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and lignin biosynthesis
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Abstract

Background: Chinese fir (Cunninghamia lanceolata) is an important timber species that accounts for 20–30% of the
total commercial timber production in China. However, the available genomic information of Chinese fir is limited,
and this severely encumbers functional genomic analysis and molecular breeding in Chinese fir. Recently, major
advances in transcriptome sequencing have provided fast and cost-effective approaches to generate large
expression datasets that have proven to be powerful tools to profile the transcriptomes of non-model organisms
with undetermined genomes.

Results: In this study, the transcriptomes of nine tissues from Chinese fir were analyzed using the Illumina HiSeq™
2000 sequencing platform. Approximately 40 million paired-end reads were obtained, generating 3.62 gigabase
pairs of sequencing data. These reads were assembled into 83,248 unique sequences (i.e. Unigenes) with an
average length of 449 bp, amounting to 37.40 Mb. A total of 73,779 Unigenes were supported by more than
5 reads, 42,663 (57.83%) had homologs in the NCBI non-redundant and Swiss-Prot protein databases, corresponding
to 27,224 unique protein entries. Of these Unigenes, 16,750 were assigned to Gene Ontology classes, and 14,877
were clustered into orthologous groups. A total of 21,689 (29.40%) were mapped to 119 pathways by BLAST
comparison against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The majority of the genes
encoding the enzymes in the biosynthetic pathways of cellulose and lignin were identified in the Unigene dataset
by targeted searches of their annotations. And a number of candidate Chinese fir genes in the two metabolic
pathways were discovered firstly. Eighteen genes related to cellulose and lignin biosynthesis were cloned for
experimental validating of transcriptome data. Overall 49 Unigenes, covering different regions of these selected
genes, were found by alignment. Their expression patterns in different tissues were analyzed by qRT-PCR to explore
their putative functions.

Conclusions: A substantial fraction of transcript sequences was obtained from the deep sequencing of Chinese fir.
The assembled Unigene dataset was used to discover candidate genes of cellulose and lignin biosynthesis. This
transcriptome dataset will provide a comprehensive sequence resource for molecular genetics research of C.
lanceolata.
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Background
Chinese fir (Cunninghamia lanceolata (Lamb.) Hook),
an evergreen conifer belonging to the Cupressaceae
family, is native to southern China and is also distributed
in northern Vietnam. Because it is fast growing, has
desirable wood properties and is high yielding, it has
been widely cultivated for over 3000 years. Chinese fir
accounts for 20–30% of the total commercial timber pro-
duction in China [1].
The systematic breeding of Chinese fir, begun in the

1960s, including the provenance test, cross-breeding
and clonal selection, has achieved remarkable successes.
A large number of elite germplasms have been collected,
and first, second and third generation seed orchards have
been established. However, some biological characteris-
tics inherent in Chinese fir, such as long generation
time, great tree height, high genetic load and inbreeding
depression [2], have seriously hindered progress in the
nurturing of new varieties through conventional improved
technologies. Modern molecular biology presents a novel
approach and strategy to accelerate the genetic improve-
ment of Chinese fir by molecular breeding programs
based on deciphering the molecular genetic basis of tar-
get traits. In contrast to the successful application of
molecular breeding in crop species, such as rice, corn
and cotton, because of the lack of genomic information
and genetic tools, similar research in Chinese fir still
lags behind.
Wood formation is an essential but highly complicated

biological process derived from plant secondary growth
in woody plants. In previous studies, the expression pro-
files of wood formation have been characterized by EST
(expressed sequence tags) sequencing and microarry
hybridization in poplar [3-6], Eucalyptus [7,8], Pinus
[9,10] and spruce [11]. Some structural genes and import-
ant transcription regulators involved in secondary growth
were also identified, such as genes encoding the key
enzymes in monolignol and cellulose biosynthetic path-
ways (reviewed in [12-15]), R2R3-MYB transcription fac-
tors and NAM/ATAF/CUC (NAC) family genes (reviewed
in [16,17]). In Chinese fir, there were few reports on
molecular mechanism of wood formation. For example,
several hundreds of ESTs were obtained through sup-
pression subtractive hybridization (SSH), which prefer-
entially expressed in differentiating xylem of Chinese fir
[18,19]. However, the underlying molecular mechanism
of wood formation remains to be elucidated, especially
for Chinese fir. It is undoubtedly helpful and meaningful
to explore transcriptome for further molecular improve-
ment on this non-model plant.
RNA-Seq, dubbed “a revolutionary tool for transcrip-

tomics”, refers to the use of next generation sequencing
platforms to sequence cDNA in order to get information
about a sample’s RNA content [20]. Thanks to a single-
base resolution and deep coverage, RNA-Seq provides
researchers with an efficient way to measure transcrip-
tome data experimentally. This simplifies the identification
of transcription start sites, new splicing variants and rare
transcripts, and allows allele expression to be monitored
[20,21]. Furthermore it allows the direct transcriptome
analysis of non-model organisms, and has been success-
fully applied to non-model organisms recently [22-31].
In the present study, we have used Illumina paired-end

sequencing technology to characterize the transcriptome
of Chinese fir. The coverage of the transcriptome, at
3.62 gigabase pairs (Gbp), was comprehensive enough to
discover the majority of the known wood formation
genes. This transcriptome dataset will serve as a publicly
available information platform for future gene expression,
genomic, and functional genomic studies in Chinese fir.

