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Abstract ; Petrocodon Hance is a genus (ca. 30 species) in the angiosperm family Gesneriaceae, which are mainly dis-
tributed in the limestone region of South China. The genus is special for its remarkable floral diversity, and is also one of
the most taxonomy-difficult groups in the family. Although the genus was redefined to accommodate species with distine-
tive floral morphologies from eight other genera based on molecular phylogenetic studies, the evolutionary trends of the
floral characters have not been studied comprehensively yet; the major causes of the incongruence between traditional
taxonomy and molecular phylogenetic studies remain largely unexplored; and the morphological characters that can sup-
port the redefined Petrocodon keep unknown, either. In the present study, we coded 35 morphological characters (inclu-
ding 26 floral characters) of 19 Peirocodon species and 9 outgroup taxa of Primulina, traced the evolutionary trends and
addressed the taxonomic implications in Peirocodon based on phylogenetic tree. We found that most of the floral charac-
ters, especially those used for delimiting traditional genera, evolved frequently and highly homoplasiously within and
across the genus, which were the key factors that misled the traditional classifications. Further, we proposed that among
all the characters we examined, the shape of filaments and stigmas may be used to distinguish most taxa of Petrocodon
from its closest relative Primulina. The present study indicates that caution must be taken when using these floral traits in
future classification of Gesneriaceae. Moreover, extensive examinations of the morphological characters and their evolu-
tionary trends need to be carried out and traced upon denser sampling and more robust phylogenetic tree. More important-
ly, efforts should also be taken to investigate the underlying molecular regulatory networks and driving forces underpin-
ning the complicated floral evolution of Petrocodon. All these will finally improve the understandings of the evolutionary

processes and mechanism of this group of typical karst flora and its allies.
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Petrocodon Hance ( Gesneriaceae ), firstly estab-
lished in 1883, remained as a monotypic genus (only
containing Petrocodon dealbatus) over a century. It is
perennial herb and has campanulate corolla with indis-
tinctly two-lipped limb, being different from most other
Gesneriaceae, which usually possess distinetly two-
lipped limb with lobes different in size and/or shape.
The species is distributed in South and Central China,
mostly growing in the crevices of limestone rocks. No
more species of the genus were reported in the following
century. Till the last decade, several new species of
Petrocodon were finally discovered and described from
South China (Wei, 2007; Wei et al, 2010).

The phylogenetic position and the boundary be-

tween Petrocodon s.s. and other closely-related genera

were revealed by the recent molecular phylogenetic

AR, BN R,

Oy, AERARAE, WEHA, RSBV, IRHEY), AIlE SR

studies ( Weber et al, 2011b; Xu et al, 2014). The
monotypic genera ( Calcareoboea C. Y. Wu ex H. W.
Dolicholoma D. Fang & W.

T. Wang and Tengia Chun) and one to a few species

Li, Paralagarosolen Wei,

from Wentsaiboea Fang & Qin, Primulina Hance, Laga-
rosolen Wang and Didymocarpus Wallich were included
into Petrocodon and the expanded genus was indicated
to be most close to Primulina according to the molecular
phylogenetic studies based on the chloroplast trnlL-trnF
and nuclear ribosome ITS DNA sequences ( Weber et
al, 2011b; Xu et al, 2014). The redefinition as well as
more new species recently published enlarged Peiroc-
odon to contain ca. 30 species ( Weber et al, 2011b;
Wen et al, 2012; Chen et al, 2014; Hong et al, 2014;
Xu et al, 2014; Yu et al, 2015; Guo et al, 2016; Lu et
al, 2017). It is more noteworthy is that the expanded
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genus represent one of the most varied genera in the Old
World, comparable to those in the New World ( Weber
et al, 2011b).

The morphological traits of the expanded Petroc-
odon , particularly those of floral parts, are remarkably
diverse among the lineages of Old World Gesneriaceae.
The floral variation of Petrocodon covers almost all as-
pects of the floral characters. For example, the symme-
try of corolla includes zygomorphy and almost actinomor-
phy; most species have corolla limb with two adaxial
(dorsal) lobes and three abaxial ( ventral) lobes but
two species of the genus have corolla limb with a very
unusual pattern of four adaxial lobes and one abaxial
lobe [ corresponding to the terminology of four-toothed
upper lip and one-toothed lower lip according to Weber
et al (2011b) J;

ulate, tubular, funnelform, urceolate to salverform; co-

corolla shape is variable from campan-
rolla coloration is diverse, including pure white, pur-
ple, yellow and bright red; stamen numbers per flower
are usually two but Pet. scopulorum ( previous Tengia
scopulorum) and one recently published species Pet. hu-
nanensis (Yu et al, 2015) belonging to the genus pos-
sess five and four fertile stamens, respectively. The gen-
eral appearance of the floral diversity of Petrocodon is as
shown in Fig. 1.

