHP1 acts as an epigenetic remodeler across the plant kingdom by controlling conserved
and distinct molecular pathways. On the other hand, considering the diversity of biological
roles depicted by LHP1 in different species, we postulate that this PRC1 component has
been co-opted in different plant groups to exert specific functions.

2. LHP1 Regulates Gene Expression through Histone Modification and
Chromatin Conformation
2.1. Origin, Structure, and Localization of LHP1

LHP1 was initially known as TERMINAL FLOWER 2 (TFL2) or TU8. The early
flowering of tfl-2 and the altered leaf glucosinolate phenotype of TU8 were considered to
determine their initial names, respectively [3,6]. Later, this protein was renamed LHP1
due to its similarity to the Drosophila melanogaster Heterochromatin Protein 1 (HP1) [7,8].
Phylogenetic analyses revealed that the LHP1 gene is present in all land plants (Em-
bryophyte). Surprisingly, although chromodomain proteins exist in algae, an LHP1 ho-
molog is absent in this clade. Therefore, a secondary loss scenario was suggested to account
for the lack of LHP1 in this particular clade of green organisms [9,10]. Notably, LHP1
has been shown to be able to rescue the fission yeast mutant swi6−, the HP1 ortholog
in Schizosaccharomyces pombe [7,8]. The homology between HP1 and LHP1 is postulated
mainly due to the presence of two conserved protein domains, the chromodomain (CD)
and the chromo shadow domain (CSD), being close to the N-terminus and the C-terminus,
respectively. While the CD confers the ability of histone binding, the CDS is responsible
for protein dimerization [7,11]. In animals, HP1 is tightly associated with the H3K9me3
epigenetic mark across heterochromatic genome regions [12]. Particularly, the CD domain
is responsible for HP1 function as a histone reader [12]. Given the structural similarities
between HP1 and LHP1, it was initially thought that the latest also functions as an epi-
genetic remodeler through the binding of the Histone H3 Lysine 9 (H3K9) [13,14]. Turck
and collaborators [1] analyzed the affinity of LHP1 with histones. They observed that
LHP1 binds Di- and Trimethylation of Histone H3 Lysine 9 (H3K9me2 and H3K9me3) as
its animal homolog. Contrary to expectations, they also unveiled that LHP1 is mainly asso-
ciated with the H3K27me3 epigenetic mark across euchromatic genome regions [1,15,16].
Several reports confirmed that the CD domain is the main responsible for histone bind-
ing [11,17–19]. Very recently, the crystal structure of the LHP1 CD domain was obtained
and characterized. Surprisingly, in vitro affinity tests showed that the CD of AtLHP1 has no
particular preference between Di and Tri-methylated forms of H3K9 or H3K27 peptides [17].
Although there is certainty about the dependence on the CD domain for histone binding,
why LHP1 is associated in vivo mainly with H3K27me3 instead of H3K9me3 remains
unclear. On the other hand, the CDS domain depicts a distinctive function in animal HP1. It
was proposed that the CDS domain plays a determinant role in protein-protein interaction.
This further promotes protein dimerization required for HP1 activity as an epigenetic
remodeler [20]. Likewise, the CDS in plants is also required for LHP1 dimerization and
protein interaction [3,7,14,19,21,22].

