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Abstract Natural genetic variation is randomly distributed
and gene expression patterns vary widely in natural pop-
ulations. These variations are an effect of multifactorial
genetic perturbations resulting in different phenotypes.
Genome-wide analysis can be used to comprehend the
genetic basis governing this naturally occurring develop-
mental variation. Secondary growth is a highly complex
trait and systems genetics models are presently being
applied to understand the molecular architecture of wood
formation. In the present study, the natural variation in
expression patterns of 18,987 transcripts expressed in the
developing xylem tissues were documented across four
phenotypes of Eucalyptus tereticornis with distinct holo-
cellulose/klason lignin content. The differentially expres-
sed genes across all the phenotypes were used to construct
co-expression networks and sub-network 2 with 380 nodes
and 17,711 edges was determined as the network of rele-
vance, including 30 major cell wall biogenesis related
transcripts with 2394 interactions and 10 families of tran-
scription factors with 3360 interactions. EYE [EMBRYO
YELLOW] was identified as major hub transcript with 173
degrees which interacted with known cell wall biogenesis
genes. K-mean clustering was also performed for differ-
entially expressed transcripts and two clusters discrimi-
nated the phenotypes based on their holocellulose/klason

Electronic supplementary material The online version of this
article (doi:10.1007/s11033-016-4046-3) contains supplementary
material, which is available to authorized users.

< Modhumita Ghosh Dasgupta
ghoshm @icfre.org; modhumitaghosh@hotmail.com

Division of Plant Biotechnology, Institute of Forest
Genetics and Tree Breeding, R.S. Puram, P.B. No. 1061,
Coimbatore 641002, India

lignin content. The cluster based networks were enriched
with GOs related to cell wall biogenesis and sugar meta-
bolism. The networks developed in the present study
enabled identification of critical regulators and novel
transcripts whose expression variation could presumably
govern the phenotypic variation in wood properties across
E. tereticornis.
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Introduction

The genus Eucalyptus belonging to family Myrtaceae,
consists of more than 900 species [1] which are native to
Australia and its neighboring Islands. It is one of the widely
planted hardwood species because of its superior growth,
adaptability and wood properties and occupies 19.61 M
hectares globally. India ranks second in area under euca-
lypts plantation (3.943 M ha) after Brazil (4.259 M ha)
[2]. This genus is targeted world-wide for genetic
improvement programs due to its high commercial value as
raw material for paper and pulp industries.

Secondary growth leading to wood formation in plants is
an exceptionally complex developmental event controlled
by numerous gene families involved in the biosynthesis of
polysaccharides, lignin and cell wall proteins. The molec-
ular regulation of wood formation is reported in tree spe-
cies like Populus [3-5], Pinus [6, 7], Picea [8] and
Eucalyptus [9-16]. Most of these studies were limited to
understanding the gene functions regulating the most rel-
evant biological pathways governing secondary cell wall
biogenesis. However, wood formation is an intricate pro-
cess involving thousands of genes, most of which have
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unknown functions [17] and intricate cellular and molec-
ular networks and cross talks govern the phenotypic vari-
ation [18]. Systems model for wood formation will thus
enable an in depth understanding of important transcrip-
tional and metabolic regulators in tress with industrially
suitable phenotypes [19] and provide an insight into the
role of individual genes, entire pathways, biological net-
works which are essential, redundant, auxiliary or unique
to wood formation [20].

Gene networks specific to secondary cell wall formation is
reported in Arabidopsis, poplar, pine, white spruce, rice and
sugarcane [5, 21-31]. The present study was taken up to
document the genome-wide natural variation of transcript
expression in developing xylem tissues of four Eucalyptus
tereticornis genotypes and develop gene co-expression
networks to identify crucial regulators governing variation in
wood properties in this tropical Eucalypt species.

Materials and methods
Plant material

Four genotypes of E. tereticornis (SWMG-6, CW-8, KUP-
14, NKR-49) were selected for expression profiling based
on their holocellulose and klason lignin content (Table 1).
The holocellulose and klason lignin content of the core
samples was determined by NIR spectroscopy. Two wood
core samples of approximately 2.0 cm length were col-
lected at a height of ~ 1.3 m using increment borer (Haglof
Inc., Sweden) from nineteen year-old standing trees
available in the seed orchard established at Karunya
Research Station, Coimbatore, India. The core samples
were debarked, powdered, air dried and passed through
40-60 mesh screen (250-400 pm) to maintain uniform
particle size. The duplicate powdered samples were pooled
in equal quantity prior to sieving. The spectra were gen-
erated in the entire NIR range of 4000-12820 cm™" using
MPA FT-NIR Spectrometer (Bruker Optics, Ettlingen,
Germany). Thirty-two scans per sample in diffuse reflec-
tance mode were collected to obtain an average spectra.
The spectral data was used to determine the holocellulose

content using the model reported by Kothiyal et al. [32],
while the klason lignin content was determined using the
model developed by Kothiyal et al. (unpublished data).

Gene expression analysis was conducted in the same
genotypes. The developing xylem from two wood core
samples (after debarking 1.5 cm from periphery) was har-
vested and immediately frozen in liquid nitrogen and stored
at —80 °C until RNA isolation.

RNA isolation

Total RNA was extracted from developing xylem tissues of
duplicate wood core sample using Spectrum™ Plant Total
RNA Kit (Sigma Aldrich, USA). The concentration and
purity of the RNA was evaluated using NanoDrop ND-
1000 UV-Vis Spectrophotometer (Thermo Scientific,
USA) and RNA integrity was confirmed using 2100 Bio-
analyzer (Agilent Technologies Inc., Santa Clara, CA). The
total RNA from duplicate samples was pooled in equimolar
concentration prior to labeling and hybridization.

Array design

A total of 18,987 transcripts were selected for the
microarray analysis. Sequences were sourced from RNA-
Seq data of differentiating xylem tissues [33] and transcript
sequences identified from E. tereticornis [34] (Table 2). A
8x60 K microarray chip was custom-designed in Agilent
platform (AMADID: 059849) consisting of 44,817 probes
and the number of specific probes in the array was 81 %
and the remaining 19 % probes were cross hybrid probes.
The size of the probes was sixty base pairs and a minimum
of two probes per transcript was designed.