The redefinition of Petrocodon and the inclusion of
species from other eight genera, could imply that mor-
phological characters, particularly those diagnostic traits
the traditional taxonomy was based on, might experience
complicated evolution such as homoplasy (i.e. conver-
gence, parallel or reversal evolution), dramatic mor-
phological divergence of closely related species, and/or
plesiomorphy remained in different lineages etc. Howe-
ver, little is known about the evolutionary trends of the
diverse morphological characters in the expanded genus
and their taxonomic significance, though the previous
molecular phylogenetic study sampled the majority of the
2011b; Chen et al,

2014 ). It remains unknown whether there is any floral or

included species ( Weber et al,

vegetative characters that can differentiate Petrocodon

from its sister genus Primulina and other close relatives,

and characterize each of the lineages in the molecular
phylogenetic tree within the genus. To explore these is-
sues needs carefully examination of the diverse morpho-
logical characters of Petrocodon, comparing with other
close relatives, and tracing their evolution based on a
robust phylogenetic framework suggested by molecular
phylogenetic studies.

In this study, we examined and coded 35 morpho-
logical characters (including 26 flora traits) of Petroc-
odon and some outgroup taxa of Primulina, traced the
evolutionary trends of these characters on the phyloge-
netic tree reconstructed based on DNA sequences down-
loaded from the public accessible database of National
Centre of Biological Information (NCBI). The aims we
targeted to explore included: (1) the evolutionary
trends how the diverse morphologies evolved; (2) the
potential synapomorphy that can characterize and differ-
entiate Petrocodon from its close relatives. We also dis-
cuss the implications of the inferred morphological evo-

lution for future classification of Gesneriaceae.

1 Materials and Methods

1.1 Materials examined

A total of 35 morphological characters (including
26 floral characters) of 19 Petrocodon species and 9
outgroup species of Primulina were examined and co-
ded numerically. The morphological characters were
coded and validated according to the original descrip-

tion of the species, the related monographs such as

Flora of China (Wang et al, 1998) , Plants of Gesneri-
aceae in China (Li & Wang, 2005) and Gesneriaceae
of South China (Wei et al, 2010)

tion of transplanted individuals and/or the field investi-

and the observa-

gations.

We coded different states of the same character
with different numerics. For those possessing mosaic
character states, we coded them with all contained
states. For example, for the corolla coloration, Pet. ti-

andengensis has corolla with pale blue lobes and white

tube, we coded it with these two character states (0
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and 2, representing bluish violet and white, respec-
tively.) For the characters lacking of observation and
record, we treated them as missing. All the coded traits
are listed in Table 1.

1.2 Selection of DNA markers and sampling strategy

As the plastid érnlL-trnF intergenic spacer and nu-
clear ribosome internal transcribed spacer (ITS) se-
quences have been most frequently used for phyloge-
netic analysis in Gesneriaceae, particularly in the sub-
family Didymocarpoideae including Petrocodon from the
Old World ( Denduangboripant et al, 2007; Wang et
al, 2010; Moller et al, 2011a, b; Weber et al,
2011b; Chen et al, 2014), these two DNA fragments
were therefore selected and downloaded from GenBank
for the present study.

As shown by some previous studies ( Weber et al,
2011b; Chen et al, 2014) , the newly redefined genus
Primulina is the closest relative to Petrocodon, there-
fore, all the trnL-trnF and ITS sequences of Petrocodon
taxa and a few of Primulina representatives available
from GenBank were included. The sequences of some
other Chinese Gesneriaceae, namely Allocheilos W. T.
Wang, and Oreocharis mileensis which also possess the
rare corolla character of four adaxial lobes and one ab-
axial lobe (Fig. 2) were also included. Some other Old
World Gesneriaceae, e.g. Deinocheilos W. T. Wang
and Gyrocheilos W. T. Wang with another pattern of
special corolla structure (unity of the adaxial lip with
normal tri-partition of the abaxial lip) as well as sever-
al other Oreocharis species were also downloaded and
included in the present phylogenetic analyses. Finally,
sequences of some representative species of Lysionotus ,
Cyrtandra and Streptocarpus were included and used as
the more distant outgroups according to the previous
larger-scale phylogenetic analyses ( Roalson & Ro-
berts, 2016). The trnl-trnF data included 60 acces-
sions representing 45 species and the ITS data encom-
passed 54 accessions of 44 species. The GenBank ac-
cessions of all the downloaded sequences are as listed

in Table S1 in supporting information.