Results
Illumina paired-end sequencing and de novo assembly
To comprehensively cover the transcriptome of Chinese
fir, total RNA was extracted from nine different tissues:
young leaves, mature leaves, young roots, cones, non-
lignified stems, lignifying stems, bark, immature xylem
and xylem. Using Illumina HiSeqTM 2000 sequencing
technology, a total of 40,217,146 clean reads with an
average length of 90 bp long were obtained from one
plate (8 lanes) of sequencing, generating approximate
3.62 gigabase pairs (Gbp) of data. Of the clean reads data,
94.37% (3.42 Gbp, data not shown) had Phred-like quality
scores at the Q20 level (an error probability of 0.01). All
high-quality reads were assembled de novo using the
short reads assembling program SOAPdenovo [32]. This
produced 199,524 contigs (amounting to 46.79 Mbp)
with an average length of 235 bp. The length of contigs
ranged from 75 to 5,144 bp, and 65.92% of the contigs
were more than 100 bp long (Table 1).
The contigs were assembled into scaffolds using

paired-end joining. As a result, 108,786 scaffolds were
obtained with an average length of 375 bp and including
9,285 scaffolds longer than 1,000 bp (Table 1). Although
85.22% scaffolds had no gaps, roughly 532,236 bp gaps
(1.42% of the total unique sequences) remained unclosed
(See Additional file 1). To shorten the remaining gaps
further, read pairs that had one end well aligned on the
contigs and the other end located in the gap regions
were retrieved using the paired-end information, then, a
local assembly was done with the collected reads to fill
in the small gaps within scaffolds. The gap-filled scaffolds
were clustered and assembled to get sequences with least
Ns and cannot be extended on either end. Such unique
sequences are defined as Unigenes. In this step, a length
equivalent to nine-tenths of the gaps was filled, and a
total length of only 12,175 bp gaps (0.03% of total unique
sequences) remained unclosed. The distribution of the



Table 1 Length distribution of assembled contigs,
scaffolds and Unigenes

Nucleotide length (bp) Contigs Scaffolds Unigenes

75-100 68000 425 0

101-200 63846 46435 21289

201-300 29886 24243 24376

301-400 12723 10954 10941

401-500 7061 6508 6463

501-600 4368 4226 4242

601-700 3013 3010 2987

701-800 2138 2137 2150

801-900 1500 1650 1627

901-1000 1270 1434 1431

1001-1100 1010 1108 1105

1101-1200 870 965 959

1201-1300 691 781 786

1301-1400 598 788 783

1401-1500 469 584 584

1501-1600 362 481 468

1601-1700 312 457 471

1701-1800 237 360 360

1801-1900 213 329 332

1901-2000 185 307 302

2001-2100 148 254 254

2101-2200 114 195 197

2201-2300 102 194 187

2301-2400 72 157 159

2401-2500 68 143 144

2501-2600 46 100 93

2601-2700 49 91 91

2701-2800 29 70 73

2801-2900 29 69 66

2901-3000 23 42 41

>3000 92 289 287

Total 199,524 108,786 83,248

Minimum length (bp) 75 100 150

Maximum length (bp) 5144 5144 5144

Average length (bp) 235 375 449

Total nucleotide length (bp) 46,788,615 40,835,227 37,402,485
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remaining gaps is shown in Additional file 1. Overall
83,248 Unigenes were obtained with an average length of
449 bp, and a combined length of 37.40 Mb (Table 1).
The lengths of the assembled Unigenes ranged from
150 to 5,144 bp; 20,179 Unigenes were ≥500 bp and
7,742 were ≥1,000 bp (Table 1). The length distribution
of the Unigenes was similar as that of the Scaffolds,
that is, the majority were the shorter sequences.
To further evaluate the quality of the assembled
Unigenes, all the high-quality reads that were used in
the assembly were realigned to the Unigenes using
SOAPaligner [33] allowing up to 3 base mismatches. The
sequencing depth ranged from 0.6 to 3,163 fold, with an
average of 33.56 fold. About 88.6% of the Unigenes were
supported by more than 5 reads, 33.1% were supported
by more than 100 reads, and approximate 5% were sup-
ported by more than 1,000 reads (Additional file 2). At
the same time, sequencing bias was analyzed by detecting
the random distribution of reads in the assembled Uni-
genes. Although the 5’ and 3’ ends of all the assembled
Unigenes contained relatively fewer numbers of reads,
other positions (0.2–0.8) of all assembled Unigenes
showed a greater and more even read distribution (Add-
itional file 2). These findings are roughly consistent with
the results of previous studies [28,29], suggesting that the
quality of our data is comparable to similar data of other
non-model plants. To further assess the transcript cover-
age and to estimate how the coverage depth affected the
assembly of the Unigenes, the reciprocal TBLASTX was
performed, and the correlation between the ratios of the
assembled UniGene lengths to the lengths of Spruce
orthologs and coverage depth were surveyed using a scat-
ter plot. Although many of the Chinese fir Unigenes failed
to cover the complete coding regions of their Spruce
orthologs, most of coding region of each of the Spruce
orthologs could be covered by corresponding Unigenes
(Figure 1a). It is worth noting that increased coverage
depth can, to some extent, contribute to higher coverage
of the coding regions. Moreover, in many cases, more
than one Unigene covered different regions of a Spruce
ortholog. By plotting the cumulative percent of Spruce
orthologs covered by all the obtained Unigenes we found
that only 400 of the orthologs were covered by >80%,
6,243 of the orthologs were covered by 40% to 80%, and
around 10.17% of the orthologs were covered by only
20% or less (Figure 1b). These results indicate that add-
itional sequencing is essential for a more comprehensive
coverage of the Chinese fir transcriptome.

Functional annotation based on searches against public
databases
Database searches
To validate and annotate the assembled Unigenes, two
levels of sequence similarity searches were conducted
using sequence-based and domain-based alignments.
The sequence-based alignments were performed against
the NCBI non-redundant protein (NR) database, the
Swiss-Prot protein database, and the Kyoto Encyclopedia
of Genes and Genomes database (KEGG) using the
BLASTX algorithm [34-38] with an E-value threshold of
1e-5. The domain/family searches were conducted against
the Clusters of Orthologous Groups (COGs) database at



Figure 1 Comparison of Chinese fir Unigenes to orthologous
Spruce coding sequences. (a) The ratio of Chinese fir Unigene
lengths to Spruce ortholog lengths plotted against the coverage
depth of the Chinese fir Unigenes. (b) Total percent of the lengths
of the Spruce ortholog coding sequences that were covered by the
Chinese fir Unigenes.

