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Abstract

Sun S, Li J., Chen D, Xie H., Tu M,, Jia L., Jiang G. (2017): Comparative transcriptomic analysis reveals a series of
single nucleotide polymorphism between red- and white-fleshed loquats (Eriobotrya japonica). Czech J. Genet. Plant
Breed., 53: 97-106.

Loquat (Eriobotrya japonica) is an economically important crop and red-fleshed cultivars have a much higher
carotenoid content than white-fleshed cultivars. We used Illumina RNA-seq technology to gain a global overview
of the loquat transcriptome from a mixture of fruit samples at different developmental stages for both red-fleshed
and white-fleshed loquat. A total of 94.98 million paired-end short reads were obtained and 61 586 unigenes
were generated from de novo assembly with an average length of 817 bp. Among these unigenes, 44 710 unigenes
were annotated by blast against Nr, Swissprot, GO, COG and KEGG databases. For these annotated unigenes,
123 biosynthesis pathways were predicted by mapping these unigenes to the reference canonical pathways and
41 unigenes were predicted to be involved in carotenoid biosynthesis. RT-qPCR analysis showed that the ex-
pression level of the LCYB gene was higher in red-fleshed loquat and the CRTRB gene had a higher expression
level in white-fleshed loquat. Comparative analysis of the two transcriptomes revealed 2396 single nucleotide
polymorphisms (SNPs) between red- and white-fleshed loquats. The majority of SNPs identified between the
two loquat cultivars were nonsense mutations and one out of eleven SNPs in candidate genes involved in carot-
enoid biosynthesis was a sense mutation. This suggests that the analysis based on transcriptomes can reveal key
genes related to the carotenoid biosynthesis and more carotene in red-fleshed loquat cultivars may result from
both more carotene produced by the higher expression of LCYB genes and less carotene converted because of
the low expression of the CRTRB gene. All these results from the transcriptome analysis will be useful for the
elucidation of genetic differences between red- and white-fleshed loquat fruits and further functional analysis
for genes responsible for carotenoid accumulation.
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Loquat (Eriobotrya japonica, 2n = 34), belonging  zones, including Asia, Europe, South Africa, and
to the dicotyledonous family Rosaceae is an ancient  Central and South America. Loquat fruit is consid-
fruit, native to China. Currently, loquat is grown ered as a delicacy and has a high carotenoid content
commercially for its fruit in a broad range of climate  in the red-fleshed loquat, while its leaf is also used
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in herbal medicine therapy in China. There are two
kinds of loquat fruits: red-fleshed and white-fleshed
loquats which have significantly different carotenoid
contents in fruits (ZHoOU et al. 2007). Beta-carotene
can be converted to retinol and increasing carot-
enoid content in loquat fruits is important for the
improvement of fruit quality. Loquat has a long
life cycle and generally requires 8 to 10 years for
inflorescence production. Therefore, conventional
breeding schemes are time-consuming to improve
important traits such as yield and fruit quality in
loquat and molecular marker assisted breeding is
more preferred.

Single nucleotide polymorphisms (SNPs) and simple
sequence repeat (SSR) markers have been developed
based on transcriptomic data of loquat (L1 et al.
2015), and a few SSR markers have been developed
to identify red-fleshed and white-fleshed loquat (L1
et al. 2014). Beta-carotene and lutein are the major
carotenoids in the loquat flesh (ZHoU et al. 2007);
the functional analysis of multiple phytoene synthase
genes indicated that this gene family is involved in the
accumulation of loquat carotenoids (Fu et al. 2014).
However, no thorough transcriptome information
for red-fleshed and white-fleshed fruits has been
provided for these two loquat accessions, which may
reveal more clues for genes involved in carotenoid
accumulation. The marker discovery and development
in functional genes linked to important agronomic
traits should accelerate the loquat breeding scheme.