Table 1 Coding and scoring for the characters in this study
No.  Character Character state
1 Habit 0 herb perennial ; 1 herb annual; 2 shrub
2 Stem 0 absent; 1 decumbent; 2 erect
3 Leaf blade form 0 ovate-elliptic; 1 rounded; 2 lanceolate-
linear
4 Leaf base form 0 cordate-obliquely or cordate-truncated ;
1 cuneiform; 2 rounded
5 Leaf margin 0 entire; 1 non-entire
6 Leaf apex 0 rounded; 1 acute obtuse; 2 acuminate
7 Leaf indumentum 0 non-glabrous; 1 glabrous; 2 adaxial
glabrous; 3 abaxial glabrous
8 Inflorescence 0 comprising solitary flower; 1 compri-
sing two or more flowers
9 Floral symmetry 0 zygomorphy; 1 actinomorphy
10 Bract form 0 sublinear; 1 subovate
11 Calyx form 0 non-subovate; 1 subovate
12 Corolla shape 0 campanulate; 1 funnelform-infundibuli-
form; 2 cylindric-tubular; 3 urceolate-gya-
lectoid ; 4 salver
13 Corolla coloration 0 bluish violet; 1 yellow; 2 white; 3
red; 4 green
14 Color marks inside 0 none; 1 on upper lip; 2 on lower lip;
corolla 3 on both upper and lower lips
15 Corolla lobes 0 upper two and lower three; 1 upper
four and lower one; 2 five equal lobes
16 Lobe shape 0 rounded; 1 oblong; 2 triangular
17 Lobe apex 0 subrounded; 1 acute; 2 acuminate
18  Lobe reflexed 0 yes; 1 no
19 Corolla tube 0 straight; 1 curved
20 Fertile stamen 0 two; 1 four; 2 five
numbers
21 Relative stamen 0 included; 1 extended out of the corol-
length la tube
22 Filaments 0 straight; 1 curved; 2 geniculate
23 Filament indumen- O glabrous; 1 puberulent
tum
24 Filament adnated O above or near the middle; 1 near the
position base
25  Anther attachment 0 dorsifixed; 1 basifixed
position
26  Anther’s relation 0 cohesion; 1 divergence
27  Anther form 0 reniform; 1 trianglar; 2 subovate
28  Staminode numbers 0 none; 1 one; 2 two; 3 three
29  Pistils 0 included; 1 protruding or equal length
with corolla tube
30  Pistil indumentum O glabrous; 1 pubescent-pilose
31 Ovary shape 0 linear; 1 narrow elliptic-ovate-round
32 Stigma split 0 solitary; 1 bifid
33 Stigma shape 0 capitate; 1 obtrapeziform ( chiritoid)
34 Fruit form 0 ovate-elliptic; 1 linear-lanceolate
35  Fruit split numbers 0 none; 1 one; 2 two; 3 three; 4 four

1.3 Sequence assembling and phylogenetic analyses

All the sequences were aligned using the software
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MUSCLE 3.8.31 (Edgar, 2004), and then manually
adjusted using Bioedit 5.0.9 (Hall, 1999). The flank
regions which were ambiguously aligned or possessed
numerous missing nucleotides for the majority of the ac-
cessions were deleted.

The maximum likelihood ( ML) in RaxML-VI-
HPC ( Stamatakis, 2006) , maximum parsimony ( MP)
in PAUP 4.10 (Swofford, 2002) and the Bayesian in-
ference ( BI) in MrBayes 3.2.6 ( Ronquist et al,
2012) were employed to reconstruct the phylogenies.
First, we conducted the ML analyses for each of the
two regions under the settings of 1 000 rapid bootstrap
searches and thereafter a thorough ML search with the
substitution model GTR+G. The congruence of the phy-
logenetic signals of the two loci were assessed by com-
paring the two ML majority-rule consensus trees using a
bootstrap support value of 70% as an arbitrary thresh-
old, meaning that the nodes showing incongruent rela-
tionships between trnL-trnF and ITS ML majority-rule
consensus trees with bootstrap support value above
70% were assumed to be strong phylogenetic conflict
and against combined analysis of the two loci. For the
ML analysis of the combined data, the same parameters
were settled. For the MP analysis of the combined da-
ta, the MP settings were heuristic searches of 1 000
replicates of random sequence addition, tree bisection
and reconnection ( TBR) swapping and all MP trees
saved at each replicate ( Multree on) ; for the bootstrap
analysis, 1 000 bootstrap pseudo-replicates were con-

ducted,

addition and a maximum of 5 000 trees saved for each

each with 10 replicates of random sequence
bootstrap pseudo-replicate. For the BI analysis,
100 000 000 generations were run with four chains in
two parallel runs and one tree every 5 000 generations
were sampled with a burn-in of the first 5 000 trees
discarded. The convergence of the two parallel runs was
guaranteed by the splitting frequency less than 0.005.
All other parameters were set as default.

