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Abstract
Camellia oleifera is an important woody plant producing healthy edible oils. People need a large
number of molecular markers, especially microsatellite, in breeding of C. oleifera. In this study, we
sequenced the root transcriptomes ofC. oleifera, and then designed a novel set of microsatellitemar-
kers based on the root-expressed genes. We assembled a total of 57,121 unigenes with a length of
42.63 Mb, which harboured 15,902 microsatellites. Among these microsatellites, di-nucleotide re-
peat motifs were the most abundant group (56.45%), then followed by tri- (25.20%), mono-
(12.12%), hexa- (3.21%), penta- (2.18%) and quad-nucleotide ones (0.84%). In total, 6738 primer
pairs were designed successfully to amplify the microsatellite loci. To test these microsatellite mar-
kers, 48 primer pairs were randomly selected and synthesized and validated in C. oleifera and its
eight relatives. Up to 75% of the primer pairs amplified in C. oleifera and its relatives, and 62.5%
displayed polymorphism. The transferability and diverse alleles across its eight relatives were de-
tected for each polymorphic primer pair. The novel set of microsatellites derived from the root tran-
scriptomes here provided a useful resource for future molecular genetics improvement of C. oleifera
and its relatives.
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Introduction

Camellia oleifera is one of the most important healthy oil-
bearing tree species. It has the highest total yields and

acreage in China (Zhuang, 2008). It is very important to in-
crease the yield of C. oleifera to meet Chinese people’s in-
creasing requirement for edible oils. Variety improvement
through molecular breeding, a promising method to breed
elite varieties with precision and efficiency (Philips, 2006;
Xu, 2010), is the key factor to increase yields (Chen et al.,
2005; Zhuang, 2010; Shi et al., 2011; Tan et al., 2012).
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Microsatellite is a kind of codominant, multi-allelic, even
covering and high genetic informational marker (Powell
et al., 1996; Varshney et al., 2005a), therefore is very useful
in molecular breeding (Chen et al., 2016; Wang et al.,
2017). Microsatellite markers of C. oleifera have been de-
veloped from the transcriptomes of several tissues, e.g.
shoots, leaves, buds and flowers, through 454 GS-FLX plat-
form (Xia et al., 2014) or Illumina HiSeq 2000 platform
(Chen et al., 2017). However, these microsatellite sites
were not validated by experiments. Microsatellites in the
transcriptomes of leaves and seeds were also detected,
then used in genetic diversity (Li et al., 2017) and transfer-
ability of these microsatellites across two relatives were
evaluated (Jia et al., 2014, 2015).

The formation of different tissues was determined by dif-
ferential expression and interaction of large numbers of
genes (Slovak et al., 2016; Drapek et al., 2017). The defi-
ciency of markers from root transcriptomes may limit the
molecular breeding of root-related traits. Hence, here we
developed a novel set of microsatellites from root transcrip-
tomes of C. oleifera, and then reported the transferability of
these markers to its relatives in genus Camellia.

Experimental

The root samples were collected from tissue cultured plants
(‘Cenruan No.3’) at the three key time points, i.e. the se-
cond day after shoot induced in rooting medium (T1), the
14th day after induced (root point appearance) (T2) and
the 50th day after induced (root growth) (T3). The RNA
extraction, cDNA library construction and Illumina
paired-end sequencing were carried out. After removing
low-quality reads, adaptors, possible contaminations and
ribosomal RNA sequences, the clean reads were assembled
into unigenes using Trinity (Grabherr et al., 2011).
Microsatellites were identified in the assembled unigenes
using MISA script (Thiel et al., 2003) against the criteria
as follows: a minimum of 12, 6, 5, 5, 4 and 4 times of repeats
for 1–6 nucleotide motifs, respectively. Primer pairs cover-
ing the microsatellites were designed by Primer 3. Forty-
eight primer pairs (online Supplementary Table S1) were
randomly selected and synthesized for validation and
application.

A total of 18 accessions (Table 1) from C. oleifera (three
accessions) and its eight relatives (15 accessions) were
sampled for validation and transferability. Their genomic
DNAs were extracted respectively with a modified CTAB
method. SSR-PCRs were performed in a volume of 10 µL
containing 20 ng of DNA, 0.25 µmol/L of each primer,
5 µL 2 × Taq PCR MasterMix and 2 µL ddH2O. The
SSR-PCRs were 94°C for 4 min; 32 cycles of 94°C for 45 s,
60°C for 45 s and a 72°C extension for 45 s; followed by a
final extension at 72°C for 7 min. The PCR products were

separated by 6.0% non-denatured polyacrylamide gels,
visualized via silver staining according to the previous
reports (Wang et al., 2014, 2017).

The genetic diversity parameters including the number
of alleles (Na), the effective number of alleles (Ne),
observed heterozygosity (Ho), expected heterozygosity
(He) and Shannon’s index (I) were calculated via
GenAlEx version 6.5 (Peakall and Smouse, 2012).

