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3-Hydroxy-3-methylglutaryl coenzyme A reductase (HMGR, EC: 1.1.1.34), an enzyme catalyzing the first
committed step in the mevalonic acid (MVA) pathway for the biosynthesis of isoprenoids, has been reported
to be involved in the fruit size determination through the regulation of early cell division. In litchi, the cell
number achieved by this early cell division determines the final fruit size, but whether HMGR plays any
role in this process was unknown. In this study, we set out to address this question with gene cloning and
expression analysis in fruits of different pheno- or genotypes. We found that the litchi genome includes
two HMGR homologues, denoted as LcHMG1 and LcHMG2. Despite 70% sequence identity at the amino acid
level, they exhibited distinct expression patterns during litchi fruit development. LcHMG1 expression was
highest in the early stage of fruit development, correlated with the high level of cell division. Absolute levels
of LcHMG1 expression varied among fruits of different pheno- or genotypes, with expression in large-fruited
types reaching higher levels for longer duration compared to that in small-fruited types. The expression pat-
terns for LcHMG1 strongly suggest that this gene is involved in early cell division and fruit size determination
in litchi. In contrast, LcHMG2 was most highly expressed in the late stage of fruit development, in association
with biosynthesis of isoprenoid compounds required for later cell enlargement. These findings provided new
insights on the function of HMGR genes during fruit development.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Fruit size is an essential parameter for growers, since it will deter-
mine if the fruit goes to the fresh market for a good profit or to the
processing factory for less. The fruit size is determined not only by
the cell number defined during early cell division stage after fertiliza-
tion, but also by cell volume achieved through the afterward cell en-
largement (Bohner and Bangerth, 1988; Cowan et al., 2001; Narita
and Gruissem, 1989). Any factors affecting the cell division and cell
enlargement, such as genetic characteristics, phytohormones, nutri-
ents, and culture practices, will contribute to the final fruit-size deter-
mination. In addition to these, the time of anthesis is an important
factor in many fruits, including apple (Marguery and Sangwan,
1993), kiwifruit (Cruz-Castillo et al., 2002; Lai et al., 1990), peach
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(Scorza et al., 1991), grape (Coombe, 1973), citrus (Praloran et al.,
1981), strawberry (Cheng and Breen, 1992) and litchi (Li et al.,
2004). In general, flower buds of early anthesis within the same tree
tend to give rise to larger fruits at maturity compared to those of
later anthesis. This phenomenon always leads to the lack of uniform
fruit size at harvest and therefore compromises the fruit quality and
its commercial value.

Litchi (Litchi chinensis) is one of the most valuable commercial
fruits in the subtropical area, and its fruit size is of important com-
mercial value. Many factors that affect litchi fruit size, such as genetic
characteristics, pericarp development, cytology, temperatures and
water regime, phytohormones, nutrients, plant regulators, pruning
and girdling, have been extensively analyzed and documented (Li et al.,
2010). The ‘Feizixiao’ litchi, a popularly cultivated cultivar in southern
China, Australia and Thailand, is prone to unsynchronized flowering,
which causes the production of fruits with substantially uneven fruit
sizes (Li et al., 2004). As is true for most other fruits, the final litchi fruit
size is determined by cell number rather than cell volume (Li et al.,
2002). Hence, cell division as well as factors that affect cell division
could play a crucial role in regulation of fruit size in litchi. One of such fac-
tors could be the activity of 3-hydroxy-3-methylglutaryl coenzyme A re-
ductase (HMGR, EC: 1.1.1.34), which has shown to affect fruit size in
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several species (Cowan et al., 2001; Kobayashi et al., 2003; Narita and
Gruissem, 1989).