We reconstructed the ancestral floral morphologies
and traced the evolutionary trends based on the molec-

ular phylogenetic tree generated from the combined da-

ta with only Petrocodon and Primulina taxa preserved
using Fitch maximum parsimony implemented in Mes-
quite 2.01 ( Maddison & Maddison, 2007 ). The phylo-
genetic tree to which the morphological characters were
mapped was modified to comprise only one representa-
tive accession per species, with additional repetitive
accessions of the same species pruned. All character

states were treated as unordered, with all other settings

left as default.

2 Results and Analysis

2.1 Phylogenetic analysis of Petrocodon and its allies

The aligned trnL-trnF and ITS datasets were 896
and 744 base pairs including 74 and 286 informative
sites, and 72 and 123 variable but parsimony unin-
formative sites, respectively. The combined matrix thus
consisted of 1 640 characters including 555 variable
sites with 360 informative sites. The parameters of con-
sistency index (CI) , retention index (RI) and homo-
plasy index (HI) were 0.836, 0.904, and 0.164, and
0.553, 0.736 and 0.447 for the trnL-trnF and ITS da-
ta, respectively.

For the combined data, the ML, BI and MP ana-
lyses yielded 50% majority-rule consensus trees with
congruent topologies ( Fig. 3). The monophyly of Pei-
rocodon was recovered with moderate to high support
values (BS,;, = 65%; PP = 0.98; BS,, = 100%),
and the genus was fully supported to be the sister of
Primulina ( BS,, = 100%; PP = 1.00; BS,, =
100% ) , which are in line with previous phylogenetic
analyses ( Weber et al, 2011b; Xu et al, 2014; Guo
et al, 2016; Lu et al, 2017). The relationships within
Petrocodon are as shown in Fig. 3.

2.2 Floral evolution in Petrocodon

Mapping morphological characters to the molecu-
lar phylogeny clearly indicated most of the floral char-
acters evolved frequently and highly homoplasiously in
Petrocodon. The floral symmetry evolved twice in paral-
lel from zygomorphy into almost actinomorphy ( Fig. S1

in supporting information) ; the ancestral corolla shape



L

Fig. 1 Floral diversity of Petrocodon A. Petrocodon tiandengensis; B. Pet. pseudocoriaceifolius; C. Pet. longgangensis; D. Pet. lui,
E. Pet. guangxiensis; F. Pet. dealbatus; G. Pet. laxicymosus; H. Pet. coccineus; 1. Pet. coriaceifolius; J. Pet. niveolanosus ;
K. Pet. hancei; L. Pet. hechiensis; M. Pet. jingxiensis; N. Pet. fangianus; O. Pet. jasminiflorus.

was inferred to be tubular and evolved frequently (a to- cluding twice convergently into campanulate and thrice

tal of 13 times of changes) among variable states, in- into funnelform; the floral coloration was inferred to be
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Fig. 2 Parallel evolution of four adaxial corolla lobes and one abaxial lobe in separate Gesneriaceae lineages

A. Petrolodon retroflexus ; B. Pet. coccineus; C. Oreocharis mileensis; D. Allocheilos cortusiflorus.

purple ancestrally and experienced 13 times of chan-
ges, including six independent transformations in par-
allel into white; even the very unusual corolla structure
of four adaxial lobes and one abaxial lobe evolved twice
in parallel from the ancestral and common state of two
adaxial lobes and three abaxial lobes in Petrocodon
with additional same two shifts in other Old World
Gesneriaceae (Allocheilos and Oreocharis mileensis) al-
so from southern China; the stigma also experienced
eight changes, seven from bifid into unity ( being soli-
tary) in parallel and one reversal back from unity into
bifid (Fig. 4). Most other floral characters were also
suggested to experience multiple homoplasious changes

(data not shown).

