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Canna indica (Zingiberales) is one of the most important ornamental species
characterized with beautiful petaloid staminodes, which are considered to evolve from
stamens. However, the genetic basis for the development of petaloid staminodes remains
unclear largely because the genomic sequences are not available. By using RNA-Seq,
we sequenced the transcripts in the flower of C. indica, and quantified the temporal
gene expressions in flower primordium and differentiated flower, as well as the spatial
gene expressions in petal and petaloid staminode. In total, 118,869 unigenes were
assembled, among which 67,299 unigenes were annotated. Quantification analysis
identified the differentially expressed genes in the temporal and spatial two comparisons,
based on which, Gene Ontology enrichment analysis highlighted the representative
terms in each sample, such as specification of organ number in flower primordium,
growth in differentiated flower, secondary cell wall biogenesis in petal and cell division in
petaloid staminode. Among the 51 analyzed MADS-box unigenes, 37 were up-regulated
in differentiated flower compared with those in flower primordium. A-class unigenes
were expressed higher in petal than in petaloid staminode, and C-class unigenes
were expressed oppositely, whereas B-class unigenes demonstrated close expression
levels in these two organs, indicating that petaloid staminode retains stamen identity to
some degree. In situ hybridization provided more detailed expression patterns of these
unigenes, and revealed the extended expression of B-class to the carpel at later stages
when the style turned flat. These results constitute a preliminary basis for the study of
flower development in C. indica and can be applied in further study of the evolution of
Zingiberales.

Keywords: transcriptome, RNA-Seq, petaloid staminode, Zingiberales, Canna indica, ABC model

INTRODUCTION

The Zingiberales is an order of tropical monocots comprising eight families (Tomlinson, 1962;
Dahlgren and Rasmussen, 1983). Considerable species in Zingiberales are widely cultivated,
including banana, ginger, and many kinds of ornamental plants. The main line of the evolution
of Zingiberales is the number of fertile stamen decreasing by (6)5 — 1 — 1/2, and the number
of petaloid organs increasing contrarily. Based on the stamen number, the eight families in
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FIGURE 4 | GO classification of the annotated unigenes.

which, maintenance of floral meristem identity and specification
of organ number explicitly presented the main biological
processes in this stage (Supplementary Table 2; Figures 5C,D).
While in DF-higher DEGs, 128 terms got enriched, far more
than that in FP-higher DEGs (Figure 5C). Perhaps this was
because a differentiated flower is more complicated than a
flower primordium, whether in structure or function. The
representative terms, such as pigmentation, growth, and floral
whorl development gave a brief but clear description on
the development processes in DF (Supplementary Table 2;
Figure 5D).

In the P-higher DEGs, 131 biological process terms were
enriched. Secondary cell wall biogenesis term indicated that
cells in petals may possess thicker cell walls than those
in petaloid staminodes, providing possible explanation that
petals are tougher than petaloid staminodes; photosynthesis
term indicated that as the outer whorl organs, young petals
possess higher ability or potential to perform photosynthesis
than petaloid staminodes in the inner whorls; in addition,
response to stress term was probably related to the protection
function of petals (Supplementary Table 2; Figures 5C,D). As for
the PS-higher DEGs, chromosome organization, protein-DNA
complex assembly and DNA replication were highly enriched
(Supplementary Table 2; Figures 5C,D). It was conjectured that
at the tested stage, young petaloid staminodes were experiencing
rapid and continuous cell division, which was also an enriched
term. In addition, stamen development term was also enriched

in PS-higher DEGs, indicating that quite a few unigenes that
participating in stamen development were also expressed in
petaloid staminodes, and exhibited higher expressions in PS
than P.

Temporal-Spatial Expression Patterns of
MADS-Box Unigenes

According to the Nr annotation, 106 unigenes were identified
as MADS-box family members, and 51 were detected in one or
both organs of P and PS. We focused on these 51 unigenes, and
analyzed the temporal-spatial expressions of them. 37 (72.5%) of
them were expressed higher in DF than in FP, while 27 (52.9%)
were expressed higher in PS than in P (Supplementary Table
3; Figure 6A). It seemed that there was a temporal expression
preference for these MADS-box unigenes in DE, while no evident
spatial preference was found in P or PS. Besides, 18 MADS-
box unigenes were annotated as putative homologs of the ABC
genes. Spatial expression analysis revealed that, all of the 3 A-
class unigenes were P-higher DEGs, while 2 of 3 C-class AG
homologs belonged to the PS-higher DEGs. The B-class unigenes
exhibited intermediate expression patterns, with 1 P-higher, 3 PS-
higher DEGs and 8 non-spatial-DEGs (Figure 6A). We selected
3 MADS-box unigenes CiAPI-1, CiGLO-1, and CiAG-1 as the
representative homologs of A-class gene AP1, B-class gene GLO
and C-class gene AG, respectively, and validated their spatial
expression patterns with quantitative real-time PCR (qRT-PCR),
together with other 5 randomly selected unigenes (Figure 6B).
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FIGURE 5 | Temporal-spatial expression and function analysis of unigenes. (A) Distribution of detected unigenes in FP, DF and P, PS. (B) MA plots (log ratio
vs. abundance) showing the DEG (red points) identification. (C) Numbers of the enriched biological process terms in each group of DEGs. (D) The representative

TABLE 2 | Sequencing quality evaluation and transcript alignments of the
reads in P and PS.