Functional annotation of transcripts

Transcripts were functionally annotated and their position
in chromosome, protein domains, biological pathways and
gene ontology were defined based on the recent assembly
of Eucalyptus grandis using Phytozome v10.1 (accessed on
January 2015, E. grandis v1.1 Phytozome v10.1). The
pathways were determined using the Kyoto Encyclopedia

Table 1 Details of selected E. tereticornis genotypes for microarray analysis

Tree ID Provenance Geographical Seed lot Holocellulose Klason lignin
location no. content (%) content (%)

SWMG-6 South West Mount Garnet QLD 12965 72.90 20.07

CW-8 Cardwell QLD 13277 73.15 21.57

KUP-14 Kupiano PNG 13398 63.13 30.94

NKR-49 North Kennedy River QLD 17864 69.36 25.27

QLD Queensland, Australia, PNG Papua New Guinea
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Table 2 Source of transcript sequences used for designing microarray

Data source No. of Links
sequences
Transcriptome data from differentiating xylem of E. globulus, 18,888 EUCANEXT (www.lge.ibi.unicamp.br/eucalyptusdb)
E. grandis and E. urophylla
Genes involved in xylogenesis from E. tereticornis 94 NCBI (http://www.ncbi.nlm.nih.gov/sra/?term=SRX747331)
Genes involved in xylogenesis from E.grandis 5 Eucalyptus grandis v1.1 Phytozome v10.1 (http://phytozome.jgi.

doe.gov/pz/portal.html#!info?alias=Org_Egrandis)

of Genes and Genomes (KEGG) database [35, 36] and
MAPMAN, a user-driven tool providing pathway and
biological process information [37]. Further, Eucalyptus
nucleotide sequences were used to search the complete
protein sequences of Arabidopsis using BlastX with (e-
value cut off of 1°7°) in the non-redundant database of
NCBI and TAIR (v10) and the best hits (lowest e-value)
was selected as Arabidopsis orthologs. Transcript IDs were
given based on their Arabidopsis orthologs and transcripts
which had no orthologs in Arabidopsis were given the E.
grandis ID from Phytozome.

Sample labeling and hybridization

RNA sample preparation, labeling and hybridization was
done using one-color microarray-based gene expression
analysis with Tecan HS Pro protocol (Agilent Technolo-
gies, CA, USA) as per manufacturer’s protocol. Briefly,
500 ng each of RNA samples were converted to cDNA,
primed by oligo dT with T7 polymerase by reverse tran-
scription. Synthesized cDNA was then used as template for
cRNA generation along with the incorporation of Cy3
CTP. Fluorescently labeled cRNA was purified using
RNeasy mini kit (Qiagen, Valencia, USA), followed by
assessment of quality and quantity using 2100 Bioanalyzer
(Agilent Technologies, CA, USA). The Cy3 labeled
cRNAs were fragmented and hybridized to the array at
65 °C for 16 h and the slides were scanned using Agilent
Microarray Scanner G2505C and the features were
extracted with the Feature Extraction Software (Agilent
Technologies, v12).

Documentation of differential expression
of transcripts across genotypes

Feature extracted data was analyzed using GeneSpring GX
Version 12 software (Agilent Technologies, CA, USA).
After background correction, the data was log transformed
and normalized. Global normalization of the data was done
in GeneSpring GX using the 75th percentile shift and
normalization across samples was done using median
values.

The log2 fold expression data was filtered for signifi-
cantly regulated (up and down regulated) transcripts across
all genotypes based on the criteria where in the cutoff for
fold change was set at >0.8 and Flags “detected” in
respective samples for up-regulated transcripts, while the
cutoff for fold change <—0.8 and Flags “detected” was
used for down-regulated transcripts. The differential
expression of transcripts across all possible pair-wise
combination was performed. Transcripts exhibiting + 0.8
fold difference in expression with a statistical significance
of p < 0.05 were considered as differentially regulated.

Validation of expression data by RT-qPCR

The expression pattern generated by the array experiment
was validated by RT-qPCR for fifteen transcripts (Sup-
plementary Table S1). The reactions were performed in
ABI PRISM 7500 Step one plus Sequence Detection Sys-
tem (Applied Biosystems, USA) using the following pro-
gram: one cycle of 95 °C for 10 min; 40 cycles of 95 °C
for 15 s and 60 °C for 1 min. The PCR reaction for 25 pl
included 200 ng of cDNA, 12.5 pl of SYBR Green PCR
Master Mix (Applied Biosystems, USA), 200 nM of for-
ward/reverse primer and Milli-q water. The primers used
for the study were designed using Primer 3.0 software and
their details are given in Supplementary Table S1. All
reactions were conducted in triplicates. Melting curve
analyses was done to ensure product specificity and to
differentiate between the product and primer dimers.
EtACT and EtSAND were used as reference genes for
normalization of data [38]. The RQ value was calculated
using the formula 2—AACT [39].

Construction of co-expression networks

The expression levels of differentially expressed transcripts
(1130) was used to develop the co-expression network.
Pearson correlation coefficient was used to measure the
similarity of expression between pair-wise transcripts.
Transcript pairs with r > 0.97 (positive co-expression) or
r < —0.97 (negative co-expression) were considered as
significantly co-expressed, based on the report by Freeman

@ Springer


http://www.lge.ibi.unicamp.br/eucalyptusdb
http://www.ncbi.nlm.nih.gov/sra/?term=SRX747331
http://phytozome.jgi.doe.gov/pz/portal.html%23!info%3falias%3dOrg_Egrandis
http://phytozome.jgi.doe.gov/pz/portal.html%23!info%3falias%3dOrg_Egrandis

1132

Mol Biol Rep (2016) 43:1129-1146

et al. [40]. Co-expression network was constructed with
1130 nodes and 49,786 edges using Cytoscape 3.2 (http://
www.cytoscape.org) using default parameters [41]. Each
node represented a transcript and the edge represented the
strength of co-expression. Duplicated edges and self loops
were manually removed from the network. The degree was
calculated for each node based on the number of edges
connected to a node and highly connected nodes (hub
transcripts) were identified from the network.

Gene ontology enrichment and pathway
identification

Assessment of over-representation of gene ontology (GO)
was performed using ClueGO Cytoscape plugin (http://
apps.cytoscape.org/apps/cluego). The statistical signifi-
cance for all GOs for biological process (BP), molecular
function (MF) and cellular component (CC) was evaluated
with default parameters (kappa score 0.4). GO annotation
terms were considered significant if the corrected p value
(False discovery rate) was <0.05 and if there were at least 4
transcripts associated with the same annotation [42]. The
major biological pathways of the transcripts represented in
the network were determined as mentioned earlier.

Cluster analysis of differentially expressed
transcripts

Differentially expressed transcripts were subjected K-mean
clustering with J-Express Pro software [43] using Eucli-
dean distance measure and Forgy initialization method.

Construction of cluster guided co-expression
network

Co-expression network was constructed for each cluster
using Cytoscape 3.2 and assessment of over-representation
of GO within a cluster was performed using ClueGO
Cytoscape plugin. The major biological pathways of the
transcripts represented in the network were also
determined.