Discussion

A total of 58,656,354 raw reads were generated from the
root transcriptomes, and 55,072,968 clean reads were

Table 1. The accessions of Camellia species used in this
study

Species Accessions
Number of
accessions

Camellia oleifera PTYC, CL23, CL04 3
Camellia
chrysantha

JHC03, JHC02 2

Camellia
gigantocarpa

BBDGYC 1

Camellia japonica RBHSC 1
Camellia
meiocarpa

XGYC 1

Camellia
nanyongensis

NRYC 1

Camellia
osmantha

XHYC, YA02 2

Camellia
polyodonta

WTHHYC 1

Camellia
vietnamensis

NZSS, NZ01, GS01, HG01,
ND06, LCDGYC

6

Fig. 1. Frequencies of microsatellites in Camellia oleifera root
transcriptomes according to unit size.
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assembled into 57,121 unigenes with a total length of
42,633,606 nt, and the N50 of 1174 nt.

A total of 12787 sequences with 15,902 microsatellites
were identified from 57,121 unigenes. Di-nucleotide re-
peats were the most abundant group (56.45%), then fol-
lowed tri- (25.20%), mono- (12.12%), hexa- (3.21%),
penta- (2.18%) and quad-nucleotide (0.84%) (Fig. 1). The
microsatellite-containing sequence percentage in this
study was higher than that (9–10%) of transcriptomes
from many other tissues reported previously (Xia et al.,
2014; Jia et al., 2015; Chen et al., 2017) and slightly lower
than that (26.75%) of SSR developed from leaf

transcriptomes (Li et al., 2017). Although the tissue and
identification criteria were the same, the proportions of
microsatellite-containing sequences in transcriptomes
were different. As to repeat motif frequencies, our results
agreed to previous reports that the most frequent motif
was di-nucleotides, followed by tri-nucleotides, and other
motif frequencies were lower than 5% (Xia et al., 2014;
Jia et al., 2015; Li et al., 2017). However, percentages of
motif frequencies and microsatellite-containing sequences
were different, perhaps because of the factors such as
different materials, dataset size and detection criteria
(Varshney et al., 2005b).

We then designed 6738 primer pairs. Forty-eight primer
pairs were randomly selected and synthesized. Of the
synthesized primers, 12 (25%) could not produce any
amplicons in all species, and six (12.5%) were mono-
morphic. The remaining (62.5%) were codominant and
polymorphic.

Each primer had different transferring ability across
Camellia relatives (online Supplementary Table S1).
There were 15 primers with transferring abilities of more
than 75%, and only two pairs were <50%. We found that
only one pair (CoSSR10) amplified across all relative
species.

The relationship among the species in this studywas also
suggested by the transferability (online Supplementary
Table S1). These primers had the highest proportion amp-
lified in Camellia vietnamensis (96.67%), and the lowest
one in Camellia nanyongensis and Camellia polyodonta
(10%). This suggested that C. vietnamensis was the closest
relative to C. oleifera, and C. nanyongensis and C. polyo-
donta seemed to be the most distant species from C.
oleifera.

Genetic diversity of all samples was revealed (Table 2).
The average of Na and Ne was 4.10 and 2.93. The average
of Ho and He was 0.53 and 0.60. I ranged from 0.24 to 1.83,
with an average of 1.12.

The novel set of microsatellites here provided a useful
tool for molecular genetic improvement in C. oleifera and
its relatives.

Supplementary material

The supplementary material for this article can be found at
https://doi.org/10.1017/S1479262119000066
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Table 2. Genetic diversity parameters of Camellia samples
based on microsatellites

Locus N Na Ne I Ho He

CoSSR1 15 5 3.81 1.43 1.00 0.74
CoSSR2 12 5 2.80 1.20 0.58 0.64
CoSSR3 15 7 4.21 1.65 0.60 0.76
CoSSR4 9 7 5.79 1.83 0.44 0.83
CoSSR5 17 3 1.61 0.68 0.47 0.38
CoSSR6 10 6 3.45 1.47 0.40 0.71
CoSSR10 18 2 1.80 0.64 0.67 0.44
CoSSR11 16 4 2.26 0.92 0.75 0.56
CoSSR12 17 3 2.25 0.91 0.76 0.56
CoSSR14 15 3 2.41 0.95 0.67 0.58
CoSSR16 15 2 1.14 0.24 0.00 0.12
CoSSR21 13 3 2.89 1.08 0.46 0.65
CoSSR23 14 4 2.47 1.08 0.57 0.59
CoSSR25 14 3 2.90 1.08 0.71 0.66
CoSSR26 14 4 2.14 0.99 0.50 0.53
CoSSR27 14 3 2.90 1.08 0.79 0.66
CoSSR28 7 5 4.26 1.51 0.14 0.77
CoSSR29 6 6 4.80 1.68 0.33 0.79
CoSSR30 14 4 3.19 1.27 0.71 0.69
CoSSR32 14 3 2.56 1.00 0.79 0.61
CoSSR34 14 3 2.67 1.04 0.50 0.63
CoSSR37 9 5 3.12 1.35 0.67 0.68
CoSSR38 7 6 4.08 1.57 0.71 0.76
CoSSR39 10 5 4.35 1.54 0.20 0.77
CoSSR40 9 6 2.84 1.38 0.67 0.65
CoSSR41 9 6 3.95 1.54 0.56 0.75
CoSSR42 10 3 2.38 0.94 0.40 0.58
CoSSR45 10 3 2.25 0.94 0.40 0.56
CoSSR46 10 2 1.22 0.33 0.20 0.18
CoSSR50 4 2 1.28 0.38 0.25 0.22

N, number of samples; Na, number of alleles; Ne, number of
effective alleles; Ho, observed heterozygosity; He, expected
heterozygosity; I, Shannon’s index.
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