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Abstract Liriodendron tulipifera L., a member of Magno-
liaceae in the order Magnoliales, has been used extensively as
a reference species in studies on plant evolution. However,
genomic resources for this tree species are limited. We
constructed cDNA libraries from ten different types of
tissues: premeiotic flower buds, postmeiotic flower buds,
open flowers, developing fruit, terminal buds, leaves,
cambium, xylem, roots, and seedlings. EST sequences
were generated either by 454 GS FLX or Sanger
methods. Assembly of almost 2.4 million sequencing
reads from all libraries resulted in 137,923 unigenes
(132,905 contigs and 4,599 singletons). About 50% of
the unigenes had significant matches to publically
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available plant protein sequences, representing a wide
variety of putative functions. Approximately 30,000
simple sequence repeats were identified. More than
97% of the cell wall formation genes in the Cell Wall
Navigator and the MAIZEWALL databases are repre-
sented. The cinnamyl alcohol dehydrogenase (CAD) homo-
logs identified in the L. tulipifera EST dataset showed
different expression levels in the ten tissue types included in
this study. In particular, the LtuCADI was found to partially
recover the stiffness of the floral stems in the Arabidopsis
thaliana CAD4 and CADS5 double mutant plants, of the
LtuCADI in lignin biosynthesis. L. tulipifera genes have
greater sequence similarity to homologs from other woody
angiosperm species than to non-woody model plants. This
large-scale genomic resour"HistryDatesce will be instrumen-
tal for gene discovery, cDNA microarray production, and
marker-assisted breeding in L. tulipifera, and strengthen this
species' role in comparative studies.
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Introduction

Liriodendron tulipifera L., commonly known as yellow-
poplar, tulip tree, or tulip-poplar, is one of only two
arborescent species in the genus Liriodendron. Yellow-
poplar gained its name due to the uncanny similarity of its
wood structure and density to true poplars (Populus
species). However, these two species are from distinct
evolutionary lineages: yellow-poplar is a member of
Magnoliaceae in the order Magnoliales, whereas Populus
species are in the core eudicot order Malpighiales.
Magnoliaceae flowers usually possess stamens and pistils
in a spiral pattern, which is distinct from most other
angiosperm species with whorled floral organs and thought
to be an ancestral trait for flowering plants (Soltis et al.
2004). Magnoliales and three other orders (Laurales,
Piperales, and Canellales) comprise the magnoliids, which,
along with Amborellales, Nymphaeles, and Illiciales, form
a grade of “basal angiosperm” lineages that contain a wide
diversity of floral and growth forms (Qiu et al. 2005; Soltis
et al. 2005; Jansen et al. 2007). Among basal angiosperms,
Magnoliales are the immediate sister to the species-rich
clade including monocots and eudicots with ca. 97% of all
angiosperm species (Qiu et al. 2005; Soltis et al. 2005;
Jansen et al. 2007; Moore et al. 2007). Its special position
in the plant phylogeny and “primitive” floral structure make
Liriodendron, along with representatives of other basal
angiosperm lineages, an ideal candidate for comparative
studies of the evolution of form and process throughout
flowering plant history (Wei and Wu 1993; Hunt 1998;
Ronse de Craene et al. 2003; Zahn et al. 2005).

In addition to its important phylogenetic position, L.
tulipifera has great economic and ecological values. This
species is cultivated in many temperate parts of the world
for wood production (Hunt 1998) and is one of the
recommended species for waste landfill remediation (Kim
and Lee 2005). As one of the largest and ornamentally
coveted trees in North America, L. tulipifera can attain a
height of 61 m with a trunk diameter of up to 152 cm. On
good sites (site index=23 m) in the southern Appalachian
mountains, L. tulipifera will grow faster than any associated
species (Beck 1990). Compared with other commercially
important species, L. tulipifera is remarkably free from
damage by insects and diseases, does not require intensive
stand management to grow well in dense stands, and is
resistant to the damaging effect of metals (such as
aluminum) (Klugh and Cumming 2003). The wood of L.
tulipifera is commercially valuable and is a raw material
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source for lumber, furniture, musical instruments, wooden
wares, pulp, and many other industries (Moody et al. 1993;
Hernandez et al. 1997; Williams and Feist 2004). L.
tulipifera is also valued as a nectar source for honey
production, as a source of wildlife food (mast), and as a
large shade tree in urban settings. In addition, chemical
extracts from L. tulipifera wood or leaves have proven
useful for a variety of purposes, including anti-tumor
effects and antifeeding activity for herbivores (sesquiter-
penes) (Moon et al. 2007) and antimicrobial alkaloids (Bae
and Byun 1987). Recently, there has been increased interest
in conversion of biomass from L. fulipifera to biofuels, as
evidenced by studies on ethanol production from this
species (Xiang et al. 2004; Berlin et al. 2005; Celen et al.
2008; Hwang et al. 2008; Koo et al. 2008, 2009).