3  Discussion

3.1 Frequent changes, convergent and parallel evo-
lution of the previously assumed taxonomy-signifi-
cant floral characters

Mapping the morphological characters to the phy-
logenetic tree clearly showed that most of the floral
characters of Petrocodon experienced complicated evo-
lution, i.e. frequent changes and multiple convergences
and parallel changes, within and beyond the genus
(Fig. 4). This seems especially true for those diagnos-
tic characters that were used to delimit the taxonomic

units, which could have misled the traditional taxo-
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Fig. 3 Maximum likelihood phylogenetic tree based on the combined trnL-trnF and ITS data, showing evolutionary

relationships of Petrocodon and its allies ML bootstrap support, BI posterior probability and MP bootstrap support values
are listed to the corresponding nodes. * stands for the bootstrap support or posterior probability equal to 100% or 1.00;
- stands for the bootstrap support or posterior probability below 50% or 0.50.

nomic treatments of the genera. and was assumed to be one of taxonomy-significant

Floral (corolla) symmetry varied in Gesneriaceae characters. Actinomorphic floral corolla symmetry, a
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Fig. 4 Evolutionary trends of four key representative floral characters, showing

highly homoplasious evolution of these characters

relative rare state possessed Only by a few Old World ter and mainly used to differentiate Primulina tabacum

Gesneriaceae, was assumed to be a diagnostic charac- from other close relatives, e.g. the previous genus



1236 I

Fig. 5 Two species pairs which are morphologically similar with each other (especially for the floral characters) but are

genetically distant A-B. Primulina renifolia; C-D. Petrocodon tiandengensis; E. Primulina tabacum; F. Petrocodon guangxiensis.

Chirita. Later, another morphologically similar new
species Pri. guangxiensis which has general floral ap-
pearance and also almost actinomorphic corolla like
Primulina tabacum was described and added to the
monotypic genus ( Liu et al, 2011). However, the mo-
lecular phylogenetic analyses clearly indicated that Pri.
tabacum was deeply embedded in the redefined genus
Primulina while Pri. guangxiensis was nested within
the redefined genus Petrocodon, strongly suggesting
parallel evolution of floral symmetry from zygomorphy to
actinomorphy. Some other Gesneriaceae in China (e.g.
the previous Thamnocharis Wang, Bournea Oliv. and
Conandron Sieb. & Zucc.) were also characterized by
actinomorphic corolla, whereas, these similarities were
suggested to be resulted from morphological conver-
gence (factually parallel evolution) rather than com-
mon ancestry according to the molecular phylogenetic

analyses ( Wang et al, 2010). Even in Petrocodon, the

floral symmetry transformation from zygomorphy into al-
most actinomorphy was also suggested to have happen
twice independently, leading to Petrocodon guangxien-
sis and Pet. scopulorum , respectively. All these suggest
that the floral symmetry can evolve rapidly and in par-
allel and it is not suitable to be used as the diagnostic
character to delimit taxonomic units (i.e. genus) in
Gesneriaceae.

The corolla shape, a previously assumed taxono-
my-significant character, also evolved in parallel and
convergence frequently. The previous Lagarosolen and
Paralagarosolen were characterized by narrow and long
(i.e. salverform) corolla tube. However, the present
ancestral morphological reconstruction indicated that
this salverform corolla evolved at least twice in parallel
in Petrocodon from ancestral tubular, and it also
evolved into urceolate and tubular quickly in different

lineages. The campanulate corolla that characterized
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Petrocodon s.s. and Wentsatboea was also suggested to
evolve twice convergently within the expanded genus
Petrocodon, and this convergence also happened be-
tween Petrocodon and Primulina. These suggested that
the character of corolla shape (salverform and campan-
ulate ) that characterized Lagarosolen, Paralagaroso-
len, Wentsaiboea and Petrocodon s.s. also evolved ho-
moplasiously in Petrocodon and its allies.

Other characters that were assumed to be charac-
teristic of the previous genera Calcareboea, Dolicholoma
and Didymocarpus, whose taxa have been wholly or par-
tially included into Petrocodon, were also suggested to
be homoplasious according to the present study. Doli-
choloma , a previous monolypic genus, possesses narrow
corolla tube like the taxa of the previous Lagarosolen
but differs from the latter by its deep split corolla lobes.
However, this character of deep split lobes was also ob-
served in another recently described new species Peiroc-
odon ainsliifolius. According to the previous molecular

