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Abstract
Lignocellulosic biomass from fast-growing plantation trees is composed of carbohydrate-rich

materials deposited into plant cell walls in a coordinated manner during wood formation. The
diversity and evolution of the transcriptional networks regulating this process have not been

studied extensively. We investigated patterns of species-level nucleotide diversity in the



promoters of cellulose synthase (CesA) genes from different Fucalyptus tree species and
assessed the possible roles of DNA sequence polymorphism in the gain or loss of cis-
elements harboured within the promoters. Promoter regions of three primary and three
secondary cell wall-associated Ces4 genes were isolated from 13 Eucalyptus species and
were analysed for nucleotide and cis-element diversity. Species-level nucleotide diversity ()
ranged from 0.014 to 0.068 and different CesA promoters exhibited distinct patterns of
sequence conservation. A set of 22 putative cis-elements were mapped to the CesA promoters
using in silico methods. Forty two percent of the mapped cis-element occurrences contained
singleton polymorphisms which resulted in either the gain or loss of a cis-element in a
particular Eucalyptus species. The promoters of Eucalyptus CesA genes contained regions
that are highly conserved at the species (Eucalyptus) and genus (with Arabidopsis and
Populus) level, suggesting the presence of regulatory modules imposing functional constraint
on such regions. Nucleotide polymorphisms in the Ces4A promoters more frequently created
new cis-element occurrences than disrupted existing cis-element occurrences, a process
which may be important for the maintenance and evolution of cellulose gene regulation in

plants.
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Introduction

With the current worldwide focus on renewable energy production and carbon sequestration
(Ragauskas et al. 2006; Piao et al. 2009), lignocellulosic biomass from fast-growing
plantation trees is being targeted as a renewable source of carbon for biofuels and

biomaterials (Regalbuto 2009; Rathmann et al. 2010). The bulk of this biomass is comprised



of cellulose, hemi-cellulose and lignin contained in the secondary cell walls of wood fibre
cells (Gorshkova et al. 2012). The biochemical and structural complexity of wood is
determined largely by the coordinated expression of hundreds of regulatory, structural and
biosynthetic genes (Aspeborg et al. 2005; Mellerowicz and Sundberg 2008). Several
transcription factor genes have already been identified as key regulatory components of these
pathways in the model plant Arabidopsis (Zhong et al. 2008; Zhong et al. 2010) and in woody
plants such as Populus and Eucalyptus (Hu et al. 2010; Legay et al. 2010; McCarthy et al.
2010). Despite the emerging understanding of the molecular machinery underlying major
biosynthetic pathways in wood-forming tissues, the nature and evolution of transcriptional
networks regulating these pathways are not well described in woody plants such as
Eucalyptus.

Eucalyptus is a richly diverse genus (Brooker 2000), containing over 700 species of
woody plants, many of which are rapid and prolific producers of cellulose-rich biomass.
Some of these species and their fast-growing hybrids form the basis of the most widely
cultivated hardwood plantation crop in the world (Eldridge et al. 1994; Grattapaglia et al.
2009). The genus is divided into several subgenera (Pryor and Johnson 1971; Steane et al.
1999; Brooker 2000), of which the subgenus Symphyomyrtus is the largest and most diverse
containing most of the commercially grown eucalypt species (Eldridge et al. 1994). The high
phenotypic diversity in the subgenus is reflected at the DNA sequence level with nucleotide
diversity values ranging from moderately diverse (m = 0.0186) for E. grandis (Novaes et al.
2008) to highly diverse (m = 0.063) for E. loxophleba (with single nucleotide polymorphisms
every 16 to 33 positions, Kulheim et al. 2009). These values are similar to the levels of
nucleotide diversity reported in other outbred forest tree genera such as Pinus (m = 0.01-0.02)
and Populus (m = 0.005-0.01) (Reviewed in Neale and Ingvarsson 2008). The high nucleotide

diversity in Eucalyptus and the recently completed E. grandis reference genome sequence
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(DOE JGI, http://www.phytozome.net) provide opportunities to investigate the evolution and
diversity of regulatory networks underlying wood development.

In eukaryotes, gene regulatory networks comprise cis-acting sequence elements in
promoters, trans-acting elements or transcription factors which bind to promoter sequences
and the genes regulated by both kinds of factors. Cis-elements are often found clustered
together in promoter regions where transcription factors can bind as hetero- or homodimers to
modulate the transcription of the gene (Reviewed in Farnham 2009). Cis-regulatory elements
are often shared by the promoters of co-expressed genes due to common trans-regulation
(Vandepoele et al. 2009). Another feature of cis-element sequences is their conservation in
orthologous promoters from different species and genera, in comparison to flanking non-
coding sequences (Freeling and Subramaniam 2009). These unique features of cis-regulatory
elements are employed in a host of computational algorithms for the in silico detection of cis-
elements (Tompa et al. 2005; Das and Dai 2007; Wijaya et al. 2008; Kim et al. 2009).
Software programs, such as FootPrinter (Blanchette and Tompa 2003; Fang and Blanchette
2006), PHYLONET (Than et al. 2008) and PhyloScan (Carmack et al. 2007) are based on
phylogenetic footprinting algorithms, which use the evolutionary relationships among
promoter sequences to identify conserved cis-regulatory motifs (Blanchette et al. 2002;
Blanchette and Tompa 2002). Phylogenetic footprinting approaches have been used to
identify cis-elements in a number of plant species including Populus and Eucalyptus (Creux
et al. 2008; Shi et al. 2010).