Table 2 Summary of database matches for the Chinese fir
Unigenes

Sequences
(n)

Annotations
(n)

Functional
classification

All searched Unigenes 73,779

Hits against plant
proteins of NR

41,902 41,902

Hits against Swiss-Prot 30,803 30,803

Hits against KEGG 21,689 21,689 119 pathways

Hits against COG 14,877 25,483 25 categories

GO annotations for NR
protein hits

16,750 81,866 3 main categories

44 sub-categories

All annotated
Unigenes

42,799

Unigenes matching all
four databases

12,080
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NCBI using BLASTX. The E-value thresholds were also
set at 1e-5. Of 73,779 Unigenes with mapped reads
greater than 5, 42,799 (58.01%) were found against at
least one of the searched databases; 12,080 (16.37%) had
significant matches in all four databases. The numbers
of best BLASTX and domain hits for the Unigene
sequences in each of the databases are summarized in
Table 2.

Annotation of predicted proteins
To assign gene name, coding sequence (CDS), and pre-
dicted protein annotations to the Unigene sequences,
first the results of the NR database search were analyzed.
We found that 41,902 (56.79%) Unigenes showed signifi-
cant similarity to known plant proteins and matched
26,548 unique protein accession numbers (see Table 2
and Additional file 3). Previous reports [28,29] have indi-
cated that the longer the query sequence the easier it was
to find BLAST matches in the databases. In our analysis,
homologous matches were found for 97.48% of Unigenes
over 1,000 bp long, whereas only 35.58% of Unigenes
shorter than 200 bp found matches (Additional file 4).
Similar results were also obtained for the searches against
the other three databases (data not shown). The E-value
distribution of the top hits in the NR database revealed
that 74.28% of the mapped sequences ranged between
le-5 and le-50, 20.94% varied from le-50 to le-150, and
4.79% (2,005) Unigenes had E-values less than le-150
(Figure 2a). The NR plant protein sequences come from
dozens of species; however, we found that 20.43% of the
Unigenes had the most similar sequence to proteins
from Oryza sativa, followed by Arabidopsis thaliana
(18.34%), Zea mays (5.50%), Picea sitchensis (4.98%),
Populus trichocarpa (4.07%), Vitis vinifera (2.67%) and
Medicago truncatula (1.66%) (Figure 2b). In addition,
the BLAST alignments against the Swiss-Prot proteins
were performed with these Unigenes. As a result, 30,803
(41.75%) Unigenes were matched to 14,511 unique Swiss-
Prot plant protein accession numbers (Table 2). When
the similarity search results from the two plant protein
databases were combined, a total of 42,663 (57.83%) Uni-
genes could be assigned gene descriptions based on the
27,224 unique protein accessions that were identified
by the BLAST searches. This result indicates that the
Illumina paired-end sequencing produced a substantial
fraction of the Chinese fir genes.
Gene expression levels can be represented as reads per

kilobase per million mapped reads (RPKM) in RNA-Seq
[39]. The RPKM value of the annotated Unigenes varied
from 1.13 to 2141.68, with an average of 32.35. Thirty-
five annotated Unigenes that represented the most abun-
dant transcripts in the Chinese fir cDNA library had
RPKM values of more than 500 (Additional file 5).
These genes were predicted to encode the enzymes
involved in photosynthetic metabolism, biotic and abi-
otic stress responses, such as ribulose-1, 5-bisphosphate



Figure 2 Characteristics of the BLASTX search of Chinese fir Unigenes against the NR plant protein database. The E-value threshold was
set at 1e-5. (a) E-value distribution of the best hits for each Unigene. (b) Species distribution of the best BLASTX matches for each Unigene.
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carboxylase/ oxygenase, glyceraldehyde 3-phosphate
dehydrogenase, ferredoxin-NADP oxidoreductase, germin-
like protein and superoxide dismutase. Five abundant
transcripts encoding ribosomal proteins were also iden-
tified. Because lignin and cellulose are the two major
polymeric components of wood, it is not surprising that
443 of the Unigenes were annotated as encoding the
major enzymes involved in cellulose and lignin biosyn-
thesis, such as phenylalanine ammonia lyase, cinnamate
4-hydroxylase, 4-coumarate CoA ligase, cellulose syn-
thase and sucrose synthase. The RPKM values for these
Unigenes were between 1.49 and 426.91 (Additional
file 6 and Additional file 7).

Functional classification by GO and COG
To functionally categorize the Chinese fir Unigenes
based on the NR annotation, Gene Ontology (GO) ana-
lysis was conducted. Of the 41,902 Unigenes that had
BLASTX matches to the NR plant species dataset,
Figure 3 Gene Ontology classification of the C. lanceolata transcripto
database were classified into three main GO categories (biological process,
The left-hand scale on the y-axis shows the percentage of Unigenes in eac
number of Unigenes in the same category.
16,750 Unigenes were assigned to GO classes with
81,866 terms using BLAST2GO [40]. Using the WEGO
software [41], the assigned GO terms were summarized
into the three main GO categories, biological process,
molecular function and cellular component, and then
into 44 sub-categories (Table 2 and Figure 3). Cellular
component comprised 34,104 (41.66%) GO annotations
and was the largest cluster, followed by biological process
(26,953, 32.2%) and molecular function (20,809, 25.42%).
The distribution of the sub-categories in each main

category is shown in Figure 3. In the cellular component
category, 11,020 (32.31%) and 11,018 (32.31%) Unigenes
were assigned to cell and cell part respectively; they
represented the majority of the Unigenes in this cat-
egory. Only a few of the Unigenes were assigned to
extracellular region, extracellular region part, and virion.
Within the biological process category, metabolic process
(7,532 Unigenes, 27.94%) and cellular process (6,001 Uni-
genes, 22.26%) were prominent, indicating that these
me. 16,750 Unigenes with BLASTX matches against the plant NR
cellular component, molecular function) and 44 sub-categories.
h of the categories. The right-hand scale on the y-axis indicates the
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Unigenes were involved in some important metabolic
activities in Chinese fir. Interestingly, seven Unigenes
were assigned to the biological adhesion category and a
relatively large number of genes (2,477 Unigenes) were
annotated as being involved in response to different
stimuli. In the molecular function category, catalytic ac-
tivity (9,612 Unigenes, 46.19%) represented the most
abundant term, followed by binding (8,770 Unigenes,
42.15%), transporter activity (1,036, 4.98%) and molecular
transducer activity (441, 2.12%).
To further predict gene function and to evaluate