2014),
species are distantly related to each other, embedding

phylogenetic analysis ( Chen et al, these two
within lineages with quite different characters, respec-
tively, and thus suggesting convergent evolution of the
character (discussed also in Weber et al, 2011). Cal-
careboea, a previous monotypic genus, is characteristic
of bright red flower and very special corolla structure of
four shallowly divided ada-xial lobes and one abaxial
lobe. Although the bright red flower is unique to this
species in Petrocodon and was indicated to be derived
from ancestral bluish violet, the red flower which was
presumed to be associated with ornithophily ( Weber et
al, 2011b) is also possessed by some taxa of Aeschynan-
thus, another distantly-related genus of Gesneriaceae.
The other characteristic of four adaxial lobes was also
clearly indicated to have evolved in parallel within Pet-
rocodon (at least twice independently) and beyond the
genus (additionally twice observed leading to Allocheilos
and Oreocharis mileensis ). The frequent changes and
highly homoplasious evolution of these previously as-
sumed taxonomy-significant floral characters seemed to

be the key factors that accounted for the unnaturalness

of the previous generic classifications, resulted in taxo-
nomic oversplit of genera.
3.2 Potential synapomorphy that may characterize
and differentiate the redefined Petrocodon from its
closest relative Primulina

Although the redefined genus forms as monophy-
letic, separated from its closest relative Primulina, lit-
tle is known about the synapomorphies that can support
the new classification. Particularly, these newly rede-
fined sister genera not only encompass remarkable di-
versity, but also include morphologically similar spe-
cies reclassified into Petrocodon and Primulina, re-
spectively. For instance, the two morphologically simi-
lar taxa, Pri. tabacum and the previous Pri. guangx-
iensis ( namely Petrocodon guangxiensis) were indica-
ted to be embedded in Primulina and Petrocodon, re-
spectively, according to molecular phylogenetic analy-
2014). Also,

Wen. luochenensis and Wen.

sis ( Xu et al, Wentsaiboea renifolia ,
tiandenensis were once
placed in the same genus by very similar gross vegeta-
tive and floral appearance, however, the molecular
phylogenetic studies clearly suggested the former two
species should be placed in Primulina, while the latter
was nested within Petrocodon ( Wang et al, 2011; We-
ber et al, 2011b). These morphologically similar taxa
divided into two genera confounded the boundary and
brought difficulties to uncover potential diagnostic mor-
phological characters that can distinguish and charac-
terize each of the genera.

After extensive comparisons of Petrocodon with
Primulina taxa, we noticed two possible synapomorphic
characters that may be used to differentiate these two
genera. Firstly, most Primulina taxa have geniculate fil-
aments of the two fertile stamens, with an exception of
Pri. tabacum, which is embedded deeply within the ge-
nus and possesses almost straight filaments. This charac-
ter of geniculate filaments is also shared by some other
Gesneriaceae lineages like Hemiboea and Lysionotus tax-
a, therefore it at least can be inferred to be ancestral of

the genus Primulina as a whole, though it remains un-

known weather this character shared by different Gesne-
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riaceae lineages (genera) is indicative of plesiomorphy
or convergent or parallel evolution. In contrast, most
Petrocodon taxa we observed have straight or slightly
curved filaments of the fertile stamens, being different
from the commonly geniculate filaments of Primulina.
However, Petrocodon retroflexus we recently published
has special filaments, which are geniculate near the
base like most Primulina taxa but with an additional
loop near the tip where the anthers attached (Guo et al,
2016). Therefore, this character seemed also to be ho-
moplasious between these two genera though it may dif-
ferentiate most Petrocodon from Primulina taxa.

Secondly, Primulina taxa usually have obtrapezi-
form-like stigma ( Chiritoid-type stigma ), which is
commonly bifid. This type of stigma was assumed to be
developed from the lower half of an ancestral bi-parted
stigma, with the upper half reduced ( Weber et al,
2011a). This characteristic of stigma is also shared by
some other distantly-related lineages, particularly those
(e. g. Microchirita, Henckelia, Liebigia, etc.) that
were unnaturally placed in the previous genus Chirita
(Weber et al, 2011a). Petrocodon taxa, however,
have different stigma types which usually have undivid-
ed or bi-partitioned capitate stigma(s) [ corresponding
to the concept of two stigmas in Wang et al (1998) ]
and may be a derived state in the ancestor of the line-
age leading to Petrocodon. The capitate-like versus ob-
trapeziform-like stigma may be used to distinguish Pet-
rocodon from Primulina.

Anyway, these tentatively proposed characteristics
of Petrocodon versus Primulina need to be tested by
more future extensive examinations of these characters
in these two genera and the outgroups and inferences of
their evolutionary trends based on more robust phyloge-

netic tree with denser sampling of the taxa.

