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Abstract

Background: The production of heather (Calluna vulgaris) in Germany is highly dependent on cultivars with
mutated flower morphology, the so-called diplocalyx bud bloomers. So far, this unique flower type of C. vulgaris
has not been reported in any other plant species. The flowers are characterised by an extremely extended flower
attractiveness, since the flower buds remain closed throughout the complete flowering season. The flowers of
C. vulgaris bud bloomers are male sterile, because the stamens are absent. Furthermore, petals are converted into
sepals. Therefore the diplocalyx bud bloomer flowers consist of two whorls of sepals directly followed by the
gynoecium.

Results: A broad comparison was undertaken to identify genes differentially expressed in the bud flowering
phenotype and in the wild type of C. vulgaris. Transcriptome sequence reads were generated using 454 sequencing
of two flower type specific cDNA libraries. In total, 360,000 sequence reads were obtained, assembled to 12,200
contigs, functionally mapped, and annotated. Transcript abundances were compared and 365 differentially
expressed genes detected. Among these differentially expressed genes, Calluna vulgaris PISTILLATA (CvPI) which is
the orthologue of the Arabidopsis B gene PISTILLATA (PI) was considered as the most promising candidate gene.
Quantitative Reverse Transcription Polymerase Chain Reaction (qRT PCR) was performed to analyse the gene
expression levels of two C. vulgaris B genes CvPI and Calluna vulgaris APETALA 3 (CvAP3) in both flower types. CvAP3
which is the orthologue of the Arabidopsis B gene APETALA 3 (AP3) turned out to be ectopically expressed in sepals
of wild type and bud bloomer flowers. CvPI expression was proven to be reduced in the bud blooming flowers.

Conclusions: Differential expression patterns of the B-class genes CvAP3 and CvPI were identified to cause the
characteristic morphology of C. vulgaris flowers leading to the following hypotheses: ectopic expression of CvAP3 is
a convincing explanation for the formation of a completely petaloid perianth in both flower types. In C. vulgaris,
CvPI is essential for determination of petal and stamen identity. The characteristic transition of petals into sepals
potentially depends on the observed deficiency of CvPI and CvAP3 expression in bud blooming flowers.

Keywords: 454 sequencing, Bud flowering, Floral organ identity, Heather, Homeotic mutant, Real-time PCR,
Transcriptome, Transcription factor
* Correspondence: hohe@erfurt.igzev.de
1Leibniz Institute of Vegetable and Ornamental Crops (IGZ), Department of
Plant Propagation, Kuehnhaueser Strasse 101, 99090 Erfurt, Germany
Full list of author information is available at the end of the article

© 2015 Behrend et al.; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
unless otherwise stated.

mailto:hohe@erfurt.igzev.de
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/


Behrend et al. BMC Plant Biology  (2015) 15:8 Page 2 of 11
Background
Calluna vulgaris (Ericaceae) is an important ornamental
crop for autumn planting in Northern Europe. The de-
mand for C. vulgaris has constantly been increasing dur-
ing the last years because of the longevity of a special
mutant in flower morphology, the so-called bud bloom-
ers. Today, 80% of all protected varieties of C. vulgaris
in Germany are bud bloomers [1] and make C. vulgaris
one of the top selling landscaping plants in Germany [2].
The bud bloomers show an unique flower architecture
with combination of unopened flowers and absence of
any organ development in whorl III: the perianth of bud
bloomers remains closed during the whole flowering
period, stamens are missing and petals are converted
into sepals [3]. Bud blooming individuals were found in
natural populations in 1936 and 1948 in Great Britain as
well as in 1970 in the Netherlands [4] and were intro-
duced as commercial varieties. Due to the shielding from
cross-pollination by closed perianth organs and the im-
possibility of self-pollination due to the loss of stamens
and the presence of a second whorl of robust sepals in-
stead of softer petals, the flower buds of bud bloomers
display a prolonged flower attractiveness compared to
other flower types of C. vulgaris. The extended longevity
of flowers is a highly desired trait promoting the bud
bloomers’ economic success compared to varieties with
wild type or filled flowers. An attractive flower morph-
ology is one of the major selection targets in ornamental
breeding.
Within the bud bloomers two different types are found:

the diplocalyx type and polystyla type [1,5] (Figure 1B and
C). The diplocalyx type is by far dominating the market.
The inheritance of the bud flowering diplocalyx type was
found to be monogenic-recessive [6]. It is characterized by
a closed perianth during the whole flowering period, sta-
mens are completely missing and petals are converted to
Figure 1 C. vulgaris flower types. Flowers of C. vulgaris, A - wild type flo
(Ca: calyx), petals (Co: corolla), stamens (A: androecium), and carpels (G: gyn
the centre: bracts (Br), sepals (Ca), sepals (Ca), and carpels (G), C - bud bloo
centre: bracts (Br), sepals (Ca), sepals (Ca), carpeloid stamens (G), carpels (G
sepals. Hence, in the diplocalyx bud bloomer type, the
two whorls of sepals are directly following the gynoecium.
In floral development of this flower type, stamen primor-
dia are detectable but stamens are not formed at all [3].
The floral formula of this type is Ca4+4Co0A0G(4)
(Figure 1B, Ca: calyx; Co: corolla; A: androecium; G;
gynoecium) [3], whereas the flower formula of the ma-
ture wild type (Figure 1A) is Ca4Co(4)A8G(4) [3]. In
the polystyla bud blooming flower type the perianth re-
mains closed and petals are converted to sepals as in
the diplocalyx type, but organs in floral whorl III are
formed and show carpel character (Figure 1C). The ac-
cording floral formula is Ca4+4Co0G8G(4).
The genetics of different flower architectures can be