The implication of the role of HGMR in regulation of fruit size was
firstly demonstrated in tomato by Narita and Gruissem (1989), who
proposed that tomato HMGR was required early in fruit development
but not during ripening. HMGR genes, typically encoded by a small
multigene family in plants, have been isolated from many plant spe-
cies. For example, two distinct genes have been isolated and charac-
terized in Arabidopsis (Caelles et al., 1989; Enjuto et al., 1994),
tomato (Narita and Gruissem, 1989; Rodriguez-Concepcion and
Gruissem, 1999), cotton (Loguercio et al., 1999), apple (Rupasinghe
et al., 2001), pear (Cong et al., 2009) and longan (Xia et al., 2011);
three in potato (Choi et al., 1992) and even a larger family in rubber
(Chye et al., 1992; Sando et al., 2008), rice (Nelson et al., 1994),
corn (Stermer et al., 1994) and legume (Kevei et al., 2007). HMGR cat-
alyzes the conversion of 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) to mevalonate (MVA), the first committed step in cyto-
solic isoprenoid biosynthesis (Caelles et al., 1989; Chappell et al.,
1995; Goldstein and Brown, 1990). The reaction is irreversible and
is also considered to be the rate-limiting step in isopentenyl pyro-
phosphate (IPP) biosynthesis (Chappell et al., 1995). Isoprenoids, a
large and diverse group of compounds widespread in eukaryotes,
constitute major vital compounds that are involved in a wide range
of primary and secondary metabolism pathways in plants, and pro-
duction of essential substances, including growth regulators (abscisic
acid, gibberellins, and cytokinins), chlorophylls and plastoquinone in
photosynthesis, carotenoids in photo-protection, and a few phyto-
alexins and steroids required for the assembly of biological membra-
nes(Cowan et al., 1997; Lange et al., 2000; Stermer et al., 1994).
Although the isoprenoid biosynthesis in plants consists of two
pathways (long-known mevalonate (MVA) pathway and more re-
cently discovered methyl-D-erythritol-4-phosphate (MEP) path-
way), which operate independently of each other by virtue of
being localized to separate intracellular compartments (Chappell,
2002; Rodriguez-Concepcion and Boronat, 2002; Rohmer et al.,
1996), the existence of frequent exchanges and complex crosstalk
make them operate synergistically in plants (Eisenreich et al.,
2001; Rodriguez-Concepcion et al., 2004). MVA-derived precursors
can be used for the synthesis of isoprenoids in the plastid, while
MEP-derived precursors can be exported to the cytosol in certain
plants, tissues, and developmental stages (Eisenreich et al., 2001).

Rodriguez-Concepcion and Gruissem (1999) further demonstrat-
ed a close correlation between HMG1 expression and tomato fruit
growth, strongly suggesting that a major function of HMG1 is to en-
sure adequate phytosterol production for cell division and cell en-
largement. Using avocado as a model system, Cowan et al. (2001)
declared that HMGR was clearly central in the metabolic control of
fruit growth. Activity of HMGR modulates availability of regulatory
isoprenoid products required for cell division, sink strength and
fruit growth (Cowan et al., 2001). High levels of HMGR activity and
expression were always observed in meristematic tissues and sus-
pension cultured cells active in cell division and growth (Aoyagi et
al., 1993; Cowan et al., 1997; Enjuto et al., 1994; Kato-Emori et al.,
2001; Rupasinghe et al., 2001; Xia et al., 2011). However, the
most direct evidence that reveals HMGR as an important fruit size
regulator was demonstrated in transgenic plants. Over-expression
of a melon HGMR gene in tomato substantially stimulated cell divi-
sion activity and resulted in an increase of the cell layers in the fruit
pericarp, consequently leading to the production of much larger
fruit in transgenic plants compared to the fruit in wild-type plants
(Kobayashi et al., 2003).

In this study, we isolated and characterized two litchi HMGR homo-
logues and performed detailed expression analyses in various tissues
and fruits of different pheno- or genotypes during fruit development,
aiming at elucidating the role of litchi HMGR genes in regulation of
cell division activity and fruit size. Our results show that two litchi
HGMR genes are differentially regulated during litchi fruit develop-
ment, and the expression of litchiHMG1 is highly correlatedwith cell di-
vision activity in young litchi fruit. The possible role of these two HMGR
genes involved in the fruit size determination is discussed.

2. Materials and methods

2.1. Plant materials

Materials for gene cloning were collected from three ‘Ziniangxi’ li-
tchi trees in an orchard located at Dongguan Institute of Agricultural
Science in 2005 and 2006. The other experimental materials were all
harvested in an orchard located at South China Agricultural University,
Guangzhou, China in 2009.

Three early-anthesis (EA, on March 20) and three late-anthesis
(LA, on April 10) ‘Feizixiao’ trees, and three ‘Siliangguo’ (large-fruit
genotype) and three ‘Chenzi’ (small-fruit genotype) trees were se-
lected to compare their cell division activities and gene expressions.
Each tree was treated as a biological replicate. Twenty panicles locat-
ed in different directions of each tree were tagged. Ten of them were
used for tracing the diameters of marked fruits, and the other ten
were for periodical fruit sampling. Ten fruits from ten panicles having
the similar size to the labeled ones were collected and weighted at
each sampling date. The collected fruits were placed in an icebox im-
mediately before dissection into pericarp, aril and seed tissues, after
which tissues were stored at −80 °C until use. Samples for different
organs and tissues were collected from the same ‘Hehuadahongli’ li-
tchi tree.

