






biloba, and Gnetum gnemon). Phylogenetially, C. debaoensis is
closest to C. rumphii, next to Z. vazquezii, Ginkgo biloba, and last to
Gnetum gnemon.

Accordingly, C. rumphii and C. debaoensis had the highest
matches in 1354 sequences (45.4%). The similarity results indicate
that 45.4% of C. debaoensis genes discovered are homologues
(orthologs) of C. rumphii genes and may have originated from a
common ancestor. Ginkgo biloba followed, with 436 (14.6%) unique
sequence similarities. The number of unique C. debaoensis se-
quences that were similar to Z. vazquezii PUTs was 429 (14.4%).
Ginkgo biloba had higher similarity than Z. vazquezii since the EST
resource generated for Ginkgo biloba (10,210 PUTs) is much larger
than that of Z. vazquezii (7,657). Only 50 (1.7%) sequences had

statistically significant similarity between C. rumphii and Gnetum
gnemon (Fig. 5).

3.6. Simple sequence repeats

A total of 94 different 2e6 nucleotide repeats were developed
from unigenes obtained in this experiment (Table 3). Trinucleotide
repeats were the most frequent (46, 49%), followed by dinucleotide
repeats (38, 40%), tetranucleotide repeats (8, 8.5%), pentanucleotide
repeats (1, 1.1%), and hexanucleotide repeats (1, 1.1%). Among the
various SSRs, AG/CT repeats were the most abundant (23, 24.5%),
followed by AAG/CTT (10, 10.6%), and ATC/ATG (9, 9.6%). Our results
are in agreement with previous studies that have shown that

Fig. 2. Venn diagram of annotation results against Nr, Swiss-Prot, COG, and KEGG databases. The numbering each color block indicates the number of unigenes that is annotated by
single or multiple databases.

Fig. 3. GO analysis and functional classification of the C. debaoensis unigenes.
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Fig. 4. COG functional classification of the C. debaoensis unigenes.

Table 2
Estimation of gene expression: unique EST sequences with >10 ESTs.

Putative protein identification Number of ESTs Number of unique ESTs

Metallothionein-like protein EMB30 470 90
Protein DJ-1 homolog D 101 26
Antifungal protein ginkbilobin-2 55 17
Germin-like protein 9-3 50 19
Ubiquitin-conjugating enzyme E2 28 42 10
Glycine cleavage system H protein, mitochondrial 38 6
WAT1-related protein At5g07050 23 4
Glucoamylase 23 5
Protein early responsive to dehydration 15 17 1
Chitotriosidase-1 15 7
High mobility group B protein 1 14 2
Clavaminate synthase-like protein At3g21360 14 6
Subtilisin-like protease SDD1 13 4
Retrovirus-related Pol polyprotein from transposon TNT 1-94 13 13
Probable aquaporin PIP2-8 12 7
Flavanone 3-dioxygenase 11 3
Small nuclear ribonucleoprotein E 10 1
Probable aquaporin PIP1-5 10 1
Non-functional NADPH-dependent codeinone reductase 2 10 4
Membrane steroid-binding protein 2 10 1
EndochitinaseA2 10 2
EC protein homolog 1 10 3

Fig. 5. Conservation between PUT sequences of C. debaoensis and other gymnosperms.
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angiosperms and gymnosperms have a higher abundance of AG/CT
and AAG/CTT motifs. These sequences are also known methylation
targets in plants (Ranade et al., 2014). In gymnosperms, some
studies report the AG/CT motif as the most abundant in Cycas (von
Stackelberg et al., 2006) and Gnetum (Victoria et al., 2011). In other
studies, the AAG/CTT motif has been shown to be the most abun-
dant trimer in Picea (Rungis et al., 2004) and Cycas (von Stackelberg

et al., 2006). Finally, 60 pairs of primers were designed for PCR
amplification. Of these primer pairs, 20 successfully amplified the
target regions using genomic DNA of C. debaoensis (Table 4). As
newly developed molecular markers, they provide valuable re-
sources for the population and conservation genetics of
C. debaoensis and other cycads.

3.7. Potential candidate RLK genes involved in signaling in
symbiosis and defense

The receptor-like protein kinase (RLKs) is the main receptor for
plantextracellular signals (Shiuet al., 2004; Shiu andBleecker, 2003).
Plant RLKs function in diverse signaling pathways, including the re-
sponses tomicrobial signals in symbiosis anddefense (Antolínllovera
et al., 2012). Because the cDNA librarywas constructed fromcoralloid
root tissues, genes involved in plantemicrobe interactions were ex-
pected to be expressed. In this study, we focus on RLKs involved in
plantemicrobe interactions. Three typesof theRLKshighlightedhere
include the leucine-rich repeat (LRR) type, lysin-motif (LysM) type,
and lectin (Lec) domain type. The LRR-RLKs contain a tandemly
repeated (9e26) Leu-rich motif, which plays an important role in
plant development, defense symbiosis, and other biological pro-
cesses (Liu et al., 2017). RLKs with lysin-motif (LysM) ectodomains
confer recognitional specificity toward N-acetylglucosamine-con-
taining signalingmolecules, such as chitin, peptidoglycan (PGN) and
rhizobial nodulation factor (NF), which induce immune or symbiotic

Table 3
Type and number of nucleotide repeats in SSRs.

