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Abstract Genome sequencing remains a challenge for
species with large and complex genomes containing exten-
sive repetitive sequences, of which the bulbous and mono-
cotyledonous plants tulip and lily are examples. In such
a case, sequencing of only the active part of the genome,
represented by the transcriptome, is a good alternative to
obtain information about gene content. In this study we
aimed to generate a high quality transcriptome of tulip
and lily and to make this data available as an open-access
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resource via a user-friendly web-based interface. The
[llumina HiSeq 2000 platform was applied and the tran-
scribed RNA was sequenced from a collection of different
lily and tulip tissues, respectively. In order to obtain good
transcriptome coverage and to facilitate effective data min-
ing, assembly was done using different filtering parameters
for clearing out contamination and noise of the RNAseq
datasets. This analysis revealed limitations of commonly
applied methods and parameter settings used in de novo
transcriptome assembly. The final created transcriptomes
are publicly available via a user friendly Transcriptome
browser  (http://www.bioinformatics.nl/bulbs/db/species/
index). The usefulness of this resource has been exempli-
fied by a search for all potential transcription factors in lily
and tulip, with special focus on the 7CP transcription fac-
tor family. This analysis and other quality parameters point
out the quality of the transcriptomes, which can serve as a
basis for further genomics studies in lily, tulip, and bulbous
plants in general.

Keywords Tulip (Tulip sp) - Lily (Lilium sp) - Genes -
Transcriptome browser - Sequencing - De novo assembly

Abbreviations

bHLH  Basic helix-loop-helix

BLAST Basic local alignment search tool
CEGMA Core eukaryotic genes mapping approach

mRNA  Messenger ribonucleic acid

NGS Next generation sequencing

oc Orthology cluster

ORF Open reading frame

PVP Polyvinylpyrolidone

REAPR Recognition of errors in assemblies using paired
reads

rRNA  Ribosomal ribonucleic acid
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TAIR The Arabidopsis information resource
TPM Transcripts per million

B-ME -mercaptoethanol

Introduction

Modern sequencing technology, also referred to as next
generation sequencing (NGS), quickly generates large
amounts of sequence data at lower cost in comparison with
traditional Sanger sequencing (Marguerat and Bahler 2010;
Schatz et al. 2010). While sequencing and assembly of large
genomes still represent a technical challenge and a labori-
ous procedure (Treangen and Salzberg 2011), sequenc-
ing the expressed part of the genome, represented by the
transcriptome, is nowadays achievable and can level down
the complexity and provide useful information (Riesgo et
al. 2012). Therefore, transcriptome sequencing may repre-
sent an alternative to whole genome sequencing for species
with large complex genomes when the aim is to generate a
comprehensive database of genomic resources, suitable for
gene identification, allele mining, or genome wide expres-
sion studies (Duangjit et al. 2013; Hou et al. 2011; Liu et
al. 2012).

Bulbous plants, also classified as geophytes, repre-
sent species with economic relevance, large genomes and
relatively scarce genomic resources. In short, geophytes
are plants with storage organs and renewal buds resting
in underground structures (Kamenetsky and Okubo 2013)
(Fig. 1). Tulip and lily (Tulipa sp and Lilium sp) are orna-
mental geophytes with an estimated genome size of 25 and
36 GB, respectively (2012). One of the first studies of a
transcriptome characterization for both species was done by
Shahin et al. in 2012 using 454 pyro-sequencing technol-
ogy of messenger RNA (mRNA) from leaves (2012). They
obtained 81,791 unigenes for tulip with an average length of
514 bp and 52,172 unigenes for lily with an average length
of 555 bp. Later studies have e.g. focused on sequencing
the transcriptome of leaves (Wang et al. 2014), bulblets
(Li et al. 2014) and meristem-enriched tissue (Villacorta-
Martin et al. 2015) of different Lilium cultivars, using the
[llumina HiSeq sequencing platform. These studies resulted
in the identification of 37,843 unigenes for leaves (Wang et
al. 2014), 52,901 unigenes in bulblets (Li et al. 2014) and
42,430 genes for the meristem-enriched lily tissues (Villa-
corta-Martin et al. 2015).

Despite continuous efforts to broaden the genetic
resources of the bulbous species tulip and lily, character-
ization of their entire transcriptome is far from being com-
pleted. The information generated to date only covered leaf
and meristem-enriched tissues and, furthermore, the data
is difficult to access and mine for non-bioinformaticians.
Our study aimed to generate a high quality and extensive
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transcriptome of these two bulbous species and making this
valuable resource publicly available through a user-friendly
and freely accessible web-based interphase, allowing easy
data mining. The Illumina HiSeq platform was used to
sequence a pooled sample for lily and for tulip, each made
up of a mixture of equal amounts of poly adenylated mRNA
obtained from flowers, stem, leaves, bulb and bulblets. Even
though short reads are generated with the Illumina HiSeq
platform, a tremendous throughput can be reached, resulting
in an improved coverage of rare transcripts in comparison to
the other platforms used in some of the previous transcrip-
tome studies of bulbous species (Kamenetsky et al. 2015;
Shahin et al. 2012).