explained by the ABC model of floral organ identity and
its variants. It describes the interaction of the homeotic
transcription factors in determination of floral organ
identity [7-9]. In the classical ABC model, the expression
of A genes is responsible for development of sepals in
whorl I, activity of B genes in combination with C genes
is necessary to determine organ identity of stamens in
whorl III. B gene together with A gene function induces
the formation of petals in whorl II. Finally, C gene ex-
pression on its own defines carpels. Since B genes in
combination with A und C are responsible for the deter-
mination of organs in whorl II and III, and these organs
are affected in both bud bloomer mutants, a deficiency
in B gene function is the most convincing hypothesis for
formation of the bud flowering phenotype in C. vulgaris.
Accordingly, the polystyla bud blooming type corre-
sponds perfectly to the phenotype of a classical B gene
mutant as described in Arabidopsis thaliana (thale cress)
[10], Antirrhinum majus (snapdragon) [11,12], and sev-
eral other plant species [13-25]. The closed perianth in
bud bloomers is probably the result of petal loss, as
studies in Arabidopsis B gene mutants show [26].
wer with leaves (L), flower organs to the centre: bracts (Br), sepals
oecium), B - bud bloomer’s flower, diplocalyx type, flower organs to
mer’s flower, polystyla type, cultivar ‘David Eason’, flower organs to the
).
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In first gene expression analyses, Borchert et al. (2009)
[3] already found a reduced expression of the B gene
CvAP3 in floral organs of whorl II in three diplocalyx
bud flowering cultivars indicating the presence of a sec-
ond whorl of sepals instead of petals which is expected
according to the model. On the other hand, the forma-
tion of petaloid sepals in all flower types of C. vulgaris
points to an ectopic expression of B genes in whorl I,
resulting in conflicting hypotheses with regard to the
genetics of the diplocalyx bud flower type.
Therefore, the aim of the current study was to com-

pare the transcriptome of the wild type (wt) and the
diplocalyx bud bloomer flowers (bud) of C. vulgaris and
to deduce a hypothesis for the genetic basis of the diplo-
calyx bud bloomer flower architecture.

Results
454 sequencing and assembly
For transcriptome comparison, the bud blooming cultivar
‘Maria’ (bud) and its wild type flowering descendent F1
(wt), resulting from a cross between ‘Maria’ and ‘Boskoop’,
have been selected in order to keep the genetic difference
not depending on the flower type as low as possible. Two
cDNA libraries were constructed from mRNA of young
flower buds of both genotypes. Flowers included bracts,
sepals, petals, stamens (from wt only), and carpels. The
generated cDNA had a size of approximately 500–650
base pairs (bp). Libraries were tagged, combined and se-
quenced using the 454 sequencing technique (vertis Bio-
technologie AG, Freising). A summary of sequencing and
assembly results is given in Table 1. Overall, a total of
357,663 reads were generated with a total yield of ~ 110
Million nucleotides (Mnt). The average read length was
307 nt. Sequences shorter than 50 nt were not used in the
assembly. The assembly of all reads resulted in 12,238
contigs (Table 1). Contig length was Gaussian distributed
with a clear maximum around 500 nt (Figure 2). The sep-
arate assembly of the bud bloomer library resulted in
7,504 contigs, whereas the wild type library yielded 6,561
contigs after read assembly (Table 1). Singletons were ex-
cluded from further analysis since singletons are single
Table 1 Overview on 454 data

Assembly Backbone wt Bud

Assembled reads 278734 107013 145698

Total read number in contigs 246775 77220 118309

Number contigs 12238 6561 7504

Average length contigs (nt) 429 425 432

Number isotigs 11128 6070 6984

Average length isotigs (nt) 599 477 482

Number singeltons 30310 28991 26586

Average length singeltons (nt) 308 309 308
reads without any significant overlaps with any other read.
Therefore, it was considered as dubious to conclude differ-
ential gene expression from a single read. 4,352 common
contigs were found in the wt library and the bud library.

Annotation of sequences
For annotation, contig sequences were compared to
known sequences in publicly available databases. Blast2go
[27] was used for blasting, mapping, and annotating the
contigs by comparing the assembled sequences to the
non-redundant protein (nr) data base of the National
Centre for Biotechnology Information (NCBI) (Table 2).
From the assembly of all reads (backbone), 63.8% of the
contigs shared significant homology with known proteins.
67.7% of the contigs from the bud library and 67.6% of the
contigs from the wt library, respectively, showed signifi-
cant homology to proteins from the database. In all assem-
blies, around 5.6% of the contigs displayed homology to
unknown/hypothetical proteins. Most BLAST hits were
obtained from Vitis vinifera (grape), followed by Gly-
cine max (soybean), Populus trichocarpa (black cotton
wood), Arabidopsis thaliana (thale cress), and Cucumis
sativus (cucumber). Vitis vinifera is the closest phylo-
genetic relative of C. vulgaris with a completely se-
quenced genome available. The amount of BLAST hits
is correlated to the amount of available sequence infor-
mation. Therefore, closer relatives of C. vulgaris like
Camellia sinensis (tea), Actinidia chinensis (yellow kiwi
fruit), or Actinidia deliciosa (green kiwi fruit) delivered
BLAST Top-Hits (Additional file 1), but were outnum-
bered by fully sequenced organisms.

Differential gene expression
The primary goal of the transcriptome study was to
identify differentially expressed genes in both flower
types and to obtain sequence information of C. vulgaris
for later identification and validation of possible candi-
date genes. Flower type specific read numbers per contig
were obtained by mapping the flower type library reads
to the backbone assembly. Subsequently the transcript
abundances in both libraries were compared. To dis-
cover genes uniquely or preferentially expressed in one
of the flower type specific libraries, Audic Claverie statis-
tics [28] via the web tool IDEG6 [29] was used. 365 con-
tigs were found to be statistically significant differentially
expressed comparing the bud flowering and the wild
type phenotype (Additional file 2). 178 contigs were
found to be preferentially expressed in the bud bloomer
and 88 of these were found exclusively in the bud flow-
ering phenotype. In the wild type, 187 contigs were pref-
erentially expressed and 50 were found to be present
only in this flower type. Sequences with significant simi-
larities to annotated proteins in NCBI were assigned to
the Gene Ontology (GO) categories biological process,



Figure 2 Contig length. Distribution of contig lengths after assembly of all 454 sequences reads.
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molecular function, and cellular component (Figure 3).
Homologues proteins involved in biological processes
were attributed to metabolic processes, cellular processes,
responses to stimulus, biological regulations, and cellular
components organisation or biogenesis. Regarding the
molecular functions, catalytic activities and binding prop-
erties were the most abundant GO categories followed by
transporter activities, structural molecular activities, and
electron carrier activities. With respect to the cellular
components, homologues proteins were mostly associated
to organelles, membranes and macromolecule complexes.
For more detailed analysis, a GO enrichment analysis by
Fischer’s exact test was performed and revealed for differ-
entially expressed genes in the wt data set an overrepre-
sentation of the GO terms translation, ribosomal subunit,
ribonucleoprotein complex, ribosome cytosolic part, cyto-
solic ribosome, cytosol, structural constituent of ribosome,
structural molecule activity, cellular biosynthetic process,
and cellular protein metabolic process (Figure 4).