With the development of the next generation se-
quencing technology, RNA-seq has been widely used
to do a comparative analysis of multiple transcrip-
tomes in many different organisms (WANG et al.
2009). The usage of RNA-seq technology has greatly
enhanced the understanding of transcriptome com-
plexity in animal and plant systems, such as revealing
novel transcripts, alternative splicing, transcript
isoforms, new large intergenic noncoding RNAs and
SNPs (GULLEDGE et al. 2012; LEI et al. 2014; X1A et
al. 2014; GUPTA et al. 2015; XU et al. 2015). The next
generation sequencing technology had been widely
applied to the genome and transcriptome sequencing
in the family Rosaceae. Presently, the whole-genome
sequences of ten plant species in the family Rosaceae
have been released, including the domesticated apple
— Malus x domestica (VELASCO et al. 2010), Fragaria
vesca (SHULAEV et al. 2011), Pyrus bretschneideri
(Wu et al. 2013), and Prunus persica(VERDE et al.
2013). Meanwhile, a large number of transcriptome
datasets (1752) for the family Rosaceae is available
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in the National Centre for Biotechnology Informa-
tion (NCBI) database. The studies conducted in
the family Rosaceae using transcriptome sequenc-
ing have provided an overall insight into the gene
expression profiles and candidate genes associated
with targeted phenotype (HYUN et al. 2014; SHIN
et al. 2016). The transcriptome analysis for specific
biological processes can provide basic information
for the further molecular analysis.

In this study, we applied RNA-seq to obtain tran-
scriptome data from the mixture samples for the
four developmental stages of both red-fleshed and
white-fleshed loquat fruits, and characterized gene
expression profiles in the two accessions with detailed
comparison of the transcripts related with carot-
enoid biosynthesis pathway. This study was applied
to discover candidate genes involved in carotenoid
biosynthesis and then detect potential SNP markers in
these candidate genes in red- and white-flesh loquat
cultivars. Our work will be useful for the elucidation
of genetic differences between red- and white-flesh
loquat fruits and further functional analysis of the
genes responsible for carotenoid accumulation.

MATERIAL AND METHODS

Plant material. Two loquat accessions were used
in the study: a wild type loquat with red-fleshed fruit
and a natural mutant loquat with white-fleshed fruit.
The loquat accessions used in the present experi-
ment were grown in the Abei Wenchuan Mountain
of Sichuan province in southwestern China. The fruit
samples were collected from two 15-years-old loquat
trees with close flowering time. The fruit samples of
the two loquat accessions were separately collected
from four developmental stages: 171, 175, 180, and
185 days after pollination. The fruit samples were
immediately frozen in liquid nitrogen. Total RNA was
extracted using TRIzol Reagent (Invitrogen, Waltham,
USA) (0.1 g tissue per 1000 ml TRIzol reagent), and
the RNA samples from the four developmental stages
were equally mixed based on the RNA quantity for
both loquat accessions.

Synthesis of cDNA and subsequent sequencing.
The purified mRNA was fragmented with bivalent
cations under a temperature gradient. These short
fragments were used as templates to synthesize first-
strand cDNA using random hexamer primers and
Superscript™ IIT (Invitrogen™, Carlsbad, USA).
Second-strand cDNA was then synthesized in a so-
lution containing buffer, ANTPs, RNaseH and DNA
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polymerase I. Second-strand cDNA was subsequently
purified using a QiaQiuck PCR extraction kit (Qiagen,
Hilden, Germany). EB (Elution Buffer) buffer was
used to resolve these short fragments for end repair
and poly(A) tail addition. The sequence adaptors
were linked to two ends of short cDNA sequences,
and suitably sized cDNA fragments were selected for
polymerase chain reaction (PCR) amplification based
on the agarose gel electrophoresis results. Finally, the
library established was sequenced with an Illumina
Hiseq™ 2000 system. The paired-end library was de-
veloped according to the protocol for the Paired-End
Sample Preparation kit (Illumina, San Diego, USA).

De novo assembly and annotation. De novo assem-
bly of the loquat transcriptome from the fruit tissues
was performed using Trinity, a short-read assembly
program, as described in HaAs et al. (2013). The
annotation for protein-coding unigene was done as
follows: unigenes were compared using BLAST against
the Nr database (NCBI non-redundant sequence
database) using an E-value cut-off of 10~ and then
against other protein databases, such as Swiss-Prot,
Clusters of Orthologous Groups (COG) and the Kyoto
Encyclopaedia of Genes and Genomes (KEGG), fol-
lowing the method used by FAN ef al. (2013).