In addition, LHP1 has an intrinsically disordered region between the CD and the
CDS-denominated Hinge [15]. This region has been thoroughly characterized as the
one responsible for RNA binding. The capacity of LHP1 to bind RNAs has been sub-
stantially proven both in vitro and in vivo [19,23,24]. Notably, replacing several Arginine
and Lysine residues in the Hinge region reduces or even abolishes LHP1’s capacity to
bind RNAs. Therefore, these positively charged residues are necessary for RNA binding.
Interestingly, the subnuclear localization of LHP1 was also affected when RNA binding
was disrupted, highlighting the relevance of this interaction for LHP1 function. Nuclear
speckles formation is visibly impaired when the Hinge region is perturbed, most likely
affecting the function of LHP1 as an epigenetic remodeler [15,18,19] (Figure 1).
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Remarkably, LHP1 also contains two plant-specific motifs, motif I and II, buried
within the Hinge region [9]. It was shown that motif I is necessary for LHP1 interaction
with the ALPHA-THALASSEMIA MENTAL RETARDATION SYNDROME, X-LINKED
(ATRX) complex, involved in H3.3 deposition similar to its ortholog in animals. ATRX
interacts with HP1 in animals through the so-called “LxVxL” motif [25–27]. Although plant
ATRX lacks the “LxVxL” motif, the interaction between LHP1 and ATRX is conserved [28].
Interestingly, it was revealed that this interaction in plants occurs through the plant-specific
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LAN (LHP1-interacting ATRX N-terminus) motifs in ATRX and the motif I of LHP1 [28],
pinpointing a convergent evolutionary path.

Considering the origin of LHP1, which suggests a function as an epigenetic remod-
eler for being homolog to HP1, the analysis of the subcellular protein localization always
attracts the attention of plant biologists. In Arabidopsis, LHP1 is strictly localized in the
nuclei, likely due to the presence of several nuclear localization signals (NLS) in the LHP1
peptide [7] (Figure 1). In addition, LHP1 displays a distinctive foci patterning, which
has been mainly associated with the CD/CSD domains and is almost absent from the
nucleolus [7,15,19]. Nevertheless, LHP1 has nucleolar localizing signals (NoLS) within
the hinge region. Only by removing the N-terminal part of the protein (including the CD
domain), LHP1 invades the nucleolus implying that other functional domains prevent the
localization in this compartment despite having a NoLS [11,15]. Strikingly, LHP1 was also
found in the nuclei and nuclear foci of the moss Physcomitrella patens, meaning that this
subcellular pattern is ancient. However, the abundant presence of LHP1 in the nucleolus of
P. patens also reveals a distinctive pattern [29]. Moreover, an inspection of LHP1 localization
in tomato (Solanum lycopersicum) revealed more similarities with the moss P. patens than
with Arabidopsis, where nucleolus occupancy was also observed [18,29]. The LHP1 protein
of soybean (Glycine max) also showed nuclear localization in Arabidopsis protoplast. Unfor-
tunately, the subnuclear localization was not distinguished in this heterologous system [30].
Remarkably, the protein regions required for the different nuclear compartmentalization
were dissected in tomato and soybean. Oppositely to the observations in Arabidopsis, the
CDS domain of tomato is dispensable for nuclear localization and speckle formation, while
disturbing the hinge region affected both patterns. In line with this, the CD can only gener-
ate a weak nuclear localization without nucleolar or speckles occupancy [18]. In soybean,
LHP1 has three predicted NLS, one (NLS1) within the CD domain and two (NLS2 and 3)
within the hinge region. Analyses of truncated versions of soybean LHP1 revealed the
properties of the different protein domains and predicted peptide signals. In agreement
with previous findings, the CDS was also found to be dispensable for nuclear localization
in soybean. Notably, disruption of NLS1 and NLS2 resulted in protein accumulation in
the whole cell [30], further validating their importance for LHP1 localization and, thereof,
functioning. In agreement with these observations, in all the plant species studied to date,
the LHP1 NLS located within the hinge region and close to the CD is highly conserved as a
bipartite NLS (NLS class 3 and 4). Moreover, it has been shown that this specific NLS is
redundantly bound by importin [alpha]-1 (IMPα-1), IMPα-2, and IMPα-3 in Arabidopsis.
As a result, LHP1 is not correctly imported into the nuclei in plants lacking these importinα
proteins [31]. Altogether, data obtained in different species show that while the NLSs
located within the hinge region are required for nuclear and nucleolar localization, the
CD and the CDS are mainly linked to foci patterning in the nucleoplasm (Figure 1). It is
noteworthy to mention that Arabidopsis is the only species so far where LHP1 does not
show a clear presence in the nucleolus.