Functional classification of differentially expressed genes
171 differentially expressed genes (46.8%) did not match
homologues proteins in the data base. Differentially
expressed genes that could be annotated were checked
for functional classification in biological processes to
identify reasonable candidates for the bud flowering
phenotype. GO enrichment analysis pointed out to
Table 2 Number of contigs in each library during
processing in blast2go

Status Backbone wt Bud

Without BLAST hit 4431 2125 2426

With BLAST result 667 356 388

With mapping result 864 448 492

Annotated sequences 6276 3632 4198

Total number 12238 6561 7504
overrepresentation of GO terms related to ribosome
function in wt. In addition, the data sets of differentially
expressed genes in the GO categories “flower develop-
ment”, “floral whorls development” and “sequence spe-
cific DNA binding transcription factor activity” were
carefully checked for probable candidate genes (Additional
file 3). The following annotated contigs were assigned
to flower or floral whorl development: DNAj, glycerol-
3-phosphate acyltransferase, 26S proteasome non ATPase
regulatory subunit rpu 12a, basic blue protein, 3-ketoacyl-
synthase 6. None of these was considered as potential
candidate gene for the bud flowering phenotype. In
addition, the BLAST and mapping results of four dif-
ferentially expressed transcription factors were moni-
tored. Two putative transcription factors, a GAGA
binding transcriptional activator and an ethylene re-
sponsive transcription factor RAP2-3, are considered
to be involved in stress response. A putative E2FE like
transcription factor is involved in cell proliferation.
Consequently, these three genes were also excluded as
candidate genes. The fourth one, contig07420 which
exerts a homology to PISTILLATA (PI), belonging to
the class B genes, of Actinidia chinensis (yellow kiwi fruit),
was identified as a promising candidate gene and was
named CvPI.
The genes differentially expressed in the different

flower type of C. vulgaris were also compared to a list of
differentially expressed genes in Arabidopsis B gene mu-
tants from microarray studies [30]. 51 of the contigs
from C. vulgaris could be assigned to counterparts in
the Arabidopsis data set, at least on protein family level.
Most matches (20) were obtained with the pi-1 mutant.
16 matches were found with ap3-1 mutant and 15 with
the ap3-3 mutant. 45 C. vulgaris contigs showed a simi-
lar expression pattern as the corresponding genes in
Arabidopsis in at least at one of three time points moni-
tored in the Arabidopsis study (Additional file 2).



Figure 3 Functional annotations based on GO categories of contigs from wt library, bud library assembly, and contigs differently
expressed in C. vulgaris bud bloomer and wild type flowers. BP – biological process, MF – molecular function, CC – cellular component.

Figure 4 Differential GO term distribution among differentially expressed genes. GO term enrichment analysis by Fischer’s exact text.
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Evaluation of candidate gene by real-time PCR (qRT PCR)
For subsequent validation of CvPI function in C. vulgaris
flower organ formation, a quantitative PCR analysis was
performed in wild type and three bud blooming geno-
types. Although transcriptome data gave no hint on dif-
ferential expression in the bud and wt libraries for the
second identified B gene from C. vulgaris, CvAP3 [3]
was also included in the study, as Borchert et al. 2009
[3] found deviating expressions patterns of CvAP3 in
floral tissues of diplocalyx C. vulgaris bud bloomers and
wild type cultivars. Five reference genes were chosen
from the library. The reference genes with most stable
expression in flower tissue were: CvTATA binding, Cv18S
rRNA, CvActin, CvTSa, and Cvdisease resistance protein.
To compare flower type specific expression of CvPI and
CvAP3 ΔΔCt values were calculated with F1 (wt) as refer-
ence and converted to fold change ratios of arbitrary units.
Exemplarily for the three different cultivars per flower type,
the results of the cultivars ‘Maria’ (bud, pistillate parent)
compared to the genotype F1 (wt, offspring) and ‘Boskoop’
(wt, staminate parent) compared to genotype F1 (wt, off-
spring) are presented (Figures 5 and 6). These genotypes
were chosen, because the cDNA libraries for transcriptome
sequencing were generated from ‘Maria’ (bud) and F1
(wt). CvPI expression in both phenotypes was no accur-
ately detectable in leaves, bracts and sepals, whereas
CvAP3 expression was found in all studied organs. Hence,
differential gene expression data of CvAP3 for all floral
whorls are presented in Figure 6, whereas corresponding
data of the sepals (whorl I) for CvPI in Figure 5 are miss-
ing. CvPI showed the expression pattern expected from
the ABC model with the highest expression level in whorls
III and II of wild type flowers, thus confirming the results
of the transcriptome analysis, since the expression of CvPI
was reduced in floral organs of bud bloomer ‘Maria’. Al-
though the expression level of CvPI was found to be
Figure 5 Expression pattern of CvPI. Normalised gene expression (five re
shown as fold change (2-ΔΔCt) of arbitrary units compared the reference tis
genotype dependent, a clear organ specific expression pat-
tern was identified in all genotypes. Reliable expression
data of CvPI were obtained from wt flowers in whorl IV,
whorl III, and whorl II organs; in bud bloomers in whorl
IV and whorl II. In wt flowers of F1 and ‘Boskoop’, CvPI
expression was most abundant in whorl III followed by
whorl II and whorl IV. Compared to the expression of
CvPI in wt flowers in whorl II, its expression in the diplo-
calyx bud bloomer was reduced by factor 32 (Figure 5).
Likewise, in the transcriptome analysis 20 sequences reads
of CvPI were obtained from the wt library (F1) and none in
the bud bloomer’s library (‘Maria’). This reduction of CvPI
expression was not observed comparing F1 and ‘Boskoop’
(Figure 5). In contrast, the expression of CvAP3 was clearly
detectable throughout all floral organs in both flower types
(Figure 6). Fold-change ratios comparing expression of
CvAP3 in the different flower types were generally smaller
than the corresponding values for CvPI. As expression of
CvAP3 on whole flower level did not clearly differ between
the flower types, no differential expression was detected in
the transcriptome approach. In the organ-specific qRT
PCR analysis, the bud bloomer showed a lack of CvAP3 ex-
pression in whorl II compared to the wt F1, so both,
CvAP3 and CvPI expression are reduced in whorl II of bud
bloomers. The comparison of the male parent ‘Boskoop’
and its offspring F1 indicates a lower abundance of CvAP3
expression in organs of whorl I-III but a higher expression
in whorl IV. In ‘Maria’, the bud blooming parent of F1,
CvAP3 expression compared to its wt offspring was higher
in whorl I and IV but reduced in whorl II and not detected
in whorl III, since the organs are absent. The overall high-
est fold-change ratio for differential expression of CvAP3
was factor 3, detected in stamens of different wild type ge-
notypes, indicating that the detected fold-change ratios of
CvAP3 cannot be clearly attributed to differences of the
flower types or genotypic differences independent of the
ference genes) in the bud blooming phenotype and the wild type
sue of F1 (wt).



