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[46]. Based on the cup-shaped structure, five petal primor-
dia form and show a radiant symmetry. Subsequently,
three ventral petal primordia fuse and gradually elongate
and grow further, whereas the two dorsal petals remain un-
fused and stop growing. The morphological differences in
ray florets may appear at the early stage of petal formation,
that is, during the period of vigorous cell division, or in the
late stage of petal growth when cell expansion occurs more
than cell division [30]. Ding et al. [47] described a chrysan-
themum cultivar with tubular ray florets with hooked ends,
while those of its bud sport mutant were tubular with
straight ends. This morphological difference in ray florets
was discernible during a late stage of petal development,
while in our study, morphological differences ofC. vesti-
tum ray florets appeared early in petal development.

Numerous genes are involved in morphogenesis of ray
florets
MADS-boxgenes determine the identity of floral organs
[8, 13, 48, 49]. In the present study, the results obtained
by expression analysis of someMADS-box(Additional file 1:
Fig. S1) and the search for DEGs in the transcriptome re-
vealed no genes with significantly different expression levels
among tubular, spoon and flat ray florets.CYC2-like genes
regulate petal symmetry of ray floret, and the expression
levels of CvCYC2b, CvCYC2d, CvCYC2eand CvCYC2f
were significantly higher in the tubular type than the flat
type (Fig. 5). Overexpression inS. vulgarisof RAY2, a
homologous gene ofCYC2e, enables its ray florets to be
transformed from the flat to the tubular type [14, 22]. Thus,
we speculate that the differential expression ofCYC2-like
genes inC. vestitumcould promote the change from the
flat to the tubular type.

Plant hormone-related DEGs regulate morphological
differences in ray florets
Plant hormones are indispensable in the process of plant
growth and development, and they have extremely im-
portant effects on the growth of petals. In this work, the
auxin response-related genesSAUR (c68047.graph_c0)
and GH3 (c68304.graph_c0, c80649.graph_c1) had the
highest expression levels in tubular ray floret petals of
CVZ and relatively low expression levels in the spoon
and flat types of CVZ (Additional file10: Fig. S6). The
expression levels in ray floret petals were also signifi-
cantly higher in CVT than CVW (Fig.10), indicating
their critical role in regulating the morphological differ-
ences in ray florets. TheDR5 reporter of auxin function
is expressed in the Arabidopsis floral meristem (FM)
peripheral zone where floral organs will arise [50, 51],
and initiation of the petal primordium depends on the
activity of auxin [52]. The disruption of auxin polar
transport in pin-formed1(pin1) and pinoid (pid) mutants
can cause some floral organs to fail to initiate or the
number and location of floral organs to be abnormal
[53, 54]. Moreover, mutations of auxin biosynthesis and
response-related genes can also significantly affect the
number and formation of petals [28, 55]. Upon initiation
of the petal primordia, auxin begins to accumulate in
the developing petals and induces a series of genes regu-
lating petal growth to function.

The morphological differences in the ray florets ofC.
vestitum appeared in the early stage of petal develop-
ment (Fig. 3), when the division of petal cells was
vigorous. According to statistical observations of the
petal epidermal cells of ray florets with different shapes,
the number of adaxial epidermal cells in tubular ray

Fig. 10 The expression patterns of DEGs related to plant hormone. R1-R5: ray florets at different opening stages
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florets of CVT was significantly higher than the flat type
of CVW (Fig. 4c, e). In addition, the expression levels of
AP2/ERF, which are closely related to cell division, were
much higher in the tubular type of CVT than the flat
type of CVW (Fig.9). It has been reported thatAUXIN
REGULATED GENE INVOLVED IN ORGAN GROWTH
(ARGOS) acts upstream ofAINTEGUMENTA (ANT)
[31, 32], which is a subfamily member ofAP2/ERF. These
subfamilies have similar functions in promoting cell div-
ision [34], some of which are involved in regulating petal
cell proliferation [35]. In addition, the auxin response
genes MONOPTEROS(MP)/ARF5 activate AINTEGU-
MENTA-LIKE 6 (AIL6) [33], which is closely related to
and functions redundantly withANT to regulate petal de-
velopment [56]. It is speculated that at the early stage of
petal formation, petal cell division of tubular ray florets is
more vigorous than the flat type, which is regulated by
AP2/ERFand results in the formation of ring shape petal
primordia and the tubular type. However, because of the
low expression ofAP2/ERFin the flat type, petal cell div-
ision ability is weak, and growth of dorsal petal primordia
is stagnant, eventually forming the flat type.

Conclusion
Based on morphological observation and transcriptomic
analysis combined with gene expression analysis, we
found that morphological differences appeared in the
early stage of ray floret development, the division of petal
cells was more vigorous in tubular ray floret than flat type
and the expression levels ofCvCYC2b, CvCYC2d,
CvCYC2e, and CvCYC2finvolved in floral symmetry and
CvAP2/ERF, CvSAUR71, CvGH3, CvGH3.5, and CvGA2O
X1 involved in plant hormones were higher in tubular ray
floret than flat type. Based on the above findings and
previous studies, the mechanism underlying ray floret
morphogenesis is summarized in Fig.11. We speculated

that up-regulated expression of auxin and gibberellin-
related genes in tubular ray florets might promote the in-
crease in downstreamAP2/ERFgene expression, thereby
enhancing cell division ability and promoting the petal
primordium to form an intact ring shape and eventually
develop into a tubular type. Concurrently,CYC2-like genes
are involved in common regulation. Overall, this study
provides direction in identifying the mechanism underlying
the development of different morphological ray florets and
enriches our understanding ofray floret morphogenesis in
chrysanthemum.

Methods
Plant materials and growth conditions
C. vestitumdistributed in the central China with a large
population is a major origin hexaploid species (2n = 6x =
54) of cultivated chrysanthemum [41] and can be
collected non-destructively through cuttings for ex-situ
conservation. The cuttings ofC. vestitumwith different
types of ray florets were collected from their native habi-
tat area and transplanted to the greenhouse [41, 43]. All
experiments were adhered to Regulations of the People’s
Republic of China for Wild Plants Protection.

Three plant lines ofC. vestitum, CVW, CVT and CVZ,
were grown in the chrysanthemum germplasm nursery
of the Beijing Forestry University, Beijing, China. Among
these plant lines, the ray florets of CVW are all flat type
(Fig.1a), those of CVT are all tubular type (Fig.1b), and
CVZ has three ray floret shapes of the flat, spoon and
tubular type (Fig. 1c). CVW and CVT were used for
morphological observation and gene expression analysis.
The ray floret petals of CVZ were selected for RNA-Seq
analysis, as the flat, spoon and tubular types were on the
same capitulum and had the same genetic background,
which is more conducive to explore genes that effect-
ively regulate the difference in ray florets.

Fig. 11 Summary of plant hormone-related and floral symmetry-related gene regulation of different morphological ray florets
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