the completeness of the transcriptome library, all the
assembled Unigenes were searched against the COG
database. Overall, 14,877 Unigenes were assigned
COG classifications (Table 2). Because some of these
sequences were assigned multiple COG functions,
altogether 25,483 COG functional annotations were
produced. The COG-annotated putative proteins were
classified into 25 functional categories (Figure 4). The
general function prediction only category represented the
largest group (4,231, 16.60%), followed by transcription
(2,057, 8.07%), posttranslational modification, protein
Figure 4 COG functional classification of the C. lanceolata Unigenes.
25 COG classification categories.
turnover and chaperones (1,891, 7.42%), replication, re-
combination and repair (1.741, 6.83%), translation,
ribosomal structure and biogenesis (1,675, 6.57%),
carbohydrate transport and metabolism (1,555, 6.10%),
signal transduction mechanisms (1,509, 5.92%), and
amino acid transport and metabolism (1,344, 5.27%).
Only a few Unigenes were assigned to extracellular
structure and nuclear structure (4 and 3 Unigenes,
respectively). Notably, 1,028 and 969 Unigenes were
assigned to secondary metabolites biosynthesis, transport
and catabolism, and to cell wall/membrane/envelope
biogenesis respectively.

KEGG pathway mapping
To understand the biological pathways that might be
active in C. lanceolata, the Unigenes were compared
against the KEGG database [42]. The results showed that
of the 73,779 Unigenes, 21,689 (29.40%) had significant
matches and were assigned to 119 KEGG pathways
(Table 2). Among them, 13,254 Unigenes could be mapped
to a single Enzyme Commission (EC) number. The path-
ways that were most represented were phenylpropanoid
A total of 14,877 Unigenes were assigned to one or more of the
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biosynthesis (982 Unigenes), starch and sucrose me-
tabolism (685), flavonoid biosynthesis (663), stilbenoid,
diarylheptanoid and gingerol biosynthesis (555) and
phenylalanine metabolism (534). These annotations will
be a valuable resource for further research on specific pro-
cesses, structures, functions, and pathways in Chinese fir.

Analysis of metabolic pathway annotated C. lanceolata
unigenes
The 42,799 annotated Unigenes are a significant contri-
bution to the expansion of the existing C. lanceolata EST
libraries. The annotated C. lanceolata metabolic pathway
Unigenes were analyzed, following a previously published
method [29]. Cellulose and lignin are the main chemical
components of the plant cell secondary wall, and are
significantly related to wood quality. Therefore, we have
selected the lignin and cellulose metabolic pathways for
further analysis. We started with simple keyword searches
in the functional annotations of the Unigenes and con-
firmed each search result with BLAST searches against
other plant protein sequences in the public databases
and, if no hits were found, against other plant nucleotide
sequences [28,29].

Cellulose biosynthesis in C. lanceolata
Cellulose, a linear polymer of glucose residues connected
by (1→4)-β-linkages to a high degree of polymerization
(DP), is the most abundant polysaccharide in nature
with approximately 180 billion tons produced and
broken down every year [43]. It is also important indus-
trially as a renewable natural resource. Cellulose synthe-
sis is currently one of the main areas of study in plant
Figure 5 C. lanceolata Unigenes that may be involved in the cellulose
gene name indicate the number of C. lanceolata Unigenes annotated to th
molecular biology; however, despite the considerable
progress made during the last decade, the underlying
mechanisms of the biosynthesis process have remained
obscure. Based on previous studies [44-46], a hypo-
thetical pathway was represented in Figure 5. In all,
94 Unigenes related to six of the enzymes in this pathway
were identified in our annotated C. lanceolata transcrip-
tome database (Figure 5 and Additional file 6). Cellulose
synthase complex, a key enzyme of cellulose biosynthesis,
is composed of a number of catalytic subunits (CesA sub-
units). Forty-eight Unigene sequences were annotated as
encoding CesA subuintis. After removing redundant
sequences, we identified 17 different CesA related
sequences that were more than 500 bp long. Genome
analyses have revealed that Arabidopsis and Populus
trichocarpa contain 10 and 18 different CesA genes re-
spectively [47,48]. This finding further demonstrates the
quality of our sequencing data that will certainly con-
tribute to cellulose biosynthesis research in C. lanceolata.
In addition, A membrane-bound endo-β-1,4-glucanase
(KOR) has been proposed to play an important role in
the subsequent assembling of microfibrils [49,50]. In
total, 33 Unigene sequences encoding KOR were identi-
fied in our transcriptome data set.

Lignin biosynthesis in C. lanceolata
After cellulose, lignin is the second most abundant bio-
polymer in nature. Lignin contributes up to 15% to 35%
of the dry weight of wood [51]. In wood, it is polymer-
ized from three monolignols: the p-coumaryl, coniferyl,
and sinapyl alcohols. These monolignols, when incorpo-
rated into the lignin polymer, are called the guaiacyl (G),
biosynthetic pathway. The numbers in brackets following each
at gene.
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syringyl (S), and p-hydroxyphenyl (H) units. Lignins
from the gymnosperms are composed mostly of G-units
(with minor amounts of H-units), whereas the angio-
sperm dicot lignins are composed of G- and S-units.
Although researchers have studied lignin for more than a
century, many aspects of its biosynthesis remain a matter
of debate. The currently accepted biosynthetic pathway
in conifers is shown in Figure 6 [52]. Unigenes that were
annotated as being involved in this pathway are listed in
Additional file 7. Overall 94 Unigenes were identified,
which related to six of the enzymes in the general phe-
nylpropanoid pathway. And 56 Unigenes were annotated
as two enzymes involving in the monolignol-specific
pathway (Figure 6 and Additional file 7). The numbers of
Unigenes annotated as these eight enzymes varied from
8 to 32. Additionally, caffeic acid O-methyltransferase
(COMT), which catalyzes the formation of ferulic acid
from caffeic acid in gymnosperms, is now believed to be
required only for S- and not for G- or H-lignin forma-
tion. In total, 35 sequences encoding COMT were found
in our transcriptome data set.
Furthermore, two Unigenes for the lignin-related R2R3

transcription factor, MYB1 and MYB2 were found.
MYB1 and MYB2 are members of a MYB transcription
Figure 6 C. lanceolata Unigenes that may be involved in the lignin bi
phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-couma
hydroxycinnamoyl CoA: shikimate/ quinate p-hydroxy- cinnamoyltransferas
pathway: CCR, cinnamoyl CoA reductase; CAD, cinnamyl alcohol dehydrog
following each gene name indicate the number of C. lanceolata Unigenes
factor family that may regulate transcription from cis-
acting AC elements of genes in the phenylpropanoid and
monolignol-specific pathways [53,54].