The generated data was used to assemble reference
transcriptomes for tulip and lily. For this purpose, differ-
ent assembly settings were explored, aiming to generate an
optimal transcriptome for gene mining. To proof the quality
of the generated data sets, a comparison was made between
the transcripts found in the bulbous species tulip and lily
and the genes of the model species Arabidopsis thaliana
and Oryza sativa (rice). In addition, we searched for poten-
tial transcription factors present in both transcriptomes
and compared their distribution with the distribution of
transcription factors in the model species Arabidopsis and
O. sativa. Subsequently, a web-based interface (Kamei et al.
2016), which we call Transcriptome Browser, was imple-
mented for data presentation and mining. The various pos-
sibilities of this browser are exemplified by zooming-in on
a particular plant-specific gene family and the identification
of all potential members of this transcription factor family.
This activity enlightens the usefulness of the tulip and lily
transcriptome browser in mining high-throughput sequenc-
ing data and identifying sequence information from lowly
expressed, but important regulatory genes. Furthermore,
these analyses revealed the quality of our data set and show
how this resource can be explored in the future to study bio-
logical processes in bulbous plants at the molecular level.

Results
Transcriptome sequencing and assembly

The Illumina HiSeq 2000 platform was used to sequence the
tulip and lily transcriptome of a wide range of tissues varying
from bulb scales to flowers. After trimming and removal of
low quality reads, a similar number of paired end reads were
obtained for both libraries: 169,920,574 reads for tulip and
165,031,389 for lily. Subsequently, Trinity software (Grab-
herr et al. 2011) was used to assemble both transcriptomes
de novo and this assembly yielded to 499,780 transcripts
for tulip and 569,305 for lily with an average length of 561
and 487 bp, respectively. When not taking the isoforms into
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Fig. 1 Life cycle and archi-
tecture of tulip and lily bulbs.

a Tulip and lily yearly growth
cycle. Note that their growth
cycle is very similar. Both
require a period of cold, but for
different purposes and blooming
occurs in different seasons.

b Bulbs can be regarded as
modified plants where the

stem has shorten into a basal
plate, the leaves have been
modified into bulb-scales. In

A)

the tulip bulb the axillary buds

tum
are located in the axils of the s &

Tulip

Winter Spring Summer

bulb-scales and the floral bud is
located in the center on top of
the basal plate

1. Planting

2. Rooting
3. Dormancy release
4. Stem elongation

5. Blooming 6. (Vegetative) Reproduction
7. Lifting
8. Storage

9. Flower initiation

Lily Autumn

Winter Summer

Spring

1. (Vegetative)
Reproduction
2. Lifting

(B)

Tulip

account and without applying additional data filtering, Trin-
ity predicted 380,091 genes for tulip and 467,241 for lily
(Table 1). Transcript over-estimation is common in de novo
sequencing studies because the lack of a reference transcrip-
tome or genome limits the assembly of sequences that rep-
resent non-overlapping pieces of the same gene. Transcripts

3. Storage

4. Planting
5. Flower initiation

6. Blooming

Arabidopsis thaliana

expressed at extremely low levels can also cause noise
because they may not be reliably assembled (http://cole-
trapnell-lab.github.io/cufflinks/cufflinks/). Furthermore, it
is difficult to distinguish between isoforms of one gene ver-
sus the existence of more gene copies as a consequence of
duplications (Chang et al. 2015).
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Table 1 Summary statistics of the tulip and lily transcriptomes generated by non-filtered data and upon applying three different filtering parameter

settings

Non-filtered Counts per transcript >10 Counts per transcript >20 TPM >1

Tulip Lily Tulip Lily Tulip Lily Tulip Lily
Contigs 499,780 569,305 174,442 252,040 112,256 131,912 39,171 38,688
Genes 380,091 467,241 115,167 198,613 70,634 94,283 29,523 29,188
GC % 42.74 41.79 43.62 42.1 43.98 42.64 454 45
N50 695 514 1226 913 1478 1322 1573 1717
Average length 561 487 933 703 1.139 989 1.017 1.035

TPM transcripts per million

Therefore, filtering out lowly expressed transcripts is a
routine procedure applied during transcriptome assembly
to get rid of noise and contamination, and it yields, in gen-
eral, significantly reduced numbers of predicted transcripts
and genes. To compare and find the optimal parameters for
our two datasets, but retaining the full complexity of the
tulip and lily transcriptomes, we generated three additional
assemblies based on different abundance filtering settings.
The three new assemblies consisted of transcripts with equal
or more than 10 or 20 counts; and transcripts occurring at
least more than once per million (TPM), respectively. As
summarized in Table 1, increasing the cut-off value to fil-
ter out transcripts with low abundance leads to a dramatic
decrease in the number of predicted transcripts and genes,
but improves the N50 and average transcript length.

The number of obtained transcripts and predicted genes,
in combination with the average transcript length, is gener-
ally used as a quality indicator of de novo transcriptome
assemblies. In an ideal situation, the number of predicted
genes should be close to the number of genes expected for
the species. Based on this criterion, using counts per tran-
script upward of 20, seemed to be the best parameter since
it reached a reasonable number of genes taking into account
the number of genes found in sequenced plant genomes [e.g.
rice (International Rice Genome Sequencing Project 2005);
Arabidopsis (The Arabidopsis Genome Initiative 2000);
poplar (Tuskan et al. 2006); loblolly pine (Neale et al.
2014)]. Furthermore, this filtering resulted in a high average
transcript length, suggesting a high percentage of complete
and fully covered mRNA sequences in this assembly.