Little genomic research has been conducted on this species,
despite the use of L. tulipifera as a reference species in
studies on plant evolution and its significant economic and
ecological value. To date, only one L. tulipifera gene,
encoding a laccase, has been functionally characterized
(LaFayette et al. 1999). Laccases (EC 1.10.3.2) are copper-
containing glycoproteins. Several studies have suggested the
involvement of laccases in lignin biosynthesis (Ranocha et
al. 2002 and references therein). The organization of two L.
tulipifera chromosome regions (harboring a GIGANTEA and
a LEAFY floral gene, respectively) was recently revealed
(Liang et al. 2010, 2011). At present, there exists only one
EST database (6,520 unigenes) developed from floral tissues
by capillary sequencing (Albert et al. 2005; Liang et al.
2008) and one ca. 5X BAC library with 73,728 large-insert
clones (Liang et al. 2007) available for L. tulipifera. This
lack of genomic research has hindered the efforts to
identify genes involved in traits of economic and ecolog-
ical importance and limited Liriodendron's role in compar-
ative genomic studies. L. tulipifera is one of the species in
the Magnoliaceae family with the lowest chromosome
number (2n=2x=38). However, with a haploid genome
size of 1,802 Mbp (Liang et al. 2007), sequencing and
assembly of the L. tulipifera genome would be expensive,
given currently available sequencing technologies. Thus,
as with most forest tree species, large-scale sequencing and
analysis of L. tulipifera ESTs remain a fundamental part of
genomics research to enable gene discovery and functional
investigations.

Here we report the generation and analysis of a deep
transcriptome sequence resource for L. tulipifera. To
maximize our ability to identify genes expressed in
different tissues, extensive ESTs from ten different tissue
types (premeiotic flower buds, postmeiotic flower buds,
open flowers, developing fruit, terminal buds, leaves,
cambium, xylem, roots, and seedlings) were isolated and
sequenced. The unigenes from the newly built database
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were compared to publically available plant protein
sequence databases, and Gene Ontology (GO) terms were
determined. Genes involved in wood formation were
identified based on similarity to genes in available sequence
databases. In particular, a Liriodendron cinnamyl alcohol
dehydrogenase homolog (LtuCADI) was characterized by
overexpression in an Arabidopsis CAD4/CADS double
mutant. This dataset has also been mined for simple
sequence repeats (SSRs) and microRNAs (miRNAs). The
unigenes generated in this study will facilitate gene
discovery and functional studies, support development of
cDNA microarrays and assembly of short-read sequences,
and thus allow expression profiling experiments to be
integrated into investigations of xylem differentiation,
reproductive development, insect and disease resistance,
etc. in Liriodendron. The 29,289 gene-based SSRs identi-
fied in the unigene assemblies will enable marker-assisted
breeding in the genus Liriodendron. The availability of
this deep genomic resource will also strengthen the
utility of Liriodendron in comparative studies of angio-
sperm evolution. Lastly, it is noteworthy that genomic
resources are very limited for other species in the
Magnoliaceae family, with a range of only two sequences
in genus Dugandiodendron and 1,767 sequences in
Magnolia deposited in GenBank (as February of 2011).
Moreover, the majority of these publicly available
sequences are from plastid genomes. Thus, the informa-
tion developed in this study for L. tulipifera can serve as a
reference in the Magnoliaceae family.

Materials and methods
Tissue source

Postmeiotic flower buds, open flowers, developing fruits,
terminal buds, leaves, and cambium and xylem tissues were
collected from mature ramets of clone 108 in the University
of Tennessee's Tree Improvement Program L. tulipifera
breeding orchard in Knoxville, TN and quick frozen with
liquid nitrogen in the field. Clone 108 was selected from a
pure L. tulipifera stand in eastern Tennessee in 1965. The
ortet was 32 years of age with a height of 94 ft and a
diameter (at 4.5 ft height) of 11.1 in. The bole (trunk)
straightness of the ortet was rated as excellent and the
pruning ability was good. Xylem and cambium tissues were
obtained by removing a section of the bark at the height of
1.4 m from actively growing clone 108 ramets in April—
June and scraping both exposed surfaces with RNA-free
scalpels (Rnase-Zap, Ambion, Austin, TX). Open-
pollinated L. tulipifera seeds (from ramets of clones 108,
7A, and 84A in the same orchard) were stratified by storing

4 months in the dark at 4°C, mixed with peat moss in 1 gal
plastic bags. The seeds were then germinated by scattering
them on top of Miracle-Gro® Potting Mix in covered flats
(25%52 cm flats, approximately 400 seeds/flat) with a thin
layer of potting mix sprinkled on top. Flats were kept under
benches for shade at 25°C and ambient seasonal lighting
(May and June) and watered as needed. Plastic coverers
were used to keep the seeds moist. Young seedlings
(emerging from seed coats) through late stage seedlings
(with first true leaves emerging) were harvested (entire
seedling) by removing seed coat (if needed), quickly
rinsing in ddH,0, blotting dry on toweling, and quick
freezing in liquid nitrogen. For roots, young plants were
grown in 6 cm square pots in the Penn State University
Buckhout greenhouse (ambient light, 25°C) in Sun Gro
Metro-Mix® 360 Growing Media or grown in the same
growing media in mesh-bottom pots over a water reservoir
for soil-free root collection. Fine, hairy roots and root tips
were harvested and frozen as above.