Results
Functional annotation of transcripts

The Phytozome internal transcript ID for E. grandis,
transcript ID, PFAM, Panther, KOG, KEGG, EC, KEGG
Orthology, GO terms obtained for 18,987 transcripts rep-
resented in the array is presented in Supplementary
Table 2. The transcripts spanned all the 11 chromosomes
of the Eucalytpus genome. Chromosome 6 had a maximum

@ Springer

of 2303 transcripts, while chromosome 4 had a minimum
representation of 1112 transcripts.

GO mapping of the transcripts were performed to
classify the functions and categorize them into cellular
components, molecular function and biological process.
The cellular component included 29,468 transcripts, while
the number of transcripts grouped under biological pro-
cess was 29,108. Molecular functions which describe the
biochemical activity performed by the gene product
grouped 29,629 transcripts in the present study. Gene
Ontology categories overlap and therefore several tran-
scripts are classified into more than one GO term. The
categorization of transcripts in 45 GO categories is given
in Supplementary Fig. 1.

One hundred and twenty-six pathways were determined
using the KEGG and MAPMAN databases. The pathways
and the number of transcripts under each pathway are listed
in Supplementary Table 3. The major biologically relevant
pathways represented in the array included carbon meta-
bolism (147 transcripts); plant hormone signal transduction
(104 transcripts); starch and sucrose metabolism (88 tran-
scripts) and phenyl propanoid biosynthesis (44 transcripts).

RNA isolation and transcript profiling using
customized array

Total RNA derived from developing xylem tissues of four
genotypes of E. tereticornis was assessed for quality and
quantity. The RNA concentration ranged from 189 to
305 ng/pl, with OD 260/280 = 1.71 to 1.95 and RNA
Integrity Number ranged from 4.6 to 7.9. The expression
patterns of 18,987 transcripts were determined using the
custom-designed microarray chip. The expression patterns
were determined within and between genotypes and their
log2 fold expression ranged from —9.70 to 12.79. The

SWMG-6

CW-8

KUP-14 NKR-49

SWMG-6

KUP-14 CW-8 NKR-49

Fig. 1 Venn diagram showing differentially expressed transcripts
across E. tereticornis genotypes. Up regulated transcripts are under-
lined. Down regulated transcripts. KUP-14 Kupiano 14, SWMG-6 SW
Mt.Garnet 6, CW-8 Cardwell 8, NKR-49 N Kennedy R 49
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expression data was submitted to NCBI’s Gene Expression
Omnibus with accession number GSE73030.

Documentation of differentially expressed
transcripts

Differential expression of transcripts across all possible
pair-wise combination was performed. Across the four
genotypes, significant up and down regulation was docu-
mented in 1822 and 2174 transcripts respectively. The fold
expression of down-regulated transcripts ranged from
—0.80 to —8.74, while the fold expression of up-regulated
transcripts ranged from 0.80 to 8.45. All pair-wise com-
parison of differentially expressed transcripts is given in
Fig. 1. The total number of transcripts which were differ-
entially expressed across all genotypes (after removal of
overlapping transcripts) was 1130.

Transcripts with significant differential expression were
from different pathways including protein processing in
endoplasmic reticulum (15), biosynthesis of amino acids
(14), carbon metabolism (13), starch and sucrose metabo-
lism (11), plant-pathogen interaction (11), plant hormone
signal transduction (10), alanine, aspartate and glutamate
metabolism (10), arginine and proline metabolism (8) and
carbon fixation in photosynthetic organisms (8) (Supple-
mentary table S4).

The major transcripts which differentially expressed
across the four genotypes included HEX, INV and CesA
from cellulose biosynthesis pathway; CAD, COMT, CCR,
HCT from lignin biosynthesis pathway; cell wall related
transcripts like myosin family protein; COBRA-like4,
EXPA, XTH, FLA, TUA; enzymes including GH, XTH,
UGT, pectin acetyl esterase, pectin methylesterase inhi-
bitor, hydroxyproline-rich glycoprotein, pectate lyase,
peroxidase, UDP glucose dehydrogenase, UDP-mannose
dehydrogenase; heat shock proteins and transcription factor
families from NAC, VND, MYB, HD-ZIP and Znf.

Validation of gene expression pattern using RT-
qPCR

Fifteen major cell wall biosynthesis related transcripts were
selected for validation of microarray generated expression
pattern using RT-qPCR. The fold expression of the selected
genes ranged from —3.54 to 7.88. Comparison of the
expression patterns between microarray and RT-qPCR
revealed that CAD, CCR, CCoAOMT, CesA4, CesAS,
GAPC2, HCT, UGD3 had similar expression patterns,
validating the microarray generated expression profiles
(Fig. 2).

Development of co-expression network

The expression level of differentially expressed transcripts
was used to construct the co-expression network. Initially,
a correlation matrix was generated by calculating pair-wise
Pearson correlation using normalized expression values
across all samples. The number of significantly co-ex-
pressed transcripts (threshold >0.97) was 1130. The net-
work was constructed with 1130 nodes (transcripts) and
49,786 edges using Cytoscape 3.2.0 and three sub-networks
were generated. The GO enrichment was conducted for all
sub-networks.

Sub-network 1 consisted of 381 nodes with 15,898
edges and the degree ranged from 6 to 141. This sub-net-
work was significantly enriched with intrinsic component
of plasma membrane (LYN2, XYP1, SWEETI, LPP2, VSR6,
SA629); arginine and proline metabolism (ERDS, GDHI,
PYDI); carbon fixation in photosynthetic organisms
(GAPC2, GAPA2); cellular transition metal homeostasis
(MT2A, ACA9); regulation of flavonoid biosynthetic pro-
cess (PP2-Al, HCT, RPS2); negative regulation of cell
death (LRR XI-23, PAD4); nucleotide transport (AAP3,
NTF2B, LHTI) and microsporogenesis (AGL16, MOBI-
like) (data not shown).

Sub-network 3 consisted of 369 nodes and 16,177 edges
with degrees ranging from 4 to 152. The GOs in this net-
work included phosphatidylglycerol biosynthetic process
(CCDI1, PHR2, CIP7, FBA2); cytoskeleton (TUAS,
MAP70-5, CRK); cell wall pectin metabolic process
(PERKI, QUA3); cellular biogenic amine biosynthetic
process (SPDSI, TRPI); sodium ion trans membrane
transport (HKT1, NHX1); regulation of signal transduction
(CPL3, JAZI0, SDIR1, IBR5]; nitrate assimilation (NIA2,
NRTI); auxin polar transport (ZIFLI, AVPI); regulation of
cell morphogenesis (ASK2, RPNI2, ROPGEFI) and
membrane region (HMGRI, bZIP60, IREIA) (data not
shown).