2.2. Total RNA preparation and cDNA cloning

Total RNA was isolated from approx 10 g of frozen tissue using the
hot borate method (Lu and Jiang, 2003; Wan andWilkins, 1994). RNA
quality was determined by denaturing agarose gel [1.2% (w/v) aga-
rose, 0.5× MOPS] and spectrophotometer. The full-length HMGR
cDNA was cloned by RT-PCR, in combination with 3′- and 5′-RACE
using degenerate or specific primers (Table S1). RT-PCR was carried
out following a two-step procedure. First strand cDNA was synthe-
sized using AMV Reverse Transcriptase XL (TaKaRa, Daliang, P. R.
China) and oligo(dT)18 primer. PCR amplifications were performed
using Ex Taq polymerase (TaKaRa, Daling, P. R. China) under different
annealing temperatures, extension times and cycles according to the
melting point of primer pairs (Table S1) and the expected size of
DNA fragments to be amplified. The PCR products were cloned into
the pMD 18-T vector (TaKaRa). Their sequences were determined
(Invitrogen, Shanghai, P. R. China) and searched against the Genbank
database at the NCBI (National Center for Biotechnology Information,
http://www.ncbi.nlm.nih.gov/) for homology analysis. Gene-specific
primers (Table S1) of each gene fragment were then designed and
used for 3′-RACE (Rapid amplification of cDNA end; 3′-Full RACE
Core Set Ver.2.0; TaKaRa) according to the manufacturer's instruc-
tions. 5′-RACE was carried out using a modified TDT (terminal deox-
ynucleotidyl transferase) tailing method (Xia et al., 2008). cDNA was
obtained by reverse transcription using a short gene-specific primer.
A nested-PCR strategy was used for the amplification of desired 5′ ter-
minal sequences. The products obtained from 3′- and 5′-RACE were
cloned and determined as described above.

2.3. Sequence analysis

Full-length cDNA sequence of LcHMG1 and LcHMG2 was assem-
bled through sequential ligation and cloning, and verified by DNA se-
quencing. Sequence homology was analyzed by BLAST-algorithm.
Multiple sequence alignment analysis was performed using ClustalW
(http://www.ebi.ac.uk/clustalw/). The alignment was visualized
using the Boxshade v3.21 software (http://www.ch.embnet.org/
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software/BOX_form.html). A phylogenetic tree was constructed by
the neighbor-joining method based on the Phylip program (http://
bioweb.pasteur.fr/phylogeny/intro-en.html).
2.4. Flow cytometric analysis

DNA content was estimated using flow cytometry according to Li et
al. (2011). In brief, fruit samples were ground gently in ice cold Otto
buffer I containing 100 mmol·L−1 citric acid (Otto, 1990). In this
study, Otto I and Otto II buffers were mixed in a 1:2 ratio. The buffers
were supplemented with 30 mmol·L−1 DTT, 10% (w/v) PVP, 2% (v/v)
Triton X-100, 50 mmol·L−1 β-mercaptoethanol and 100 μg·mL−1

RNase A for restraining the activity of hydroxybenzene. Nuclear suspen-
sion was strained with 50 μg·mL−1 propidium iodide (PI) and incubat-
ed for 30 min in the dark. Strained nuclei were filtered through a nylon
filter (pore size, 38 μm) and analyzed using a FACS Calibur (Becton-
Dickinson, USA) flow cytometric (FCM).

Cell division activity was denoted by the proportion of cells in-
volved in division, which were estimated as the ratio of the nuclei
within the S and G2/M phases to the total number of nuclei within
the S, G2/M and G0/G1 phases. The cell phase was determined by
the FCM data using WinMDI software.

I:e:; Cell division activity

¼ NG2=M þ NSÞ= NG0=G1 þ NG2=M þ NSÞ � 100%:
��

NG2/M, Ns and NG0/G1 were the number of nuclei within G2/M, S
and G0/G1 phases, respectively.
2.5. Real-time quantitative RT-PCR

To facilitate the real-time PCR analysis of all investigated genes
under the same reaction conditions, specific primers were designed
using Primer Premier 5.0 software under default parameters, and syn-
thesized by a commercial supplier (Sangon, Guangzhou, P. R. China).
Regular RT-PCR amplification was performed to check the specificity
of all primer pairs, and products of desired size were analyzed on a
1.2% agarose gel and sequenced by Invitrogen (Shanghai, P. R.
China) to confirm the sequences of the amplicons. The effectiveness
of primer pairs was further confirmed with the melting-curve analy-
sis. No further analysis was performed on primers that had multiple
products or products in no template control (NTC). Standard curve
using a dilution series of a mixed cDNA (spanning six orders of mag-
nitude) was made to calculate the gene-specific PCR efficiency and re-
gression coefficient (R2) for each gene.