Nonetheless, it is important to realize that the high num-
ber of transcripts and predicted genes in the non-filtered tran-
scriptome may not only be the result of miss-assemblies and
non-plant contamination, but also because of the presence
of incomplete or truncated rare, but valuable transcripts.
Such incomplete transcripts may be the result of incomplete
cDNA amplification, or mRNA degradation and breakage,
and in general lowly expressed transcripts are more prone to
be assembled as fragments due to limited sequencing cover-
age. To investigate this option in more detail, we studied—
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using the lily transcriptome as an example—how filtering out
lowly expressed transcripts affects the number of transcripts
encoding plant orthologues as well as the transcripts con-
sidered to be contamination (Fig. 2). As expected, the three
filtering options improved the raw transcriptome in terms of
contamination, but surprisingly decreased also dramatically
the number of plant orthologues retained. For example,
TPM larger or equal to one reduced the contamination with
almost 100 % efficiency, but only retained a bit more than
20% of the plant orthologues from the non-filtered tran-
scriptome database.

This observation prompted us to gain more insight in the
nature of the transcripts with low abundance. For this pur-
pose, all removed transcripts per filtering method were com-
pared with the Arabidopsis information resource (TAIR)
database using the Basic Local Alignment Search Tool
(BLAST). Within the removed transcript sequences many
important gene products where present, e.g. encoding puta-
tive meristem signalling peptides (CLAVATA3/ESR) (Wang
and Fiers 2010), which are known to be short in sequence
and lowly expressed. Furthermore, transcript fragments of
genes expected to be very locally and lowly expressed, such
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Fig. 2 Effect of transcriptome filtering on the percentage of “non-
plant” and plant transcripts retained. Filtering done based on counts
per transcript and transcripts per million
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as some basic helix-loop-helix (bHLH) transcription factors,
wound-responsive protein-related and flowering promoting
factors, were identified in these filtered-out transcript sets
(see Supplemental Table 1). Hence, the use of a filtering
method may lead to a transcriptome with improved qual-
ity based on average transcript length, but, it results on the
other hand in the removal of a substantial number of tran-
script fragments corresponding to important plant genes.
Based on these observations, we decided to continue with
a non-filtered transcriptome, including short, truncated, and
incomplete transcripts, since this increases the chances of
identifying sequence information of rarely expressed genes.
In order to evaluate the completeness of these final assem-
bled and selected tulip and lily non-filtered transcriptomes,
core eukaryotic genes mapping approach (CEGMA) analy-
sis was used (Parra et al. 2007), showing that the generated
transcriptomes of tulip and lily contain nearly 100 % of the
248 core eukaryotic proteins (98.79 % for both species).

Functional annotation

TransDecoder 2.0.1 (Haas et al. 2013) has been used to pre-
dict coding sequences in the tulip and lily transcriptomes.
Subsequently, the UniProt protein database (Consortium
TU 2015) and the Pfam conserved domain database (Finn et
al. 2014) were used to predict protein coding genes. In total
147,101 transcripts of tulip were identified, resulting into
89,530 predicted protein coding genes and 144,801 tran-
scripts of lily, giving rise to 101,312 predicted genes. Those
predicted genes represent nearly 50 % of the transcripts in the
non-filtered transcriptomes. In a follow-up step, the predicted
proteins of tulip and lily were grouped in so-called orthology
clusters (oc) using OrthoFinder (Emms and Kelly 2015). The
clusters also contained the monocots rice, maize, Brachypo-
dium, sorghum, switchgrass, barley and garlic; and the dicots
soybean, Arabidopsis, grape, poplar and tomato. A total of
15,296 orthology groups were found to contain lily and tulip
proteins, 10,014 of these also included one or more Arabi-
dopsis proteins. A search for orthology groups that only con-
tained proteins from the bulbous species tulip, lily, and garlic
(Kamenetsky et al. 2015), revealed a set of 281 unique groups
that might represent bulbous plant specific genes.

To get a better impression of the quality and complete-
ness of the functional annotated datasets, we compared our
transcriptomes and annotation with previously published
transcriptomes of tulip and lily Shahin et al. (2012). Ini-
tially, we performed a BLAST search at the nucleotide level
to determine how well we covered the transcripts present in
these publicly available datasets. Depending on the cultivar
we used for this comparison, we found a BLAST hit for
87-95% of the published tulip contigs and for 80-85% of
the lily contigs. These numbers reveal that we found evi-
dence for the presence of the majority of potential genes in