2.2. LHP1 Is a Member of the Polycomb Repressive Complex 1 in Plants

Epigenetic repression of the FLOWERING LOCUS C (FLC) locus during vernaliza-
tion was initially associated with histone deacetylation and H3K27me2 and H3K9me2
methylation [14,32]. Later, based on the flowering time of lhp1 plants, it was suggested
that LHP1 participates in the vernalization process throughout maintaining the epigenetic
repression of FLC [14]. Nevertheless, at that moment, the epigenetic mechanism by which
LHP1 modulates flowering time throughout FLC was still enigmatic. Later, Turck and
collaborators [1] proved that LHP1 binds the histone marks H3 Di- or Tri-methylated at
Lysine 9 (H3K9me2 or H3K9me3), also recognized by HP1 in animals. Notably, they also
revealed the association between LHP1 and the H3K27me3 repressive mark for the first
time. Moreover, they found that LHP1 is almost exclusively associated with loci decorated
with H3K27me3 (Figure 2). However, given that there is no re-distribution of H3K27me3
in lhp1 plants, they concluded that LHP1 does not act as an H3K27me3 writer. In animals,
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global epigenetic gene repression is modulated by the coordinated action of PRC1 and
2 throughout the deposition of the H3K27me3 mark. In plants, the PRC2 histone methyl-
transferase units CURLY LEAF (CLF) and SWINGER (SWN) deposit H3K27me3, being
homolog components of the animal PRC2 EZH2 [33]. Interestingly, it was demonstrated
that LHP1 interacts with MULTICOPY SUPPRESSOR OF IRA1 (MSI1), EMBRYONIC
FLOWER 1 (EMF1), and indirectly with other PRC2 components such as SWN [34], and
has very similar spatial and temporal localization over the FLC gene body. These combined
writing (PRC2) and reading (LHP1) activities for H3K27me3 deposition may contribute
to the distribution and maintain this repressive mark over the FLC gene body [35]. LHP1
was the first identified member of the PRC1 complex in plants [1]. However, despite the
revealed association between LHP1 and H3K27me3, its PRC1 role was yet elusive. More
recently, the role of LHP1 in H3K27me3 mark modulation was further unveiled through
the combination of multiple biochemical approaches [2] (Figure 2) (See below).
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Figure 2. LHP1 modifies the chromatin profile in plants. (A) LHP1 integrates the Polycomb Repressive
Complex 1 to control the stability of the repressive histone mark H3K27me3. (B) LHP1 functions as
an RNA Binding Protein (RBP) through its Hinge domain. An excess of the lncRNA APOLO can
decoy LHP1 from target loci. (C) LHP1 binding over the MRN1 locus requires the activity of the
lncRNA MARS to modulate marneral biosynthesis.
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2.3. LHP1 Interacts with lncRNAs to Modulate the Transcriptional Machinery