Two micrograms of total RNA was used to synthesize cDNA in a
20 μL reaction volume using High-capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Foster City, CA). Real-time quantitative
PCR was performed using Power SYBR Green PCR Master Mix Kit (Ap-
plied Biosystems) on an Applied Biosystems 7500 Real-time PCR Sys-
tem according to the manufacturer's instructions. Real-time samples
were run in triplicate for each biological replicate and the reaction
volumes were 20 μL, which contains 10 μL of SYBR Green PCR Master
Mix (Invitrogen), 2 μL of each primer, 60 ng cDNA template and 0.1 μL
ROX. The qPCR was subjected to the following conditions: 50 °C for
2 min, 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s,
55 °C for 30 s and 72 °C for 30 s in 96-well optical reaction plates
(Bio-Rad, USA). Dissociation curves were run to determine the speci-
ficity of the amplification reactions. After validation tests, normaliza-
tion to actin was performed using the ΔΔCT method (Applied
Biosystems). The gene characteristics and their primer sequences
were listed in Table S2.
3. Results

3.1. Isolation and characterization of litchi HMGR homologues, LcHMG1
and LcHMG2

To isolate litchi HMGR homologues, several degenerate primer
pairs were designed and used for RT-PCR amplification of litchi
cDNA samples. Initially, two partial cDNA fragments representing
two distinct homologues were isolated and designated as LcHMG1
and LcHMG2, respectively. Full length of two cDNA sequences was
obtained and assembled by 5′ and 3′ RACE analysis. The resulting
full-length LcHMG1 cDNA (2256 bp in length), comprises a 75 bp 5′
untranslated region (5′-UTR), a 1689 bp open reading frame (ORF),
and a 492 bp 3′ untranslated region (3′-UTR). It encodes a putative
polypeptide of 562 amino acids. Similarly LcHMG2 cDNA (2209 bp
in length), which contains a 154 bp 5′-UTR, a 1707 bp ORF and a
348 bp 3′-UTR, encodes a putative polypeptide of 568 amino acids,
which is six amino acids longer than LcHMG1. BLAST search against
GenBank showed that LcHMG1 shared over 75% sequence identity
with HMGR proteins from many other species, and exhibited the
highest level of identity (81%) with Ricinus communis HMGR
(XP_002510732), and LcHMG2 shared the highest level of identity
(74%) with the Gossypium hirsutum HMG2 (O64967). Sequence align-
ment between LcHMG1 and LcHMG2 revealed an approximate 77%
sequence identity, indicating substantial sequence divergence during
evolution.

LcHMG1 and LcHMG2 share typical domain features identified in
other plant HGMRs, including the defined N-terminal region, mem-
brane domain, linker region, and catalytic domain (Fig. S1). Among
them the membrane and the catalytic domains were well conserved,
whereas the N-terminal and the linker regions were highly divergent.
The existence of two highly conserved hydrophobic sequences (H1
and H2) in the membrane domain suggested that these two HMGRs
might target to a membrane system. In the catalytic domain two
HMG-CoA binding motifs [EMPV(I)GYVQV(I)P and TTEGCLVA] and
two NADPH-binding motifs (DAMGMNM and GTVGGGT) were highly
conserved. The amino-terminal of all the HMGRs also contained the
conserved motif MD/EXRRR [MetAsp/GluXArgArgArg (X can be Val,
Leu, and Pro)]. These results strongly suggest that both LcHMG1 and
LcHMG2 should play a role in cytosolic isoprenoid biosynthesis.

Phylogenetic tree analysis (Fig. S2) revealed that HMGRs from
each taxon had its own characteristics distinct from other HMGRs.
Angiosperms clustered into a separate clan as did Gymnosperms,
and the Angiosperm clan was further divided into dicotyledon and
monocotyledon subclans. LcHMG1 and LcHM2, which were firstly
clustered together with their counterparts from longan DlHMG1
and DlHMG2, respectively (Xia et al., 2011), were distributed into dis-
tinct subclans in dicotyledons. There were other subclans apart from
the two containing LcHMG1 and LcHMG2, consistent with the fact
that many plants contain more than two HMGR homologues.

3.2. Fruit development in fruits of different pheno- or genotypes

To explore the mechanism of fruit size determination in litchi, we
chose two kinds of fruits with different phenotypes (fruits of different
final fruit sizes in a given cultivar) and two with different genotypes
(fruits from different cultivars) for contrasting studies. Fruits of dif-
ferent phenotypes were collected from the cultivar ‘Feizixiao’, which
is prone to have unsynchronized flowering every year rendering the
production of large fruit from early anthesis (EA) and small fruit
from late anthesis (LA). And ‘Siliangguo’ and ‘Chenzi’, were selected
as representatives of large- and small-fruit genotypes, respectively.