Summary P PS
Total reads 11,779,727 11,668,376
Total basepairs 577,206,623 571,750,424
Total mapped reads 10,782,916 10,782,484
Unique match 7,612,816 7,658,578
Multi-position match 3,270,100 3,223,906
Unmapped reads 996,811 885,892

Based on the RNA-Seq results, the expression of CiAPI-I in
FP and DF were almost the same, and CiGLO-1 expression was
moderately down-regulated in DF, while CiAG-1 was remarkably
up-regulated in DF. Spatially, CiAP1-1 was expressed lower in
PS than in P, CiGLO-1 was expressed almost equally in the two
types of organs, and CiAG-1 was expressed much higher in PS
than in P (Figures 7A,F,K). To define the expression patterns
of these ABC genes more precisely, in situ hybridization was
performed. CiAPI-1 mRNA was detected in flower meristem,
but not in inflorescence meristem (Figure7B), showing a

similar pattern to that in Arabidopsis (Mandel et al., 1992).
At either early or late stage, CiAPI-1 transcripts were detected
in all whorls of the flower, except in sepals when they were
comparatively old (Figures 7C-E). At early stages, CiGLO-1
mRNA was detected in the edge of the floral cup (ring meristem)
where petals and androecial members would develop, but not
in the regions corresponding to sepals and carpels (Figure 7G).
Later when petals and androecial members were established,
CiGLO-1 was expressed in both whorls, and no detectable signal
was observed in the sepal and carpel primordia (Figures 7H,I).
However, CiGLO-1 mRNA was then detected in the young style,
which mainly comprises the lateral carpel (Figure 7J). CiAG-1
mRNA was firstly detected in the center of the floral meristem
(Figure 7L), and then in all the androecial members, as well
as in the carpels, while no expression signal was detected in
sepals and petals (Figures 7M,N). CiAG-1 also expressed in the
ovary (Figure 70). These results showed that the expression
of A-function gene in C. indica is not confined to the first
and second whorls, B-function gene could extend its expression
domain to the gynoecium during development process, and C-
function gene is expressed in the sterile petaloid staminodes as
well as the fertile organs.
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DISCUSSION

Canna indica is a representative species for studying phylogenetic
evolution of Zingiberales. In this species, most of androecial
members are transformed to petaloid organs and only a half
fertile stamen remains in the flower. Little is known about
the mechanism for the evolutionary conversion of stamens to
petaloid organs, largely because the genomic information of C.
indica is currently unavailable, and genetic transformation of this
species is not applicable yet. With a large amount of transcript
sequence data, our results provided fundamental information for
studying the flower development of C. indica. Totally, 118,869
unigenes were sequenced in C. indica, among which 67,299 got
annotated with gene names and functions. Meanwhile, 51,570
unigenes show no homology with the already known genes.
Most of the annotated unigenes show the highest similarity with
M. acuminata (Musaceae), which is also Zingiberales species,
supporting the close genetic relationship between them.

Based on the (A)BC model, (A)-function genes specify the
identity of sepal, which is the ground state of the flower (Causier
et al,, 2010). Expression analysis showed that A-class MADS-box
unigenes in C. indica were all expressed higher in P than
PS. Accordingly, it is inferred that petals possess more sepal
identity than petaloid staminodes, and the similarities between
petals and sepals could possibly support this supposition. The

fact that CiAPI-1 was expressed in all whorls reminded us of
CAULIFLOWER (CAL), the closest paralogue of API, which is
also expressed in all whorls at early stages (Kempin et al., 1995).
However, the expression pattern of CiAPI-1 in later stages was
dissimilar to either API or CAL in Arabidopsis.

RNA-Seq and in situ hybridization results showed that C-
function unigene CiAG-1 was highly expressed in PS, while
showed much lower or no expression in P. The combined
expression of CiGLO-1 and CiAG-1 in the whorl 3 suggests that
the petaloid staminodes are of androecial identity, which is in
accordance with the traditional view, and with the case in A.
hainanensis (Zingiberaceae), another Zingiberales species (Song
et al., 2010). However, this evidence was not sufficient to explain
the different fates of the androecial members since co-expression
of B- and C-class genes specifies stamen identity (Fu et al., 2014).

Expansion of B-class domain to other whorls was widely
observed in angiosperm including Arabidopsis and Antirrhitum
(Zahn et al,, 2005). In C. indica, transcripts of CiGLO-1 were
not detected in the carpel primordia at early stages, while were
detectable in the style primordium later. It seems that B-class is
not involved in initiation and identity determination of carpels,
while plays a role in the partially petaloid morphogenesis of the
style (Glinos and Cocucci, 2011; Fu et al., 2014).

In the flowers of C. indica, petals turn partially sepaloid,
while members of the inner whorls including staminodes,
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FIGURE 7 | Temporal-spatial expression of ABC unigenes during flower development. (A,F,K) , RNA-Seq results showing the temporal and spatial expression
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fertile stamen and style are petaloid more or less. Taken all
these homeotic changes into consideration, we speculated that
the sepal and petal identities have shifted inwards uniformly
in Canna flowers. In accordance with this supposition, the
expressions of both A- and B-function genes are expanded to
inner whorls to some extent. However, the remaining expression
of C-function genes in petaloid androecium members makes it
complicated to explain the stamen-to-petal conversion of these
organs. Besides expression domain, the sequence diversity of C-
function genes may also relate to the androecial petaloidy in
Zingiberales (Almeida et al., 2015). To eventually reveal the exact
mechanism for this kind of homeotic conversion, much more
work is needed.

To summarize, through RNA-Seq and in situ hybridization
analyses, we found a correlation between expression patterns of
ABC genes and the organ identities of floral organs. A-function
gene is expressed in sepals, A- and B-function genes are expressed
in petals, A-, B-, and C-function genes are expressed in androecial
members, A- and C-function genes are expressed in carpels at
earlier stages, and later, B-function gene also appears in the style.
Although, the mechanism for the differentiation of androecial
members remains unclear, the current expression results as well
as the sequences data have provided a preliminary basis for
further researches on flower development in C. indica, and on
the phylogenetic development of Zingiberales.
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