the published datasets in our transcriptomes. Subsequently,
we determined how many potential tulip and lily genes
with a putative Arabidopsis ortholog were unique in either
our transcriptomes, or the published datasets of Shahin et
al. (2012). For this purpose a BLAST screening (blastx,
e-value cut-off of 1e-5) on the Arabidopsis proteome was
performed for the individual datasets. In this analysis we
found 1345 and 95 unique tulip hits, for the transcriptomes
described in this study and the published tulip datasets,
respectively. For lily these numbers were 647 and 164. So
on average almost eight times more additional and unique
sequences with a BLAST hit to the Arabidopsis proteome
were identified in this study in comparison to the previous
study. In Supplemental Table 2, an overview is presented of
the unique hits in the individual lily datasets as an example.
As expected, a large part of the unique sequences in our
transcriptomes in comparison to the published transcrip-
tomes resemble genes that are expressed in tissues other
than leaves, which was the only tissue sampled by Shahin
et al. (2012). In addition, sequences were uniquely identi-
fied in this study that are potentially encoding for rare and
low expressed genes. Examples are three out of 22 known
members of the novel seed plant-specific family of small
peptides encoding genes, ROT-FOUR LIKEI-22 (RTFLI-
22) (Narita et al. 2004).

Transcriptome coverage assessed by the identification
of transcription factor families

In the plant kingdom a large number of transcription factor
families can be found and they are involved in several pro-
cesses, ranging from plant development to abiotic and biotic
stress responses (Riechmann et al. 2000; Zhang et al. 2011).
Transcription factors orchestrate several networks by control-
ling when and where certain genes will be expressed (Lee
et al. 2006) and, therefore, have been well studied and char-
acterized in plants. However, even though they function as
master regulators, transcription factors are often expressed at
relatively low abundance (Jones et al. 2015). This low level
of expression makes transcription factors suitable markers
to further assess the sequencing depth and coverage of our
two generated transcriptomes. Therefore, a comparison was
made between the 42 known transcription factor families in
the model species Arabidopsis and rice, and our generated
transcriptomes of tulip and lily. For this purpose, the putative
transcription factors of each family were identified based on
Pfam domains (Finn et al. 2014). The outcome of this analy-
sis is summarized in Table S2. A large number of transcrip-
tion factors were identified in the transcriptome data of both
lily and tulip with an expected distribution over families, but
some families in both tulip and lily seemed to contain more
putative members than expected based on their abundance
in model species (Fig. 3). Examples are the homeodomain
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(HB) family and the MYB related transcription factor fam-
ily. For the FARI family, over-representation is observed in
comparison to Arabidopsis but the numbers found in lily and

AP2 mtulip vs arabidopsis
ARF Otulip vs rice
B3 olily vs arabidopsis
BBR-BPC
BES1
bHLH
bZIP
C2H2
C3H
CAMTA
CO-like
CPP
Dof
E2F/DP
EIL
ERF
FAR1
GATA
GeBP
GRAS
GRF
HB
HSF
LBD
LFY
LSD
MIKC
M-type
MYB
MYB_related
NF-YA
Nin-like
NZZ/SPL
RAV
S1Fa-like
SBP
SRS
TCP
Whirly
WRKY
YABBY
ZF-HD

olily vs rice

Ah.0n .rn.l.m-..nn il A

-3 -2

Fig. 3 Overview of 42 transcription factor families identified in lily
and tulip in comparison to rice and Arabidopsis. The bar represents
the relative number of transcription factors present in each family in
comparison to the number of transcription factors present in the model
species Arabidopsis and rice, respectively. A value below one indicates
under-representation in lily or tulip in comparison to rice or Arabidop-
sis and a value above one shows over-representation
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tulip, are almost equal in comparison to rice. This might point
to a monocot specific expansion of this specific transcription
factor family. In general, the number of transcription factor
members in a particular family is rather similar in the two
bulbous plant species. However, exceptions can be found for
the zinc finger LSD and the Whirly family. The LSD family is
over-represented in tulip while the Whirly family is over-rep-
resented in lily, based on our datasets. These examples might
point to species-specific family expansions, though additional
analyses are needed before firm conclusions can be drawn.
A further in depth analysis was made by focussing on
the presence of characteristic transcription factor protein
domains and comparing them among plant species. In this
respect it is good to realize that several families contain a
common protein domain and that due to fragmentation of
the obtained transcriptomes it may be difficult to distinguish
these transcription factor families into sub-classes. Exam-
ples are the M-type and MIKC MADS domain transcription
factor family clades, AP2 and RAV, B3 and ARF, and HB-
other and HB-PHD (Riechmann et al. 2000). In Fig. 4 an

Lily Tulip

Rice Arabidopsis

WRKY
5%

Legend
mAP2 mB3 m Zinc Finger
mbHLH ubZIP u K-box
= MYB mBBR-BPC mBES1
u CAMTA uCPP w E2F/DP
mEIL mERF = FAR1
u GeBP uGRAS m Homeobox
mHSF uLBD LFY
uCBFB-NFYA  =Nin-like NZz/SPL
S1Fa-like SBP SRS
TCP Whirly WRKY
YABBY ZF-HD