Firstly fruit development patterns in fruits of different pheno- and
genotypes were investigated. As far as two phenotypes are concerned,
both fruits follow the same single sigmoid pattern with two distinct
stages (Fig. 1A). The stage I for EA and LA fruits is characterized by the

http://www.ch.embnet.org/software/BOX_form.html
http://bioweb.pasteur.fr/phylogeny/intro-en.html
http://bioweb.pasteur.fr/phylogeny/intro-en.html


Fig. 1. Fruit development and cell division activity in fruitlet or pericarp of large- and small-fruits of different genotypes (B and D) and phenotypes (A and C).
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rapid cell division and lasts till 46 DAA and 39 DAA, respectively. At the
end of stage I the fruit weight of EA fruits was comparable to that of LA
fruits. However, these fruits display size differentiation at stage II and
this specifically occurs on or after 60 DAA and 53 DAA for EA and LA
fruits, respectively, due to rapid development of the aril during this pe-
riod. The finalmean fruitweight of EA fruitswas about 34.58 g,while LA
fruits were only 20.58 g. As for different genotypes, ‘Siliangguo’ bore
large fruits of 30.47 g on average while ‘Chenzi’ produced small fruits
of only 14.61 g on average (Fig. 1B). A similar single sigmoid develop-
ment pattern was observed in the fruits from both genotypes. Their
stage I lasted till 49 DAA, after which the fruit began to enlarge rapidly.

3.3. Cell division activity analysis in fruits of different pheno- or
genotypes

In tomato and avocado, the final fruit size is determined by cell
number achieved by early cell division (Cowan et al., 1997, 2001;
Gillaspy et al., 1993; Narita and Gruissem, 1989). To determine if a
parallel relationship between early cell division and final fruit size is
evident in litchi, the cell division activity in fruits of different
pheno- or genotypes was characterized by flow cytometry. The pro-
portion of cells involved in each division phase was used to denote
the cell division activity. Since cell division mainly occurred in the
early stage of fruit development, only young fruits (fruits in stage I)
were selected for this analysis. The EA fruits, the large-fruit pheno-
type, possessed a significantly higher cell division activity than the
LA fruits, the small-fruit phenotype, during the entire early develop-
mental course analyzed (Fig. 1C). Cell division activity in the EA fruits
was maintained constantly above 25% before 14 DAA, and decreased
gradually afterward. However, the cell division activity in the LA fruits
dropped substantially from approximately 24% at 0 DAA to 17% at 14
DAA and recovered a little thereafter. Consistently, differential cell di-
vision activity in young fruits was also observed between the large-
fruit genotype ‘Siliangguo’ and the small-fruit genotype ‘Chenzi’.
The cell division rate in ‘Siliangguo’ was higher than that of ‘Chenzi’
during the entire early fruit development except 0 DAA (Fig. 1D).
‘Siliangguo’ showed a rapid increase and persistence of high division
rate until 35 DAA, followed by a steep drop. Two cell division peaks
were achieved in ‘Siliangguo’ at 7 DAA and 28 DAA, while the cell di-
vision in ‘Chenzi’ maintained a steady level (25%) before 21 DAA and
decreased quickly thereafter.

Taken together, these results indicate that young fruits from the
larger-fruit phenotype (EA fruits) or genotype (‘Siliangguo’) were
more active in cell division andmaintained a longer period of high divi-
sion rate during the entire early fruit developmental stage compared to
those from the small-fruit phenotype (LA fruits) or genotype (‘Chenzi’),
confirming that high cell division activity in early stage of litchi fruit de-
velopment is a key factor in determination of final fruit size, as reported
in tomato and melon.

3.4. Analysis of LcHMG1 and LcHMG2 expressions in various litchi tis-
sues, developmental stages and genotypes

High expression of HMGR genes in tomato and melon correlates
with their high cell division activity in the early stage of fruit develop-
ment. To test whether this correlation exists in litchi and explore the
possible role of LcHMG1 and LcHMG2 in regulation of cell division and
litchi fruit size, we analyzed LcHMG1 and LcHMG2 expressions in var-
ious tissues and during fruit development in different pheno- or ge-
notypes. Fig. 2 shows that the expression of LcHMG1 and LcHMG2
was universally detected in all the tissues analyzed, including unferti-
lized female flowers, fruit tissues, leaves, shoots, and roots but their
expression level appeared to vary from tissue to tissue, with the high-
est expression found in the young pericarp (39 DAA) and the lowest
in the aged seed (81 DAA). In general, LcHMG1 displayed a high
level of expression in young tissues compared to aged tissues for a
given organ except root, with this pattern more noticeable for the
fruit tissues (pericarp, aril, and seed), while LcHMG2 was very active
in young (e.g. young pericarp and seed) as well as aged tissues (e.g.
aged aril and leaf). It is noted that the LcHMG2 transcripts in aged
aril (81 DAA) was approximately ten times more abundant than
that in young aril (39 DAA).