RNA isolation, cDNA synthesis, and sequencing

Total RNA was extracted from younger tissues (seedlings,
terminal buds, and postmeiotic flower buds) using the
RNAqueous®-Midi kit (Ambion, catalog #1911) according
to the manufacturer's protocol (http://www.ambion.com/
techlib/prot/fm_1911.pdf) with modifications as described
in Carlson et al. (2006). Total RNA was extracted from
woody or mature tissues (cambium, xylem, roots, open
flower, and fruit) using a modified version of the cetyl
trimethyl ammonium bromide (CTAB) protocol developed
by Chang et al. (1993), except that 2 to 3 g of frozen tissue
was ground in a RNase-free, chilled mortar and pestle
under liquid nitrogen and suspended in warm (65°C) CTAB
buffer (made fresh same day using RNase-free stock
solutions). Total RNA samples were DNase treated with
amplification grade DNase I (Invitrogen, catalog #18068-
015) and recombinant ribonuclease inhibitor, RNase Out
(Invitrogen, catalog #10777-019), according to the manu-
facturer's recommendations. Purified RNA was recovered
using the RNeasy Plant Mini kit (Qiagen, catalog #74104)
RNA Cleanup protocol (sample concentrations adjusted to
<100 pg in 100 pl RNase-free water) and checked on an
Agilent 2100 Bioanalyzer (Agilent Technologies). Message
RNA was then extracted from total RNA using the Poly(A)
Purist™ mRNA Purification Kit (Ambion, catalog #1916)
according to the manufacturer's protocol (http://www.
ambion.com/techlib/prot/fm_1916.pdf), as described in
Liang et al. (2008). mRNA from premeiotic flower buds
was from a previous preparation for the floral cDNA library
(Ltu01) (Liang et al. 2008) with an additional DNase
treatment. The quality of the mRNA was determined using
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an Agilent 2100 Bioanalyzer (Agilent Technologies) using
the RNA 6000 nano chip and the mRNA Plant assay to
ensure that the mRNA samples had no detectable DNA
contamination and had less than 15% tRNA contamination.

cDNA was generated from mRNA samples by following
the Joint Genome Institute (JGI) cDNA library creation
protocol (version 1.0) (http://my.jgi.doe.gov/general/index.
html) with modifications. An additional chloroform clean-
up step was added after the phenol/chloroform/isoamyl
alcohol purification and the protocol stopped after the
precipitation step where multiple samples were combined
to increase yield. cDNA was resuspended in DNA-RNase
free water and quality control was performed on the Agilent
2100 Bioanalyzer (Agilent Technologies) using the DNA
7500 chip. cDNA samples were then taken through the
Roche GS FLX Shotgun DNA Library Preparation proce-
dure (Dec 2007 manual, catalog #04852265001). Libraries
(454) were constructed and pyrosequenced as described
previously (Poinar et al. 2006) at Penn State University. All
454 libraries sent for sequencing had mean fragment sizes
between 300 and 800 bp and >10 ng of product. Additional
sequencing was performed at Washington University in St.
Louis, Missouri, for the premeiotic flower bud sample using
the Sanger method.

Data processing, assembly, and annotation

Sequences from individual 454 libraries were extracted
from SFF files and renamed to reflect the source material.
The names of Sanger sequences also indicated the source
library. After renaming, all sequences were combined into
a single FASTA file. All sequences in the combined
FASTA file were screened for contaminants and trimmed
using SeqClean (http://compbio.dfci.harvard.edu/tgi/soft
ware/) with the Roche library adaptors, and the Piper
cenocladum (C. DC.) chloroplast genome (NCBI accession
NC_008326), mitochondrial gene sequences from magno-
liids Calycanthus floridus (L.), L. tulipifera, Laurus nobilis
(L.), Piper betle (L.), and Asarum spp. Qiu 96018, and the
Univec database (http://www.ncbi.nlm.nih.gov/VecScreen/
UniVec.html). After screening and trimming, the 454 and
Sanger sequences were assembled using MIRA version
3.0.5 (http://sourceforge.net/apps/mediawiki/mira-assem
bler, Chevreux et al. 2004) with default settings for EST
sequences.

The resulting unpadded consensus sequences (i.e.,
unigenes) were assigned putative gene annotations from
the PlantTribes 2.0 scaffold (Wall et al. 2008; http://fgp.
huckpsu.edu/tribe.php). The PlantTribes 2.0 scaffold uses
tribeMCL and orthoMCL to objectively classify the coding
sequences of ten sequenced plant genomes (4. thaliana
V7.0, Chlamydomonas reinhardtii V3.0, Physcomitrelle
patens V1.0, Selaginella moellendorffii V1.0, Oryza sativa
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V5.0, Sorghum bicolor V1.0, Vitis vinifera V1.0, Populus
trichocarpa V1.0, Medicago truncatula V1.0, Carica
papaya V1.0) into Tribes and ortho groups (Orthos). Using
custom perl scripts to parse the results of a BLASTx search
(Altschul et al. 1990) against the inferred protein sequences
of these ten genomes, unigenes were sorted into Tribes,
which approximate gene families, and Orthos, which
approximate putative orthologous gene sets. Each Tribe
and Ortho in the PlantTribes database is annotated with a
gene ontology (GO slim) term (Ashburner et al. 2000),
conserved domain information (Marchler-Bauer et al. 2002),
information from manually curated gene families, and
common descriptive terms from the member sequences
(Wall et al. 2008); accordingly, unigenes sorted into Tribes
and Orthos are assigned the respective annotation. Unigenes
with no significant (£ value>1e-5) hit to any of the ten
sequenced genomes were searched against the GenBank
non-redundant protein database.