Fig. 4 Distribution of transcription factors based on conserved protein
domains in lily, tulip, Arabidopsis and rice. The transcription factor
family distribution in tulip and lily is similar to the distribution in rice
and Arabidopsis. However, in comparison with Arabidopsis, the FAR1
transcription factor family is larger in the monocots tulip, lily, and rice
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overview is given of the distribution of TF protein domains
within each species. As expected, the overall distribution is
similar between the model species and the bulbous plants
tulip and lily. One of the largest groups of transcription fac-
tors, which covers ~13—15% of all transcription factors of
the 42 families, contains a zinc finger domain. The second
largest group is represented by the MYB transcription fac-
tors (~12—15 %), followed by the bHLH domain containing
transcription factors (~7-10%). A major and remarkable
difference is observed between monocotyledonous and
dicotyledonous species for the FAR1 domain containing
transcription factors, as was already mentioned above.
Approximately 5—6 % of the total transcription factors used
in this analysis has the FAR1 domain in lily, tulip and rice.
Nevertheless, in Arabidopsis only ~1 % of the transcription
factors contain this domain. The biological relevance of the
expansion of this particular transcription factor family in
tulip and lily is currently not known, but it seems not to
be an assembly artefact, since the overrepresentation is also
found in the completely sequenced rice genome (Interna-
tional Rice Genome Sequencing Project 2005).

Mining high throughput data with the transcriptome
browser: identification of the TCP gene family

Once a transcriptome is assembled, one of the biggest chal-
lenges for researchers is to explore the large dataset in

search for sequences with biological relevance. To support
in mining data using open sources, we decided to deposit
our generated transcriptomes in a web-browser (http://www.
bioinformatics.nl/bulbs/db/species/index) based on recently
developed open software (Kamei et al. 2016). This web-
based interface offers basic bioinformatics search tools,
identification of candidate transcripts based on phylogenetic
relationships between orthologous sequence data and design
of specific and degenerate primers for expression studies of
transcripts of interest (Fig. 5).

To explore the usefulness of this data resource, we mined
the datasets aiming to identify members of the TCP gene
family in lily and tulip. The TCP transcription factor family,
named after its founder members TEOSINTE BRANCHED 1,
CYCLOIDEA, and PROLIFERATING CELL FACTOR, has
in general around 25-30 members in eudicots (Nicolas et
al. 2015). TCP genes are expressed in a wide range of tis-
sues and they control flower, leaf, and lateral shoot growth
by activating or inhibiting cell proliferation (Martin-Trillo
and Cubas 2010; Nicolas et al. 2015; Mondragén-Palomino
and Trontin 2011). Furthermore, evidence from Arabidopsis
expression studies indicates that several TCP members are
lowly expressed in the above ground tissues (Danisman et
al. 2013).

The expected wide-range in tissue and level of expres-
sion of TCP genes was our reason to choose this gene family
to assess the power of the Transcriptome Browser in mining

Database: Tulipa gesneriana 'Dynasty' and Lilium 'McAleese'

Entry points

Description

‘The are several ways in which the information within the database can be accessed. These ways (entry points) are described below. All the methods can lead to one or more sequences. From that pol Clyster: 0G0006179

+ Blast search Retrieve sequences by similarity searches. This search is recommended when it is needed to identify candidate sequences that resemble 2 known sequences which not present in

 blastn: Search nucleotide sequences that are similar to your nucleotide query sequence
1 = blastx: Search protein sequences that are similar to a translated version of your nucleotide query sequence
- blastp: Search protein sequences that are similar to your protein query

+ Sequence search: Retrieve sequences using their id, name or annotation (including pfam and GO terms). Sequences can be

ing both exact and key-word searches.

Blast search 1

N

Action: [ZTooen [ o

uild direct Tree
Id direct Tree with fastme
Seed Blast Species Description

T
L

+ Primer match Retrieve sequence using a set of primers. This search i when it i 1o predict

2 Cluster search: Retrieve clusters by their id. This search is only usefull if the database contains predifined orthologous groups. Clusters can only be retrieved using their exact id.

+ Tutorial: Information about the usage of the browser.

+ Setup: Manage the database underlying the browser

will be amplified using a set of primers

odon alignment
el [2.1 [gigantea protein (GI)

alignment 11

Ofisg]
L ISE v lgnment

@Enomams 0.1

= s \Design Primer p2__|pigantea protein (GI

&= T = .1

(C][15EQ462204 |[piGlymal0g36600.3 |Gmax [gigantea protein (GI
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Created by: Claire Kamei and Edouard Severing (2014)

][1sEQ706972 Jfp|Sb03g003650.1 Sbicolor [gigantea protein (GI)

Fig. 5 Screenshots of the Transcriptome browser. In panel I the
interphase of the BLAST search is shown. The input sequence can be
blasted against the tulip and lily transcriptomes as well as other plants
species such as Arabidopsis thaliana, Oryza sativa and Vitis vinifera.
In panel 2 an example is given of the output of the cluster search.

Here different actions can be chosen such as protein alignment, primer
design and build a direct tree (phylogenetic tree). Note that the browser
has a tutorial option, in which the exact procedure how to perform the
different tasks and actions is explained
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high throughput sequencing data. All putative lily and tulip
TCP sequences were identified by using the sequence search
tool (setting Pfam PF03634), followed by seed BLAST
analyses with different parameter settings, and an additional
manual search scrolling through the orthology clusters (oc).
The Pfam search resulted in 38 tulip and 33 lily transcripts,
the seed BLAST search into two additional tulip transcripts
and the oc search identified two extra transcripts for each

10 20
Consensus
Identity

species. This total of 42 tulip and 35 lily transcripts, repre-
sented 24 and 22 potential TCP genes respectively.