Expression of LcHMG1 and LcHMG2 appears to be differentially
regulated in fruits of different pheno- or genotypes. The transcription



Fig. 2. Expression analysis of LcHMG1 and LcHMG2 in various litchi organs and tissues.
The expression levels of LcHMG1 and LcHMG2 were normalized using actin. Data are
means±SE (n=3). The values of LcHMG1 and LcHMG2 from UFF (unfertilized female
flower) were arbitrarily set to 1. RQ: relative quantitation.
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activity of LcHMG1 peaked in the early stage and gradually decreased
along with the fruit development. However, the abundance of
LcHMG1 transcripts varied in different fruits. Fruits of large-fruit
pheno- or genotypes tended to accumulate relatively more LcHMG1
mRNAs than those of small-fruit pheno- or genotypes, especially dur-
ing the early stage of fruit development. In the pericarp, the LcHMG1
transcript level in the EA fruits exhibited peaks at 0, 14 and 39 DAA
and its high-level expression lasted until 53 DAA, while it attained
only one peak at 0 DAA in the LA fruits and dropped dramatically
after 39 DAA (Fig. 3A). In the aril, LcHMG1 transcripts before 60
DAA were much more abundant in the EA fruits than in the LA fruits
in the same period (Fig. 3B). During seed development, LcHMG1
maintained high-level expression in both EA and LA fruits but started
declining at a much earlier time (32 DAA) in LA fruits compared to EA
fruits (39 DAA) (Fig. 3C). As far as fruits from different genotypes
were concerned, LcHMG1 showed a much higher expression in peri-
carp of ‘Siliangguo’ than that observed in the same tissue of ‘Chenzi’
Fig. 3. Expression analysis of LcHMG1 and LcHMG2 during fruit development in fruits of diffe
actin. Data are means±SE (n=3). The values of LcHMG1 and LcHMG2 from LA fruits at the
before 49 DAA except for 35 DAA (Fig. 4A). The expression level of
LcHMG1 in the aril was comparable in the two types of fruits although
a slightly higher level was detected in ‘Siliangguo’ (Fig. 4B). In the
seed, LcHMG1 showed a higher level of expression in ‘Siliangguo’
than in ‘Chenzi’ before 49 DAA (Fig. 4C). As a whole, the large fruits
(‘Siliangguo’ and EA fruits), compared to the small fruits (‘Chenzi’
and LA fruits), not only attained a substantially higher level of
LcHMG1 expression in the early stage, but also maintained a longer
period of this high-level expression in all fruit tissues investigated.
This expression pattern was highly correlated with the cell division
activity detected in the fruit, implying a possible direct relationship
between LcHMG1 expression and cell division activity.

The expression pattern of LcHMG2 varied greatly among the three
fruit tissues although comparable patterns within a given tissue of
different pheno- or genotypes were observed. LcHMG2 transcription
in the pericarp peaked at 7 DAA from a low-level at the full-bloom
(0 DAA) in both EA and LA fruits but this peak was much more pro-
nounced in LA fruits (Fig. 3D). In the aril, LcHMG2 expression was
up-regulated in the late stage of development as evidenced by a
sharp rise at 53 DAA and 60 DAA in LA fruits and EA fruits, respective-
ly (Fig. 3E). This pattern is in contrast to the LcHMG1 expression pat-
tern observed in the same tissue of EA and LA fruits (Fig. 3B).
Similarly, a distinct expression pattern was also observed between
LcHMG1 and LcHMG2 during seed development, where LcHMG2
showed a peak transcription at 53 DAA in the LA fruits and 60 DAA
in the EA fruits (Fig. 3F) instead of a peak at the beginning followed
by a gradual decline as observed for LcHMG1 (Fig. 3C). As for fruits
of different genotypes, ‘Siliangguo’ gave rise to a consistent and high
level of LcHMG2 expression throughout the entire pericarp develop-
ment compared to that observed in ‘Chenzi’ (Fig. 4D), but the latter
genotype displayed more robust LcHMG2 transcriptional activity
after 70 DAA during the aril development relative to ‘Siliangguo’
(Fig. 4E). During seed development, LcHMG2 expression in both geno-
types dropped to the lowest level at 49 DAA and rebounded after that,
but ‘Chenzi’ showed stronger LcHMG2 expression before 49 DAA
while ‘Siliangguo’ displayed stronger rebound after 49 DAA
(Fig. 4F). Taken together, the expression pattern of LcHMG2 is distinct
from that of LcHMG1 in all fruit tissues regardless of pheno- or geno-
types. It was also noted that LcHMG2 was highly expressed in the late
rent phenotypes. The expression levels of LcHMG1 and LcHMG2 were normalized using
first time point were arbitrarily set to 1. RQ: relative quantitation.
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Fig. 4. Expression analysis of LcHMG1 and LcHMG2 during fruit development in fruits of different genotypes. The expression levels of LcHMG1 and LcHMG2 were normalized using
actin. Data are means±SE (n=3). The values of LcHMG1 and LcHMG2 from ‘Chenzi’ fruits at the first time point were arbitrarily set to 1. RQ: relative quantitation.

33X. Rui et al. / Gene 498 (2012) 28–35
stage of aril development in contrast to the high level of LcHMG1 ex-
pression during early aril development.