GO enrichment analysis of the unigenes expressed in
wood formation tissues was conducted using the DAVID
Bioinformatics Resources 2008 with a False Discovery Rate
(FDR) cutoff of 0.01 (Dennis et al. 2003; Huang et al.
2009). Simple sequence repeats (SSRs) were mined by
using the scripts developed in-house in Clemson University
Genomics Institute (CUGI). The minimum number of
repeats was five for di-nucleotide repeats, four for tri-
nucleotide repeats, three for tetra- and penta-nucleotide
repeats, and two for hexa-nucleotide repeats. Primer3 was
used to select candidate primers (Rozen and Skaletsky
2000). The single-copy gene coverage was calculated as
the percent coverage of a V. vinifera reference gene (since
Vitis represents the highest proportion of best hits from the
annotation) by using the longest unigene in each tribe and
ortho. The relative expression level is calculated as the
percentage of the reads from each library in the overall
reads from all libraries that were subjected to 454
sequencing. For comparative purposes (i.e., determining
the most highly expressed unigenes), the expression level
of each unigene was determined using the sum of the
lengths of all reads assembled into the unigene over the
length of that unigene.

Identification of conserved miRNA and prediction
of their targets

Known miRNAs from the miRBase (release 14) were used
to screen the L. tulipifera cDNA contig sequences using the
program Patscan (Dsouza et al. 1997) with default
parameters and two mismatches. Sequences with candidate
miRNAs were first blasted against the Arabidopsis pro-
teome; and sequences with hits to protein-encoding genes
were removed. Filtered sequences were then checked for
miRNA features using MIRcheck (Jones-Rhoades and
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Bartel 2004). The targets of the identified miRNAs were
searched in the Liriodendron cDNA dataset by using the
approach previously described (Allen et al. 2005).

Expression of LtuCADI in the Arabidopsis CAD4/5 double
mutant

The LtuCADI gene was first cloned with BamHI between
the 35S promoter of the cauliflower mosaic virus (CaMV)
and the nopaline synthase (NOS) gene terminator in a
pBIN102-based binary vector. The LtuCADI gene along
with the 35S promoter and the NOS terminator were then
cloned into the pPCAMBIA1301 vector using the Gateway
Cloning System (Carlsbad, California, US). The Agro-
bacterium tumefaciens strain GV31001 carrying the CAM-
BIA/LtuCADI was used to transform Arabidopsis CAD-C/
D double mutants (obtained from Dr. Armand Séguin in
Canadian Forest Service, Canada) (Sibout et al. 2005) by the
floral-dip method (Desfeux et al. 2000). Arabidopsis seeds
transformed with the LiuCAD1 were selected in Peter's plant
food medium containing 25 pg/mL hygromycin.

Results and discussion

Sequencing of Liriodendron cDNA libraries
from ten different tissue types and assembly

Non-normalized cDNA libraries were constructed for ten
different types of L. tulipifera tissues: premeiotic flower
buds, postmeiotic flower buds, open flowers, developing
fruit, terminal buds, leaves, cambium, xylem, roots, and
seedlings. All the libraries were sequenced with 454 GS
FLX (one half plate each), except for Ltu01 (Liang et al.
2008) and Ltu01b, which were sequenced by the Sanger
method (Table 1). LtuOl, LtuOlb, and Ltul9 (a 454
sequence library) were generated from the same mRNA
preparation (for premeiotic flower buds). The average read
length for 454 pyrosequencing was 235 bp, with the
number of bases ranging from 45 to 63 Mb and the number
of reads from 201,000 to 265,000. Assembly of all 12
libraries resulted in 137,923 unigenes (132,905 contigs and
4,599 singletons). The average unigene length was 478 bp,
with 40 bp as the shortest and 5,807 bp the largest. Of the
contigs in the final unigene set, 28,574 were 600 bp or
longer and 17,020 were 800 bp or longer (Fig. 1). As
indicated in Table 1, over 40,000 unigenes were expressed
in each library, with 7,349 (size ranging from 103—
4,931 bp) unigenes for broadly expressed genes (transcripts
found in all surveyed tissue types). More than 2,000
unigenes were library-specific (i.e., tissue-specific), with
premeiotic flower bud having the most unique unigenes
(6,685), followed by root (4,994) and open flower (4,067).

All sequences and assemblies, as well as detailed informa-
tion about each library, are available at http://ancangio.uga.
edu/content/liriodendron-tulipifera. Sanger sequences were
deposited in NCBI dbEST (http://www.ncbi.nlm.nih.gov/
dbEST/) and 454 sequences were deposited in the NCBI
Sequence Read Database http://www.ncbi.nlm.nih.gov/
Traces/sra/sra.cgi?).

The average GC content for the 137,923 unigenes is
43.2% with a standard deviation of 6.5%, indicating that L.
tulipifera genes tend to be slightly more AT-rich than
annotated genes in currently sequenced genomes. The
percentage GC composition in the L. tulipifera transcrip-
tome is more similar to 4. thaliana (42.7%) than to O.
sativa (51.1%) (Kuhl et al. 2004). The codon usage in the
translated sequences, generated by General Codon Usage
Analysis (http:/bioinf.may.ie/gcua/index.html; Mclnerney
1998), is represented in Online Resource 1. The pattern of
codon preferences observed in the combined assembly was
similar to A. thaliana (the Codon Use Database at http://
www.kazusa.or.jp/codon/, GenBank Release 160.0, June
15, 2007), with only four different preferred codons. Only
one amino acid (Leu) exhibits G or C at the degenerate
third base of its preferred codon. This is consistent with the
fact that dicots do not favor G and C in that position
(Murray et al. 1989). Dinucleotides CG and TA are under-
represented, which mirrors that of the L. tulipifera BAC and
shotgun end sequence dataset (Liang et al. 2008) (Online
Resource 2), as is common in eukaryotic sequences (Karlin
et al. 1998).