While cellulose deposition during secondary cell wall formation has been extensively
studied in herbaceous and woody plants (Reviewed in Taylor 2008; Popper et al. 2011;
Gorshkova et al. 2012), the promoters and cis-element composition of the cellulose synthase
(CesA) genes have been the focus of only a small number of studies (Creux et al. 2008; Lu et

al. 2008; Wu et al. 2009). CESA proteins, encoded by the Ces4 gene family, form large



membrane-embedded complexes depositing cellulose into plant cell walls (Mutwil et al.
2008). In embryophytes, this gene family forms a distinct clade consisting of 8-18 members
per species (Hamann et al. 2004; Roberts and Bushoven 2007; Kumar et al. 2009; Yin et al.
2009). In plants there are two distinct Ces4 gene expression groups, one associated with
primary cell wall formation and the other with secondary cell wall formation (Taylor et al.
2004; Desprez et al. 2007). Independent functional analyses of the CesA genes in woody and
herbaceous species have revealed that orthologous CesA genes are functionally conserved in
diverse plant species (Tanaka et al. 2003; Taylor et al. 2003; Samuga and Joshi 2004; Ranik
and Myburg 2006; Kumar et al. 2009). This conservation likely includes a set of shared cis-
regulatory sequences and transcription factors since CesA gene expression profiles are also
highly conserved across different plant genera (Burton et al. 2004; Ranik and Myburg 2006;
Creux et al. 2008).

In this study we hypothesize that cis-regulatory elements will coincide with regions of
lower species-level nucleotide diversity in the promoters of evolutionary distinct Eucalyptus
tree species. In addition, we hypothesize that different sets of cis-elements are conserved in
the promoters of primary or secondary cell wall-related Ces4 genes. The objectives were: 1)
to quantify and assess patterns of species-level nucleotide diversity in the promoters of six
Eucalyptus cellulose synthase genes, ii) to assess the effects of nucleotide polymorphism on
putative cis-element occurrences and iii) to identify putative cis-elements that are
differentially conserved in promoters of primary and secondary cell wall-related Ces4 genes.
This study is the first to characterize the species-level nucleotide diversity and cis-element
architecture of CesA gene promoters in a plant genus and adds to our understanding of the

transcriptional regulation of this important plant gene family.



Materials and Methods

Plant material and DNA isolation

Leaf material was obtained from Eucalyptus species conservation hedges established with
seed collected from natural stands in Australia (CSIRO, Online Resource 1). High quality
genomic DNA was extracted from leaf material using the DNeasy® Plant Mini Kit (Qiagen,
Valencia, CA). Genomic DNA was isolated from a single tree from each of 13 eucalypt
species, including E. fastigata (subgenus Eucalyptus), and 12 species of the commercially
important subgenus Symphyomyrtus representing three sections, Latoangulatae, Maidenaria
and Exsertaria (Online Resource 1). In addition, genomic DNA was also isolated from
nineteen E. urophylla individuals originating from seed collected on seven Indonesian islands
(Timor, Flores, Alor, Pantar, Adonara, Lomblen and Wetar), broadly representing the

geographical range of the species (Payn et al. 2008).

Promoter isolation and sequencing

Primer Designer software (version 5, Scientific and Educational Software, Durham, NC) was
used to design primers (Online Resource 2) for the amplification of gene and promoter
regions based on previously published E. grandis CesA gene and promoter sequences (Ranik
and Myburg 2006; Creux et al. 2008). For Ces4l, PCR amplification of a single gene
fragment from each of the 13 Eucalyptus species, extending from the promoter to the end of
intron 1, was performed (Online Resource 2). Only the promoter regions (approximately 1 kb
upstream of the ATG) were amplified for the other five Ces4 genes. PCR was performed in
20 pl reaction volumes with 30 ng of genomic DNA, 0.4 uM of each primer, 0.20 mM of
each ANTP and 0.15 U of ExSel DNA polymerase (Supertherm) with proofreading capability
(4-fold lower error rate than standard Taq polymerase, according to manufacturers) using the

following conditions: 30 cycles of denaturation at 94°C for 30 seconds, annealing at 56°C for

30 seconds and primer extension at 72°C for 2 minutes. The amplified fragments were cloned
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(InsT/Aclone, MBI Fermentas, Hanover, MD) and a cloned copy of each promoter fragment
was sequenced using overlapping Sanger reads (Macrogen Inc.), representing a single allele
of each promoter from each species (Genbank accession numbers: JN573683 - JN573751).
The chromatograms were visually inspected to check the sequence quality of each
base. When double, conflicting bases were identified at the same site the clone was re-
sequenced and re-analyzed until a consensus was reached. At least 1000 bp of upstream
sequence was analysed for CesA/ to 5, while approximately 800 nucleotides of the Ces47
promoter were used. The 5’ upstream regions isolated from each gene started at most 25 bp
upstream of the start codon (ATG) and contained the 5 UTR and a minimum of 500 bp of
each promoter. Sequences were analysed from the ATG because the start codon of each gene

has previously been experimentally verified (Ranik and Myburg 2006).

Orthologous gene and promoter sequences of Arabidopsis and Populus

Kumar et al. (2009) proposed a new phylogeny-based nomenclature for the Ces4 genes in
poplar. Their naming convention allows for direct comparison of the Arabidopsis and
Populus CesA genes (Online Resource 3). This change in nomenclature has not yet been
applied to the Eucalyptus CesA genes therefore in this study we kept the naming convention
used in the first study that reported the Eucalyptus CesA genes (Ranik and Myburg 2006).
Online Resource 3 lists the Eucalyptus CesA genes and their orthologs in Populus and
Arabidopsis. Promoter sequences of the Arabidopsis thaliana CesA orthologs (AtCesAs 1-10)
were obtained from The Arabidopsis Information Resource (TAIR9, www.arabidopsis.org),
and those of the Populus trichocarpa orthologs (PtiCesAs, Kumar et al. 2009) were obtained
from the Populus Genome Browser (DOE JGI http://www.phytozome.net, Online Resource
3). The same set of promoter sequences were used as in the study by Creux et al (2008).
Additionally, the orthologous gene sequences of Eucalyptus CesAl, AtCesA8 (At4gl18780)

and PtiCesA8-A (Pti235238), were obtained from the same databases. To ensure that the
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regions of the Fucalyptus CesAl gene and its orthologs could be compared, the promoter
regions were trimmed to equal length (297 bp) in all orthologs. The first intron region was
also trimmed (to 68 bp), resulting in an analysis region that included part of the proximal
promoter, 5 UTR (untranslated region), exon 1 and part of intron 1 (Accession numbers

JN573752 - IN573783).