The following step was to corroborate the TCP identity
of the resulting tulip and lily transcripts based on the char-
acteristic features of the TCP domain described by Mar-
tin-Trillo and Cubas (2010). As shown in Fig. 6, the two
putative TCP transcripts identified by seed BLAST search,
as well as the remaining lily transcript found by oc search
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Fig. 6 Sequence alignment of the domain of 74 TCP transcripts found
in tulip and lily. Sequences are clustered in class I and class II based
on the classification by Martin-Trillo and Cubas (2010). Sequences
64 (p|TR152114 c2 g2 il Tulip) and 65 (p|TR152114 c2 g2
i2_Tulip) were found by seed BLAST search only, and sequence 7
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(p|TR21859 ¢3 gl i2 Lily) was identified by the orthology cluster
(oc) search option. Yellow shaded regions indicate characteristic fea-
tures of class I, blue characteristic features for class II and grey con-
served amino acids in both classes
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contained only a partial fragment of the TCP domain and
this was the reason why they failed to pop-up within the
PFAM search. However they can be considered true TCPs
based on their characteristic features. This example shows
the power of using the Transcriptome Browser in data min-
ing and highlights the importance of our choice to maintain
truncated transcripts into the final assembly.

Although the aim of this study was not to characterize the
identity of each TCP transcript found in tulip and lily, we
wanted to test the capacity of the Transcriptome Browser in
clustering the tulip, lily, rice and Arabidopsis TCP sequences,
based on sequence similarity. All lily, tulip, Arabidopsis and
rice protein sequences which contained the TCP domain (from
the initial Pfam search) were selected to build an unrooted tree
using the Neighbour-Joining algorithm (Fig. S1). Once again,
the browser was able to distinguish between transcripts from
class I and II. Also, most of the clades contained transcripts
of all four species, which might help in further approaches to
characterize the TCP identity of the tulip and lily transcripts.

Last, we tested the capacity of the “specific primer design
tool” offered in the Transcriptome Browser (Kamei et al.
2016). This tool designs primers in unique regions, given
a set of similar sequences. PCR amplification of unspecific
fragments or fragments without the expected size might
indicate assembly errors. Therefore, five TCP genes were
selected randomly for each bulbous species. The browser
was able to design unique primers in all chosen sequences
and PCR amplification with the expected band size was
observed in nine out of the ten selected genes (Fig. S2).
Overall, this result highlights the power of the de Tran-
scriptome Browser in designing specific and unique primers
given from e.g. the members of a gene family.

Discussion

Despite various large-scale sequencing efforts, we still lack
a comprehensive transcriptome for many species. In this
study a large-scale lily and tulip transcriptome was gener-
ated and this resource has been made available in a web-
browser for easy mining.

Filtering out transcripts with low abundance reduced
the number of retained plant orthologue hits

The number of transcripts and predicted genes in our non-
filtered transcriptomes may be highly over-estimated taking
into account that there are only 27,024 protein coding gene
models in the recently sequenced monocot genome of pine-
apple (Ming et al. 2015), 39,045 genes reported for rice—
the monocot model species—(International Rice Genome
Sequencing Project 2005) and 81,791 for tulip, based on a
previous transcriptome sequencing effort Shahin et al. (2012).

Nevertheless, we expect that the large number is certainly not
all because of noise, whereas the methodology we selected
for sequencing assures high depth coverage and strand speci-
ficity. These aspects make the identification of rare and lowly
expressed transcripts for both coding and non-coding RNAs
possible. Additionally, both tulip and lily are in general vege-
tative propagated and therefore heterozygosity is maintained,
being a source for a higher number of different transcripts.
Although in other bulbous studies filtering out low abundant
sequences reduced significantly the number of predicted
genes to a level that gets close to what is reported for model
species (Villacorta-Martin et al. 2015), we proved that in
our data this filtering reduced dramatically the percentage of
transcripts with substantial homology to a known plant gene.
Therefore, our non-filtered transcriptomes may not reflect the
true number of genes but they rather represent extensive tran-
scriptome coverage for both tulip and lily. Despite the fact that
there is some contamination (non-plant hits) retained in the
non-filtered databases, both transcriptomes contained nearly
100 % of a core set of eukaryotic proteins, which is an indica-
tion of the completeness of the assemblies. Furthermore, we
showed the power of these transcriptomes in finding rarely
expressed genes, such as genes belonging to the CLV/ESR
family encoding for small size ligands that act as important
developmental signalling molecules (Wang and Fiers 2010).