Functional annotation and classification
of the Liriodendron transcriptome

A BLASTX search of the 137,923 unigenes from the
combined assembly, against ten sequenced plant genomes,
revealed 68,464 matches (49.6% of the unigenes) with
BLASTX (E value<10~°). Furthermore, a BLASTX search
against the GenBank non-redundant protein database
generated an additional 1,152 hits. Of all matches, 66.4%
are either unknown, unnamed, hypothetical, or predicted
proteins. The majority of the unigenes without similarity
(76.0%) are less than 400 bp in length. When compared to
model species with sequenced genomes, the L. tulipifera
unigene set was most similar to P. trichocarpa (Torr. &
Gray), with 46.9% of the unigenes having significant
homology with Populus genes (BLASTX, E value<107).
In contrast, only 43.0% and 42.3% of the L. tulipifera
unigenes showed similarity to Arabidopsis and Oryza
genes. Among the best BLASTX matches, woody angio-
sperm species have more hits (V. vinifera L. 39.8%, P.
trichocarpa 20.9%, and C. papaya L. 14.0%) than the non-
woody species (M. truncatula L. 9.2%, A. thaliana 5.8%,
O. sativa 4.8%, and S. bicolor L. (Moench) 4.5%).
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Table 1 Statistics for each L. tulipifera cDNA library

Tissue name Library Sequencing Number of  Number of bases  Average length Unigenes in each  Library specific
code method® reads (MB) (bp) library unigenes
Assembly for 12 libraries 2,391,043  568.5 478° 137,923% ©
Premeiotic flower Ltu01¢ Sanger 9,442 3.96 418 59,393¢ 6,685°
bud
Premeiotic flower Ltu0lb®  Sanger 14,601 8.29 566
bud
Premeiotic flower Ltul9¢ 454 FLX GS 264,000 63.00 238
bud
Postmeiotic flower Ltul5 454 FLX GS 201,000 45.50 228 40,086 2,499
buds
Open flower Ltul4 454 FLX GS 263,000 62.80 239 50,812 4,067
Fruit Ltul2 454 FLX GS 210,000 50.00 237 45,452 2,951
Terminal bud Ltull 454 FLX GS 258,000 59.31 229 47,391 2,540
Leaf Ltul3 454 FLX GS 212,000 50.70 237 46,364 3,846
Cambium Ltul0 454 FLX GS 265,000 57.44 216 43,642 2,931
Xylem Ltul8 454 FLX GS 209,000 50.00 238 42,001 3,752
Root Ltul6 454 FLX GS 264,000 63.50 240 51,285 4,994
Seedling Ltul7 454 FLX GS 221,000 54.00 243 43,654 2,689

# One half plate for all 454 FLX GS
b Average unigene length and unigene number in the combined assembly

7,349 unigenes were expressed in all surveyed tissue types

9 Generated from the same mRNA. Ltu01 was previously reported in Liang et al. 2008

¢ These numbers were for the combination of three libraries (LtuO1, Ltu01b, and Ltul9) (for Unigenes in each library and Library specific unigenes)

BLASTX results with the Arabidopsis proteome can also be
viewed through http://ancangio.uga.edu/ng-genediscov ery/
liriodendron.jnlp and the assembly can be searched using
the Ancestral Angiosperm Genome Project blast interface at
http://ancangio.uga.edu/blast/blast.html.

Detailed functional annotation of the unigenes was
obtained by Gene Ontology (GO) slim terms: 41.2% of
the unigenes can be assigned putative molecular functions,
39.7% have predicted cellular components, and 40.5% are
given a biological process prediction. As seen in Fig. 2, a
wide variety of putative functions are represented in the
Liriodendron database. It is noteworthy that approximately
1.5% of the unigenes encode proteins with putative

Fig. 1 L. tulipifera unigene size
distribution
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transcription factor activity, 0.2% are related to the cell
wall, and 0.5% are involved in developmental processes. In
addition, single-copy genes are well represented in the
dataset, with 98.2% of all single-copy tribes and 95.5% of
all single-copy Orthos being populated by at least one
Liriodendron unigene when compared to V. vinifera
reference genes (Fig. 3).

Comparative genomics presents opportunities to study the
dynamics of molecular evolutionary processes. However, the
phylogenetic distribution of currently available genomic
resources is not balanced, and this imbalance is even more
acute in some clades, such as magnoliids (Jackson et al.
2006). This can lead to biasing evolutionary comparisons.
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Fig. 2 GO-annotation classifi-
cation of L. tulipifera unigene
functions in terms of putative
molecular functions, cellular
components, and biological
processes
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Since the first L. tulipifera EST dataset became available,
Liriodendron has been used a comparator to better
understand the evolution of the origin and evolution of
the flower (Zahn et al. 2005, 2006; Soltis et al. 2007;
Chanderbali et al. 2010), as well as ancestral polyploidy in
seed plants and angiosperms (CW dePamphilis, personal
communication). Built from ten different tissue types, the
new EST dataset is by far the most comprehensive
genomic resource for Liriodendron. This resource will
strengthen Liriodendron's role in comparative studies of
angiosperm evolution and facilitate molecular genetic and
genomic investigations in Liriodendron and other species
in the Magnoliaceae family.