Evaluation of loquat assembled expressed se-
quence transcriptome unigenes by comparison with
related species. A total of 383 expressed sequences
for loquat were downloaded from the NCBI database.
Gene sequences of the apple (Malus domestica)
genome were downloaded from Phytozome ver-
sion 8.0 (http://www.phytozome.net). Subsequently,
these downloaded sequences were used for align-
ment with the assembled unigenes from Eriobotrya
japonica transcriptome using an E-value cut-off of
107° (E value < 0.000 01).

Real-time qPCR assays. The primers used for
RT-qPCR are listed in Table 1. Real-time PCR was

performed following a standard SYBR Premix Ex
TaqTM kit (TaKaRa, Otsu, Japan) protocol in 96-
well optical plates (Axygen, Redwood, USA) using a
final volume of 10 pl. The reactions were incubated
in 0.2 ml tubes of a Mastercycler ep realplex4 (Ep-
pendorf, Hamburg, Germany) machine as follows:
95°C for 5 s, 55°C for 15 s and 68°C for 20 s. The
procedure ended by a melt-curve ramping from
60 to 95°C for 20 min to check the PCR specificity.
All qPCR reactions were carried out in biological
and technical triplicate. The final Ct values were
the means of nine values. The comparative expres-
sion levels of candidate genes involving carotenoid
biosynthesis were normalized to those of ACTIN.

Identification of single nucleotide polymor-
phisms between red- and white-fleshed accessions.
The Genome Analysis Toolkit Unified Genotyper
(GATK) was used to detect SNPs in the red- and
white-fleshed loquat cultivars. Default parameters
were used for the GATK software which assumed a
heterozygosis ratio of one every 1000 bp. Variants
detected with a quality less than 20 were deleted us-
ing the VCEF filter (McKENNA et al. 2010). The SNPs
found in candidate genes for carotenoid biosynthesis
were further validated by counting the percentage of
the nucleotides in the SNP locus; if the coverage reads
more than 30 and the variant nucleotide accounts
for 80% of the reads, the SNP loci are considered as
reliable SNP. The transcripts for these genes were
translated into amino sequences to catalogue sense
mutation and nonsense mutation.

RESULTS

RNA-seq and assembly quality statistics. The
RNA-seq datasets in this study were derived from
the two fruit mixtures for red-fleshed loquat and
white-fleshed loquat. The mixture of fruit sam-

Table 1. Primer information for four genes for carotenoid biosynthesis and used for qPCR analysis

Gene name 5'-3" sequence Tm (°C) Product length (bp)
F AGACAAATGAATATCACAAGACGCA 60.9

Unigene0028987 168
R GAGAGATGAGAAAGTTCCCAAGAGA 60.4
F CACTCGTGCATTTTCAGTGGAG 59.0

Unigene0007369 202
R TCTTCCCTCTCTTAATTTTTCTCAA 58.6
F AGTTGGACTCGTTAACTTCCTATCC 59.8

Unigene0034788 232
R CCAATTGTGTTCTTGTCACCCTT 60.7
F TTCAGACACCATCAATCTCTCTACTT 58.7

Unigene0024512 166
R ATCACAACACTTTCTTCTACTACTTCCA 59.9
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Table 2. Summary of RNA-seq and de novo assembly in
loquat fruits

Mean N50 Total
No. size size nucleotides
(bp)
Read 94.977 782 90 90 9497 778 200
Unigene 61 587 817 1282 50317 628

ples included four developmental stages with an
equal RNA quantity. In total, 94 million paired-end
reads were produced, with an average read length of
90 bp (Table 2, Figure 1). All clean reads from two
independent Illumina sequence runs for the two
RNA mixtures were deposited in NCBI (Submission
Number: SRS978982 and BioProject: PRINA281556).
De novo assembly for the two transcriptome datasets
has produced 71 032 contigs with the average tran-
script size of 851 bp and N50 of 1282 bp and 61 586
unigenes with the average length of 817 bp (Table 2).