Figure 6 Expression pattern of CvAP3. Normalised gene expression (five reference genes) in the bud blooming phenotype and the wild type
shown as fold change (2-ΔΔCt) of arbitrary units compared the reference tissue of F1 (wt).
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flower type. Expression of CvAP3 in whorl I seems to be
common for C. vulgaris, since wild type and bud bloomer
exhibit CvAP3 transcript levels in a comparable abundance
in whorl I (sepals). The reduction of CvAP3 expression in
whorl II of bud bloomers confirms earlier findings demon-
strating that bud bloomer organs in whorl I and II are se-
pals [3] instead of sepals and petals in the wild type. In
both flower types, expression of CvAP3 is deviating from
the classical ABC model showing ectopic B gene expres-
sion in whorl I.

Discussion
In C. vulgaris bud bloomers of the diplocalyx type male
flower organs are missing (Figure 1B), petals are con-
verted into a second whorl of sepals and the flower re-
mains closed. This flower type is a highly desired trait in
ornamental plant breeding, since the bud bloomers’
flowers have an extended flowering period. The aims of
this study were to characterise the gene expression pro-
file of C. vulgaris diplocalyx bud bloomers by a broad
transcriptome study and deduce candidate genes causing
the diplocalyx bud flowering phenotype by the compari-
son with wt flowers.
Unopened flowers which later drop and form no siliques

have been described in Arabidopsis LSU4 mutants [31]. In
addition, flowers of pi-1 mutants as well as transgenic
Arabidopsis plants ectopically expressing LMADS8 or
LMADS9 flowers were termed as unopened [32]. The
morphology of these mutants points to a crosslink of floral
organ morphology and flower opening [26,33]. This cir-
cumstance is a good explanation for the bud bloomers’
phenotype in C. vulgaris. Since stamen development was
not detectable in the diplocalyx type [3] or stamens have
carpel-like character in the polystyla type and petals are
replaced by sepals, organs responsible for flower opening
are missing in these flower types. The identity of the af-
fected organs points to a modified expression of a B gene
in the bud flowering phenotype, since stamens and petals
are the mutated organs. The apparent absence of third
whorl organs may reflect their complete incorporation
into the fourth whorl gynoecium [34]. Upstream regula-
tors of B gene expression as UFO, LEAFY or AP1 are un-
likely to be affected in the C. vulgaris bud bloomer
mutants, because dysfunctions in these genes would cause
severe flower malformations: UFO mutants in Arabidopsis
display filamentous structures instead of flowers [35].
LEAFY mutants produce leafs and associated lateral
shoots instead of early flowers, later developing flowers
are substituted by structures with flower and leaf traits
[36,37]. In AP1mutants of Arabidopsis, sepals are replaced
by bracts, petals are missing and additional flowers arise
in the axils of the first whorl organs [38,39].
However, in model plants, typical B gene loss of func-

tion mutants display a second whorl of sepals instead of
petals and the formation of carpeloid stamens. In Arabi-
dopsis, the B genes APETALA3 (AP3) and PISTILLATA
(PI) are responsible for the control of organ identity in
whorl II (petals) and III (stamens) [10]. Since AP3 and
PI function as a heterodimer in Arabidopsis, mutations
of either AP3 or PI cause identical phenotypes with altered
organ identity in whorl II and whorl III [10]. The function
of the B class genes AP3 and PI seems to be highly con-
served during evolution of flowering plants. Because C.
vulgaris bud bloomers phenotype shows conflicting char-
acters compared to a classical B gene mutant - on the one
hand petaliod sepals, on the other hand loss of stamens
and petals - a broad RNA sequencing approach was
chosen to find genes differentially expressed in wt and the
diplocalyx bud flowering phenotypes of C. vulgaris. These
data have been compared to the data set of Wuest et al.
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2012 [30] to elucidate parallels and differences with
Arabidopsis B gene mutants.
High throughput 454 sequencing was found to be an

effective method to characterise the transcriptomes of
different flower types of C. vulgaris. Next generation se-
quencing is the state of the art approach for broad gene
expression analysis relative to methods such as microar-
rays and subtractive cDNA libraries [40-42]. The 454 se-
quencing technology is an effective tool for tissue
specific functional genomics in non-sequenced plants
species, because it is capable to capture also rarely
expressed transcripts as transcription factors [43-49] and
delivers massive numbers of additional transcript se-
quences which were useful in the presented study for
qRT PCR normalizer choice. In addition, the obtained
data bases of C. vulgaris floral transcriptomes are valu-
able resources for further research on flower related
traits in this ornamental crop.
From the set of 365 differentially expressed genes,

CvPI was considered to be the most plausible candidate
responsible for causing the diplocalyx flower mutant.
Moreover, a significantly reduced expression level of
CvPI in diplocalyx bud bloomers has been confirmed by
qRT-PCR. Nevertheless, the lack of CvPI expression in
C. vulgaris bud bloomers is not causing the typical
phenotype of a B gene mutant as anticipated from Ara-
bidopsis, since in diploxcalys flower mutants, stamens
are completely missing. A similar phenotype has been
found in a peloric mutant of Phalaenopsis equestris in
which the development of stamens and staminodes was
completely eliminated [50] and the expression of the B
gene PeMADS5 was not detectable in the floral tissue.
In C. vulgaris, the expression of CvPI was found to be