4 Conclusions and Prospects

The present study illustrated complicated morpho-
logical evolution in the genus Petrocodon, especially

for those floral characters that were assumed to be tax-

onomy-significant. Frequent changes and highly con-
vergent and parallel evolution of these traits in the ge-
nus and its close relatives seemed to be key factors that
have misled the traditional taxonomy, and brought dif-
ficulties to identify possible synapomorphic characters
that can be used to support the new classifications
based on molecular phylogenetic studies. More exten-
sive investigations should be carried out on both mor-
phologies and molecular phylogenetic studies. On one
side, the available phylogenetic studies in Gesneria-
ceae were mainly based on limited plastid and the nu-
clear ribosome ITS DNA sequences ( Wang et al,
2011; Weber et al, 2011a, b) , which sometimes were
likely to yield low resolution or partial or even mislead-
ing relationships. So that, denser samplings of DNA se-
quences from different genomes as well as taxa are re-
quired to reconstruct the highly resolved species tree.
On the other side, more morphologies including micro-
morphological and anatomical characters, etc. should
be examined and added to the present data set, and
their evolutionary trends should be traced on robust
phylogenetic framework. More importantly, efforts
should also be taken to investigate the underlying cau-
ses (e.g. molecular regulatory network from the disci-
pline of evolutionary developmental genetics) and its
biological senses ( e.g. the fitness adapted to natural
selection) of the complicated morphological evolution.
All these together would help bridge up the gaps be-
tween traditional taxonomy and molecular phylogenetic
studies and between phenotypes and genotypes, and
advance the understandings of the evolution of this

group of typical karst flora and its allies.

5 Supporting Information

Table S1 GenBank accessions of the sequences
used in the present study.

Fig. S1 Evolutionary trends of four selected flower
traits, showing highly homoplasious evolution. The an-
cestral states of the traits were traced using the maxi-

mum parsimony method implemented in Mesquite 2.7.



10 1 FKMASE . AINEERGEE SR IS L adrm L 1239

Acknowledgments We thank Dong Yang and LI Peng

Wei from Institute of Botany, Chinese Academy of Sci-
ences for reading the manuscript and providing helpful
suggestions. We also send our gratitude to an anonymous

reviewer of the manuscript for insightful suggestions.

S 2k

CHEN WH, MOLLER M, SHUI YM, et al, 2014. Three new
species of Peirocodon ( Gesneriaceae) , endemic to the lime-
stone areas of Southwest China, and preliminary insights into
the diversification patterns of the genus [ J]. Syst Bot, 39
(1) 316-330.

DENDUANGBORIPANT J, CRONK QCB, KOKUBUGATA G,
et al, 2007. Variation and inheritance of nuclear ribosomal
DNA clusters in Streptocarpus ( Gesneriaceae) and their bio-
logical and phylogenetic implications [ J]. Int J Plant Sci,
168(4) . 455-467.

EDGAR RC, 2004. MUSCLE ; multiple sequence alignment with
high accuracy and high throughput [J]. Nucl Acid Res, 32
(5): 1792-1797.

GUO J, MENG T, PANG H, et al, 2016. Petrocodon retroflexus
sp. nov. (Gesneriaceae) from a karst cave in Guizhou, Chi-
na [J]. Nord J Bot, 34; 159-164.

HALL TA, 1999. BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/
NT [C]. Nucl Acids Symp Ser, 41: 95-98.

HONG X, ZHOU SB, WEN F, 2014. Petrocodon villosus
(Gesneriaceae) , a new species from Guangxi, China [J].
Blumea, 59(1) : 33-36.

LI ZY, WANG YZ, 2005. Plants of Gesneriaceae in China
[ M]. Zhengzhou: Henan Science and Technology Publishing
House.

LIU Y, XU WB, HUANG YS, 2011. Primulina guangxiensis
sp. nov. ( Gesneriaceae) from a karst cave in Guangxi, Chi-
na [J]. Nord J Bot, 29(6) . 682—686.

LU YB, PAN B, HUANG J, et al, 2017. Petrocodon pulchriflo-
rus sp. nov. ( Gesneriaceae) from Guangxi, China [ J]. Phy-
totaxa, 291(1) . 81-88.

MOLLER M, FORREST A, WEI YG, et al, 2011a. A molecu-
lar phylogenetic assessment of the advanced Asiatic and
Malesian didymocarpoid Gesneriaceae with focus on non-
monophyletic and monotypic genera [ J]. Plant Syst Evol,
292(3-4) . 223-248.