DNA sequence analysis

After removal of vector sequences, DNA sequences of the Fucalyptus CesA promoters were
assembled using the Vector NTI software package (version 9.1.0, Invitrogen). The sequences
were aligned using the Clustal W (Thompson et al. 1994) function of BioEdit (version 7.0.9,
Hall 1999). DNA sequence analysis and nucleotide diversity (w; Nei and Li 1979) and 6Ow;
(Watterson 1975) calculations were performed using DnaSP (DNA Sequence Polymorphism,
version 4.50.3, Rozas et al. 2003). The distribution of nucleotide diversity in the sequences
was graphically represented using per site sliding windows of z. Nucleotide diversity was
represented by the average of a moving window of 50 bp for Figure 1 and a sliding window

of 100 bp (grey line) with a moving average (black line) fitted to each graph in Figure 2.

Cis-element selection

We focused on 22 previously reported, putative cis-elements, most of which have not been
functionally characterized, and we refer to these from this point forward as cis-elements
without ascribing any functional annotation (Table 1). First, putative cis-elements were
selected based on their over-representation in CesA promoters associated with primary
(CRPE17, CRPE 12, CRPE 11, CRPE 10, CRPE8, CRPE6) or secondary (CRPE3l,
CRPE28, CRPE26, CRPE25) cell wall formation, as identified in a comparative study of
Eucalyptus, Arabidopsis and Populus CesA promoters (Creux et al. 2008). A second set of
cis-elements was identified by wusing the PLACE database homology search tool

(http://www.dna.affrc.go.jp/PLACE/, Higo et al. 1999). Cis-elements with motif lengths of
-8-



greater than five base pairs were selected if they were present in the promoters of all three
primary or all three secondary cell wall-related Ces4 genes (Table 1). The xylem-specific
promoter element identified by Ko et al (2006) and the tracheary element-specific motif
identified by Pyo et al (2007) were also added to the set of cis-elements as they have been

suggested to play a role in secondary cell wall formation in Arabidopsis.

Cis-element mapping

Pattern Matching in RSA-Tools (http://rsat.scmbb.ulb.ac.be/rsat/; Thomas-Chollier et al.
2008) was used to map occurrences of the selected cis-elements onto the six Ces4 promoter
sequences of each of 13 Eucalyptus species. Pattern matching and image generation were
conducted using the default settings. A random data set was generated using RSA-Tools
Random Sequence Generator, which calibrated the sequences on Arabidopsis non-coding
upstream sequences. An Arabidopsis-specific Markov model was used to generate the
random sequences. In order to visualise the cis-element maps generated by RSA Tools
(Figure 3) in a meaningful way so that patterns of cis-element conservation and variation
could be more easily observed we concatenated the promoter sequences from each gene
together per species. These sequences were then used to construct a preliminary neighbour
joining tree in MEGA (Tamura et al. 2011) and the species order was used to arrange the
promoters during cis-element mapping (Figure 3). Promoter sequences containing the
mapped cis-elements were divided into discrete 100 bp intervals (i.e. -1 to -100, -101 to -200,
etc.), and cis-element occurrences in each section were counted and graphically represented
in comparison with the random data set. A two-tailed t-test assuming equal variance was
performed, to identify regions that showed significant differences from the random dataset
with o = 0.01 and a = 0.001. Motif logos were generated using the output sequences from
RSA-Tools in the online motif logo tool, Weblogo (http://weblogo.berkeley.edu/logo.cgi),

with all default settings (Schneider and Stephens 1990; Crooks et al. 2004). The Eucalyptus-
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specific motif logos were compared to the cis-element consensus logos generated across all

three genera (Arabidopsis, Populus and Eucalyptus) using the same tools (Online Resource

4).

Cis-element conservation analysis

Cis-element conservation was estimated by counting the number and type of nucleotide
changes that occurred within cis-element occurrences (Online Resource 5 and 6). The cis-
element occurrences could be grouped into three categories: conserved cis-element
occurrences, where no changes were observed in any of the Eucalyptus species analysed;
moderately conserved cis-element occurrences, where only a single position in the cis-
element sequence was changed in one or more species; and non-conserved cis-element
occurrences, where more than one position in the cis-element sequence was changed in one
or more of the species analysed. The types of nucleotide changes were also classified as
singletons (occurring in only one of the 13 species), or polymorphisms (occurring in two or
more species). The different cis-element and mutation counts were entered into Excel
(Microsoft Office 2007), where the averages and percentages of the different polymorphism

affecting cis-element occurrences were calculated (Online Resource 6).

Results

Sequence divergence and nucleotide diversity of the Eucalyptus CesAI gene and
promoter at the population, species and genus levels

We compared the nucleotide diversity of the proximal promoter and 5' regions (ATG was the
anchor point placed at position 0 bp) of the secondary cell wall-related Eucalyptus CesAl
gene (Ranik and Myburg 2006), including representative portions of the 5° UTR, first exon
and first intron to the orthologous cellulose synthase genes of Arabidopsis and Populus
(Figure 1). Nucleotide diversity in these regions was calculated for three sets of sequences:

(1) the genus-level comparison of the E. urophylla CesAl gene to its Arabidopsis and
-10 -



Populus orthologs (Online Resource 3), (2) the species-level comparison of the Ces4! gene
sequences from thirteen Eucalyptus species (Online Resource 1) and finally, (3) a population-
level comparison which included sequences from a population sample of 19 E. urophylla
trees (Figure 1). As expected, the average nucleotide diversity over the whole 611 bp region
was highest for the genus-level comparison (n = 0.461), which was close to a value expected
for unrelated sequences (Figure 1, green trend line). The Eucalyptus species- and population-
level comparisons exhibited significantly lower average diversity (nr = 0.015 and © = 0.006,
respectively) in the same region. The observed nucleotide diversity at the population level
(Figure 1, black trend line) was generally below 1% and the diversity observed in parts of the
promoter and first exon was due to single nucleotide polymorphisms (SNPs). The nucleotide
diversity of the promoter was higher at the species-level (Figure 1, red trend line), but distinct
regions of relative sequence conservation were observed within the promoter region (Figure
1, black arrows). These results demonstrate that at the genus-level, the promoters are too
divergent structurally to observe conserved sequence elements by direct sequence
comparison. Conversely, the population-specific comparison suggested that the sequences
were too similar to identify defined regions of conservation. The species-level comparison,
however, did reveal conserved regions in the promoters, which may contain clusters of cis-
regulatory elements and the other five CesA promoters (CesdA2, 3, 4, 5 and 7) were

consequently investigated at this level.