Gene validation and expression analysis
Based on the transcriptome sequencing and annotation,
the full-length cDNA sequences of the 18 putative C.
lanceolata genes that were identified as being related to
cellulose and lignin synthesis, namely CesA1 and CesA2,
PAL1, PAL2 and ClPAL3, C4H, 4CL, C3H, CCoAOMT1
and CCoAOMT2, CCR1, CCR2 and CCR3, CAD1 and
CAD2, COMT and MYB1 and MYB2, were isolated by
RACE and RT-PCR. Their sequences were submitted to
the Nucleotide Sequence Database (accession number;
JQ844574, JQ844575, JQ904042, JQ904043, JQ904044,
JQ904033, JQ904031, JQ904032, JQ904036, JQ904037,
JQ904038, JQ904039, JQ904040, JQ904034, JQ904035,
JQ904041, JQ904045 and JQ904046, respectively). The
lengths of these genes varied from 957 bp to 3,875 bp
(Table 3). When the corresponding Unigenes were
aligned against these Sanger-sequenced, full-length cDNA
sequences, a total of 49 Unigenes were found to cover dif-
ferent regions of the subject genes respectively (Additional
file 8). Whether to cover the same subject genes, these
osynthetic pathway. General phenylpropanoid pathway: PAL,
rate CoA ligase; C3H, p-coumarate 3-hydroxylase; HCT, p-
e; CCoAOMT, caffeoyl CoA O-methyltransferase. Monolignol specific
enase; lignin peroxidases and lignin laccases. The numbers in brackets
annotated to that gene.



Table 3 Sequence analyses of the 18 putative C.
lanceolata genes involved in cellulose and lignin
biosynthesis

Gene Length of
putative
full-length

cDNA

Characteristics of correspondent Unigenes

Number Coverage ORF Similarity

CesA1 3209 bp 2 98.5% Part 99.5%

CesA2 3875 bp 4 68.4% Part 99.6%

PAL1 2426 bp 2 92.8% Part 99.7%

PAL2 2392 bp 1 97.8% Complete 99.9%

PAL3 2660 bp 5 81.8% Part 99.4%

C4H 1773 bp 4 100.0% Complete 99.5%

4CL 2070 bp 4 78.4% Part 100.0%

C3H 1795 bp 4 42.7% Part 99.9%

CCoAOMT1 957 bp 2 35.8% Part 98.3%

CCoAOMT2 1003 bp 1 18.1% Part 94.5%

CCR1 1479 bp 4 63.4% Part 99.9%

CCR2 1355 bp 1 91.6% Complete 99.9%

CCR3 1274 bp 2 88.2% Complete 99.8%

CAD1 1280 bp 2 99.0% Part 99.5%

CAD2 1396 bp 4 55.5% Part 99.6%

COMT 1661 bp 5 73.0% Complete 99.7%

MYB1 1260 bp 1 93.5% Complete 99.8%

MYB2 2168 bp 1 36.8% Part 100.0%

Figure 7 Validation of candidateC.lanceolataUnigenes involved
in cellulose and lignin biosynthesis by qRT-PCR. Bars represent
the mean (± SD) of four experiments.
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Unigenes could be divided into 18 groups. Overall, nine
Unigene groups covered more than 80% of the corre-
sponding full-length genes and six of them were predicted
to contain the complete ORF. It is noteworthy that two
Unigene groups showed 100% similarity with the corre-
sponding full-length gene, only one Unigene to full-length
sequence pair exhibited less than 98% pairwise identity.
These results indicated that the Unigenes obtained by
RNA-Seq were successfully assembled, and were consist-
ent with the newly sequenced Sanger reference sequences.
In the RT-PCR analysis, a single band corresponding

to the expected product size was amplified for each of
the selected genes (data not shown). The qRT-PCR ana-
lysis was used to compare the relative transcript levels of
the Unigenes in four different C. lanceolata tissues. The
results showed that the two CesA subunits exhibited dif-
ferent expression pattern in the four tissues. The expres-
sion levels of CesA1 went from high to low from xylem >
lignifying stem > bark > non-lignified stem, whereas
there was no significant difference in the expression
levels of CesA2 in the four tissues. In the phenylpropa-
noid pathway, the Chinese fir homologs of PAL1, PAL3,
C3H, CCoAOMT1, CCoAOMT2 and COMT showed
similar expression patterns in the four tissues. The expres-
sion levels went from high to low from xylem > lignifying
stem > bark > non-lignified stem; a reverse trend oc-
curred for the homolog of 4CL (Figure 7). The expression
level of PAL2 was much higher in bark than in the other
tissues; its lowest expression level was in the xylem. In
contrast, the expression level of C4H was low in bark
and high in xylem. In the monolignol-specific pathway,
the expression patterns of CCR1, CAD1 and CAD2 were
the same as those described for CesA1 and PAL1 and the
other genes in that group. The expression level of CCR2
in bark was 1.2 times higher than in the lignifying stem,
and 3.1 times higher than in the non-lignified stem and
xylem. Additionally, the two putative MYB transcription
factors that may regulate the transcription of the genes
identified as being related to lignin biosynthesis, exhibited
the same expression pattern (xylem > lignifying stem >
bark > non-lignified stem). On the whole, the expression
results from the qRT-PCR analysis matched the putative
functions assigned to these Unigenes.