high in petals and stamens of the wild type as expected
from the ABC model. In contrast, CvAP3 expression was
prominent in whorl I-III of wt and diplocalyx bud
blooming flowers. In opposite to CvAP3, hardly any CvPI
transcript was detectable in the floral tissues of the bud
flowering plants by qRT PCR. According to the classical
ABC model and its modifications, the expression of the
AP3-like gene is restricted to whorls II and III [7].
CvAP3 expression in whorl I is considered to cause the
petaloid character of C. vulgaris sepals in both studied
flower types. This finding is supported by earlier expres-
sion analysis in C. vulgaris [3] and data from multiple spe-
cies, including important floriculture crops as Tulipa
gesneriana (garden tulip) [51], Lilium longiflorum (Easter
lily) [52], and Agapanthus praecox (common agapanthus)
[53]. Since CvPI expression is absent from floral tissue of
diplocalyx bud bloomers, it is assumed that petal and sta-
men development in C. vulgaris depends on the binding
of CvPI in a regulatory complex of MADS box genes con-
taining CvAP3 and the absence of CvPI is causing to the
development of a second whorl of petaloid sepals and the
absence of stamens. Due to the petaloid character of this
extra whorl of sepals and the expression level of CvAP3 in
whorls II and III, it is concluded that only the lack of CvPI
expression is causing the altered flower architecture and
not a combined dysfunction of CvPI and CvAP3. In
addition, the finding of CvAP3 transcripts in carpels of
diplocalyx bud bloomers without stamen character also
points to the hypothesis of an exclusive dysfunction of
CvPI being responsible for the loss of stamens.
To elucidate the consequences of putative CvPI dys-

function in C. vulgaris the list of differentially expressed
genes in young flowers of C. vulgaris comparing the
diplocalyx bud bloomer and wild type flowers was com-
pared to published data from Arabidopsis B gene mu-
tants [30]. In this study 2100 genes were identified to be
differentially regulated in B gene mutants. In Arabidopsis
pi1-1 mutants, GO terms like petal development, stamen
development, floral organ formation, floral organ mor-
phogenesis, and regulation transcription were found to
be significantly enriched. In contrast, these GO terms
were not enriched in the C. vulgaris data set. The major
difficulty in functional analysis of differentially expressed
genes in C. vulgaris bud bloomers proved to be the low
informative value of GO term enrichment analysis. The
annotation of C. vulgaris sequences did not identify sin-
gle genes but gene families or only protein motives,
making obtained GO terms rather unspecific. This is at-
tributed to the low sequence identity between C. vulgaris
and model plants and to the incomplete annotation of
sequence data from closer relatives. Therefore, for more
detailed results using GO analysis of the present 454
read data, more detailed sequence information of C. vul-
garis or close relatives is needed.
Further studies on the bud bloomers phenotype in C.

vulgaris are planned including comparison of B gene ex-
pression in the diplocalyx and polystyla type and the lo-
calisation of transcripts with an in situ hybridisation
approach to unveil CvPI and CvAP3 expression pattern
during floral development. Protein and DNA binding stud-
ies with CvPI and CvAP3 protein from bud bloomer and
wild type genotypes are necessary to clarify the composition
and function of homeotic floral MADS box protein com-
plexes in C. vulgaris flower development. Of special interest
in C. vulgaris is the investigation of the crosslink of B gene
expression and the genetic regulation of carpel develop-
ment reported from Arabidopsis [30], since several cultivars
with bud flowering phenotype suffer from carpel malforma-
tion [54]. Moreover, mapping of CvPI expression in an
existing mapping population [55] is planned to check the
cosegregation with the trait flower type.

Conclusions
The B genes CvPI und CvAP3 have been found to play
crucial roles in the development to the diplocalyx bud
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bloomer mutants of C. vulgaris, which are of major eco-
nomic significance in this important landscaping plant.
Ectopic expression of CvAP3 in sepals seems to be respon-
sible for their petaloid character. A drastically reduced ex-
pression of CvPI in flowers of diplocalyx bud bloomer
mutants points to a central role of this transcription factor
in the formation of this flower type. Further research is
necessary to figure out the differences in B gene expres-
sion between polystyla and diplocalyx bud bloomers in
C. vulgaris.

Methods
Plant material
Plants of bud flowering varieties (‘Maria’, ‘Anett’, ‘Marlis’,
‘Ginkel’s Glorie’) and genotypes with wild type flowers
(‘Boskoop’, ‘Hammonidii’, F1, Niederohe) were kept in
the IGZ greenhouse in winter and under field conditions
in frost free periods. ‘Maria’, ‘Anett’, ‘Marlis’, ‘Ginkel’s
Glorie’, Boskoop’, ‘Hammonidii’ are commercially avail-
able varieties. The wild type Niederohe was grown from
plant material collected in Germany. The genotype F1
originated from the cross ‘Maria’ x ’Boskoop’. Flowers
from all genotypes were collected and dissected into
bracts, sepals, petals, stamens (if present) and carpels.
Floral organs and leaves were conserved in RNAlater
(Invitrogen) and stored at −80°C.

RNA extraction and cDNA synthesis
Total RNA was extracted with the RNeasy Plant Mini
Kit (Qiagen) according to the manufacturer’s instruc-
tions with modifications as published in Dhanaraj et al.
(2004) [56] including intensively on column washing
with 80% EtOH. The complete digestion of genomic
DNA was performed using TurboDNase (Ambion)
Table 3 qRT PCR primers designed for amplification of produ

Target sequence Primer se

CvDisease resistance protein [contig02315] Forward: G

Reverse: C

CvTATA binding [contig05402] Forward: A

Reverse: C

CvTSa [contig04235] Forward: G

Reverse: A

Cv18S rRNA, [GenBank: AF419791] Forward: A

Reverse: A

CvActin [contig03212] Forward: G

Reverse: C

CvAP3 [contig09453] Forward: A

Reverse: C

CvPI [contig07420] Forward: C

Reverse: T
according to the manufacturer’s protocol. RNA was
quantified using the Nanodrop spectrometer (Thermo
Scientific). First strand cDNA synthesis was carried
out using the QuantiTec Reverse Transcription Kit
(Qiagen). Resulting cDNA concentrations were deter-
mined with a Qubit Fluorimeter (Invitrogen).

Library construction and 454 sequencing
Construction of two tagged (TCTACT bud/TGTATC wt)
3’-fragment cDNA libraries from C. vulgaris flower tissue
of the bud bloomer ‘Maria’ and its wild type flowering off-
spring F1 and subsequent 454 sequencing was performed
by vertis Biotechnolgie AG, Freising, Germany. Quality
checked and adapter trimmed sequences were obtained in
fastq format sorted according to the sequence tag. Obtained
fastq files were split into fasta and qual files with MIRA
3.0.5 [57] by the convert_project command. For expression
analysis, sequences from plastids, endophytes, mitochon-
dria, and for rRNA, were removed using SeqClean [58].