Isolation and analysis of the CesA1-5 and 7 promoter regions of 13 Eucalyptus species

The upstream regions of six Ces4 genes (EgCesA1-5: Ranik and Myburg 2006; EgCesA7:
Creux et al. 2008) were isolated from one individual of each of 13 Eucalyptus species and
used to investigate detailed patterns of sequence and spatial conservation of selected, putative
cis-elements among the Eucalyptus species (sequence alignment, Online Resource 5). Creux

et al (2008) showed that E. grandis CesA4 had an intron in the 5’UTR and this intron was
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also present in the CesA4 promoter of the other 12 Eucalyptus species investigated here
indicating conservation in the 5’UTR in the gene. It is well documented that 5° UTR
sequences and the associated introns can play important roles in cis-regulation (Karthikeyan
et al. 2009; Livny and Waldor 2009). For this reason, we disregarded promoter/ UTR
boundaries and in all instances, the entire upstream regions including the 5 UTR (and intron
in the case of Ces44) were analysed for regulatory element occurrence and conservation.

Despite several rounds of primer optimisation and design, we were unable to isolate
the upstream regions of the Ces45 gene from E. camaldulensis, E. tereticornis and E. dunnii
presumably due to high sequence divergence in the upstream priming sites. Amplification of
the E. fastigata CesA5 promoter was only achieved when the primers were moved
immediately upstream of the original binding sites, which were subsequently found to contain
E. fastigata-specific sequence polymorphisms (primer sequences, Online Resource 2). As a
result, the CesA45 promoter dataset only contained sequences from ten Eucalyptus species.
Furthermore, two distinct sequence haplotypes of the Ces45 promoter were observed among
the ten Eucalyptus species analysed (Online Resources 4 and 5). Species from the subgenus
Eucalyptus (E. fastigata) and Symphyomyrtus section Latoangulatae (E. grandis, E.
urophylla and E. saligna) shared a single haplotype. The second haplotype was only observed
in species of the section Maidenaria (E. macarthurii, E. globulus maidenii, E. globulus
globulus, E. globulus bicostata, E. smithii and E. nitens, Online Resources 4 and 5). PCR
amplification with haplotype-specific primers confirmed that the two putative haplotypes do
not co-occur within any of the eucalypt species analysed and are therefore not likely to be
derived from paralogous sequences in the Eucalyptus genome (data not shown).

There are 11 expressed CesA genes in Eucalyptus (Mizrachi et al. 2010) and to
ensure that no duplicate promoters were isolated all of the Ces4 promoter sequences analysed

in this study were compared to the E. grandis genome sequence (DOE JGI,
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http://www.phytozome.net). In all cases the sequences matched a single region directly
upstream of the corresponding CesA gene, supporting our inference that no paralogous
promoters were isolated. Sequence comparison of the two Ces45 promoter haplotypes with
the genome sequence also confirmed that the two haplotypes correspond to the promoter
regions of a single CesAS5 gene locus in the E. grandis genome (data not shown, Phytozome

gene ID: Eucgr.C02801.1).

Species-level sequence diversity in the promoter regions of the Eucalyptus CesA genes

The average species-level nucleotide diversity (m) of the six Eucalyptus CesA promoter
regions varied from = 0.014 for CesA7 to m = 0.068 for Ces45 (Table 2). The high species-
level nucleotide diversity observed in the Ces45 promoter regions could be ascribed to the
presence of the two distinct haplotypes (Online Resource 5 and 7). In all of the promoters a
local decrease in nucleotide diversity across species was observed at the transcriptional start
site (Figure 2, shaded boxes). Additionally, in the CesA1, 2, 3, 4 and 7 promoters there were
regions further upstream where local species-level diversity was below m = 0.02, which is the
nucleotide diversity expected for conserved coding regions and could indicate functional

constraints within these regions (Figure 2).

Cis-element position and frequency in the promoter regions of the Eucalyptus CesA
genes

We investigated the positional conservation of cis-elements in the Ces4 promoter regions by
mapping occurrences of 22 previously identified putative cis-elements (Table 1) in the
promoter sequences of 13 Eucalyptus species (Figure 3 and Online Resource 5). Three of the
cis-elements (CRPE25, CRPE26 and TERE;Table 1) could not be found in any of the 13
Eucalyptus CesA promoter sequences, even when mismatches were allowed, but they were
detected in the Arabidopsis and Populus orthologs (Figure 3). The CRPEI11 cis-element could

not be identified in any of the sequences analysed and may represent a false positive result
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from the previous study. Cis-element occurrence counts revealed regions with a significantly
higher/lower number of occurrences in the promoter sequences, while an even cis-element
distribution was observed in the random dataset (Figure 4). The occurrences of each cis-
element in the Eucalyptus CesA promoters were used to generate Eucalyptus-specific cis-
element consensus sequences which were very similar at the species- and genus-level, even in
sites allowing for alternative bases (Online Resource 4).