Transcriptome coverage assessment

In addition to the core eukaryotic proteins, the transcrip-
tion factor family distribution analysis in tulip and lily has
also confirmed the quality of the transcriptome assembly.
A large number of transcription factors could be identi-
fied even though not all tissues, developmental stages, and
common biological process—such as stress responses and
floral primordium formation-of the bulbs were collected
for RNA-sequencing. To mention an example, tulip tis-
sues were collected from January until May, leaving out
the months June to December. During this latter period of
time, the floral primordium inside the tulip bulbs is formed
(Khodorova and Boitel-Conti 2013) and therefore transcrip-
tion factors specifically involved in this process might be
absent. When zooming in on the members of each transcrip-
tion factor family found in tulip and lily, some families con-
tain more members in comparison to the model species or
vice versa. Although, we cannot rule out miss-assembly as
a reason for over-representation in particular transcription
factor families, a few nice examples of expanded families
have been found that based on comparison with other mono-
cots seem to be present and probably unique to monocots or
bulbous species. Having more members in a family can be
due to the large genome that both tulip and lily have which
might be partially due to additional gene duplication events.
It will be of interest to study in the future whether there are
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bulbous-plant-specific functions for these additional genes,
proving their biological relevance. Though, before going
into laborious in-depth functional studies it is essential to
confirm a correct assembly of these potential novel genes
by wet-lab experiments, other sequencing methods such as
PacBio, or using software such as recognition of errors in
assemblies using paired reads (REAPR) (Hunt et al. 2013).

Functionality of the transcriptome browser in mining
the extensive tulip and lily transcriptomes

Mining high through-put data often requires advanced pro-
gramming skills or access to user friendly commercial soft-
ware. Most of the publicly available software tools offer
limited options, forcing researchers to use a combination of
open software packages, requiring in general different for-
mats and operational systems (Deng 2011). Based on the
identification of the putative TCP transcripts for both bul-
bous species, we confirmed that the Transcriptome Browser
(Kamei et al. 2016) represents a reliable and user-friendly
web based interface, able to identify gene families and build
phylogenetic relationships with other species.

Conclusion

The methodology implemented in this study to assemble de
novo transcriptomes demonstrates that there is a trade-off
between transcriptome quality and the amount of informa-
tion retained. Filtering out data that are considered “noise”
improves the values of the parameters that are commonly
used to assess the quality of a transcriptome. However, such
filtering methods may limit the power of data mining by e.g.
reducing dramatically the chances of finding rare or lowly
expressed genes. This study resulted in extensive transcrip-
tome resources for both tulip and lily that can be easily
mined. The limited number of molecular studies performed
in these two bulbous species to date, states the need for such
a user-friendly resource. Although, genome sequencing has
undergone an enormous revolution over the last decade, it
will most likely take some time before a high-quality and
well-assembled genome sequence of lily and tulip will
become available. Until that moment, the transcriptome
browser presented here will be of pivotal importance for
gene identification in these two bulbous plant species.

Methods
Plant material

Tulip and lily tissues of several developmental stages were
collected throughout the year of 2013 in The Netherlands.

@ Springer

Adult tulip bulbs of the cultivar “Dynasty” (Tulipa gesneri-
ana) were planted in October 2012 in the field at Wagenin-
gen University (51.9667°N, 5.6667°E). Tulip bulb-scales,
axillary buds, stem, leaves and floral bud were collected
in January when all organs were entirely below ground; in
March when the stem and leaves emerged above ground;
and in May during blooming at full anthesis of the flowers.
Roots and just initiated and dormant flower buds inside the
buds during summer have not been sampled.

Tissues of lily cultivar “McAleese” (Lilium, oriental
hybrid group) were collected from regenerated bulblets
and from fully grown plants. Regenerated bulblets were
obtained by incubating detached bulb-scales in moist cham-
bers without exogenous hormonal application at 23 °C for
6 weeks, followed by 12 weeks at 4°C. Newly regenerated
bulblets were dissected under a stereo microscope and col-
lected at the developmental stages SO (proximal side of the
explant at the start of the culture); S1 (proximal side of the
explant at 1 day after culture); S2 (thickened structures of
proximal side of the explant); D (dome formation); P (bulb-
scale primordium formation); B (bulblet formation) (Mari-
nangeli et al. 2003). Fully formed regenerated bulblets were
also collected at 6 weeks after culture under 23 °C (bulblets
are thought to enter a resting phase at this moment); and at
18 weeks after culture, from which the first 6 weeks were at
23°C followed by 12 weeks at 4°C (bulblets are out of the
resting phase and ready to sprout into leaflets or a true stem).
In addition to the regenerated bulblets, fully grown leaves,
closed and open flowers, stem, and stem axils containing
axillary buds were collected at the moment of blooming
from greenhouse-grown plants (In the Netherlands; Long
day (~16 h of light) conditions and 20-25 °C). After col-
lection of both tulip and lily plant material, the tissues were
ground in liquid nitrogen and stored in —80 °C until use.

RNA isolation

Total RNA was extracted from tulip bulb-scale tissue with
the Tripure protocol (Roche, The Netherlands) according to
the manufacturer’s manual, with the addition of 2% Poly-
vinylpyrrolidone (PVP, w/v) and 2% B-mercaptoethanol
(B-ME, v/v) to the extraction buffer. Isolated RNA was
DNase treated with RQ1 (Promega, The Netherlands) fol-
lowed by a phenol/chloroform (1:1) extraction and etha-
nol precipitation. RNA from the other tulip tissues was
extracted with the Invitrap spin plant RNA mini kit (Invitek,
ISOGEN Life Science, The Netherlands) and DNase treated
with DNasel (Qiagen, The Netherlands).