Discussion
Wood is an important raw material with rapidly increas-
ing worldwide demand and, as a result, plant biologists
have been paying more attention to understanding the
genetic regulation of wood formation. Transcriptome se-
quencing is an important tool that is increasingly being
used to discover the genes that control economic traits.
Although traditional EST sequencing methods, such as
Sanger sequencing, have made significant contributions
to functional genomics research, the method is costly,
time-consuming, and sensitive to cloning biases. Because
of the potential for high throughput, accuracy and low
cost, next-generation sequencing (NGS) is now being
widely applied to analyze transcriptomes qualitatively
and quantitatively. In this study, the de novo transcrip-
tome sequencing analysis of Chinese fir was conducted
using the Illumina platform. As a result, approximately
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40.22 million paired-end reads were obtained, generating
3.62 Gbp of sequence data. The large number of reads
and associated paired-end information that were produced
resulted in a relatively high coverage depth (average =
33.56 ×). When these sequences were assembled, we
obtained longer Unigenes (mean = 449 bp) than has been
reported previously in studies using the same technology;
for example, Camellia sinensis (mean Unigene length =
355 bp) [29], Lycoris sprengeri (385 bp) [30], Porphyra
yezoensis (419 bp) [31] and whitefly (clusters = 372 bp;
singletons = 265 bp) [27]. The number of assembled
Unigenes was 112-fold more than all the Chinese fir
sequences that were currently deposited in GenBank (as
of March 2012).
All the Chinese fir Unigenes that were remapped by at

least 6 reads were subjected to BLASTX analysis against
four public databases. A total of 57.83% (42,663 of
73,779) Unigenes had homologs in the NR and Swiss-
Prot databases, whereas in Camellia sinensis [29], Lycoris
sprengeri [30], Porphyra yezoensis [31] and whitefly [27],
only 32.6%, 45.5%, 40.6%, and 16.2% Unigenes, respect-
ively, had homologs in the NR database. The higher
percentage of matches that we found in our study was
partly because of longer Unigenes in our database. The
remaining 43.17% (31,116) of the Unigenes did not
match any of the known genes. Specifically, 63.71% of
sequences between 150–200 bp, 57.36% between 201–
300 bp, and 2.24% longer than 1,000 bp, had no BLAST
matches against the NR protein database, implying that
BLAST hits were more likely to be found for longer
query sequences. The shorter sequences might either
lack a characterized protein domain or be too short to
find statistically meaningful matches. However, some of
sequences that had no BLAST hits might represent
potential Chinese-fir-specific genes. In addition, 27,224
unique protein accession numbers were identified by the
BLAST searches. If the number of Chinese fir genes is
assumed to be commensurate with that of Populus
trichocarpa (black cottonwood), which has been anno-
tated as having 45,555 genes [55], then our annotated
Unigenes represent 59.76% of the number of black
cottonwood genes. Of the annotated Chinese fir Uni-
genes, 16,750 were assigned to GO terms and 14,877
were given COG classifications. In addition, 21,689 Uni-
genes were mapped to 119 KEGG pathways. These
results indicated that our Illumina paired-end sequencing
project yielded a substantial fraction of genes from
Chinese fir.
Cellulose and lignin are two important biopolymers

that account for most of the dry weight in wood. For
additional analyses of our transcriptome Unigenes, we
focused on the genes involved in their biosynthesis.
According to the currently accepted cellulose and lignin
metabolic pathways, almost all genes required to encode
the related enzymes were found in our transcriptome
data set (Figures 5 and 6 and Additional file 6 and Add-
itional file 7). Many of the genes involved in these path-
ways appear to be from multigene families, which is
consistent with related reports of Arabidopsis and poplar
[12,13]. Chinese fir is a diploid organism with a large
genome, so it is possible that the Chinese fir genome
might have gone through extensive re-arrangement dur-
ing its evolution. Except for three of the enzymes (CesA,
CCR and CAD), none of the others have been previously
reported in this species. We discovered two R2R3-MYB
transcription factors that might regulate lignification in
our transcriptome data set. To validate our assembly
and annotation, we selected 18 genes that were anno-
tated to enzymes related to cellulose and lignin biosyn-
thesis. Overall 49 Unigenes were found to align to these
genes. These Unigenes covered different regions of the
corresponding full-length genes. This result implied that
the Unigenes obtained from the transcriptome sequen-
cing were consistent with the results of the Sanger se-
quencing. Furthermore, each target gene generated the
expected product band size by RT-PCR, and the results
of the qRT-PCR analysis confirmed their putative func-
tions. Thus, we have shown that the transcriptome data-
set is a valuable addition to the publicly available Chinese
fir genomic information.

Conclusion
In this study, we employed RNA-seq to analyze the
transcriptome of Chinese fir at an unprecedented depth
(3.62 gigabase pairs) and produced 83,248 assembled
Unigenes, 112-fold more than all the Chinese fir
sequences deposited in GenBank (as of March 2012).
A total of 73,779 Unigenes were supported by more
than 5 reads, 58.01% were found to have homologs in the
public databases. The annotated Unigenes were function-
ally classified based on their matches in the GO, COG
and KEGG databases. This study demonstrated that the
Illumina paired-end sequencing technology is a fast and
cost-effective method for novel gene discovery in non-
model plant organisms. In addition, the Chinese fir Uni-
genes provided a comprehensive enough coverage to
allow the discovery of almost all the genes known to be
involved in cellulose and lignin biosynthesis. We believe
that this transcriptome dataset will serve as an important
public information platform to improve the under-
standing of molecular mechanism of wood formation
in Chinese fir.