Mapping the cis-element occurrences to the promoter regions (Figure 3 and Online
Resource 5) allowed us to evaluate the cis-element content of conserved promoter regions
(Figure 2). In each of the Eucalyptus promoters, a set of co-occurring elements (Figure 3,
transparent grey blocks) was identified near the previously predicted TSSs (Creux et al.
2008). This set of putative cis-elements comprised multiple occurrences of the CRPE31
(GNGNAGNA, Figure 3: orange) and CTRMCAMV35S (TCTCTCTCT, Figure 3: purple)
motifs with the exception of Ces43 where only CRPE31 occurred approximately 200 bp
upstream of the predicted TSS (Figure 3). These were not conserved in the Arabidopsis and
Populus promoters (Figure 3). In Ces47, however, the cluster and region of lower species-
level nucleotide diversity was located further upstream (-450 to —300) of the TSS and may
indicate that the predicted TSS for this gene should be re-evaluated. The TATABOX 5
element (TTATTT, Figure 3: pink), from the PLACE database, was the only TATA-box-like
sequence identified in the Eucalyptus CesA promoters. In the Ces4l, 5 and 7 promoters, the
putative TATA-box-like motif was found far upstream (400 to 1000 bp) from the TSS
(Figure 3).

The cis-element maps also enabled us to observe positional conservation of cis-
element combinations. MYBIAT (WAACCA, Figure 3: black) and NODCONIGM
(AAAGAT, Figure 3: brown) were found to co-occur in the secondary cell wall-related CesA4

promoters within 200 bp of each other (Figure 3A, B and C). These two putative cis-elements
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also appeared to be positionally conserved within these promoters as they were always
observed in the region between -200 to -600 bp upstream of the TSS in CesA4/, 2 and 3

(Figure 3D, E and F).

Cis-element evolution in the promoter regions of the Eucalyptus CesA genes

To investigate the potential effect of DNA sequence evolution on cis-element
occurrences in Eucalyptus, all of the putative cis-element occurrences in the Eucalyptus CesA
promoters were investigated for sequence conservation. The individual -cis-element
occurrences were scored as conserved if no polymorphism occurred in the region across all
13 promoter sequences (Figure SA and Online Resource 6). Putative cis-element occurrences
that had a single nucleotide polymorphism (present in two or more cloned sequences) relative
to the Eucalyptus consensus sequence (Online Resource 4) and those that had two or more
nucleotide changes away from the consensus sequence were counted separately (Figure SA
and Online Resource 6). Overall, only 29% of the cis-element occurrences investigated were
fully conserved in the 13 Eucalyptus promoter sequences. The Eucalyptus CesAl promoters
had the highest number of fully conserved cis-element occurrences (59%), while CesA5 had
the lowest at 13% (Figure 5A).

We identified 89 instances (42% of all occurrences) where a putative cis-element
occurrence was present or absent in all but one of the 13 promoters (Online Resource 6).
These instances were classified as singleton (gain or loss) occurrences and 70% of these
resulted from single nucleotide changes, while 30% were due to indels (Figure 5B). Some of
the single nucleotide changes could have resulted from cloned PCR errors, however the
observed frequency of singletons was approximately ten times higher than would be expected
from polymerase induced errors (average 1x10™ per base pair; Keohavong and Thilly 1989;
Ling et al. 1991). We investigated the frequency of singleton mutations that resulted in a

change towards the consensus sequence (i.e. a change that rendered the cis-element
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identifiable by the software in that promoter) or away from the consensus sequence (i.e. a
change rendering the consensus sequence unidentifiable by the software). The majority of
sequence changes (72% of the SNPs and 71% of the indels, Figure 5B) resulted in a change
towards the cis-element consensus sequence (Online Resource 4) and therefore may indicate
a gain (or maintenance) of the cis-element occurrence in that species. However, to accurately
investigate this, more individuals should be sequenced for each species and experimentally

verified Eucalyptus cis-elements, which are not yet available, should be used.

Discussion

CesA gene family members have conserved roles in the deposition of primary and
secondary cell walls in all seed plants studied to date (Burn et al. 2002; Burton et al. 2004;
Hamann et al. 2004; Ranik and Myburg 2006). This suggests that the major clades of the
gene family differentiated early during Spermatophyte evolution (Sarkar et al. 2009; Yin et
al. 2009; Popper et al. 2011). A distinctive set of expression patterns characterize the major
clades with CesA genes involved in primary and secondary cell wall deposition exhibiting
unique, developmentally regulated expression profiles (Hamann et al. 2004). The conserved
nature of these genes and their highly coordinated, but differential, expression patterns point
to the action of a conserved network of cis- and trans-regulatory factors in plants (Demura
and Fukuda 2007; Zhong et al. 2010). The aim of this study was to characterize the
architecture and diversity of cis-elements in six Cesd4 promoters across Eucalyptus tree
species in terms of sequence and cis-element conservation.

Nucleotide diversity levels are generally higher in promoter regions than in other
genic regions, most likely due to lower overall functional constraints on promoter regions
(Nei2007). That said, the maintenance of functional cis-elements in promoter regions and the

modular nature of transcription factor binding suggests that there should be localised regions
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that are more conserved than the rest of the promoter and contain clusters of cis-elements
(Maniatis et al. 1987; Ho et al. 2009). To determine whether this is the case for Ces4 genes,
we compared nucleotide diversity levels in different CesA/ gene regions at the population,
species and genus levels. While the nucleotide diversity in the genus and population levels
were at the highest and lowest extremes of the scale respectively, the diversity at the species
level showed a large range of values from 1.4% to 6.8% (Figure 1). At the species level the
nucleotide diversity plot profile revealed that the higher nucleotide diversity in the upstream
regions was interrupted by areas with distinctly lower nucleotide diversity (Figure 1 - red line
and arrows). In a similar study on the Drosophila bithorax complex, Ho et al (2009) also
identified regions of conservation across orthologous promoters in different Drosophila
species and could suggest that short conserved sequences are a feature of related eukaryotic
promoters.

The conservation of promoter sequences has been documented for a number of
different plant species, but sequence conservation in promoter regions may not always
indicate cis-element conservation (Reineke et al. 2011). In light of this, we evaluated the
occurrences of previously identified cis-elements (Table 1) in the cloned Eucalyptus
promoter sequences. We found that 76% of the cis-element occurrences were either fully
conserved (29%) in the 13 Eucalyptus promoters or only varied from the consensus sequence
by a single nucleotide change (47%, Figure 5SA and Online Resource 6). In this study the cis-
element occurrences which are affected by one nucleotide change are likely also to be
conserved elements because cis-element consensus sequences often contain some ambiguous
bases and transcription factors can still bind to these variable sites.. The cis-element
occurrences with a single change could also be more conserved than estimated here since the

changes may be due to allelic variation within the different populations, but this variation
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would have to be further investigated in these different populations when a core set of
experimentally tested cis-elements are available for Fucalyptus.