The study of LHP1 was initially focused on its participation in global gene repression
as a member of the PRC1. In the last few years, a growing interest in its novel function as
an RNA-binding protein has emerged [5,19,23,24,36,37]. Interestingly, certain members of
the CD-containing family from the animal kingdom also recognize RNA in vivo [38,39]. To
date, three long noncoding RNAs (lncRNAs) have been identified to interact physically
with LHP1. An antisense portion of the exon 1/intron 1 of FLC corresponding to the
lncRNA COOLAIR was used to test the interaction in vitro, validating the relevance of the
hinge domain for RNA interaction [19]. In addition, RNA immunoprecipitation (RIP) exper-
iments performed in Arabidopsis served to demonstrate the interaction between LHP1 and
the lncRNAs AUXIN-REGULATED PROMOTER LOOP (APOLO) and MARneral Silencing
(MARS) in vivo [23,24,36] (Figure 2B,C). It was recently shown that APOLO could recognize
its targets in trans through the establishment of RNA:DNA hybrids (R-loop) in the target
locus. A subset of APOLO bona fide targets was classified according to its co-localization
with LHP1-bound regions. In addition, there is a significant and positive correlation with
H3K27me3 levels over those direct targets highlighting the relevance of APOLO-LHP1
interaction [24]. For instance, one of the common targets is the auxin biosynthesis gene
YUCCA2 (YUC2), required for plant thermomorphogenic response. Most notably, excess
APOLO can act as a decoy for LHP1 and remove it from the YUC2 locus at warm temper-
atures de-repressing its transcription [5]. It was also shown that APOLO interacts with
hemimethylated DNA binding protein VARIANT IN METHYLATION 1 (VIM1) and that
LHP1-VIM1 direct interaction also occurs. Interestingly, VIM1 human homolog UHRF1
was shown to co-localize with HP1 [40], and they both interact with lncRNAs [40,41],
hinting at similar ribonucleoprotein complexes involved in epigenetics across kingdoms [5].
Furthermore, it was reported that LHP1 is able to bind the human lncRNA UHRF1 Protein
Associated Transcript (UPAT) when expressed in plant cells [5], highlighting the ability of
LHP1 to recognize sequence-unrelated lncRNAs. Interestingly, a more general regulation of
YUCCA genes by LHP1 was also uncovered in Arabidopsis, hinting at a key role of LHP1
in auxin homeostasis [42]. On the other hand, the interaction between LHP1 and MARS
unveiled a distinct set of co-regulated genes. Yet, in response to abscisic acid (ABA), MARS
can act as a decoy for LHP1 and remove it from the marneral cluster gene responsible
for marneral biosynthesis, MARNERAL SYNTHASE (MRN1). Conversely, under normal
conditions, LHP1 binding over MRN1 is dependent on MARS activity [36]. Therefore,
depending on the lncRNA interacting partner, LHP1 directly regulates the expression of
distinct sets of targets. Contrary to the knowledge about the conserved association between
LHP1 and histone modifications in plants, there is no report of lncRNAs LHP1-interactors
besides the ones identified in Arabidopsis. Considering that the majority of lncRNAs
are species-specific, this might provide a highly dynamic regulatory mechanism across
different plant species that deserves further attention.

2.4. PRC1 Activity of LHP1 Modulates Genome Topology to Ultimately Alter Gene Transcription

Another breakthrough discovery related to the molecular role of LHP1 as an epigenetic
remodeler was conducted by Veluchamy and collaborators [2]. Throughout combining
genome-wide transcriptomic (RNA-seq), chromatin binding (ChIP-seq), and chromatin
tridimensional (Hi-C) analyses, this work unveiled that LHP1 modulates the spreading of
H3K27me3 towards the 3′ end of gene bodies at a genome-wide scale in Arabidopsis. Out-
standingly, altered accumulation of the H3K27me3 repressive mark exhibited by lhp1 plants
is correlated with differential gene looping. The 76.8% of chromosomal specific-LHP1
associated interactions are affected in the mutant lhp1 background displaying reduced
H3K27me3 levels. Thus, the resultant reorganization of the genome conformation utterly
alters the transcription of euchromatic genes. For instance, the formation of the chro-
matin loop encompassing PINOID (PID) and APOLO loci is disrupted, causing altered
transcription of PID [2]. PID encodes a kinase involved in auxin efflux, further linking
LHP1 and auxin signaling. Moreover, the lncRNAs APOLO and MARS can decoy LHP1
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from the chromatin in cis and/or in trans, de-repressing gene expression of specific targets
by modifying chromatin accessibility [5,24,36,37].

Besides the PRC1 gene repression exerted, LHP1 can also activate the expression of a
significant set of genes in a direct manner [2]. Nevertheless, the mechanism behind gene
activation is far less understood.