The biologically relevant sub-network 2 consisted of
380 nodes, 17,711 edges and the degree ranged from 4 to
173 (Fig. 3). The top hub transcripts in this sub-network
are given in Table 3. The sub-network included 30 major
cell wall biogenesis related genes like CesA7 (MURI0),
IRX15-L, IRX6, XTH9, ACOI1, C3H, F5H, CCR-like25,
COMT-like65, TUAS with 2394 interactions. Similarly, 10
families of transcription factors including R2R3-MYB,
NAC, WRKY, bHLH, GRAS, RAV, ABI3VPI, C3H, C2H?2
and MADS -Type I were documented in this network with
3360 interactions. Hundred and sixty-four transcripts were
found with degree greater than 100. Two hundred and
seventy-five transcripts had degree greater than (fifty,
revealing extreme complexity of the network.
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C3H C4H

CesA4

SWMG-6 ALW-8 KUP-14  NKR-49
050
-1.00

KUP-14  NKR-49

Fold expression values (log2)

CAD

CesA8

KUP-14  NKR-49
cw-8 / KUP-14  NKR-49

uGD3

KUP-14  NKR-49

Genotypes

Microarray expression pattern

RT-qPCR expression pattern

C3H- p-Coumarate 3-Hydroxylase
C4H- Cinnamic acid 4-hydroxylase
CAD- Cinnamyl Alcohol Dehydrase

CCoAOMT- Cafteoyl Coenzyme A O-

Methyl Transferase
CCR- Cinnamoyl-CoA Reductase
CesA4- Cellulose synthase 4
CesA7- Cellulose synthase 7
CesAS- Cellulose synthase 8

GAPC2- Glyceraldehyde-3-phosphate

dehydrogenase C2
HB2- Homeodomain leucine zipper TF
HCT- Hydroxycinnamoyl-CoA
shikimate/quinate

hydroxycinnamoyl Transferase
MYB26- MYB domain TF 26

PAL- Phenylalanine Ammonia - Lyase
PIN- Auxin efflux carrier family protein
UGD3- UDP-glucose 6-dehydrogenase 3

Fig. 2 Comparison of transcript expression patterns documented by microarray and RT-qPCR method. SWMG-6 SW Mt.Garnet 6, CW-8

Cardwell 8, KUP-14 Kupiano 14, NKR-49 N Kennedy R 49

EYE (EMBRYO YELLOW), a conserved oligomeric
golgi complex component-related transcript was identified
as major hub transcript which interacted with 173 other
transcripts. This transcript was found to interact with
known cell wall biogenesis genes like CesA7, IRX15-L,
IRX6, TUAS, TBL34, VND7, MYB20 and SCLIA4.
Eucgr.C02641 (trans-membrane receptors; ATP binding)
was identified as the second major hub transcript which
interacted with 171 other transcripts. This transcript is yet
to be functionally characterized in Arabidopsis. Annotation
results indicated that it had a role in signal transduction,
defense response (biological process), ATP binding
(molecular function) and encodes a protein located in
cytoplasm. It interacted with major transcripts like CesA7,
IRX6, IRX15, MYB20 and TUAS.

The other major hub transcripts included a cold
responsive  transcript (SRC2), Eucgr.l00967.4 and

@ Springer

dihydroneopterin aldolase (FOLBI) which documented
170, 167 and 166 interactions respectively. These tran-
scripts shared common interactions with CesA7, IRXO,
IRX15, XTH9, TUAS, TBL34, PERKIO and transcription
factors like MYB20, VND7, FEMI11l and SCLI4.
Eucgr.100967.4 interacted with ATB2_a, CPK26, GRXC2,
HAIll, PNGI, RPN5B and STPI4, while FOBLI co-ex-
pressed with ACNI, DNAse I-like superfamily protein
(Eucgr.E03549.1) and Xanthine/uracil permease family
protein (Eucgr.K02873.1).

One of the major cell wall biosynthesis related tran-
script, cellulose synthase (CesA7) co-expressed with ninety
transcripts including [IRX15-L, XTHY9, LGT6, ACOI,
TBL34, ATB2, PERKI, AGL80, RAVI, HXK3 and MYB20.
The monolignol biosynthesis pathway gene, cinnamoyl
CoA reductase (CCR), which catalyze the conversion of the
side-chain carboxyl to an alcohol group, co-expressed with
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Fig. 3 Gene co-expression
network of differentially
expressed transcripts in E.
tereticornis (sub-network 2).
Nodes represented in pink color
circles, Edges depicted in
purple color lines, Major cell
wall biogenesis related
transcripts shown in green color
circles

Nodes: 380
Edges: 17711
Degree: 4-173

Table 3 List of top ten hub transcripts in the biologically relevant sub-network 2

S. Transcript ID Description E. grandis 1D Arabidopsis Degree
No. ortholog

1 EYE Conserved oligomeric Golgi complex component-related/COG Eucgr.A02893.1 AT5G51430 173

complex component-related

2 Eucgr.C02641.1 Disease resistance protein (TIR-NBS-LRR class) family Eucgr.C02641.1 AT1G27180 171
3 SRC2 Soybean gene regulated by cold-2 Eucgr.G02885.1 AT1G09070 170
4 Eucgr.I00967.4 — Eucgr.100967.4 — 167
5 FOLBI Dihydroneopterin aldolase Eucgr.G00614.2 AT3G11750 166
6 Eucgr.C03133.1  Succinyl-CoA ligase, alpha subunit Eucgr.C03133.1 AT5G08300 163
7 Eucgr.G00161.1 Protein kinase superfamily protein Eucgr.G00161.1 AT3G28690 162
8 4 Thiazole biosynthetic enzyme, chloroplast (ARA6) (THI1) (THI4) Eucgr.F03433.1 AT5G54770 161
9 Eucgr.A01169.1 PLACS family protein Eucgr.A01169.1 AT2G37110 160
10 Eucgr.B01156.3  Alpha/beta-Hydrolases superfamily protein Eucgr.B01156.3 AT3G23600 160

58 transcripts including ROP4, WRKYI5 and UBQ5.
Tubulin (TUAS) involved in deposition of cellulose
microfibrils during cell wall formation in plants, co-ex-
pressed with 150 transcripts like IRX6, UGT76E2, UBQS,
BGALI2, sks5, ROP4 and transcription factors including
WRKYI15, VND7 and SCLI4, while IRX6 (IRREGULAR

XYLEM 6) or COBL4 (COBRA-like 4) had co-expression
with 142 transcripts including VND7, UGT76E2, TUAS,
sks5 and FAHI. Two major transcription factors VND7 and
MYB20 were present in the network. VND?7 interacted with
142 transcripts including structural genes like IRX6, F5SHI,
TUAS, sks5, TBL34 and transcription factors like AGLS0,
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PATI, HSLI, while MYB20 was found to interact with
transcripts involved in cell wall biogenesis like CesA7,
IRX15-L, SCL14, XTH9, BGALI2, FEM111 and sks5.