Identifying conserved cis-elements or regions in the promoter does not fully describe
the spatial arrangement of these elements, which is important because cis-elements are often
found clustered together, rather than evenly distributed across the length of the promoter
(Maniatis et al. 1987; Hansen et al. 2010). We found that there was strong clustering of cis-
elements at particular intervals in the promoters when compared to neighbouring intervals or
to a random dataset (Figure 4). A significant cluster of cis-elements was observed at the
position of the TSS in a number of the Ces4 promoters (Figure 4: CesA1, 4, 5 and 7), and the
position of this cis-element cluster (TSS-associated cluster) also coincided with a highly
conserved promoter region (Figure 2; transparent grey blocks). In a genome-wide
comparative study of Populus and Arabidopsis a number of conserved cis-element clusters
were also identified in the promoters of genes associated with cellulose deposition (Ding et
al. 2012) and this could indicate functional constraints acting on the particular Ces4 promoter
regions.

The TSS-associated cluster of cis-elements identified in five of the six Eucalyptus
CesA promoters (except CesA3) contained multiple occurrences of two cis-elements CRPE31
and CTRMCAMV35S (Figure 3: purple). CRPE31 (GNGNAGNG, Figure 3: orange) was the
most abundant cis-element detected in the Fucalyptus promoters as well as in a previous cis-
element study of Ces4 promoters (Creux et al. 2008). The reverse compliment sequence of
this element (CNCTNCNC) could be an initiator element similar to the elements described in
Arabidopsis (Bernard et al. 2010). The initiator element has been shown to co-occur with the
TSS in the promoters of different plant species (Yamamoto et al. 2007) and this may suggest

a function for these putative CRPE31 occurrences in the Eucalyptus promoters.
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The other main element in the TSS-associated cluster was the CTRMCAMV35S
element (TCTCTCTCT, Figure 3: purple). In the PLACE database, this element is listed as
an enhancer found in the commonly used Cauliflower Mosaic Virus (CAMV) 35S viral
promoter (Pauli et al. 2004). This element is highly over-represented in the Ces4 promoters
in the form of TC-repeats (Online Resource 5). Multiple copies of the CTRMCAMV35S
element could enhance the expression of the Ces4 genes which would be of interest because
these are some of the most highly expressed Eucalyptus genes (Mizrachi et al. 2010).
Alternatively, the CTRMCAMV35S repeats could represent plant-specific regulatory regions
known as Y-patches (CT or TC repeats) which have been associated with the TSSs of other
plant promoters in genome-wide studies of Arabidopsis and rice (Molina and Grotewold
2005; Yamamoto et al. 2007). The putative CRPE31 and CTRMCAMV35S element
occurrences in this conserved TSS-associated cluster may play a role in the initiation of
transcription of a number of the Eucalyptus CesA genes.

The suggestion that transcriptional initiation of the Fucalyptus CesA genes could be
reliant on the presence of putative initiator (CRPE31) and Y-patch (CTRMCAMV35S)
elements is further bolstered by the lack of a TATA-box in many of the Eucalyptus CesA
promoters (Figure 3). The only over-represented element resembling a TATA-box (PLACE
ID: TATABOXS; TTATTT) was found in a subset of the Ces4A4 promoter sequences in the
correct location (Figure 3: pink). This TATA-box-like element was also identified in the
Eucalyptus CesAl, 4, 5 and 7 promoters, but its position in each instance was > 600 bp
upstream of the TSS (Figure 3, pink) and did not coincide with any major decrease in
species-level nucleotide diversity. This suggests that these sequences do not function as
TATA-boxes, because in the original description of this element it was functional when
located 50 bp upstream of the TSS (Tjaden et al. 1995). Additional support for this TSS-

associated cluster comes from our previous study which reported some of the Eucalyptus
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grandis CesA promoters, which contain the TSS-associated cluster, to be TATA-less.
However, the promoter fragments were still able to drive tissue-specific expression of the
GUS reporter gene in Arabidopsis and had experimentally verified TSSs (Creux et al. 2008).

Further upstream of the TSSs, other putative cis-elements could be observed as
singletons, pairs or clusters in the CesA promoters (Figure 3). One example of this is the co-
occurrence of the NODCONIGM (AAAGAT, Figure 3: dark brown) and MYBIAT
(WAACCA, Figure 3: black) elements in the CesA promoters of the genes associated with
secondary cell wall deposition. In CesA41, 2 and 3, the elements co-occurred in the region
between -200 and -600 bp, and this positional conservation was not observed in the
promoters of the CesA genes associated with primary cell wall formation (Figure 3). This
suggests that NODCON1GM and MYBIAT may play a role in secondary cell wall-specific
expression of these genes.

The putative MYBIAT occurrences in CesA1, 2 and 3 were of special interest for a
number of reasons. Yazaki et al. (2003) found the MYBIAT element to be involved in
Arabidopsis dehydration stress response while investigating gibberellic acid (GA) and
abscisic acid (ABA) responses in rice. GA has also been found to play a role in cambial cell
differentiation and xylem development (Love et al. 2009) pointing to the co-regulation of
genes involved in xylogenesis. This putative MY B-like element may also be important as a
number of MYB transcription factors have been identified as key members of the
transcriptional network regulating the secondary cell wall formation (Goicoechea et al. 2005;
Demura and Fukuda 2007; Legay et al. 2010; Zhong et al. 2010).