3. LHP1 Modulates a Plethora of Traits in Model Plants and Crops
3.1. In Model Plants

The biological relevance of LHP1/TFL2 was first unveiled in the A. thaliana knockout
mutant tfl2-1 that exhibited an accelerated flowering time [3]. Inspecting several tfl2
mutants, it was observed that these plants had approximately four fewer leaves compared
to the wild type at bolting [8]. Moreover, altered plant height and the development of other
organs, such as leaves and shoots, reflect a pleiotropic effect of LHP1 abolition [7]. Many
efforts helped to decipher the molecular basis lying behind the accelerated flowering time
in the lhp1 mutants. LHP1 modulates several flowering time genes. Among them, LHP1
represses the expression of the FLOWERING LOCUS T (FT), a key player in promoting the
transition to flowering. Interestingly, the lack of TFL2/LHP1 completely rescues the late
flowering phenotype of ft-1 plants [8,43]. Later, the layer of epigenetic control exerted by
LHP1 in the flowering pathway was revealed. Remarkably, Turck and collaborators [1]
uncovered the epigenetic mechanism by which LHP1 associates with H3K27me3 at the FT
locus to repress its expression in a canonical PRC1-dependent manner.

Until recently, given the importance of flowering time as an adaptive trait, other
phenotypes associated with LHP1 biological roles were somehow unattended. Notably,
Ramirez-Prado and collaborators [4] revealed that LHP1 plays important roles in plant
immunity and abiotic stress response in Arabidopsis. For instance, LHP1 reduces ABA
sensitivity by directly repressing the expression of the ABA-responsive genes NAC Tran-
scription Factor ANAC019, ANAC055, and VEGETATIVE STORAGE PROTEIN 1 (VSP1) [4].
The plant response to the stress produced by salinity or drought is mainly regulated by
ABA. Accordingly, plants lacking LHP1 have an increased tolerance to water deprivation.
On the other hand, VSP1 is also required for plant response to biotic stress. Insect attack on
Arabidopsis plants is counteracted by VSP1 [44,45]. In agreement, the augmented resistance
observed of lhp1 mutant plants to the green peach aphid Myzus persicae is linked to increased
levels of VPS1. In contrast, lhp1 plants exhibit increased susceptibility to the hemibiotrophic
pathogen Pseudomonas syringae pv. tomato DC3000, probably linked to reduced salicylic acid
(SA) content in these plants. Notably, BSMT1 is required for SA content. Therefore, the
reduced content of SA is due to the direct repression exerted over the SA biosynthesis gene
ISOCHORISMATE SYNTHASE 1 (ICS) and the upregulation of the inactivating enzyme
SALICYLATE/BENZOATE CARBOXYL METHYLTRANSFERASE (BSMT1) by LHP1 [4]. It
was recently uncovered that root hair development depends upon LHP1 function [37]. The
master regulator of root hair elongation, ROOT HAIR DEFECTIVE 6 (RHD6), is targeted
by LHP1 and the lncRNA APOLO at 22 ◦C. Notoriously, in low-temperature treatments
(10 ◦C), APOLO expression is induced, precluding LHP1 binding over the RHD6 promoter,
thereof impacting its transcriptional output. In agreement, the response to cold is impaired
in lhp1 plants producing roots that are less elongated and with shorter hairs [37]. There-
fore, soil exploration through root hair elongation requires LHP1 action in Arabidopsis.
In addition, it was shown that the complex integrated by LHP1, VIM1, and APOLO is
required for normal plant response to warm temperatures implicated in hypocotyl devel-
opment [5]. This complex is responsible for the epigenetic control of YUCCA2 (YUC2)
expression, involved in auxin biosynthesis during thermo-morphogenesis [46–48]. Under
warm temperatures, the down-regulation of APOLO releases epigenetic control over YUC2.
Accordingly, plants lacking LHP1 cannot elongate the hypocotyl at warm temperatures
(29 ◦C) properly (Figure 3).
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In addition to the model vascular plant A. thaliana, the function of LHP1 was also
explored in the model moss Physcomitrella patens. Interestingly, PpLHP1 is also an impor-
tant epigenetic remodeler despite the fact that it diverged from Arabidopsis more than
450 my ago [21,29,52]. Interestingly, the loss of LHP1 also produces pleiotropic defects in
P. patens highlighting its biological relevance [29]. For instance, the colonies formed in
the loss-of-function mutant exhibit a smaller size compared with WT plants, implying
that LHP1 is required for normal growth. In addition, primary chloronema length and
secondary chloronema number are also impaired in the Pplhp1 mutant. Moreover, normal
chloroplast development is also affected by the absence of LHP1 across the gamethophore
leaf cells. Outstandingly, PpLHP1 displays a subnuclear localization in foci, nucleolus, and
interaction with other PRC1 members, revealing a conserved ancestral participation in the
epigenetic machinery [29] (Figure 1). On the other hand, BiFC and Y2H assays showed that
PpLHP1 could interact with DNA methylation 1 (DDM1), a component of DNA methyla-
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tion machinery [52]. Considering that LHP1 and DDM1 interaction was only reported for
moss, this might reveal an interesting and unexplored mode of epigenetic control specific
to this group of plants. LHP1 interacts with the DNA methyltransferase CHROMOMETHY-
LASE3 (CMT3) in Arabidopsis [13]. In addition, the complex integrated by LHP1, VIM1,
and APOLO can recruit the methylation machinery over YUC2 [5]. VIM1 was shown to
directly interact with the DNA methyltransferase MET1 [53], whereas in humans, MET1
homolog DNMT1 directly interacts with HP1 and VIM1 homolog UHRF1 [54,55], further
revealing a common interplay between HP1/LHP1 and the DNA methylation machinery
between animals and plants. Altogether, these reports suggest that LHP1 also exerts an
indirect role in regulating DNA methylation through multiple mechanisms.