4. Discussion

4.1. Two HMGR homologs have been isolated from litchi fruits

HMGR activity and function are highly conserved in plants, and
the biological properties of the enzyme have been extensively charac-
terized. Plant HMGRs comprised two conserved domains (membrane
domain and catalytic domain) and two divergent regions (N-terminal
region and linker region) (Campos and Boronat, 1995; Monfar et al.,
1990; Rupasinghe et al., 2001). In contrast to HMGRs from other or-
ganisms which have seven trans-membrane regions, plant HMGRs
contain two membrane-spanning regions, corresponding two hydro-
phobic segments in the membrane domain (Caelles et al., 1989;
Campos and Boronat, 1995).The active substrate-binding motifs
(HMG-CoA and NADPH binding motifs) in the catalytic domain of
human HMGR are extremely conserved in plant HMGRs as well
(Istvan et al., 2000; Liao et al., 2004; Xia et al., 2011). HGMRs have
been proved to be essential for fruit development. To date, HMGR
genes have been cloned from considerable horticultural fruit crops
(Choi et al., 1992; Cong et al., 2009; Kobayashi et al., 2003; Narita
and Gruissem, 1989; Rupasinghe et al., 2001; Xia et al., 2011). In the
present work we isolated two HGMR homologs from litchi, LcHMG1
and LcHMG2, which shared great identities with each other and
with their orthologs from other plants (Fig. S1). They possess all the
properties conserved among plant HMGRs, which strongly suggest
that these two HMGRs should be functional proteins catalyzing the
production of mevalonate.

4.2. LcHMG1 transcription activity is highly correlated with cell division
activity during litchi fruit development

In most plants, fruit development can be divided into two distinct
phases: cell division and cell enlargement (Gillaspy et al., 1993).
Rapid cell division, proceeded with the successful pollination and fer-
tilization, always occurs at the early stage of fruit development
(Gillaspy et al., 1993; Kobayashi et al., 2002). Litchi fruit growth
was found to follow a similar two-stage growth pattern. Stage I (0–
53 DAA) is characterized by the rapid growth of pericarp and seed
coat with active cell division, and stage II (53–88 DAA) is dominated
by the growth of embryo and aril with rapid cell enlargement (Li et
al., 2003a). Huang and Xu (1983) proposed a “ball-skin versus blad-
der effect” to conceptualize the restraints exerted by a pre-formed
fruit skin to the latter expanding aril. The weight of the aril and the
whole fruit were found to be correlated with the pericarp weight,
irrespective of the fruit having normal or aborted seed (Huang and
Qiu, 1987). In other words, the final fruit size of litchi is determined
by the developmental space provided by the pericarp. Cell division
in the pericarp of litchi was found to be ceased about 47 days after an-
thesis (Li et al., 2003b). The present work showed that the period of
stage I for ‘Siliangguo’, ‘Chenzi’ and EA fruits was about 49 d, while
only 39 d for LA fruits. We also found that fruits of large-fruit pheno-
type (i.e., EA fruits) or genotype (i.e., ‘Siliangguo’) not only show
higher cell division activity, but also exhibit a longer period with ac-
tive cell division in stage I when compared to those of small-fruit phe-
notype (i.e., LA fruits) or genotype (i.e., ‘Chenzi’). These higher
activity and longer period of cell division could likely contribute to
the large fruit size observed in EA fruits and ‘Siliangguo’, which is con-
sistent with the results in melon, where the large-fruit genotype Fuyu
A maintains a longer cell division period than the small-fruit geno-
type Natsu 4 (Kobayashi et al., 2002). Moreover, the transgenic
large melon fruits possess higher cell division activity than the control
(Kobayashi et al., 2003). In avocado phenotypically small cv Hass fruit
can be induced by reduced cell number, which mainly resulted from
early cell division (Cowan et al., 1997). Hence, high cell division activ-
ity in early stage of fruit development is a prerequisite for a large fruit.

HMGRs have been implicated to play essential roles in cell division
during fruit early developmental stage, therefore influencing the final
fruit size (Cowan et al., 1997; Enjuto et al., 1994; Kato-Emori et al.,
2001; Narita and Gruissem, 1989). In this study, LcHMG1 was found
to actively express in early young fruit and other young tissues
which are undergoing rapid cell division, consistent with earlier stud-
ies in tomato and melon that both high level of HMGR activity and
mRNA expression were detected in the early stages of fruit develop-
ment (Kobayashi et al., 2002; Narita and Gruissem, 1989). HMGRs
have also been investigated in certain woody fruit crops, including
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apple from which two HMGR genes have been cloned (Rupasinghe et
al., 2001), but their relationship with cell division as well as fruit size
remains to be characterized, and avocado where the HMGR enzyme
activity was demonstrated to be highly associated with early cell divi-
sion and to play central role in fruit size regulation (Cowan, 2004;
Cowan et al., 1997, 2001), but there is still no report of HMGR gene
isolation in this plant. To the best of our knowledge, the present
work is the first study in a woody fruit crop to reveal that HMGR
gene (LcHMG1) expression level is highly associated with cell division
during the early stage of fruit development, a factor which deter-
mines the final fruit size, suggesting that LcHMG1 is likely to play an
essential role in regulation of litchi fruit size by modulating early
cell division.