In silico mining of simple sequence repeat markers

Simple sequence repeat (SSR) mining generated 29,289
repeats (dimers to pentamers), with 686 unique motifs. A
total of 22,417 unigenes (16.3%) contain at least one SSR,
with 53.1% of them having more than one SSR present.
The number of SSRs identified in a unigene ranges from 1
to 15. This is consistent with the frequency of SSR-
containing ESTs found in eudicotyledonous species, which
ranges from 2.7% to 16.8% (Kumpatla and Mukhopadhyay
2005). Dimer repeats were the most commonly observed
and constitute 41% of all the SSRs detected. The most
common dimer, trimer, tetramer, and pentamer repeats are
“ct,” “aag,” “tttc,” and ‘“aaaag,” respectively. The SSR
locations, forward and reverse primer sequences and their
melting temperature (Tm) values, and expected amplicon
sizes are listed in the Online Resources 3, 4, 5, and 6. After
being validated, these SSRs can be applied in molecular
breeding and investigations of candidate genes for traits of
economic and ecological importance. These molecular
markers may also be used to generate genetic maps for
trait/gene association and refinement of candidate gene
identification.

The genus Liriodendron contains only one other species,
Liriodendron chinense (Hemsl.) Sarg., which is native to
China and Vietnam. This species is now considered an
endangered species due to its limited seed production and
small isolated populations (Xu et al. 20006). L. tulipifera and
L. chinense are quite similar morphologically, except that
the latter is smaller in stature. These two species are
thought to have separated 10—16 million years ago (Parks
and Wendel 1990), but hybridize readily (cf. Merkle et al.
1993). Preliminary data from Xu et al. (2006) indicated that
12 out of 15 single-locus SSR markers from the floral EST
dataset of L. tulipifera (Albert et al. 2005; Liang et al.
2008) were found to be codominant and polymorphic in L.
chinense, suggesting a high level of cross-species transfer-
ability. Thus, the SSRs developed from L. tulipifera can be
applied in conservation of L. chinense. In a recent study

@ Springer

(Xu et al. 2010) using 132 SSR markers of the same source,
47.7% of the markers could be amplified in Michelia
maudiae Dunn, 37.9% in Manglietia maguanica Chang et
B.L. Chen, and 33.3% in Magnolia amoena Cheng.
Michelia, Manglietia, and Magnolia are in the same
Magnoliaceae family with Liriodendron. This suggests that
the L. tulipifera SSRs can also be useful in related species
of the same family, for which genomic resources are not
available or very limited.

Conserved microRNA identification
MicroRNA (miRNAs) play an important role in plant
development since they negatively control gene expression

by cleaving or inhibiting the translation of mRNA of target

Percent coverage of reference by longest unigenes
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Fig. 3 The single-copy gene coverage in the L. tulipifera dataset. The
percent coverage of a Vitis vinifera reference gene was calculated by
using the longest unigene in each tribe and ortho
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genes. Analysis of the Liriodendron transcript unigenes
resulted in identification of 22 miRNA families from 53
unique miRNA precursor sequences (Online Resource 7).
The number of sequence variants in each family varies
between 1 and 9 bp. The number of miRNA families
identified represents half of the number of conserved
miRNA identified in plants. In a miRNA microarray study
by Axtella and Bartel (2005), 13 out of the 23 families of
Arabidopsis were found to be expressed in L. tulipifera
leaves. We identified 8 of these 13 families of Arabidopsis
miRNA in the L. tulipifera EST dataset.

The putative targets of these miRNAs are listed in the
Online Resource 8. The miRNA target unigenes are
involved in various molecular functions, cellular compo-
nents, and biological processes. Molecular functions in-
clude DNA, RNA, nucleotide, or protein binding, hydrolase
activity, kinase activity, structural molecule activity, tran-
scription factor activity, transferase activity, and transporter
activity. Endoplasmic reticulum (ER), Golgi apparatus,
nucleus, ribosome, plastid, mitochondria, and chloroplast
are among the cellular components. The biological pro-
cesses include cell organization and biogenesis, develop-
mental processes, response to abiotic or biotic stimulus,
signal transduction, transcription, and transport. Among the
260 miRNA target unigenes being identified, 10% have hits
in the Cell Wall Navigator database (Girke et al. 2004) and/
or the MAIZEWALL dataset (Guillaumie et al. 2007),
including one cellulose synthase gene and three monolignol
biosynthesis-HCT (hydroxycinnamoyl CoA:shikimate/qui-
nate hydroxycinnamoyltransferase). This resource provides
an opportunity for functional and evolutionary studies of
miRNAs in basal angiosperms.

Unigenes expressed in xylem and cambium tissues

Among the 137,923 L. tulipifera cDNA unigenes, 47%
(64,247) were expressed in either cambium or xylem
tissues. Table 2 reveals the significant GO enrichments of
these unigenes. The most enriched GO terms in the
biological process (BP) category include response to abiotic
stimulus and post-embryonic development. In the cellular
component (CC) category, plastid/plastid part, chloroplast/
chloroplast part, plasma membrane, mitochondrion, (intra-
cellular) non-membrane-bounded organelle, organelle
membrane, and (organelle) envelope are the highly
enriched terms, while in the molecular function (MF)
category, helicase activity, nuclease activity, and nucleotide
binding are highly enriched.