Sequence annotation, read number determination and
expression analysis
Sequence reads were assembled and mapped using the
cDNA option of GS DeNovoAssembler (Newbler) 2.5.3
(Roche). BLAST search (blastx, NCBI nr, 1.0 E-3), map-
ping and annotation (default options) was performed in
blast2go [27]. Three transcriptome data bases were ob-
tained: two tag-sorted specific for one flower type each,
and a common one containing both libraries (backbone).
For in silico expression analysis, transcript abundances
were obtained by mapping the flower type specific reads
to the common backbone. Only contigs containing more
than two reads were used in transcript profiling. Differ-
entially expressed contigs were identified using the
cts from 80-120 bp

quence Product size in bp

AAGTACAACGGAAGCACGA 106

CTCTAGCAAACCGGAAAAG

ACATCGTTGGTTCCTGTGA 101

CAGGAAATAGTTCGGGTTC

TGCTCTTGGTTGGTTGTGA 89

CAGGCATGGTCGTCTTTTC

GGGTTGAGGCAGAGAGAGA 117

GAACCCCACAGAACCTCAG

CATCACTAAGCACCTTCCA 111

CCTCATCACGCAATTTAGA

CATCAGTCCCCCTTCTACG 88

ATAGTGCGAGCTCCAAAGA

CCAATTTGCAGGATAGGTT 93

CCCCATTACAGTTCCAACA
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Audic Claverie algorithm [28] (p = 0.01, Bonferroni cor-
rection) with the web tool IDEG6 [29].

qRT PCR analysis
Ten putative reference genes were chosen from the tran-
scriptome data base (Table 3). Only genes annotated as
known housekeeping genes and present as only one single
contig in the data base were considered. Ct values for these
genes were determined for all tissues. These data were
transformed to relative quantities using the 2-ΔCt formula.
Stability of reference genes and optimal number of refer-
ence genes was evaluated using geNormPlus (embedded in
qbasePlus, biogazelle) [59]. For subsequent analysis of gene
expression patterns, five reference genes were recom-
mended: CvTATA binding protein, CvActin, Cv18S rRNA,
TSa synthase, and CvDisease resistance protein were identi-
fied as most stably expressed reference genes in different
organs as leafs and bracts, perianth organs and sexual
flower organs. Primers (Table 3) were designed using Pri-
mer3 [60] or OligoPerfect (Invitrogen). Prior to expression
analysis, primer concentration was optimised, no-template-
controls were run and primer efficiencies were determined
by standard curves [61,62]. PCR reactions (three biological
replicates in duplicates) were performed with 0.5 ng cDNA
on a Stratagene MX3000P thermocycler (qPCR MxPro
v4.01) using the Absolute qPCR SYBR green ROX mix
(ABgene). The experimental data were normalised to the
mean value of the reference genes using the 2-ΔΔCt method
[61]. C. vulgaris genotype F1 (wild type phenotype) was
chosen as reference. The calculated relative quantity for
each floral whorl is expressed as the ratio (fold change of
arbitrary units) to the same tissue from F1 (wt). If the cal-
culated value was <1 the negative reciprocal is given.

Availability of supporting data
The raw sequence reads and the result table from the in
silico expression analysis have been deposited at NCBI
Gene Expression Omnibus (GEO) database under the ac-
cession GSE60105. The transcriptome shotgun assembly
projects have been deposited at NCBI GenBank under the
GenBank accessions GBSW00000000 (backbone) and
GBRS00000000 (flower type specific). The versions de-
scribed in this paper are the first versions,
GBSW01000000 and GBRS01000000.
Additional files

Additional file 1: List of species giving BLAST Top-Hits with number
of BLAST hits per assembly.

Additional file 2: List of all differentially expressed contigs,
coloured marked when listed in Wuest et al. 2012 [30], green - same
expression pattern, orange – different expression pattern.

Additional file 3: Subset of potential candidate genes with GO
terms and transcript abundances.
Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
AH and TB designed the transcriptome study. AB computed the data,
designed and analysed the gene expression study, and drafted the
manuscript. All authors read and approved the final manuscript.

Acknowledgements
The BLE (Federal Office of Agriculture and Food, Germany) on behalf of the
German Federal Ministry of Food, Agriculture and Consumer Protection
(BMELV) (support code: 511–06.01-28-1-43.038-07) provided financial support.
We thank Janett Grimmer and Katja Krueger for technical assistance. Joerg
Krueger is acknowledged for providing IT resources for data analysis. Ralph
Heinrich and Magdalena Stock gave helpful hints on data analysis. We thank
Rosa Herbst for proofreading.

Author details
1Leibniz Institute of Vegetable and Ornamental Crops (IGZ), Department of
Plant Propagation, Kuehnhaueser Strasse 101, 99090 Erfurt, Germany.
2Present address: Siemens Healthcare Diagnostics Holding GmbH,
Ludwig-Erhard-Straße 12, 65760 Eschborn, Germany.

Received: 5 November 2014 Accepted: 23 December 2014

References
1. Borchert T, Hohe A. Classification of flower types in Calluna vulgaris L. (HULL).

Acta Horticulturae (ISHS). 2010;855(XXIII International EUCARPIA Symposium,
Section Ornamentals, Colourful Breeding and Genetics - Part II):41–6.

2. Biegler B: Top 10 2011 – In allen Segmenten Bewegung. In.: AMI
Berechnungen Stand Maerz 2012. Agrarmarkt Informations-Gesellschaft
mbH. 2012. http://www.hortigate.de/Apps/WebObjects/Hortigate.woa/vb/
bericht?nr=53168. Accessed 02 Jan 2014.

3. Borchert T, Eckardt K, Fuchs J, Krueger K, Hohe A. ‘Who’s who’ in two
different flower types of Calluna vulgaris (Ericaceae): morphological and
molecular analyses of flower organ identity. BMC Plant Biol. 2009;9:148.
doi:10.1186/1471-2229-9-148.

4. Ehsen B. Sichtungsergebnisse von Calluna-Knospenblühern, von einer
“Laune” der Natur zum Verkaufsschlager. Deutsche Baumschule. 2011;6:15–7.

5. Jansen J. Over eenige in ons Land aangetroffen Vormen van Calluna
vulgaris. Nederlandsch Kruidkundig Archief. 1935;1935(45):126–8.

6. Borchert T, Hohe A. Identification of molecular markers for the flower type
in the ornamental crop Calluna vulgaris. Euphytica. 2009;170(1–2):203–13.

7. Coen ES, Meyerowitz EM. The war of the whorls - genetic interactions
controlling flower development. Nature. 1991;353(6339):31–7.