The assembled transcripts (61 587 unigenes) were
aligned with available loquat expressed sequences
and closely related species in the family Rosaceae
downloaded from the NCBI database in July 2014 to
assess the accuracy of these transcripts (Figure S1 in
electronic supplementary material (ESM)). A total
of 63 517 gene sequences of the apple genome were
downloaded from Phytozome version 8.0 (http://
www.phytozome.net) and used for the sequence
alignments and subsequent estimation of the coverage
of the loquat transcriptome. Using a cut-off E-value
of 107, 1276 unigenes (1.8%) were aligned to the
downloaded loquat nucleotide sequences, and 76.5%
of the unigenes were aligned to the gene sequences
of the apple genome (Figure 2). Moreover, 86.4% of
the expressed sequences from loquat and 90.6% of
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Figure 1. Length distribution of the assembled unigenes in
red-fleshed and white fleshed loquat fruits
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gene sequences in the apple genome were matched
with unigenes with a percentage of 44% and 65% of
the unigene sequences that had an E-value less than
1e7%, respectively (Figure 2).

Functional annotation and classification of uni-
genes in loquat. The unigenes obtained in this study
were aligned with the five databases — Non-redundant
protein sequences (Nr), Swissprot, GO, COG and
KEGG databases using a cut-off E-value of 1e~® for
the gene function annotation. Of 61 587 unigenes,
a total of 44 710 (72.6%) were matched to the five
databases with the most unigenes (28 900 unigenes,
46.9%) annotated in the Swissprot database (Table 2).
In the Nr database, 21 461 unigenes were matched
to 404 species and the largest proportion of loquat
unigenes (19 820 unigenes) exhibited similarity to
the protein database for Fragaria vesca subsp. vesca.
The third number of unigenes was annotated by the
GO database.

Subsequently, GO terms were assigned to loquat
unigenes according to the matching result from the
GO database. A total of 19 344 unigenes (31.4%)
were classified into at least one GO term, of which
13 059 unigenes were in the biological process cat-
egory, 13 459 unigenes were in the cellular component
category and 14 139 unigenes were in the molecular
function category (Table 3 and Figure 3). Metabolic
process (10 562, 14.9%), cell (13 227, 18.6%) and cata-
lytic activity (8899, 12.5%) were the most abundant
GO categories in the biological process, cellular
component and molecular function categories, re-
spectively. Moreover, a large number of unigenes were
also assigned to the terms associated with biological
regulation (2780), cellular component organization
(2327), development (2769), establishment of lo-
calization (2707), localization (2837), multicellular

Table 3. Summary of the unigene annotation in loquat

Matched database No. of unigenes Percentage (%)
Nr 21 461 34.8
Swissprot 28 900 46.9
GO - biological process 13 059 21.2
Molecular function 14 139 23.0
Cellular component 13 459 21.9
GO - total 19 344 31.4
COG 15 354 24.9
KEGG 13 041 21.2
Total (cutoff evalue 1le™®) 44710 72.6
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Figure 2. Histogram of GO classifications of the assembled loquat unigenes

organismal process (2184), pigmentation (2009),
response to stimulus (4433), cell part (13 227), or-
ganelle (9961), organelle part (2518), binding (8322),
and catalytic activity (8899).

These unigenes were also used as query sequences
to BLAST against the COG protein database to further

evaluate the functionality of the loquat transcriptome
(Figure 3). For all unigenes, 15 354 (31.9%) were
grouped into 25 COG categories and the largest
proportion of unigenes (5017) was classified into
general function prediction, and then followed by
transcription (3114), post translation modification,
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Figure 3. Histogram of COG classification of the expressed sequences in loquat; here, 22 689 assembled unigenes were

clustered into 25 clusters
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protein turnover, chaperones (2537), replication,
recombination and repair (2392), signal transduction
mechanisms (2081), translation, ribosomal structure
and biogenesis (1932), carbohydrate transport and
metabolism (1692), function unknown (1630), cell
cycle control, cell division, chromosome portioning
(1370), cell wall/membrane/envelope biogenesis
(1223), and amino acid transport and metabolism
(1134) (Figure 3).

The unigenes were further mapped to the refer-
ence canonical pathways in KEGG to elucidate the
biochemical pathways in the loquat fruit develop-
ment. A total of 123 biosynthesis pathways were
predicted and the metabolic pathway was the largest
group (3131 unigenes), followed by biosynthesis of
secondary metabolic processes (1457 unigenes),
ribosome (637 unigenes), protein processing in en-
doplasmic reticulum (484 unigenes), RNA transport
(432 unigenes) and plant hormone signal transduc-
tion (406 unigenes).