Total RNA from all tissues collected from lily plants was
isolated following the Tripure protocol (Roche, The Neth-
erlands) with modifications. The modifications consisted
of an initial removal of starch using an SDS-containing
buffer [buffer I, (Li and Trick 2005)] followed by phenol/
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chloroform extraction; and a final RNA purification of the
eluted pellet using the Invitrap spin column (Invitrap spin
plant RNA mini kit, Invitek, ISOGEN Life Science, The
Netherlands). DNA was removed from the samples by
DNAse treatment with RQ1 (Promega, The Netherlands)
according to the manufacturer’s specification.

Quantity and quality of isolated RNA was assessed by
agarose gel electrophoresis and NanoDrop spectrophotom-
eter ND1000. Samples with a 260 to 280 ratio ranging from
1.7 to 2.1 were selected and mixed into equal RNA quanti-
ties into a separated lily and tulip pool. These two pooled
RNA samples were sent to Wageningen UR Greenomics
(Wageningen, The Netherlands) for cDNA library prepara-
tion and subsequent sequencing.

cDNA library preparation and sequencing

A cDNA library for each pooled sample was prepared fol-
lowing the TruSeq Stranded Total RNA Sample Prepara-
tion kit with Ribo-Zero Plant (Illumina, The Netherlands).
The Ribo-Zero Plant kit removes ribosomal RNA (rRNA)
from total RNA using biotinylated probes and the obtained
rRNA-depleted RNA is first and second cDNA transcribed
keeping strand specificity. Quality and quantity of each
library was checked using a Bioanalyzer 2100 DNA1000
chip (Agilent technologies) and Qubit quantitation platform
using Quant-iT PicoGreen (Invitrogen, Life Technologies).
Library sequencing was done on a HiSeq2000 platform.
The tulip and lily transcriptomes raw data were submitted to
The National Center for Biotechnology Information (NCBI)
under the numbers SRR3105600 (tulip) and SRR3105700

(lily).
Sequencing analysis

Paired-end reads were sequenced using Illumina Hiseq
2000. The quality of the reads was examined by FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Adapters were removed and paired-end reads
were trimmed using Trimmomatic (Bolger et al. 2014)
with settings: “ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10
LEADING:20 TRAILING:20 SLIDINGWINDOW:4:20
MINLEN:70 HEADCROP:5”.

The transcriptomes were assembled de novo using Trin-
ity version 2.0.6 (Haas et al. 2013) with default settings,
except max_memory 150G and SS lib type RF. Tran-
scriptome statistics were determined using the TrinityStats.
pl script, which is part of the Trinity package. Transcripts
abundances were quantified using RSEM version 1.2.22 (Li
and Dewey 2011) with default settings.

To assess the level of contamination contained in both
assemblies, NCBI’s non-redundant protein database (nr)
was searched using Diamond (Buchfink et al. 2015) with

default settings and the results were analysed using MEGAN
(Huson et al. 2007). CEGMA analysis (Parra et al. 2007)
was used as a rough measure of the completeness and qual-
ity of the assemblies.

Coding sequences on the transcripts were predicted
using TransDecoder version 2.0.1 (Haas et al. 2013) as
follows: first the longest open reading frames (ORF) were
determined and translated using a cut off of 60 amino
acids as the minimal protein length. The resulting protein
sequences were used as queries to search the SwissProt
section of the UniProt protein database (Consortium TU
2015) with blastp (E-value cut-off 1*e-5), and they were
also scanned for conserved protein domains from the Pfam
(Finn et al. 2014) database using Pfamscan. The Blast
hits and Pfam results were used as input for the TransDe-
coder.Predict tool. Subsequently, the longest peptides per
transcript on the (+) strand were selected using a custom
Python script.

Translated sequences were clustered with orthologous
proteins from the monocots rice, maize, Brachypodium,
sorghum, switchgrass, barley and the dicots soybean, Arabi-
dopsis, grape, poplar and tomato using OrthoFinder (Emms
and Kelly 2015).

Search transcription factor families

For the identification of transcription factor families a
PFAM analysis was performed on all the proteins present
in the transcriptome from both lily and tulip. The families
were divided according to the family assignment rules used
in the Plant Transcription Factor Database (http://planttfdb.
cbi.pku.edu.cn/help famschema.php). Transcription fac-
tor families without a Pfam domain were identified with
BLAST by using the known Arabidopsis thaliana transcrip-
tion factors in a particular family.

Tulip and lily transcriptome mining

Tulip and lily putative TCP transcripts were retrieved using
the Transcriptome Browser in three successive steps. The
first screen was achieved making use of the sequence search
tool, option Pfam (PF03634). In the second step, new 7CP
transcripts were identified by selecting all tulip and lily tran-
scripts from the first screen and using the “Seed BLAST”
tool without default parameters. In the last step every oc
cluster containing tulip, lily, Arabidopsis and rice transcripts
with a PF03634 hit were screened manually. The TCP
domain sequence of each transcript was retrieved manu-
ally from the Transcriptome Browser and aligned using
Geneious software (Drummond et al. 2010). All Arabidop-
sis, rice, lily and tulip transcripts resulting from the Pfam
(PF03634) search were clustered using the Neighbour-join-
ing tree option of the Transcriptome Browser. Primer design
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was achieved using the cDNA alignment tool followed by
the “Specific” primer design option. The primers used can
be found in Table S3.
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