8. Theissen G. Development of floral organ identity: stories from the MADS
house. Curr Opin Plant Biol. 2001;4(1):75–85.

9. Theissen G, Melzer R. Molecular mechanisms underlying origin and
diversification of the angiosperm flower. Ann Bot. 2007;100(3):603–19.

10. Goto K, Meyerowitz EM. Function and regulation of the Arabidopsis floral
homeotic gene PISTILLATA. Genes Dev. 1994;8(13):1548–60.

11. Schwarzsommer Z, Huijser P, Nacken W, Saedler H, Sommer H. Genetic
control of flower development by homeotic genes in Antirrhium majus.
Science. 1990;250(4983):931–6.

12. Troebner W, Ramirez L, Motte P, Hue I, Huijser P, Loennig W-E, et al.
GLOBOSA: A homeotic gene which interacts with DEFICIENS in the control
of Antirrhinum floral organogenesis. EMBO J. 1992;11(13):4693–704.

13. Angenent GC, Franken J, Busscher M, Colombo L, van Tunen AJ. Petal and
stamen formation in Petunia is regulated by the homeotic gene fbp1.
Plant J. 1993;4(1):101–12.

14. van der Krol AR, Brunelle A, Tsuchimoto S, Chua NH. Functional analysis of
Petunia floral homeotic MADS box gene pMADS1. Genes Dev. 1993;7
(7A):1214–28.

15. Vandenbussche M, Zethof J, Royaert S, Weterings K, Gerats T. The
duplicated B-class heterodimer model: whorl-specific effects and complex
genetic interactions in Petunia hybrida flower development. Plant Cell.
2004;16(3):741–54.

16. Broholm SK, Pollanen E, Ruokolainen S, Tahtiharju S, Kotilainen M, Albert VA,
et al. Functional characterization of B class MADS-box transcription factors
in Gerbera hybrida. J Exp Bot. 2010;61(1):75–85.

http://www.biomedcentral.com/content/supplementary/s12870-014-0407-z-s1.docx
http://www.biomedcentral.com/content/supplementary/s12870-014-0407-z-s2.docx
http://www.biomedcentral.com/content/supplementary/s12870-014-0407-z-s3.docx
http://www.hortigate.de/Apps/WebObjects/Hortigate.woa/vb/bericht?nr=53168
http://www.hortigate.de/Apps/WebObjects/Hortigate.woa/vb/bericht?nr=53168


Behrend et al. BMC Plant Biology  (2015) 15:8 Page 11 of 11
17. de Martino G, Pan I, Emmanuel E, Levy A, Irish VF. Functional analyses of
two tomato APETALA3 genes demonstrate diversification in their roles in
regulating floral development. Plant Cell. 2006;18(8):1833–45.

18. Liu Y, Nakayama N, Schiff M, Litt A, Irish VF, Dinesh-Kumar SP. Virus induced
gene silencing of a DEFICIENS ortholog in Nicotiana benthamiana. Plant Mol
Biol. 2004;54(5):701–11.

19. Drea S, Hileman LC, de Martino G, Irish VF. Functional analyses of genetic
pathways controlling petal specification in poppy. Development.
2007;134(23):4157–66.

20. Kramer EM, Holappa L, Gould B, Jaramillo MA, Setnikov D, Santiago PM.
Elaboration of B gene function to include the identity of novel floral organs
in the lower eudicot Aquilegia. Plant Cell. 2007;19(3):750–66.

21. Ambrose BA, Lerner DR, Ciceri P, Padilla CM, Yanofsky MF, Schmidt RJ.
Molecular and genetic analyses of the Silky1 gene reveal conservation in
floral organ specification between eudicots and monocots. Mol Cell.
2000;5(3):569–79.

22. Li HF, Liang WQ, Jia RD, Yin CS, Zong J, Kong HZ, et al. The AGL6-like gene
OsMADS6 regulates floral organ and meristem identities in rice. Cell Res.
2010;20(3):299–313.

23. Yadav SR, Prasad K, Vijayraghavan U. Divergent regulatory OsMADS2
functions control size, shape and differentiation of the highly derived rice
floret second-whorl organ. Genetics. 2007;176(1):283–94.

24. Prasad K, Vijayraghavan U. Double-stranded RNA interference of a rice PI/
GLO paralog, OsMADS2, uncovers its second-whorl-specific function in floral
organ patterning. Genetics. 2003;165(4):2301–5.

25. Nagasawa N, Miyoshi M, Sano Y, Satoh H, Hirano H, Sakai H, et al.
SUPERWOMAN1 and DROOPING LEAF genes control floral organ identity in
rice. Development. 2003;130(4):705–18.

26. van Doorn WG, van Meeteren U. Flower opening and closure: a review.
J Exp Bot. 2003;54(389):1801–12.

27. Conesa A, Goetz S. Blast2GO: A comprehensive suite for functional analysis
in plant genomics. Int J Plant Genomics. 2008;2008:1–13.

28. Audic S, Claverie J-M. The significance of digital gene expression profiles.
Genome Res. 1997;7(10):986–95.

29. Romualdi C, Bortoluzzi S, D’Alessi F, Danieli GA. IDEG6: a web tool for
detection of differentially expressed genes in multiple tag sampling
experiments. Physiol Genomics. 2003;12(2):159–62.

30. Wuest SE, O’Maoileidigh DS, Rae L, Kwasniewska K, Raganelli A, Hanczaryk K,
et al. Molecular basis for the specification of floral organs by APETALA3 and
PISTILLATA. Proc Natl Acad Sci U S A. 2012;109(33):13452–7.

31. Myakushina YA, Milyaeva EL, Romanov GA, Nikiforova VY. Mutation in LSU4
gene affects flower development in Arabidopsis thaliana. Dokl Biochem
Biophys. 2009;428(1):257–60.

32. Chen MK, Hsieh WP, Yang CH. Functional analysis reveals the possible role
of the C-terminal sequences and PI motif in the function of lily (Lilium
longiflorum) PISTILLATA (PI) orthologues. J Exp Bot. 2012;63(2):941–61.

33. Yang YZ, Xiang HJ, Jack T. Pistillata-5, an Arabidopsis B class mutant with
strong defects in petal but not in stamen development. Plant J.
2003;33(1):177–88.

34. Bowman JL, Smyth DR, Meyerowitz EM. Genetic interactions among floral
homeotic genes of Arabidopsis. Development. 1991;112(1):1–20.

35. Levin JZ, Meyerowitz EM. UFO: an Arabidopsis gene involved in both floral
meristem and floral organ development. Plant Cell. 1995;7(5):529–48.