While many of the putative cis-element occurrences investigated in this study were
conserved in the promoters of the different Eucalyptus species, a small number of
occurrences varied among species (Figure 5B). We counted 89 singleton changes (i.e. loss or

gain of an occurrence in only one of the 13 sequences) in the Ces4 promoters and 66% of the
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sequence polymorphisms changed the promoter sequence towards a known cis-element
consensus sequence (Online Resource 6). One hypothesis for this cis-element variation is
known as cis-element buffering, which ensures the maintenance of a particular cis-element
sequence in faster evolving sequences such as promoters (Tanay et al. 2005). It proposes that
the promoter sequence may change to abolish a particular cis-element occurrence, but a
second mutation in that promoter maintains the binding site of a particular transcription
factor. This mechanism of cis-element maintenance has been observed in the cis-regulatory
modules of a number of Drosophila genes (Hare et al. 2008; Ho et al. 2009) and could be a
mechanism of maintenance in the Ces4 gene promoters, but this can only be confirmed by
further investigation on both the population-wide and genome-wide level with experimentally
verified cis-elements from Eucalyptus.

An interesting observation form this study was that, while most of the Eucalyptus
CesA promoters were similar in terms of GC content and number of indels, the CesA45
promoters were distinct. The CesA5 promoter dataset had the lowest GC content (36%) and
more than double the number of indels than the other promoters (Table 2). CesA5 also
presented with the lowest number of conserved cis-element occurrences (Figure 5A).
Sequence analysis revealed at least two CesAS5 promoter haplotypes in the Eucalyptus dataset
and these were congruent with the different sections of Symphyomyrtus in which they
occurred (Online Resources 1 and 5). The promoter regions of species belonging to the
section Exsertaria (E. camaldulensis and E. tereticornis) could not be amplified and might
represent yet another haplotype. It appears that the distal part of the Ces4A5 promoter is
undergoing rapid divergence, and the pattern of divergence is in keeping with the phylogeny
of the FEucalyptus species. Since haplotype 1 is shared among representatives of both
subgenera, it is likely to be ancestral and the alignment of the CesAS5 promoter sequences

(Online Resources 4 and 5) suggests that multiple insertional events have occurred. The high
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sequence divergence observed in the distal region (upstream from -390 bp) suggests that the
proximal region of the CesA5 promoter may harbour most of the essential cis-elements for

this gene.

Conclusions

This is one of only a few studies that have investigated sequence diversity in the
promoters of a plant gene family (Koch et al. 2001; de Meaux et al. 2006; Tanaka et al. 2009;
Zhao et al. 2009). We identified regions within the Ces4 promoters that are conserved across
Eucalyptus species and coincided with the putative occurrences of cis-elements, suggesting
that they have important biological functions. Overall, we found that 29% of the investigated
cis-element occurrences were fully conserved in Eucalyptus CesA genes. Only 30% of the
singleton changes were away from the consensus sequence (Figure 5B), suggesting there are
functional constraints on some sequences within the promoter regions. The CesA promoters
of Eucalyptus appear to be TATA-less and a highly conserved region in these promoters was
identified in the vicinity of the TSSs, suggesting that the basal transcriptional machinery for
this Fucalyptus gene family relies on other basal cis-elements such as a putative initiator
element and Y-patch to initiate transcription. Conserved cis-elements were also found in the
promoters of the CesA genes associated with secondary cell wall formation. These were not
present in the primary cell wall-associated Ces4 promoters. The study provides insight into
the diversity and evolution of cis-regulatory sequences underlying the unique expression
profiles of this important plant gene family and will lay the foundation for future studies of
the function of these promoter regions and for comparative genomic analysis of promoter

elements across multiple Eucalyptus genomes.
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Tables

Table 1. Details of 22 cis-regulatory elements selected from literature and PLACE database
scans and used for DNA pattern matching

Source® Motif Identity °

Motif Sequence®

PLACE Annotation

Primary cell wall-associated motifs®

Creux et al. (2008) CRPE 17 GTCKGT Unknown

Creux et al. (2008) CRPE12 ATNWATTA Phosphate response domain

Creux et al. (2008) CRPE11 GACNGTSNGTGGGC Stem enhancer element

Creux et al. (2008) CRPE10 CCNCMCCC Vascular-specific expression

Creux et al. (2008) CRPES8 GGNGGTGG Anthocyanin regulatory element

Creux et al. (2008) CRPE6 NMTTCTGTC Iron deficiency responsive element

Place DB CAREOSREP1 CAACTC Gibberellin up-regulated proteinase expression
Place DB DRE2COREZMRAB17 ACCGAC Drought-responsive element

Place DB RBCSCONSENSUS AATCCAA Light-regulated expression

Place DB TATABOX5 TTATTT Functional TATA element

Place DB SEF4AMOTIFGM7S RTTTTTR Beta-conglycinin enhancer

Secondary cell wall-associated motifs®

Creux et al. (2008) CRPE31 GNGNAGNG Unknown

Creux et al. (2008) CRPE28 NNGCATGC Iron deficiency response element

Creux et al. (2008) CRPE26 TCCTGCYG Unknown

Creux et al. (2008) CRPE25 RCYSTGCCC Phloem-specific expression

Place DB CTRMCAMV35S TCTCTCTCT Enhancer of gene expression

Place DB REALPHALGLHCB21 AACCAA Phytochrome regulatory elements

Place DB PYRIMIDINEBOXOSRAMY 1A CCTTTT Pyrimidine box involved in sugar repression
Place DB NODCON1GM AAAGAT Organ-specific element

Place DB MYB1AT WAACCA Activation draught and ABA-induced expression
Pyo et al. (2007) TERE CTTNAAAGCNA Tracheary element-specific expression

Ko et al.(2006) XYLAT ACAAAGAA Xylem-specific

* Original source of the cis-element

® Published name or identity of the cis-element

¢ Published consensus sequences for the cis-element motifs with ambiguous bases represented as

IUPAC codes where W = A/T, M = A/C,R=A/G, K=T/G, S =G/C, Y = C/T and N represents any

of the four bases.

¢ Putative function of the cis-elements as reported in literature or the PLACE database.