Methods
Plant material and RNA extraction
Tissues from a four-year-old ramet of a Chinese fir clone
(Zhelin 21) were collected in the experimental station
of the Zhejiang Agriculture and Forestry University,
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Hangzhou, China. The following tissues were sampled
from approximately breast height (1.30 m) on the main
stem: bark containing developing phloem and cambium,
immature xylem (outer glutinous 1-1.5 mm layer com-
prising early developing xylem tissue) and xylem (after
removal of the immature xylem layer, 2-mm-deep planing
including xylem cells in advanced stages of maturity).
We also sampled non-lignified stems (non-lignified por-
tion of crown tip branches containing shoot primordia
and apical meristems), lignifying stems, young leaves
(rapidly-growing leaves from current-year branches),
mature leaves (one-year-old leaves), cones and young
roots. All the sampled tissues were immediately frozen
in liquid nitrogen and stored at -80°C until use.
Total RNA from the nine tissues was extracted with

the PureLinkTM Plant RNA Reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol. The
total RNA samples were then treated with RQ1 RNase-
Free DNase (Promega, Madison, WI, USA) to remove
DNA contaminants. RNA integrity was confirmed using
a 2100 Bioanalyzer RNA Nanochip (Agilent, Santa Clara,
CA, USA) with a minimum RNA Integrity Number
(RIN) value of more than 7. RNA concentration was
determined using a NanoDrop ND-1000 Spectropho-
tometer (Nano-Drop, Wilmington, DE, USA). For
cDNA preparation, a total of 20 μg of RNA was pooled
equally from each of the nine tissues.

cDNA library construction and transcriptome sequencing
Enrichment of poly(A) mRNA was performed using the
Dynal oligo(dT) 25 beads (Invitrogen). Following purifica-
tion, the mRNA was fragmented into smaller pieces
using divalent cations at 70°C for 5 min. Using these
short fragments as templates, first-strand cDNA was
synthesized using SuperscriptTM III reverse transcriptase
(Invitrogen) and random hexamer (N6) primers (TaKaRa,
Kyoto, Japan). Subsequently, the second strand cDNA
was synthesized using RNaseH and DNA polymerase I
(Invitrogen). The short double cDNA fragments that
were obtained were purified with a QiaQuick PCR ex-
traction kit (QIAGEN, GmbH, Germany). After end
reparation and A-tailing, the short cDNA fragments were
connected with the Illumina paired-end adaptors and
purified with magnetic beads. Then, to prepare the cDNA
sequencing library, suitable ligation products were ampli-
fied using Illumina primers and Phusion DNA polymerase
(Illumina, San Diego, CA, USA). The quality and quantity
of the cDNA library were measured using the Agilent
2100 Bioanalyzer (Agilent) and CFX96TM Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA). Finally,
the library was sequenced from both the 5’ and 3’ ends
using Illumina HiSeqTM 2000 system (Illumina) at Beijing
Genomics Institute (BGI, Shenzhen, China). The fluores-
cent image outputs from the sequencing machine were
transformed by base calling into sequence data, which
we called the raw reads. The sequencing data were
deposited in NCBI Sequence Read Archive (SRA, http://
www.ncbi.nlm.nih.gov/Traces/sra) with accession number
SRA051493.

Data filtering and de novo assembly
The raw reads were filtered to obtain high-quality clean
reads data by removing adaptor sequences, reads con-
taining more than 5% Ns (where N represents ambiguous
bases in the reads), and low-quality reads defined as
having more than 10% bases with Q-value <20. The de
novo assembly of the clean reads was carried out using
the SOAPdenovo program (http://soap.genomics.org.cn/
soapdenovo.html) with the default settings, except for
the k-mer value, which was set at a specific chosen value
[32]. For the assembly, the clean reads were firstly split
into smaller lengths, the k-mers. After assessing different
k-mer values, we found that a 29-mer yielded the best
assembly. This value was chosen to construct the de
Bruijn graph. Contigs with no unknown bases were
obtained by conjoining the k-mers in an unambiguous
path. The resultant contigs were further joined into scaf-
folds by mapping them back to contigs with the paired-
end reads. Finally, Paired-end reads are used again for
gap filling of scaffolds, then gap-filled scaffolds are clus-
tered to remove redundant sequences using the TIGR
gene Indices Clustering (TGICL) tools (version 2.1) at
the parameters of “-l 40 -V 25”, and overlapped scaffolds
are further assembled using Phrap (version 23.0) at de-
fault parameters to get sequences with least Ns and can-
not be extended on either end (See Additional file 9).
Such unique assembled sequences are defined as Uni-
genes. The assembled sequences (longer than 200 bp)
were deposited in the Transcriptome Shotgun Assembly
Sequence Database (http://www.ncbi.nih.gov/genbank/
tsa.html) at NCBI with the accession numbers: JU981479-
JU999999, JV000001- JV043149.
To evaluate the coverage depth, all usable reads were

realigned to the Unigenes using SOAPaligner (http://
soap.genomics.org.cn/soapaligner.html) [33]. In addition,
to assess the quality of the de novo assembly, a compara-
tive genome analysis was conducted against the Spruce
Gene Index Release 5.0 from the TIGR Gene Indices
(currently curated at Harvard University, http://compbio.
dfci.harvard.edu/tgi/) using the reciprocal TBLASTX
algorithm with an E-value threshold of 1e-5. The BLAST
results was parsed by a Perl script written based on the
bioperl module SearchIO.pm.

Functional annotation and classification
All the Unigenes that were remapped by more than
5 reads were annotated by assigning putative gene
descriptions, conserved domains, Gene Ontology (GO)