4.3. LcHMG2 is mainly involved in regulation of the isoprenoid biosyn-
thesis required for cell enlargement

In plants expression of HMGR genes appears to be modulated in re-
sponse to specific developmental signals. Two peaks of HMGR mRNA
accumulation during tomato fruit development were observed
(Gillaspy et al., 1993; Narita and Gruissem, 1989). The first peak occurs
during early fruit development and the second during ripening. These
peaks are due to differential transcription of two HMGR genes. HMG1
is responsible for the early peak correlated with high cell division activ-
ity, and HMG2 for the ripening-associated peak (Daraselia et al., 1996;
Gillaspy et al., 1993), suggesting that tomato HMG1 and HMG2 expres-
sion is correlated with cell division and enlargement during fruit devel-
opment, respectively. Melon that contains a single HGMR gene also
follows a similar two-peak expression pattern of HMGR gene during
fruit development (Kato-Emori et al., 2001). This two-peak expression
pattern of HMGR genes was verified to some extent by our results of
expression analysis. LcHMG1 expression, as described above, was
highly correlated with the early rapid cell division while LcHMG2
was active in the aril during the late stage (ripening) when the
rapid enlargement of aril cell is undergoing. Thus like the tomato
HMG2 gene, the litchi LcHMG2 gene may be more actively expressed
during ripening probably to supply enough isoprenoid compounds
required for late cell enlargement.

4.4. LcHMG1 probably plays a more essential role in litchi fruit size
determination

HMGR enzyme is an essential control point for the isoprenoid me-
tabolism in plants (Chappell et al., 1995). The active LcHMG1 expres-
sion during early stages is likely to satisfy the increasing demand of
sterols for the production of cell membrane. Inhibition of HMGR ac-
tivity causes the appearance of symptoms usually associated with
the small-fruit phenotype (Cowan et al., 1997) and reduces endoge-
nous sterol content (Bach, 1995). Transgenic plants with the overex-
pression of HMGR genes overproduce sterols (Hey et al., 2006;
Muñoz-Bertomeu et al., 2007; Schaller et al., 1995). However, the ad-
dition of stigmasterol (a major type of sterols in plants) to avocado
fruit during early phase reduced fruit growth instead of stimulating
it as expected (Cowan et al., 1997), indicating that some other factors
must be involved in this regulation. In small avocado fruit reduced
HMGR activity was associated with an increased mesocarp ABA con-
centration, and an imbalance in the ratio of CK/ABA would be
expected to reduce cell division and fruit size (Moore-Gordon et al.,
1998). In litchi, fruits of large-fruit pheno- or genotype obtained a
higher CK/ABA ratio than those of small-fruit pheno- or genotype cor-
respondingly during early stage of fruit development (Li et al., 2005).
Thus, it is plausible that LcHMG1 plays an efficient role in maintaining
the sterol biosynthesis and the hormone homeostasis which are vital
for cell division during early fruit.

In general, the comparable expression pattern between LcHMG1
and tomato HMG1 revealed their greater resemblance, and that
LcHMG1, instead of LcHMG2, is required for early litchi fruit growth,
which is the critical stage for final fruit determination. The longer
and higher expression of LcHMG1 is significant to help us explain
the size difference between fruits of different genotypes and pheno-
types. LcHMG2 is more likely to be involved in the ripening phrase,
which is less related to fruit size determination in litchi. Thus, as far
as their roles of two litchi HMGR genes involved in regulating final
fruit size were concerned, LcHMG1 probably plays a more essential
role than LcHMG2 in regulating the formation of litchi fruit size. Fur-
ther functional characterization of LcHMG1 will have far-reaching im-
pacts on uncovering the fruit size determination mechanism.

5. Conclusion

HMGRs play an essential role in fruit size determination through the
regulation of early cell division. Two HMGR genes (LcHMG1 and
LcHMG2) were isolated from fruits of a subtropical fruit crop litchi,
and their expression profiles were compared between fruits of different
phenotypes or genotypes. We found that two HMGR genes serve dis-
tinct roles during the development of litchi fruit. The substantially
high expression of LcHMG1was correlated with the high level of cell di-
vision in the early stage of fruit development, which is the key factor af-
fecting the final fruit size. The fact that LcHMG1 achieved higher levels
of expression for longer duration in large-fruited types than in small-
fruited types will be helpful to explain the fruit unevenness in different
pheno- or genotypes. In contrast, LcHMG2wasmost highly expressed in
the late stage of fruit development, in association with biosynthesis of
isoprenoid compounds required for later cell enlargement.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.gene.2012.01.079.
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