Repeats motif Number of repeats total

5 6 7 8 9 10 >10

AC/GT e 2 3 1 1 e 7
AG/CT e 14 4 e 1 2 2 23
AT/AT e 5 2 e 1 e e 8
AAC/GTT 3 1 e e e e 4
AAG/CTT 6 2 1 e 1 e e 10
AAT/ATT 4 3 e e e e e 7
ACG/CGT 2 e e e e e e 2
AGC/CTG 4 2 1 e e e e 7
AGG/CCT 3 3 1 e e e e 7
ATC/ATG 5 1 1 1 1 e e 9
AAAT/ATTT 6 e e e e e e 6
AATT/AATT 1 e e e e e e 1
ACAT/ATGT 1 e e e e e e 1
AAAAT/ATTTT e 1 e e e e e 1
ACAGCC/CTGTGG 1 e e e e e e 1
Total 36 34 13 2 4 3 1 94

Table 4
Characteristics of 20 SSR loci designed from an EST library of C. debaoensis.

Locus Primer sequence (50e30) Repeat motif product size (bp) Ta (� C) GenBank Accession No.

Cdb01 F:CGCCCCATTTTAGATCTCTC
R:AAACGATGTGAGCCAAAACC

(TC)6 155 55 JZ918061

Cdb02 F:CAATGCCAACGCTGTGTCTA
R:CCCTCAACCTGCAATTTCTC

(CAT)9 222 57 JZ918389

Cdb04 F:TTGCACCTGCCATTAGTCAA
R:TGATCGGTCTCAACAGGTAATG

(AATA)5 196 55 JZ918792

Cdb05 F:TTGCACCTGCCATTAGTCAA
R:TGATCGGTCTCAACAGGTAATG

(AATA)5 196 55 JZ919036

Cdb07 F:ATCCAAGCTAAAGGGTTCGG
R:TGAACTGCTGCTGCTATAAAAA

(TGA)5 141 55 JZ919105

Cdb08 F:CGACTGATCTCGTCCCAAAT
R:AGACATAATCCGCCACGAAG

(GA)6 221 57 JZ920586

Cdb09 F:AAATCCAAGCCAAAGGGTTC
R:CCCCCAACAACAACTGAACT

(TGA)5 157 55 JZ921520

Cdb11 F:TTGCACCTGCCATTAGTCAA
R:TGATCGGTCTCAACAGGTAATG

(AATA)5 196 55 JZ921918

Cdb12 F:CCTGTACCAGGGACGAAGAA
R:CCCTCAACCTGCAATTTCTC

(CAT)8 273 57 JZ922529

Cdb13 F:CGGACCCTCAATGTGTCTTT
R:CAGCAGCCAAATGAGCACTA

(CT)6 163 57 JZ920486

Cdb18 F:ATTGTATATGCAGCAGCCCC
R:CAAGACCACGCGTTGAGATA

(GCA)6 265 57 JZ920178

Cdb19 F:ATTGTATATGCAGCAGCCCC
R:CAAGACCACGCGTTGAGATA

(CCT)7 265 57 JZ920178

Cdb33 F:AAGTTCCGTGCCAACCATAA
R:GATCTGCTGCCTTCACCTTC

(ATA)5 164 55 JZ918520

Cdb45 F:TGGATTCATGAGCATTGGAA
R:TAATGCAAACAGGGCAATGA

(CAT)5 148 53 JZ920472

Cdb48 F:AAGCCAAAAAGGGCAAGATT
R:CTTCTACTTCGCCCCTCCTT

(CAA)5 186 53 JZ921258

Cdb50 F:TACTTACAGCAGGGGGAAGG
R:CACATGACAGAGGTCTAGTGGG

(TATG)5 263 59 JZ921416

Cdb53 F:TCTGTAGCGAGTTTGGGGTT
R:CCGCTAAGATTGCCACATTT

(TAT)6 255 55 JZ921726

Cdb54 F:TACATCAGGCAATGGCAAAA
R:TGCAAACTCCAATAATTCAAGAGA

(AT)7 259 53 JZ922036

Cdb55 F:CCTCCGAGGAACACAAACAT
R:ATATCGCCCTCGCTCCTAAT

(AAG)7 241 57 JZ922127

Cdb56 F:ATCGGTCTCAACTTGGATGC
R:CGTCGTTCTCCCGAGTTTTA

(TC)10 261 57 JZ922158
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responses (Antolínllovera et al., 2012). The lectin receptor-like ki-
nases (LecRLKs) possess a characteristic extracellular carbohydrate-
binding lectin domain. LecRLKs play important roles in plant devel-
opment and innate immunity (Vaid et al., 2013; Prashant and
Laurent, 2013). Using this database, we identified a total of 22 ESTs
that encoded putative RLK genes (LRR-RLKs, LysM-RLKs, and
LecRLKs), which play a variety of important defensive and symbiotic
roles in plantemicrobe interaction (Table 5). Further study of these
genes will help us to understand the signaling pathways leading to
symbiosis and defense.

4. Conclusions

This study is the first to successfully construct high quality cDNA
library using RNA derived from coralloid roots of C. debaoensis. We
have obtained 2984 unigenes, including 641 sequences with no
nucleotide similarity with public databases. These sequences are an
important addition to existing databases. We have identified highly
expressed genes (mainly stress-responsive genes and anti-
microbial genes). A total number of 94 SSR loci were detected, of
which 20 loci were successfully amplified in C. debaoensis. These
SSR markers can be used for various population and conservation
genetics studies of C. debaoensis and other cycads. The cDNA library
also provides an excellent resource for discovering genes involved
in signaling in symbiosis and defense. A total of 22 ESTs that
encoded putative receptor-like protein kinase (RLK) genes were
identified.
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