3.2. In Crops

In the last few years, there has been an increasing interest in unraveling the function
of LHP1 in crops. In this trend, the role of tomato (Solanum lycopersicum) LHP1 was recently
explored. Interestingly, the tomato has two copies of LHP1 denominated SlLHP1a and
SlLHP1b [49]. While SlLHP1a is stably expressed across all tissues, SlLHP1b expression is
restricted to fruit during ripening. Functional experiments to disentangle the function of
SlLHP1b showed that this protein is involved in ripening initiation, climacteric ethylene
production, and fruit softening. While down-regulation of SlLHP1b promotes those events
in tomato fruits, overexpressing tomato plants triggers the opposite effect [49]. SlLHP1b
directly regulates the loci of several fruit-ripening genes (1-AMINOCYCLOPROPANE-1-
CARBOXYLATE SYNTHASE 2 and 4 [ACS2, ACS4], POLYGALACTURONASE-2A [PG2a]
and MADS-box transcription factor RIN) that are decorated with the H3K27me3 repressive
mark, exhibiting the expected behavior as a member of the PRC1 complex. Moreover,
enrichment levels of H3K27me3 are increased when SiLHP1b is overexpressed with a
concomitant delay of the aforementioned events. In addition, similarly to AtLHP1, SlLHP1b
interacts with the PRC2 member MSI1, further supporting its epigenetic control exerted over
fruit-ripening genes. It is worth noting that although SiLHP1a is ubiquitously expressed
in all the tissues analyzed, it remains unknown if both LHP1 proteins in tomatoes have a
similar role or not [49]. Considering the relevance of the above-mentioned traits for tomato
breeding, SlLHP1b might stand as a key player in the optimization of fruit ripening of this
important vegetable crop.