The GO enrichment confirmed that sub-network 2 was
significantly enriched with cell wall biosynthesis related
biological processes, molecular functions and cellular
components. It included genes involved in lignin biosyn-
thetic process (CYP98A3, FAHI, CADI); glucuronoxylan
metabolic process (TBL34, GAUTI2, IRX15L); plant-type
vacuole (ESLI, SRC2, ABCC3, GSTF12); sugar:hydrogen
symporter activity (ESLI, INT2, G-TMT, STP14, G3Pp4);
phosphatidylglycerol  biosynthetic process (LSMT-L,
MCAI, PMDH?2); nucleotide transport (SRC2, NTF2B,
AMT?2, UTR6); hyper osmotic response (RABAIb, ACOI,
BIG, PP2-Al, GS2, HVA22E, HAII, LTP3) and serine
family amino acid metabolic process (PSAO, D-CDES,
PSAG, LHCA3, ALDHIIA3, LHCB4.3, MCAl, CGLI,
LHCB4.1, PMDH?2) (Fig. 4).

Identification of novel transcripts in sub-network 2

The sub-network 2 included several unknown transcripts with
significant expression variation across the four genotypes.
EYE was identified as major hub gene and interacted with
known cell wall biogenesis pathway transcripts. Till date there
are no reports implicating this gene in secondary development
in woody perennials. Similarly, transcripts like SRC2, protein
kinase, SnRK3. 16, exotosin, XIH (Myosin family protein) and
O-fucosyltransferase which had significant expression pat-
terns in developing xylem tissues were present in the network.
Their function during wood formation is yet to be elucidated.
Additionally, twelve Eucalyptus specific transcripts including
Eucgr.B00912.1, Eucgr.C00456.2, Eucgr.C02271.1, Eucgr.
C02390.1, Eucgr.E01070.1, Eucgr.E04290.1, Eucgr.F0325
9.2, Eucgr.G00681.1, Eucgr.H00168.2, Eucgr.H03075.1, Euc
gr.H04013.3, Eucgr.100224.6, Eucgr.J02973.2, Eucgr.K01518.2
with no orthologs from Arabidopsis was also documented in
the network.

Cluster analysis of differentially expressed
transcripts

K-mean clustering was performed with 1130 transcripts
differentially expressed across genotypes, to identify
specific groups that demonstrated the strongest expression
correlation. Six clusters were identified from this analysis
(Fig. 5). In cluster 1, 267 transcripts were up-regulated in
CW-8 and NKR-49 and the corresponding transcripts were
down-regulated in SWMG-6 and KUP-14. Cluster 2 com-
prising of 110 transcripts grouped the up-regulated tran-
scripts in SWMG-6 and NKR-49 and down regulated
transcripts in CW-8 and KUP-14. Cluster 3 with 259
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transcripts consisted of up-regulated transcripts from CW-8
and KUP-14, while down-regulated in SWMG-6 and NKR-
49. Cluster 6 (115 transcripts) had transcripts up-regulated
in SWMG-6 and KUP-14 and down-regulated in CW-8 and
NKR-49.

Two hundred and forty-eight transcripts with signifi-
cantly up-regulated expression patterns in Cluster 4 was
found in genotypes with high klason lignin content (KUP-
14 and NKR-49) when compared to their corresponding
expression in genotypes with low klason lignin content
(SWMG-6 and CW-8). Cluster 5 with 132 transcripts
consisted of transcripts up-regulated in genotypes with high
holocellulose content (SWMG-6 and CW-8) and down-
regulated in genotypes with low holocellulose content
(KUP-14 and NKR-49). The two clusters could differen-
tiate the genotypes based on their phenotypic attributes for
klason lignin and holocellulose content.

Cluster based co-expression networks

Co-expression networks were constructed for all the six
clusters to identify interactions between transcripts. The
number of significantly co-expressed transcripts (threshold
>0.97) varied for each cluster. The six cluster based net-
works were represented with 254, 110, 249, 235, 132 and
112 transcripts respectively.

Cluster 1 based network consisted of 254 nodes, 7907
edges and the degree ranged from 4 to 132. GO enrichment
analysis revealed that the network consisted of transcripts
with functions in intrinsic component of plasma membrane,
nucleotide transport and substrate-specific channel activity.
The cluster 2 based network consisted of 110 nodes, 1390
edges with degree ranging from 4 to 102. Transcripts
involved in membrane related functions were represented
in the network. The network derived from cluster 3 con-
sisted of 249 nodes, 7872 edges and the degree ranged from
2 to 134. The major GO representations were from ABA
signaling, sodium ion transport and carotenoid biosynthe-
sis. Cluster 6 derived network consisted of 112 nodes, 1263
edges and the degree ranged from 2 to 50 and was enriched
with transcripts involved in carboxypeptidase activity
(Table 4). The top hub transcripts in these networks are
presented in Table 5.

Cluster 4 and 5 based networks were enriched with GOs
related to cell wall biogenesis and sugar metabolism.
Cluster 4 based network consisted of 235 nodes, 7649
edges with degree ranging from 1 to 173 (Fig. 6). The GOs
predominant in this network (specific in genotypes with
high klason lignin and low holocellulose content) included
transcripts involved in lignin biosynthetic process, regula-
tion of flavonoid biosynthetic process, cell wall polysac-
charide metabolic process, cell wall pectin metabolic
process, regulation of anatomical structure morphogenesis
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and regulation of ion transport (Table 4; Fig. 6). The major
transcripts in this network were CADI, TUAS5, SCLI4,
CesA7, IRX15-L, PERKI, LGT6, MYB20 and sks5. The top
listed hub transcripts with degree of 173, 120 and 120 were
NAD(P)-linked oxidoreductase superfamily (ATB2),
EMBRYO YELLOW (EYE) and soybean gene regulated by
cold (SRC2) respectively (Table 5).

13

m
g

44

Cluster 5 based network was constructed with 132 nodes
and 1987 edges and the interactions ranged from 2 to 58
(Fig. 7). This network which grouped genotypes with high
holocellulose content was enriched in GOs representing
sugar:hydrogen symporter activity, fructose and mannose
metabolism, glycolysis and glueconeogenesis, tyrosine
alanine aspartate and glutamate metabolism and transcripts
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SWMG-6 Cw-8 KUP-14 NKR-49
Fig. 5 K-mean clustering of differentially expressed transcripts
across E. tereticornis genotypes. Up regulated transcripts represented

in red color. Down regulated transcripts represented in green color.