A total of 7,816 unigenes were found only in xylem and/
or cambium tissues, with 3,752 unigenes specific to xylem
tissue, 2,931 to cambium, and 1,132 common between
these two tissue types (Fig. 4). A majority of the wood-
specific unigenes (5,865, size ranging from 40 to 2,265 bp)
did not have a match in the BLASTX search. The top seven
most highly expressed unigenes are novel (no hits) (404—
875 bp in length), followed by a LOX3 (Lipoxygenase 3)
and a LSH! (LIGHT-DEPENDENT SHORT HYPOCO-
TYLS 1) homolog. The wood tissue-specific unigenes
expressed in both xylem and cambium tissues include
genes expected to be involved in terpene synthesis (e.g.,
synthase, lupeol synthase 2, and allene oxide synthase
homologs), cell wall formation (e.g., glycosyltransferase
and polygalacturonate 4-alpha-galacturonosyltransferase),
and lignin synthesis (e.g., cinnamoyl coa reductase 1 and
caffeoyl-CoA 3-O-methyltransferase). This gene set will be

Table 2 The most enriched GO

terms in the L. tulipifera xylem Category GO term Genes Percent FDR
and cambium libraries
BP GO0:0009628~response to abiotic stimulus 543 5.98 0
BP GO:0009791~post-embryonic development 453 4.99 0
CcC G0:0009536~plastid 1,774 19.55 0
CcC G0:0009507~chloroplast 1,730 19.06 0
CcC GO:0005886~plasma membrane 961 10.59 0
CcC G0:0044435~plastid part 654 7.21 0
CcC G0:0044434~chloroplast part 635 7.00 0
CcC GO:0005739~mitochondrion 612 6.74 0
CcC GO0:0043232~intracellular non-membrane-bounded organelle 530 5.84 0
CC G0:0043228~non-membrane-bounded organelle 530 5.84 0
CC GO0:0031090~organelle membrane 514 5.66 0
CC GO0:0031975~envelope 471 5.19 0
CC GO0:0031967~organelle envelope 468 5.16 0
BP biological process, CC cel- MF G0:0004386~helicase activity 104 1.15 0
lular component, MF' molecular MF GO:0004518~nuclease activity 108 1.19 0
function, FDR false discovery MF G0:0000166~nucleotide binding 1,303 1436 0.003

rate (cutoff=0.01)
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Xylem Cambium

Fig. 4 Expression overlap between the 7,816 unigenes detected only
in L. tulipifera xylem and/or cambium libraries. The Venn diagram
shows that xylem and cambium share 1,133 of the “wood-specific”
unigenes

a valuable resource for investigations aimed at improving
and modulating wood properties.

Transcriptomes of wood-forming tissues have been
sequenced for several tree species with economic impor-
tance, including Fucalyptus L'Hér, P. trichocarpa, loblolly
pine (Pinus taeda L.), radiata pine (Pinus radiata D. Don),
and white spruce (Picea glauca [Moench.] Voss.) (Li et al.
2009; 2010; Rengel et al. 2009). When sequences from
these databases were used as queries in TBLASTX searches
against the Liriodendron dataset, 52.1% (loblolly pine) to
89.2% (Populus) of the sequences found hit(s) at £ value<
le-5 (Table 3), suggesting most of the genes involved in L.
tulipifera wood formation are well represented. When
BLAST searches were performed against these publicly
available xylogenesis databases, the percentage of hits in
the L. tulipifera cDNA unigene set ranged from 14.6% to
32.6% (Table 3). The Cell Wall Navigator Database (Girke
et al. 2004) is a primary wall gene database, including 661
sequences from A. thaliana, 641 from O. sativa, and 3,289
from UniProt. A total of 4,038 L. tulipifera unigenes
matched the Cell Wall Navigator Database, representing all

categories (monosaccharide activation and interconversion,
polysaccharide synthesis, reassembly, structural proteins,
glycoprotein glycosyltransferases), 32 of the 35 protein
families, and 97.4% of the 4,767 genes in the Cell Wall
Navigator Database (Online Resource 9). Likewise, 99.3%
of the 734 primary and secondary wall genes in the
MAIZEWALL database (Guillaumie et al. 2007) were
represented in the L. tulipifera EST resource. A total of
8,060 L. tulipifera ¢cDNA unigenes (5.8%) matched the
MAIZEWALL database, representing all 18 categories
(Online Resource 10). These results are in line with the
recent comparative investigation of Li et al. (2010), which
suggested that vascular plants share a common ancestral
xylem transcriptome, and while conifers have highly
conserved xylem transcriptomes, angiosperm Xxylem tran-
scriptomes are relatively diversified. The availability of the
xylem transcriptome from a basal angiosperm species, such
as L. tulipifera, not only provides a resource for molecular
study of wood formation in basal angiosperm species, but
also an opportunity to examine the evolution of the xylem
genes in angiosperms in more detail.

The cinnamyl alcohol dehydrogenase (CAD) is a key
enzyme in lignin biosynthesis as it catalyzes the final step
in the synthesis of monolignols. In Arabidopsis, CAD exists
as a small multifamily consisting of nine genes (AtCADI to
AtCADY) (Sibout et al. 2003). In Oryza, 12 CAD genes
have been reported (Zhang et al. 2006), while there are 15,
18, and 18 CAD genes in Populus, Vitis, and Medicago,
respectively (Barakat et al. 2009). There are seven CAD
homologs (LtuCADI to LtuCAD7) with full-length coding
sequence present in this new L. tulipifera EST dataset. As
can be seen in Fig. 5, the L. tulipifera CAD genes show
different expression patterns in the ten tissue types included
in this study, suggesting that they may be involved in
different biological processes. For example, one CAD gene
(LtuCAD4) was relatively highly expressed in postmeiotic
flower buds, with ca. 80% of the reads for that gene coming