LHP1 function was also recently dissected in melon (Cucumis melo), unveiling an
unexpected role in sex determination (Figure 3). This economically important fruit crop is
known for its monoecious reproductive system, and therefore, it is also considered a model
for sex determination studies. Melon exhibits two LHP1 members, named CmLHP1A and
CmLHP1B, that modulate sex determination. Single mutants of CmLHP1A or CmLHP1B
do not display appreciable phenotypes suggesting that both proteins act redundantly [51].
Interestingly, cmlhp1a/cmlhp1b double mutant plants have an increased male:female ra-
tio. To explain if the differential sex determination in cmlhp1/cmlhp1b plants is related to
transcriptional changes associated with PRC1 activity, global profiling of H3K27me3 was
performed in wild type and cmlhp1a/cmlhp1b plants. Strikingly, this showed a globally
altered accumulation profile of H3K27me3 correlated with a PRC1-dependent activity.
Hence, CmLHP1A and CmLHP1B cooperatively regulate the levels of H3K27me3 across
the melon genome. Notoriously, the authors also reported a similar behavior for LHP1
and H3K27me3 association as the one found in Arabidopsis. Down-regulated and up-
regulated loci exhibited H3K27me3 hypermethylation and H3K27me3 hypomethylation in
cmlhp1/cmlhp1b plants, respectively [51].

Soybean (Glycine max) is one of the main extensive crops for protein production. The
productivity of soybean is, however, severely affected by several pathogens that cause sig-
nificant economic losses. One of the most lethal pathogens for soybean is Phytophthora sojae
which causes stem and root rot [56]. Notably, up and down-regulation of GmLHP1 causes
a reduction in soybean response to P. sojae by repressing the SA signaling pathway [30]
(Figure 3). GmLHP1 represses the expression of the GmWRKY40 gene required for SA-
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signaling by two mechanisms. Through direct regulation, the promoter of GmWRKY40 is
recognized and bound by GmLHP1, resulting in its transcriptional repression. On the other
hand, GmWRKY40 expression is induced by SA. Hence, considering that GmLHP1 impairs
SA accumulation in soybean, an alternative indirect mechanism by which GmWRKY40 is
repressed was also suggested [30]. Nevertheless, it is relevant to point out that although a
direct mechanism for GmWRKY40 repression by GmLHP1 was proposed, yet, it is unknown
if this repression involves PRC1 activity. Strikingly, the work by Zhang and collabora-
tors [30] also contributed to the understanding of an unknown dimension of LHP1 function
modulation, which involves the regulation of protein action mediated by post-translational
modifications. They provided solid evidence about the mechanism of GmLHP1 degra-
dation by ubiquitination throughout the action of the GmBTB/POZ complex. Moreover,
GmBTB/POZ increases the defense response of soybean against P. sojae [50]. Hence, this
novel post-translational mechanism of repression of GmLHP1 action is required for soybean
immunity. Notably, LHP1 acts as a negative regulator of SA in soybean and Arabidopsis
hinting at a conserved role. Strikingly, it was reported that GmLHP1 also plays a role dur-
ing stress response in soybean through a non-PCR1/2 canonical mechanism. The PLANT
HOMEODOMAIN FINGER 6 (GmPHD6) interacts with the H3K4me0/1/2 marks and
binds the G-rich elements in the promoters of the target loci. In turn, LHP1 is recruited by
GmPHD6 and activates the expression of stress-associated genes [57] (Figure 3).

Altogether, considering the plant stress responses modulated by LHP1 in different
species (Figure 3), this epigenetic remodeler may be used to mitigate biotic and abiotic
stress in crops.

4. Future Directions to Explore LHP1 Function and Suitability for Crop Trait Optimization

Structural analysis of LHP1 revealed that it has a similar affinity for H3K9me3 and
H3K27me3. Nevertheless, there is a vast amount of evidence showing LHP1 preference for
H3K27me3 across plant genomes. Hence, the lying bases behind LHP1 association with
H3K27me3 are still elusive. Note that structural analyses were performed by crystalizing
the CD domain alone. Therefore, it is probable that other protein domains are also required
to dictate LHP1 histone mark preference finally. Moreover, the CDS and the Hinge domains
were observed to affect LHP1 localization and/or function when disturbed. In addition,
considering that LHP1 can modulate the tridimensional chromatin structure, it is also likely
that, in turn, the genomic and epigenomic context determines LHP1 affinity.