36. Weigel D, Meyerowitz EM. The ABCs of floral homeotic genes. Cell.
1994;79(1):180.

37. Blazquez MA, Soowal LN, Lee I, Weigel D. LEAFY expression and flower
initiation in Arabidopsis. Development. 1997;124(19):3835–44.

38. McKelvie AD. A list of mutant genes in Arabidopsis thaliana (L.) Heynh.
Radiation Botany. 1961;1:233–41.

39. Bowman JL, Alvarez J, Weigel D, Meyerowitz EM, Smyth DR. Control of
flower develpoment in Arabidopsis thaliana by APETALA1 and interacting
genes. Development. 1993;119(3):721–43.

40. Wang H, Schauer N, Usadel B, Frasse P, Zouine M, Hernould M, et al.
Regulatory features underlying pollination-dependent and -independent
tomato fruit set revealed by transcript and primary metabolite profiling.
Plant Cell. 2009;21(5):1428–52.

41. Weber APM, Weber KL, Carr K, Wilkerson C, Ohlrogge JB. Sampling the
arabidopsis transcriptome with massively parallel pyrosequencing. Plant
Physiol. 2007;144(1):32–42.

42. Shendure J, Ji H. Next-generation DNA sequencing. Nat Biotechnol.
2008;26(10):1135–45.
43. He RF, Kim MJ, Nelson W, Balbuena TS, Kim R, Kramer R, et al.
Next-generation sequencing-based transcriptomic and proteomic analysis
of the common reed, Phragmites australis (Poaceae), reveals genes involved
in invasiveness and rhizome specificity1. Am J Bot. 2012;99(2):232–47.

44. Djami-Tchatchou AT, Straker CJ, Allie F. 454 Sequencing for the identification of
genes differentially expressed in avocado fruit (cv. Fuerte) infected by
Colletotrichum gloeosporioides. J Phytopathol. 2012;160(9):449–60.

45. Schilmiller AL, Miner DP, Larson M, McDowell E, Gang DR, Wilkerson C, et al.
Studies of a biochemical factory: tomato trichome deep expressed sequence
tag sequencing and proteomics. Plant Physiol. 2010;153(3):1212–23.

46. Swarbreck SM, Lindquist EA, Ackerly DD, Andersen GL. Analysis of leaf and
root transcriptomes of soil-grown Avena barbata plants. Plant Cell Physiol.
2011;52(2):317–32.

47. Guo SG, Zheng Y, Joung JG, Liu SQ, Zhang ZH, Crasta OR, et al. Transcriptome
sequencing and comparative analysis of cucumber flowers with different sex
types. BMC Genomics. 2010;11:384. doi:10.1186/1471-2164-11-384.

48. Wang W, Wang YJ, Zhang Q, Qi Y, Guo DJ. Global characterization of Artemisia
annua glandular trichome transcriptome using 454 pyrosequencing.
BMC Genomics. 2009;10:465. doi:10.1186/1471-2164-10-465.

49. Hiremath PJ, Farmer A, Cannon SB, Woodward J, Kudapa H, Tuteja R, et al.
Large-scale transcriptome analysis in chickpea (Cicer arietinum L.), an orphan
legume crop of the semi-arid tropics of Asia and Africa. Plant Biotechnol J.
2011;9(8):922–31.

50. Tsai WC, Kuoh CS, Chuang MH, Chen WH, Chen HH. Four DEF-like MADS
box genes displayed distinct floral morphogenetic roles in Phalaenopsis
orchid. Plant Cell Physiol. 2004;45(7):831–44.

51. Kanno A, Saeki H, Kameya T, Saedler H, Theissen G. Heterotopic expression
of class B floral homeotic genes supports a modified ABC model for tulip
(Tulipa gesneriana). Plant Mol Biol. 2003;52(4):831–41.

52. Tzeng TY, Yang CH. A MADS box gene from lily (Lilium longiflorum) is
sufficient to generate dominant negative mutation by interacting with
PISTILLATA (PI) in Arabidopsis thaliana. Plant and Cell Physiol.
2001;42(10):1156–68.

53. Nakamura T, Fukuda T, Nakano M, Hasebe M, Kameya T, Kanno A. The
modified ABC model explains the development of the petaloid perianth of
Agapanthus praecox ssp orientalis (Agapanthaceae) flowers. Plant Mol Biol.
2005;58(3):435–45.

54. Behrend A, Borchert T, Muller A, Tanzer J, Hohe A. Malformation of gynoecia
impedes fertilisation in bud-flowering Calluna vulgaris. Plant Biol.
2013;15(1):226–32.

55. Behrend A, Borchert T, Spiller M, Hohe A. AFLP-based genetic mapping of
the “bud-flowering” trait in heather (Calluna vulgaris). BMC Genetics.
2013;14:64. doi:10.1186/1471-2156-14-64.

56. Dhanaraj AL, Slovin JP, Rowland LJ. Analysis of gene expression associated
with cold acclimation in blueberry floral buds using expressed sequence
tags. Plant Sci. 2004;166(4):863–72.

57. Chevreux B, Pfisterer T, Drescher B, Driesel AJ, Muller WEG, Wetter T, et al.
Using the miraEST assembler for reliable and automated mRNA transcript
assembly and SNP detection in sequenced ESTs. Genome Res.
2004;14(6):1147–59.

58. SeqClean [http://www.tigr.org/tdb/tgi/software/]
59. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A,

et al: Accurate normalization of real-time quantitative RT-PCR data by
geometric averaging of multiple internal control genes. Genome Biol. 2002;
3(7). doi:10.1186/gb-2002-3-7-research0034

60. Rozen S, Skaletsky HJ. Primer3 on the WWW for general users and for
biologist programmers. In: Krawetz S, Misener S, editors. Bioinformatics
Methods and Protocols: Methods in Molecular Biology. Totowa, NJ: Humana
Press; 2000. p. 365–86.

61. Pfaffl MW. Quantification strategies in Real-Time PCR. La Jolla: International
University Line; 2004.

62. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods.
2001;25(4):402–8.

http://www.tigr.org/tdb/tgi/software/

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	454 sequencing and assembly
	Annotation of sequences
	Differential gene expression
	Functional classification of differentially expressed genes
	Evaluation of candidate gene by real-time PCR (qRT PCR)

	Discussion
	Conclusions
	Methods
	Plant material
	RNA extraction and cDNA synthesis
	Library construction and 454 sequencing
	Sequence annotation, read number determination and expression analysis
	qRT PCR analysis

	Availability of supporting data
	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