http://www.ncbi.nlm.nih.gov/Traces/sra
http://www.ncbi.nlm.nih.gov/Traces/sra
http://soap.genomics.org.cn/soapdenovo.html
http://soap.genomics.org.cn/soapdenovo.html
http://www.ncbi.nih.gov/genbank/tsa.html
http://www.ncbi.nih.gov/genbank/tsa.html
http://soap.genomics.org.cn/soapaligner.html
http://soap.genomics.org.cn/soapaligner.html
http://compbio.dfci.harvard.edu/tgi/
http://compbio.dfci.harvard.edu/tgi/
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terms, and putative metabolic pathways to them based
on their sequence similarity with previously identified
genes. First, the Unigenes were aligned using BLASTX to
the public protein databases NR, Swiss-Prot, KEGG and
COG (E-value ≤1e-5). The best-aligning results were used
to identify the sequence direction and to predict the cod-
ing regions. When the results from different databases
conflicted, a priority order of NR, Swiss-Prot, KEGG and
COG was followed. The ESTScan software [56] was used
for the analysis of Unigenes that did not align to any of
the above databases. Based on the best BLASTX hits from
the NR database, functional categorization was per-
formed using Blast2GO software (version 2.3.5, http://
www.blast2go.de/) [40] with an E-value threshold of 1e-5
to assign GO terms. Next, the GO functional classifica-
tion of all the Unigenes was analyzed using WEGO soft-
ware [41] to determine the distribution of the Chinese fir
gene functions at the macro level. The COG and KEGG
pathway annotations were performed by sequence com-
parisons against the two databases using BLASTALL
software (ftp://ftp.ncbi.nih.gov/blast/executables/release/
2.2.18/) with an E-value ≤1e-5.
Analysis of C. lanceolata Unigenes related to metabolic
pathway genes
C. lanceolata Unigenes that might be homologs of the
genes involved in the cellulose and lignin biosynthetic
pathways that are related to wood quality were identified
according to a previously described method [29]. The
Unigenes were analyzed based on a search for standard
gene names and synonyms in the functional annotations
of the Unigenes; each search result was further confirmed
using BLAST searches. First, the corresponding Unigenes
obtained by keyword searches were aligned with spruce
and other plant protein sequences from the public data-
bases using the local TBLASTN alignment tool with an
E-value threshold of 1e-5. If no ideal matches to the pro-
tein sequences were found, then TBLASTN alignments
(E-value ≤1e-5) with spruce and other plant nucleotide
sequences were used. When the BLAST searches gave
results that were identical to those of the keyword
searches, we concluded that the corresponding genes
were expressed in C. lanceolata.
Gene validation and expression analysis
Eighteen genes with potential roles in cellulose and lignin
synthesis were selected for validation of the transcrip-
tome data. Based on the sequences of the corresponding
Unigenes, the 5’ and 3’ ends of each gene were firstly
isolated using the SMARTerTM RACE cDNA amplifica-
tion kit (Clontech, Palo Alto, CA, USA) according to
the manufacturer’s instructions. To confirm that each
of the assembled cDNA sequences originated from a
single, full-length cDNA, primers were designed on the
sequences of the 5’ and 3’ untranslated regions (UTRs).
Full-length RT-PCRswere performed using a PrimeScriptW

RT-PCR kit (TaKaRa) according to the manufacturer’s
instructions. PCR-products were separated by gel elec-
trophoresis, purified with an AxyPrepTM DNA gel extrac-
tion kit (Axygen, Union City, CA, USA), cloned into the
pGEMW-T easy vector (Promega) and sequenced by
Genscript Corporation (Nanjing, China) with an ABI
3730 (Applied Biosystems, Foster City, CA, USA). The
ORFs of the putative full-length cDNAs that were
obtained were predicted using the online ORF finder
program (http://www.ncbi.nlm.nih.gov/gorf/gorf.html),
and were aligned with the corresponding Unigenes re-
spectively using the MegAlign tool of the DNASTAR
7.0 software. In addition, the expression patterns of the
genes in four C. lanceolata tissues (non-lignified stem,
lignifying stem, bark and xylem) were analyzed by qRT-
PCR using CFX96TM Real-Time PCR Detection System
(Bio-Rad). One μg of total DNaseI-treated RNA extracted
from each of the four tissues was reverse transcribed
into first strand cDNA in a standard 20 μL reaction with
PrimeScriptW RT reagent kit (TaKaRa). The SYBRW Pre-
mix Ex TaqTM (Tli RNaseH Plus) kit (TaKaRa) was used
for real time qPCR starting with 0.8 μL cDNA template
in a standard 10 μL reaction. The qPCR cycle was as fol-
lows: 95°C for 3 min, 40 cycles of 95°C for 5 s, and
annealing at 60°C for 30 s. The specificity of the individ-
ual PCR amplifications was checked using melting curve
analysis and agarose gel electrophoresis. All PCR reac-
tions were performed in quadruplicate. The actin gene
was chosen as an internal control for normalization after
the expressions of four reference genes (actin, GAPDH,
18S and α-tubulin) were compared in different tissues.
Relative quantification was preformed with the CFX96
ManagerTM software (version 1.6; Bio-Rad, USA) using
the delta-delta Ct method as described by Livak and
Schmittgen [57]. For comparison of each gene, the qPCR
data were normalized to the non-lignified stem for which
the relative RNA level was set to 1. All the gene-specific
primers for RACE, full-length RT-PCR and qPCR were
designed using the Oligo software (version 5.0). The pri-
mer sequences of the 18 selected genes are listed in an
additional file (See Additional file 10).

Additional files

Additional file 1: Gap distribution of assembled scaffolds and
Unigenes. (N/size)% is a measure of the gap percentage (N amount/
sequence length) distribution where N represents ambiguous bases in
the reads.

Additional file 2: Quality characteristics of the assembled Unigenes
from Chinese fir. (a) Distribution of the high-quality reads used in the
assembly on the assembled Unigenes. (b) Distribution of the Illumina
sequencing reads in all the assembled Unigenes. The x-axis indicates the
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relative position of sequencing reads in the assembled Unigenes. The
orientation of Unigene is from the 5’ to 3’ end.

Additional file 3: Top BLAST hits from the NCBI NR database. BLAST
results against the NCBI NR database for all the assembled Unigenes with
an E-value threshold of 1e-5.

Additional file 4: Effects of query sequence length on percentage
of significant matches.

Additional file 5: List of the most abundant Unigenes in the
transcriptome sequencing data. All C. lanceolata Unigenes with RPKM
values >500 are included in the list.

Additional file 6: List of annotated Unigenes that match genes
involved in the cellulose biosynthesis pathway. C. lanceolata
Unigenes involved in cellulose biosynthesis are listed.

Additional file 7: List of annotated Unigenes that match genes
involved in the lignin biosynthesis pathway. C. lanceolata Unigenes
involved in lignin biosynthesis are listed.

Additional file 8: List of Unigenes that cover 18 selected genes
respectively. C. lanceolata Unigenes that cover 18 selected genes
involved in cellulose and lignin biosynthesis respectively are listed.

Additional file 9: A schematic drawing that illustrates assembly
process of Unigene.

Additional file 10: Primer sequences for the 18 selected genes
involved in cellulose and lignin biosynthesis. Specific primers of
eighteen genes involved in cellulose and lignin biosynthesis designed for
RACE, full-length RT-PCR and real time qRT-PCR using the Oligo software
(version 6.0) are shown.
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