Table 4 Details of cluster based co-expression networks

SWMG-6

CwW-8 KUP-14  NKR-49
SWMG-6 SW Mt.Garnet 6, CW-8 Cardwell 8, KUP-14 Kupiano 14,

NKR-49 N Kennedy R 49

Cluster  No. No. Degree GO enrichment

Major transcripts

No. of of

nodes edges

1 254 7907 4-132  Intrinsic component of plasma membrane, SWEETI, SAG29, LYM2, XYP1, PIP3, NTF2B,
nucleotide transport and substrate-specific channel ~ LHTI, AAP3, TIP4
activity

110 1390 4-102 Membrane related function HMGRI, bZIP60, IREIA, ROPGEF]I.

3 249 7872 2-134  ABA signaling, sodium ion transport and carotenoid HKTI, NHX1, CPL3, SDIP1, PHR2, GPAT4,
biosynthesis HMGRI, IREAI, CCDI, ATS1.

4 235 7649 1-173  Lignin biosynthetic process, regulation of flavonoid FAHI, CADI, CYP96A3, ATB2, IRX3, PERKI,
biosynthetic process, cell wall polysaccharide GAUTI2, TBL34, IRX6, IRX15L, PRRI, sks5,
metabolic process, cell wall pectin metabolic VAMP711, PSAG, ACA9, PSAL, PSAE2,
process, regulation of anatomical structure LHCB4.3, LHCA3, SRC2.
morphogenesis and regulation of ion transport.

5 132 1987 2-58 Sugar:hydrogen symporter activity, fructose and G-TMT, G3Pp4, STP14, ESL1, PMDH2, ASP3,
mannose metabolism, glycolysis and GSRI1, GS2, PDC2, ALDHI11A3, HXK3, PDE345,
glueconeogenesis, tyrosine alanine aspartate and
glutamate metabolism and genes involved in
carbon fixation.

6 112 1263 2-50 Serine type-carboxypeptidase activity SCPL51, SCPL6, SCPLI19

involved in carbon fixation (Table 4; Fig. 7). The major
differentially expressed genes in this network included
HXK3, PMDH2, WRKY, UGT76, UGT85, VND7, G3Pp4
and XIH. Heat shock protein (HSP101) was identified as
top hub transcript with 58 degree (Table 5). The above
results indicate that the two cluster based networks (4 and
5) were relevant to the phenotypic groups of E.
tereticornis.

@ Springer

Discussion

Genome-scale expression analysis to understand
secondary development

Wood formation is a complex dynamic process regulated
by diverse metabolic pathways and significantly influenced
by external stimuli like photoperiod, nutrient availability,
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Table 5 List of top ten hub transcripts in cluster based co-expression networks
Cluster Transcript ID E.grandis 1D Gene description Degree
No. (Phytozome)
1 Eucgr.G02279.1 Eucgr.G02279.1 Protein kinase superfamily protein 132
1 PR5 K Eucgr.A01470.1 PR5-like receptor kinase 122
1 scpl20 Eucgr.H01397.1 Serine carboxypeptidase-like 20 118
1 FURI Eucgr.D00758.1 Major facilitator superfamily protein 100
1 CDSP32 Eucgr.F03707.1 Chloroplastic drought-induced stress protein of 32 kD 98
1 CYSB Eucgr.A02189.1 Cystatin B 98
1 Eucgr.E04298.1 Eucgr.E04298.1 98
1 MT2A Eucgr.J02054.1 Metallothionein 2A 97
1 AAEI6 Eucgr.H02649.1 AMP-dependent synthetase and ligase family protein 96
1 Eucgr.K03402.1 Eucgr.K03402.1 Alpha/beta-Hydrolases superfamily protein 96
2 Eucgr.C01481.1 Eucgr.C01481.1 Disease resistance protein (TIR-NBS-LRR class) family 102
2 Eucgr.G00784.1 Eucgr.G00784.1 NB-ARC domain-containing disease resistance protein 75
2 FARI Eucgr.H01407.1 FRS (FAR1 Related Sequences) transcription factor family 67
2 HMGRI Eucgr.F03606.1 Hydroxy methylglutaryl CoA reductase 1 66
2 BZIP60 Eucgr.FO3612.1 Basic region/leucine zipper motif 60 58
2 PLP Eucgr.A00077.1 Farnesyltransferase A 45
2 Eucgr.A02343.1 Eucgr.A02343.1 44
2 Eucgr.101705.1  Eucgr.I01705.1 CCT motif family protein 43
2 MIPS?2 Eucgr.H04815.1 Myo-inositol-1-phosphate synthase 2 43
2 ASAI Eucgr.F01637.2 Pseudouridine synthase/archaeosine transglycosylase-like family protein 42
3 0).08) Eucgr.F02411.1 Annexin 1 134
3 TPS21 Eucgr.F03400.3 Terpene synthase 21 126
3 SCLS Eucgr.A00764.1 SCARECROW-like 8 124
3 Eucgr.K00852.1 Eucgr.K00852.1 Disease resistance protein (TIR-NBS-LRR class) family 122
3 SDG37 Eucgr.G00611.1 SET domain group 37 110
3 Eucgr.HO01742.2 Eucgr.H01742.2 Disease resistance protein (TIR-NBS-LRR class), putative 109
3 Eucgr.L03006.1 Eucgr.L03006.1 Ribonuclease H-like superfamily protein 109
3 Eucgr.G01189.3 Eucgr.G01189.3 107
3 Eucgr.100360.1  Eucgr.100360.1 Cupredoxin superfamily protein 107
3 GILP Eucgr.B03544.1 107
4 ATB2 Eucgr.H00481.1 NAD(P)-linked oxidoreductase superfamily protein 173
4 EYE Eucgr.A02893.1 Conserved oligomeric Golgi complex component-related/COG complex 120
component-related
4 SRC2 Eucgr.G02885.1 Soybean gene regulated by cold-2 120
4 scpl20 Eucgr.G02817.1 Serine carboxypeptidase-like 28 118
4 Eucgr.B01156.3 Eucgr.B01156.3 Alpha/beta-Hydrolases superfamily protein 113
4 Eucgr.G00161.1 Eucgr.G00161.1 Protein kinase superfamily protein 113
4 Eucgr.A01169.1 Eucgr.A01169.1 PLACS family protein 112
4 PRP39-2 Eucgr.C00013.1 Tetratricopeptide repeat (TPR)-like superfamily protein 112
4 Tz Eucgr.F03433.1 Thiazole biosynthetic enzyme, chloroplast (ARA6) (THI1) (THI4) 112
4 TBL34 Eucgr.K02958.1 Trichome birefringence-like 34 111
5 HSP101 Eucgr.K02521.1 Heat shock protein 101 58
5 Eucgr.E03165.1 Eucgr.E03165.1 D-Tyr-tRNA(Tyr) deacylase family protein 56
5 Eucgr.B02600.1 Eucgr.B02600.1 55
5 Eucgr.H03097.1 Eucgr.H03097.1 2-oxoglutarate (20G) and Fe(II)-dependent oxygenase superfamily protein 55
5 Eucgr.FO3187.2 Eucgr.F03187.2 FAD/NAD(P)-binding oxidoreductase family protein 54
5 Eucgr.K03608.2 Eucgr.K03608.2 54
5 GS2 Eucgr.B01163.3 Glutamine synthetase 2 54
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Table 5 continued