¢ The cis-element motifs were assigned as primary or secondary cell wall-associated based on the

study in which they were first identified and/ or the description on the PLACE database.
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Table 2. Species-level nucleotide diversity in the promoter regions of six cellulose synthase
(CesA) genes cloned from 13 Eucalyptus tree species

CesA1 CesA2 CesA3 CesA4 CesA5 CesA7

Number of species analysed 13 13 13 13 10° 13
Length of aligned sequence (including gaps) 1132 1284 1317 1286 1970 863
G+C content (%) 43 47 45 47 36 53
Total number of sites (excluding gaps) 989 1048 1238 1168 1260 730
Number of polymorphic sites 66 134 93 105 253 51
Total number of singleton sites 72 138 95 110 261 52
Nucleotide diversity (1) 0.018 0.029 0.018 0.021 0.068 0.014
Nucleotide diversity (6w) 0.023 0.042 0.025 0.030 0.073 0.023
Total number of insertions and deletions (indels)* 4 6 3 6 15 9

*Including repeat regions and indels of varying lengths occurring in more than one species analysed.

®The CesA5 promoter region could only be isolated from 10 species.
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Figure 1. Nucleotide diversity (m) in the proximal promoter and gene regions surrounding the
translational start site of the Fucalyptus CesAl gene (orthologous to CesAS8 in Arabidopsis and
Populus) at the genus, species, and population levels (Accession numbers: JN573752 - IN573783). The
gene regions are depicted by the horizontal bar at the centre of the graph. Nucleotide diversity among
Eucalyptus urophylla CesAl and its Arabidopsis thaliana (AtCesAS8: At4gl18780, TAIR9 -
www.arabidopsis.org) and Populus trichocarpa (PtiCesAS8-A: Pti235238; Kumar et al. 2009) orthologs
is shown in green. Nucleotide diversity in the corresponding regions of the Ces4/ gene from thirteen
Eucalyptus species is shown in red, while nucleotide diversity in the Ces4/ gene from a population of
E. urophylla trees is shown in black. In each case, nucleotide diversity is represented by the average of
a moving window of 50 bp, calculated in DnaSP (DNA Sequence Polymorphism, version 4.50.3, Rozas
et al. 2003). The black arrows indicate promoter and 5° UTR regions with lower nucleotide diversity
for the species comparison (red line) indicating putatively informative regions of conservation. TSS -
transcriptional start site, ATG - translational start site.
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in 13 Eucalyptus species and mapped positions of putative cis-elements in these regions. Nucleotide
diversity () was measured per site in a sliding window of 100 bp (grey line) with a moving average
(black line) fitted to each graph as calculated in DnaSP (DNA Sequence Polymorphism, version 4.50.3,

Rozas et al. 2003). Nucleotide position is indicated relative to the start of translation (ATG, +1). The

putative transcriptional start site (TSS) is indicated by an asterisk in each graph. A conserved intron
present in the 5° UTR of CesA44 is indicated with a grey bar. The line and coloured blocks at the bottom
of each graph show the position of the mapped cis-element occurrences in the E. grandis reference
sequence. A cis-element colour key is at the bottom of the figure. The transparent grey blocks represent

the position of the TSS-associated cis-elements associated with regions of lower nucleotide diversity.
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Figure 3. Occurrences of 21 putative cis-regulatory elements mapped in the promoters of six orthologous groups of Cesd genes in 13 Eucalyptus species, Arabidopsis
thaliana and Populus trichocarpa. The size of each promoter region and relative positions of mapped cis-elements in relation to the start codon (ATG) of each gene can be
read from the ruler at the top. A colour key of cis-elements is given at the bottom of the image. The left hand margin of the figure shows the name and species of each
promoter (grouped A-F). The horizontal black lines in each block represent the promoter sequences isolated for each species and the coloured squares show the position of
the mapped cis-element occurrences. Squares above each line indicate cis-elements found in the sense orientation, while coloured squares below the lines indicate cis-element
occurences found on the opposite strand. The predicted transcriptional start sites (TSSs) of the Eucalyptus promoters are indicated by the tailed arrow in each promoter set.
The transparent grey blocks show putative cis-regulatory modules that coincide with the TSS positions.
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Figure 4. Frequency of cis-element occurrences along the length of the six Ces4 promoter regions averaged
across the 13 Eucalyptus species in 100 bp intervals, compared to a randomly generated sequence dataset. The
random set reports the frequency of occurrences of 21 selected cis-elements in 100 bp intervals along the length
of a randomly generated dataset of non-coding upstream sequences (800 bp of upstream from the ATG
generated by the RSA-Tools random sequence generator, http://rsat.ulb.ac.be/rsat/). The frequency of cis-
element occurrences in each of the Ces4 promoter sets (CesA /-5 and 7) are also indicated. The y-axis gives the
number of cis-elements in each 100 bp interval and the x-axis represents the Ces4 promoter regions being
analysed. The error bars show the standard error of the frequency measurement where n = 13 (except for Ces45
where n = 10) and * and ** indicate significant differences from the random dataset (p = 0.01 and 0.001
respectively; two tailed t-test assuming equal variance).
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Figure 5. Evaluation of the types and frequency of polymorphisms observed within cis-element occurrences in
the CesA promoter regions of 13 Eucalyptus tree species. A) Conservation of the cis-element consensus
sequences across the Eucalyptus species. The cis-element occurrences were classified into three categories;
conserved occurrences, which had no polymorphisms across all 13 species; occurrences affected by one
polymorphism and occurrences affected by two or more polymorphisms (singleton changes were not counted as
polymorphisms). The large pie chart on the left depicts the conservation in all promoters across all six genes,
while the six smaller pie charts on the right show the cis-element sequence conservation within the promoter of
each gene. B) The frequency of single nucleotide polymorphisms and indels in the promoter regions of 13
Eucalyptus CesA promoters. For this analysis, polymorphisms in cis-elements that only affect a single promoter
of the 13 species (also refered to as singleton gains or losses) were investigated. The graph on the left represents
the percentage of cis-element occurrences affected by SNPs and indels. The smaller red bar graph (top right
corner) shows cis-element occurrences where an indel changed the sequence towards or away from the
consensus sequence. Similarly the blue bar graph (bottom right) indicates cases where SNPs changed the cis-

element sequence towards or away from the consensus sequence.
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