Table 3 Comparison of L. tulipifera transcriptome with publicly available xylogenesis and cell wall formation EST datasets

No. of total unigenes in
reference dataset

No. of hit unigenes in reference No. of hit unigenes in
dataset Liriodendron dataset

EUCAWOOD DB (Eucalyptus) (Rengel 3,928
et al. 2009)

Populus® 7,991

Radiata pine Xylem DB (Li et al. 2009) 3,304

Loblolly pine Xylem DB* 18,320

White Spruce Xylem DB* 12,489

Cell Wall Navigator DB (Girke et al. 4,767

2004)
Maize Wall DB (Guillaumie et al. 2007) 734

2,113 (53.8%) 21,786 (15.8%)

7,126 (89.2%)
2,090 (63.3%)
9,541 (52.1%)

10,277 (82.3%)
4,643 (97.4%)

36,802 (26.7%)
20,069 (14.6%)
36,792 (26.7%)
44,939 (32.6%)
4,038 (2.9%)

729 (99.3%) 8,060 (5.8%)

#Sequences were from Li et al. 2010
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Fig. 5 Relative digital expres- 90
sion level of the L. tulipifera
CAD family genes in ten differ-
ent tissue types. The relative 70
expression level is calculated
from the number of reads for a
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from the postmeiotic flower bud library. Of the reads, 18%
for LiuCAD4 were detected in the root library, and a much
smaller fraction of reads were drawn from several other
libraries. All the LtuCAD genes were expressed at a very
low level, if at all, in the premeiotic floral buds, which is
consistent with the fact that premeiotic floral buds are a
young tissue type with limited lignified walls (the bud outer
scales were peeled off before the buds were homogenized
for RNA extraction). LtuCADI, which had a BLASTX E
value of 3e-132 to 41CAD4 and 2e-130 to AtCADS5 (the two
Arabidopsis CAD genes that have been shown to have
major roles in lignin synthesis, (Sibout et al. 2005)), was
expressed in all the ten tissue types being surveyed, with
strongest expression in open flower, followed by fruit, root,
and cambium tissue. Less LtuCADI expression was
detected in premeiotic floral bud and leaf. A similar
expression pattern has been reported for AtCAD4 and
AtCADS (Sibout et al. 2005).

The Arabidopsis CAD4 and CAD5 double mutant plants
have a phenotype with a limp floral stem at maturity

Fig. 6 Transformation of Ara-
bidopsis CAD4/5 double-mutant
with LtuCADI shows partial
phenotype recovery. T1, T2, and
T3 are different transformed
lines with LtuCADI0

Wildtype

AtCAD 4/5 double mutant

(Sibout et al. 2005), while no visual phenotypes were
observed in Atcad-4 and Atcad-5 single mutants grown in
the greenhouse (Sibout et al. 2003). When the LtuCADI
gene was over-expressed in the Arabidopsis CAD4 and
CADS5 double mutant plants, stiffness of the floral stems
was at least partially recovered (Fig. 6). This suggests the
likely involvement of the LtuCADI in lignin biosynthesis
and also indicates that there has been sufficient conserva-
tion between the Liriodendron and Arabidopsis proteins to
permit cross-species functional studies in these distantly
related model species.

Conclusions

We report the sequencing, assembly, and annotation of
137,923 unigenes (132,905 contigs and 4,599 singletons,
size ranging from 40 to 5,807 bp) derived from non-
normalized c¢DNA libraries, which represented ten L.
tulipifera tissue types: premeiotic flower buds, postmeiotic

AtCAD4/5 double mutant transformed with LtuCADI
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flower buds, open flowers, developing fruit, terminal buds,
leaves, cambium, xylem, roots, and seedlings. About 50%
of the unigenes were significantly similar to publicly
available plant protein sequences, representing a wide
variety of putative functions. Putative BLAST-based homo-
logs of most of the genes involved in cell wall construction
are represented, including seven full-length cinnamyl alcohol
dehydrogenase-encoding genes (LutCADI to LtuCAD?7).
Approximately 50% of the unigenes did not match any
sequence in the public databases, including the complete
genomes of Arabidopsis, Oryza, and Populus. Some of these
novel genes might be unique in basal angiosperm species
and may be informative for understanding the origins of
diverged gene families when characterized. In addition,
about 30,000 simple sequence repeats (SSRs) have been
identified. This new Liriodendron dataset currently provides
the most comprehensive list of unigenes for any Magnolia-
ceae species. This large-scale genomic resource will facilitate
gene discovery and cDNA microarray production in L.
tulipifera and related species. The unigene sequences will
become valuable in comparative and functional genomics of
genes involved in the development of flowers, fruits, roots,
buds, and wood formation, as well as in unraveling the
molecular regulation of these important developmental
stages in Liriodendron. This deep EST dataset will also
further strengthen L. tulipifera's role in comparative study as
a basal angiosperm species.

Sanger sequences generated by this report are accessible
in NCBI dbEST (http://www.ncbi.nlm.nih.gov/dbEST/) and
454 sequences are available in the NCBI Sequence Read
Database (http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?).
Assemblies and BLASTX results against the Arabidopsis
proteome can be viewed through http://ancangio.uga.edu/
ng-genediscovery/liriodendron.jnlp, and the assembly can
be searched using the Ancestral Angiosperm Genome
Project blast interface at http://jlmwiki.plantbio.uga.edu/
blast/blast.html.
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