Cluster Transcript ID E.grandis 1D Gene description Degree
No. (Phytozome)

5 XIH Eucgr.C02625.1 Myosin family protein with Dil domain 54
5 ADH1 Eucgr.H04952.1 Alcohol dehydrogenase 1 52
5 VND7 Eucgr.F02615.1 Vascular related NAC-domain protein 7 52
6 SNG?2 Eucgr.G01113.1 Serine carboxypeptidase-like 19 50
6 Eucgr.B01956.1 Eucgr.B01956.1 Disease resistance protein (TIR-NBS-LRR class) family 44
6 WRKY19 Eucgr.L01333.1 Protein kinase family protein 41
6 JKD Eucgr.B02487.1 C,H,-like zinc finger protein 40
6 CSLG3 Eucgr.D01765.2 Cellulose synthase like G3 39
6 Eucgr.B02889.1 Eucgr.B02889.1 39
6 Eucgr.J02489.2  Eucgr.J02489.2 2-oxoglutarate (20G) and Fe(II)-dependent oxygenase superfamily protein 39
6 Eucgr.E04138.1 Eucgr.E04138.1 S-locus lectin protein kinase family protein 38
6 Eucgr.H01068.1 Eucgr.H01068.1 38
6 RPS2 Eucgr.D01468.1 NB-ARC domain-containing disease resistance protein 38

moisture content and temperature [44, 45]. Genome scale
studies on secondary cell wall development are reported
from perennial species like Populus, Picea, Pinus and
Eucalypts [8, 13, 16, 33, 46-49].

The present study was undertaken to identify the
expression patterns of transcripts expressed in developing
xylem of four genotypes of E. tereticornis with distinct
wood property traits for holocellulose and klason lignin
content and develop co-expression networks to understand
the molecular processes determining the intra-specific
variation in wood properties. A total of 18,987 transcripts
expressed in the developing xylem tissues of different
Eucalypt species were selected for designing the microar-
ray. The chromosomal locations of all transcripts were
derived using the recent assembly of E. grandis genome
and they spanned all 11 chromosomes. This is in agreement
with the recent report from E. grandis, wherein genome-
wide occurrence of genes regulating cell wall lignification
was documented [50]. The annotation of the E. grandis
genome also revealed that gene families involved in cel-
lulose and xylan biosynthesis pathways were randomly
distributed in the genome [51]. Further, major transcription
factor families regulating wood formation like R2R3 MYB
and NAC were also localized on several chromosomes of E.
grandis [52, 53].

Natural variation of transcript expression in wood
forming tissues

Significant natural variation exists within tree species,
which determine their adaptations to different environ-
ments [54]. Genome-wide analysis can be used to com-
prehend the genetic basis governing this naturally
occurring developmental variation. The analyses of natural
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inter and intra-specific variation can aid in discovery of
genes involved in trait expression and adaptation to dif-
ferent environments [55].

Wood properties are considered as a highly plastic trait,
since several different types of wood can occur within a
single tree. This variation can be attributed to the natural
differences in expression patterns of genes/proteins regu-
lating wood formation [44]. Intra-specific natural variations
in expression of xylem-related genes has been reported
from several woody perennials. In P. faeda, microarray
analysis of genes expressed in developing xylem of two
populations with difference in wood specific gravity
revealed significant variation in expression of 131 ESTs,
implicating the effect of gene expression on phenotypes
[56]. In another study on P. taeda, gene expression variation
in 400 clones representing the natural range of the species
was reported. Hundred and six genes showed significant
expression differences (fold expression ranging from 1.4 to
5.8) across the clones [22]. In E. nitens, Thavamanikumar
et al. [57] reported significant gene expression variation
ranging from —6.79 to 8.18 in genotypes with low and high
kraft pulp yield. Recently, expression levels of genes
involved in lignocellulose formation was reported in two
Eucalyptus hybrid genotypes (E. urophylla x E. grandis)
with different lignin content [49]. Considerable variation in
gene expression was reported across the two genotypes
specifically for the monolignol biosynthesis- related genes.
In the present study, a significant expression variation in
1130 transcripts with log2 fold ranging from —9.70 to 12.79
was documented among the four E. fereticornis genotypes.
The large amount of variation in expression observed in all
the above studies support the idea that expression differ-
ences is an important factor governing variations in wood
properties.
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Intra and inter specific expression variation of tran-
scripts regulating major cell wall biogenesis related path-
ways like cellulose, xylan and lignin are reported in several
tree species. In E. nitens, genes like CesA3, HB1, Znfl and
NAM1 were differentially expressed across two genotypes
selected for variable pulp yield [58], while CesA, COBL,
FLA, expansin, pectin-lyase, plant invertase/pectin methy-
lesterase inhibitor, glycosyl hydrolase, UDP glycosyl
transferase and transcription factors including NAC and
MYB were differentially expressed across two populations
with low and high kraft pulp yield [57]. In E. grandis,

microarray analysis was conducted for 1578 cDNA clones
across seven different genotypes derived from two un-re-
lated open pollinated trials and the transcripts which reg-
istered  significant expression  variation included
CCoAOMT, XET, UXS and COMT [12].

Similarly, in E. globulus, E. grandis and E. urophylla,
inter-specific variations in gene expression was reported for
CesA, EXPA, HCT, CCR, CAD and COMT [33]. In a recent
study, the transcriptome of developing xylem tissues from
two Eucalyptus hybrid genotypes differing in lignin con-
tent were compared and differentially expressed genes
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included INV, HEX from cellulose biosynthesis pathway,
PAL, C4H, 4CL from lignin biosynthesis pathway and
UXS, IRX10, GATL from xylan biosynthesis pathway. Four
major transcription factors from NAC, WRKY, AP2/ERF
and KNOX families were also reported to show variable
expression across the genotypes [49].