Genes potentially involved in carotenoid biosyn-
thesis. We characterized the assembled unigenes with
regard to biochemical pathways related to carotenoid
biosynthesis because of the significant difference in
carotenoid contents between red-fleshed loquat and
white-fleshed loquat. Eight unigenes exhibiting high
similarity to phytoene synthase (PSY), which may
participate in converting two molecules of GGPP
to the colourless molecule phytoene, were identified
from the loquat transcriptomes (Table S1 in ESM).
Moreover, six unigenes and four unigenes have high
similarity to known zeta-carotene desaturase genes
(ZDS) and lycopene beta-cyclase genes (LCYB), re-
spectively. Unigene 0006261 was annotated as lyco-
pene e-cyclase (LCYE), which synthesizes a-carotene.
Subsequently, f-carotene can be hydroxylated to
produce lutein and zeaxanthin catalyzed by B-ring
hydroxylase (BCH/CRTRB) and zeaxanthin can be
transformed into violaxanthin by zeaxanthin epoxi-
dase (ZEP1I). Based on the transcriptomic data, seven
unigenes were annotated as BCH and fifteen unigenes
were identified as ZEP.

We predicted the amino acid sequence of these
expressed sequences using online software (http://
www.fr33.net/translator.php) to confirm whether
the identified unigenes involved in carotenoid bio-
synthesis are full-length or truncated cDNA. Then,
these predicted amino sequences were aligned with
Nr database (Table S2 in ESM). Based on the blastp
result, the first amino acid of nine unigenes was
matched to the start amino acid of reference genes
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and the full length of the amino acid sequences for
the expressed sequences varied from 336 to 604, with
an average length of 466. Almost all unigene amino
sequences showed high similarity and full length with
the amino acid sequences of the functional reference
genes involved in carotenoid biosynthesis except for
unigene 0034723 ({-carotene desaturase, ZDS) and
unigene 0006068 (ZDS).

Gene expression analysis for genes related with
carotenoid biosynthesis. Real-time quantitative
PCR was applied to detect gene expression changes
for four genes (unigene 0028987, unigene 0007369,
unigene 0034788, and unigene 0024512) during dif-
ferent developmental stages of the red-fleshed and
white-fleshed fruit of loquat (Figure 4). The end of the
linear carotenoid lycopene can be cyclized by lycopene
beta-cyclase. Unigene 0028987 (LCYB) had a higher
expression level in red-fleshed loquat compared to
that in white-fleshed loquat based on the RT-qPCR
result. Alpha-carotene and beta-carotene are hydroxy-
lated to produce lutein and zeaxanthin by the catalyz-
ing of beta-carotene hydroxylase (CRTRB, unigene
0007369) and epsilon-ring hydroxylase (CRTRB).
At the first developmental stage (171 days after pol-
lination (DAP)), the expression level of unigene
0007369 in white-fleshed loquat was significantly
higher (P = 0.003; P < 0.05) than that of red-fleshed
loquat (Figure 4). While at the other three stages
(175, 180 and 185 DAP), the expression levels were
close between red-fleshed and white-fleshed loquat.
Meanwhile, at the 171, 175, and 180 DAP stages, a
low expression level of unigene 0034788 was detected
in both red-fleshed and white-fleshed loquat. How-
ever, at the 185 DAP stage, unigene 0034788 (ZEP1I)
had a higher expression level in red-fleshed loquat.
Zeaxanthin can be transformed into violaxanthin
by zeaxanthin epoxidase and no significant expres-
sion level changes of unigene 0024512 (ZEPI) were
detected in red-fleshed and white-fleshed loquat at
the four developmental stages.

SNPs for candidate unigenes in red-fleshed and
white-fleshed loquat accessions. A total of 2,396 SNPs
were identified from 1,361 unigenes with an average
of 1.76 SNPs per unigene based on transcriptome data
from red-fleshed and white-fleshed loquat (Table S3 in
ESM). The number of SNPs in a single unigene varied
from 1 to 13 and 13 SNPs detected in unigene 0033613.
Twelve SNP types were identified between the red-
fleshed and white-fleshed loquat listed as A/G, G/A,
C/T, T/C, T/G, G/T, G/C, C/G, A/T, T/A, A/C, and
C/A. Among all SNPs (2396) detected in the unigenes,
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Figure 4. Expression changes of four identified full-length genes involved in carotenoid biosynthesis during different
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the majority of SNPs (87%) are nonsense mutations,
whereas the remaining 311 SNPs are sense mutations.