The conserved presence of the CD and the CSD between animals HP1 and plants
LHP1 is considered the main evidence to support a common evolutionary origin. However,
several crucial observations challenge this hypothesis. First, the absence of LHP1 in the
genome of the basal clade of all green organisms, the algae, masks the phylogenetic origin
of this protein. In a secondary loss scenario, as postulated [9,10], this event should have
occurred earlier in the diversification of algae (given the lack of LHP1 in all extant sequenced
algae) but not in the branch of the phylogenetic tree from which embryophyte has emerged.
At least, we consider that this hypothesis needs to be revised in light of a complete picture
of the genome evolution of earlier photosynthetic organisms. Second, despite the high
similarities between HP1 and LHP1 chromodomains, they bind two different histone marks
in different chromatin contexts. This difference entails much of the contrasting mode of
action, also defying the homology claim. Therefore, the CD has acquired its preference
for H3K27me3 early in plant history since the moss LHP1 already binds this epigenetic
mark. Hence, other evolutionary scenarios may need to be considered and explored in the
future. For example, (i) the possible existence of a horizontal gene transfer event in early
land plants from a yet unknown host; (ii) the de novo origin of LHP1 in early land plants.

Gene and genome duplication have a profound effect on plant evolution, especially
in flowering plants from which most of the horticultural crops have been domesticated.
In this sense, duplicated copies of LHP1 might have acquired novel unknown functions,
which need attention. In tomato, only one of the two LHP1 duplicated copies has been
functionally characterized so far, while the role of the other copy remains unknown. In
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melon, the duplicated copies exhibit a redundant function related to sub-functionalization.
Although duplicated copies of LHP1 were identified in a variety of plant species [9], a
neo-functionalized duplicated copy remains hidden. Therefore, another interesting edge of
exploring deeper from an evolutionary point of view is the function of paralog copies of LHP1.

An important piece of missing information is the molecular and biological role of
LHP1 function in one of the most important groups of flowering plants, the Monocots.
This clade is one of the most diverse extant plant groups and contains numerous eco-
nomically important horticultural crops with a wide variety of uses in the food industry,
ornaments, and medicinal products, among others. Considering the importance and diver-
sity of biological roles of LHP1 in Dicots, it can be speculated that its characterization in
Monocots is promising.

The only report explaining how post-translational regulation can affect LHP1 activity
is based on a crop species. As mentioned earlier, LHP1 is ubiquitinated by BTB/POZ for
degradation in soybean [30]. Interestingly, from all the sets of possible post-translational
modifications that may affect protein activity, it is unknown what other mechanisms are
involved in the control of LHP1. For instance, they might be of importance also for the
biotechnological use of LHP1 for plant trait optimization.

In the last few years, given the importance and abundance of noncoding transcripts
in plants, extensive research has been undertaken to identify and characterize them. In-
terestingly, while LHP1 is conserved in all plant species from Bryophyte, lncRNAs can be
highly species-specific. Moreover, the disordered hinge region responsible for RNA bind-
ing is not as conserved as other functional domains. Thus, given the exposed functional
significance of the interaction between LHP1 and RNAs, elucidating potential lncRNAs
partners conserved and/or species-specific emerges as a promising field.

5. Conclusions

Here we summarized the knowledge about the molecular function of the epigenetic
remodeler LHP1 in model and crop plants, deciphering conserved and divergent aspects of
its mode of action. Strikingly, LHP1 controls several developmental and physiological traits
in different plant species highlighting its importance for plant breeding. Moreover, biotic
and abiotic stress responses are modulated by this component of the epigenetic machinery.
Modern plant crop systems are characterized by the use of biotechnological tools. Both our
knowledge of LHP1’s role and modern biotechnological tools can be combined to fine-tune
LHP1 action to optimize desired traits in horticultural crops. In this review, we spotted
the future directions to explore deeper LHP1 function and its use as a potential target
for crop improvement.
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