In the present study, the expression of 1130 transcripts
were significantly variable across the four genotypes and
we documented homologous gene families reported from
earlier studies to differentially express in E. tereticornis.
The orthologs of major transcripts like HEX, INV CesA,
CAD, COMT, CCR, HCT, COBRA-like4, EXPA, XTH,
FLA, TUA, GH, XTH, UGT, pectin acetyl esterase, pectin,
pectate lyase, peroxidise and transcription factor families
from NAC, VND, MYB, HD-ZIP and Znf were differen-
tially expressed across the genotypes. The above studies
reveal that the functional homologs governing secondary
development processes are analogous in both angiosperms
and gymnosperms and genes regulating secondary cell
wall biogenesis show high level of conservation in
expression.
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Cluster analysis: an explanatory technique
for analysis of expression data

The complexity of biological networks has driven
researchers to analyze large expression datasets to decipher
gene interactions across different pathways. Cluster anal-
ysis is often employed to identify co-regulated groups of
genes across multiple experimental samples. These gene
sets are often over represented in specific clusters due to
similar function [59]. There are several reports wherein this
approach has been used to correlate transcript expression
with traits of interest. In Rorippa spp., K-mean clustering
was applied to identify gene clusters associated with
extreme submergence tolerance [60], while in Arabidopsis,
early and late ABA responsive gene clusters were identi-
fied in seeds [61]. In Populous tremula, anatomically
homogenous cell layer specific gene clusters were reported
from the meristem zone [3], while in E. nitens, hierarchical
clustering was used to group genes expressed in high and
low kraft pulp yielding trees [57]. In E. urophylla x E.
grandis hybrids, two different groups of xylem related
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genes were expressed during nitrogen availability using
cluster analysis [62]. In the present study, clustering of
differentially expressed genes was conducted using
K-mean algorithm and six clusters were generated. Two
clusters ( 4 and 5) could differentiate the genotypes based
on its phenotypic characters. The relevance of the clusters
in terms of gene functions was validated using GO
enrichment analysis. Enrichment of GOs in clusters with
biologically relevant functions during xylogenesis are
reported in Arabidopsis and Populus [21], E. nitens [58], E.
grandis x E. urophylla [16] and P. trichocarpa [26].

Systems genetics approach to comprehend
secondary development

Secondary development is an intricate process involving
thousands of genes, most of which have unknown functions
[17]. Systems model for wood formation are presently
being used to obtain a comprehensive understanding of
critical transcriptional and metabolic regulators of wood
biosynthesis in mature trees with industrially suitable phe-
notypes [19]. These predictive models will provide an
insight into the role of individual genes, entire pathways or
biological sub-networks which are essential, redundant,
auxiliary or unique to wood formation [20].

Gene co-expression networks and transcriptional net-
works relevant to wood formation reported till date have
targeted secondary cell wall formation in species like
Arabidopsis [21, 27, 30], poplars [5, 21, 26], P. taeda [22],
sugarcane [31] and rice [29]. In Arabidopsis, major cell
wall related gene families were represented in the network
including cellulose synthases, glycoside hydrolases, gly-
cosyl transferases, exostosin, kinase/LRR superfamily,
plastocyanin-like family, xyloglucan endotransglucosylase/
hydrolases, expansin and COBRA- like and transcription
factor families like MYB, NAC, HB, and WRKY
[21, 24, 27, 30, 63]. In Populus, genome wide co-expres-
sion network and transcriptional network related to cell
wall biosynthesis comprised similar gene families like
cellulose synthase family, glycoside hydrolase family,
glycosyl transferase family, exostosin family, kinase/LRR
superfamily, plastocyanin-like family and xyloglucan
endotransglucosylase/hydrolase [XTH] family and TF
families like MYB, NAC and HB [5, 21, 26]. Analogous
gene families were represented in the cell wall related
networks reported from gymnosperms like P. taeda [22];
Picea glauca [28] and from monocots like sugarcane [31]
and rice [29].

In the present study, the sub-network 2 was enriched
with 30 major cell wall biogenesis related genes, while
cluster 4 and 5 based network were also enriched with GOs
related to cell wall biogenesis and sugar metabolism.
Several transcripts reported in cell wall biosynthesis of

other plant species like Arabidopsis, poplar, pine and rice
were also found in Eucalyptus co-expression networks
including CesA7, IRX6 (COBL4), IRX15, XTH9, CCR,
SND, MYB20 and VND7. All above mentioned studies
reveal that genes regulating secondary cell wall biogenesis
pathways are highly similar, indicating that biological
pathways functionally relevant to secondary growth are
conserved across gymnosperms and angiosperms
[8, 9, 64-67].

However, several unknown transcripts like domain of
unknown function (DUF231, DUF966, DUF3511), hypo-
thetical proteins (Eucgr.H02217, Eucgr.I00888, Eucgr.HO02
18, Eucgr.HO01945, Eucgr.I01788, Eucgr.C02248, Eucgr.
J02099) and transcripts with no direct function in secondary
development like SRC2, protein kinase, SnRK3.16, exotosin,
XIH (Myosin family protein) and O-fucosyltransferase had
significant expression levels in the developing xylem tissues
and were present in the network. The under representation of
important secondary cell wall transcripts in the network and
presence of uncharacterized transcripts can be attributed to
the transcript selection in the present study. Earlier studies
targeted the use of genes specifically expressed during sec-
ondary cell wall development, while the present study
considered transcripts differentially expressed in developing
xylem tissues of E. tereticornis with different wood
properties.

Population structure is a potential problem when testing
for adaptive phenotypic differences and majority of inter
and intra species variation in gene expression across phe-
notypes could be due to population history [68, 69]. The
correlation between gene expression variation and genetic
distance in populations is widely documented and the
predominant factor determining gene expression is genetic
drift [69-71]. Hence, gene expression studies on divergent
populations with unknown genetic structures can generate
false correlations. The potential limitation of the present
study is the confounding effect of genetic structure of the
selected genotypes on the transcript expression patterns.
Further, significant unrelated genetic variation among the
genotypes along with provenance and trait effect can have
profound effect on transcript expression. The small sample
size (two per phenotypic group) could not differentiate the
effect of genotype, provenance and the trait of interest
(wood composition) on the expression patterns, thus lim-
iting the resolution of the co-expression networks gener-
ated in the present study. The resolution of the co-
expression networks can be significantly improved by
increasing the sample size to predict true interactions
between transcripts governing wood formation and
composition.
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