Eleven SNPs were detected in three candidate
genes involved in carotenoid biosynthesis. Ten SNPs
are nonsense mutations and only one SNP (ZEPI,
unigene 0024512) is a sense mutation that changed
the translated amino acid (Table S3 in ESM).

DISCUSSION

Loquat is an evergreen fruit tree and the red-fleshed
cultivars contain high vitamin A. There are two
specific kinds of loquat cultivars (red-fleshed and
white-fleshed loquat) which have natural variations in
carotenoid contents of the fruit. In this research, two

transcriptomes for fruit tissues of the two cultivars
have been obtained and a comprehensive analysis
has been conducted to reveal the expression profiles
and the sequence polymorphisms for the candidate
genes related with carotenoid biosynthesis. A total
of 61 586 unigenes were assembled from the tran-
scriptomes and 44 710 unigenes were annotated by
blast against Nr, Swissprot, GO, COG and KEGG
databases (Table 2). Among these annotated unigenes,
six key gene families involved in the pathway of ca-
rotenoid biosynthesis were identified as a number
of homologous genes in loquat: eight PSY, six ZDS,
four LCYB, one LCYE gene, seven BCH/CRTRB and
fifteen ZEP unigenes. The RT-qPCR for four can-
didate genes indicated different expression profiles
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in red-fleshed and white fleshed loquat cultivars.
These results suggest that the analysis based on
transcriptomes can provide key genes related with
the carotenoid biosynthesis in loquat.

The pathway of carotenoid biosynthesis has been
extensively studied (Lu & L12008), all genes involved
in this pathway have been isolated and analysed in
many species (BERTRAND 2010; GOMEZ-GARCIA &
OcHoA-ALEJO 2013; RODRIGUEZ-CONCEPCION &
STANGE 2013). The researches to reveal the mecha-
nism for the variation of carotenoid content have been
done in maize and demonstrated that the genetic
variation in the B-carotene hydroxylase gene - CR-
TRBI caused reduced transcript expression correlat-
ing with higher carotene concentrations (YAN et al.
2010). In previous research, the alternative splicing
of PSY gene affected the carotenoid contents (Fu et
al. 2014). In this study, the analysis of gene coding
sequences showed that only two transcripts of ZDS
genes were truncated. The expression analysis for
key genes in the carotenoid biosynthesis pathway
showed that unigene 0028987 (LCYB) and unigene
0034788 (ZEPI) had a higher expression level in
red-fleshed loquat compared to that in white-fleshed
loquat, while the expression level of unigene 0007369
(CRTRB) (P =0.003, P < 0.05) was higher in white-
fleshed loquat than that of red-fleshed loquat in the
171 DAP stage (Figure 4). It suggests that in red-
fleshed loquat cultivars containing more carotene
it may result from both more carotene produced by
the higher expression in LCYB genes and less caro-
tene converted because of the low the expression
of CRTRB gene.

From the transcriptome comparison between
red-fleshed and white-fleshed loquats, a total of
2396 SNPs (1361 unigenes) were identified from the
fruit transcriptomes of red-fleshed and white-fleshed
loquat cultivars and the majority of the SNPs (87%)
caused nonsense changes in protein coding (Table S2
in ESM). For the genes in the carotenoid biosynthesis,
11 SNPs were detected and a sense mutation was
found in ZEP1. Since the ZEPI gene is related with
carotene further converted to other components and
this SNP may related with the carotene accumulation
in loquat. In further research, the catalysis efficiency
for this gene should be analysed.

In this research, we characterized the variations
of the expression level and transcript sequence for
the genes related with carotenoid biosynthesis. The
expression levels for genes in the pathway of carot-
enoid biosynthesis in red-fleshed loquat are higher
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than in white-fleshed loquat. The majority of SNPs
identified between the two loquat cultivars were
nonsense mutations and one out of eleven SNPs
in candidate genes was a sense mutation. All these
results will be useful for the elucidation of genetic
differences between red- and white-fleshed loquat
fruits and further functional analysis of the genes
responsible for carotenoid accumulation.
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