MOLLER M, MIDDLETON D, NISHII K, et al, 2011b. A new
delineation for Oreocharis incorporating an additional ten gene-
ra of Chinese Gesneriaceae [ J]. Phytotaxa, 23(1) . 1-36.

MOLLER M, PFOSSER M, JANG CG, et al, 2009. A primuli-
nary phylogeny of the ‘Didymocarpoid Gesneriaceae’ based
on three molecular data sets: incongruence with available

tribal classification [ J]. Am J Bot, 96(5) : 989-1010.

MADDISON WP, MADDISON DR, 2007. Mesquite: A modular
system for evolutionary analysis. Version 2.01 [ DB/OL].
Available from; http;//mesquiteproject. org/ mesquite/ mes-
quite.html.

POSADA D, CRANDALL KA, 1998. Modeltest: testing the mod-
el of DNA substitution [ J]. Bioinformatics, 14(9) ; 817-818.

ROALSON EH, ROBERTS WR, 2016. Distinct processes drive
diversification in different clades of Gesneriaceae [ J]. Syst
Biol, 65(4) : 662.

RONQUIST F, TESLENKO M, VAN DER MARK P, et al,
2012. MrBayes 3.2 efficient Bayesian phylogenetic inference
and model choice across a large model space [ J]. Syst Biol ,
61(3) . 539-542.

STAMATAKIS A, 2006. RAxML-VI-HPC: maximum likeli-
hood-based phylogenetic analyses with thousands of taxa and
mixed models [ J]. Bioinformatics, 22(21) : 2688-2690.

SWOFFORD DL, 2002. PAUP * . Phylogenetic analysis using
parsimony ( * and other methods). Version 4 [ CP]. Sinauer
Associates, Sunderland, Massachusetts.

WANG WT, PAN KY, LI ZY, et al, 1998. Gesneriaceae
[M]//WU ZY, RAVEN PH. Flora of China; Beijing: Sci-
ence Press; St. Louis: Missouri Botanical Garden Press.

WANG YZ, LIANG RH, WANG BH, et al, 2010. Origin and
phylogenetic relationships of the Old World Gesneriaceae
with actinomorphic flowers inferred from ITS and trnL-trnF
sequences [ J]. Taxon, 59(4): 1044-1052.

WANG YZ, MAO RB, LIU Y, et al, 2011. Phylogenetic recon-
struction of Chirita and allies ( Gesneriaceae) with taxonomic
treatments [ J]. J Syst Evol, 49(1) : 50-64.

WEBER A, MIDDLETON DJ, FORREST A, et al, 2011a. Mo-
lecular systematics and remodelling of Chirita and associated
genera ( Gesneriaceae) [J]. Taxon, 60(3): 767-790.

WEBER A, WEI YG, PUGLISI C, et al, 2011b. A new defini-
tion of the genus Petrocodon ( Gesneriaceae) [J]. Phyto-
taxa, 23(1) . 49-67.

WEI YG, 2007. Peirocodon ferrugineus ( Gesneriaceae), a new
species from Guangxi, China [ J]. Novon, 17(1): 135-137.

WEI YG, WEN F, MOLLER M, et al, 2010. Gesneriaceae of
South China [ M]. Guangxi Science and Technology Publish-
ing House, Nanning: 1-777.

WEN F, LIANG GY, WEI YG, 2012. Petrocodon lancifolius
( Gesneriaceae) , a new species endemic to a central subtrop-
ical zone of Guizhou Province, China [ J]. Phytotaxa, 49
(1) : 45-49.

XU WB, MENG T, ZHANG Q, et al, 2014. Peirocodon (Gesne-
riaceae) in the limestone karsts of Guangxi, China; three new
species and a new combination based on morphological and
molecular evidence [J]. Syst Bot, 39(3) : 965-974.

YU XL, LI M, ZHOU JJ, et al, 2015. Petrocodon hunanensis
(Gesneriaceae) , a new species identified by both morpho-

logical and molecular evidence from limestone area in Hu-

nan, China [J]. Phytotaxa, 195(1) ; 65-72.

7 32 Bt 3= Fn Bit B 13 2 A FI [ 5 ( http - // www.guihaia—journal.com ) B T3 &,



10 1] FUKMAE : AINE SR G E AR RS R e e i X

Table S1 ~ GenBank accessions of the sequences used in the present study

No. Taxa trnL-~trnk ITS
1 Allochetlos guangxiensis HQ632897.1 HQ632994.1
2 Gyrocheilos chorisepalus HQ632900.1 HQ632997.1
3 Gyrocheilos lasiocalyx HQ632901.1 H(Q632998.1
4 Gyrocheilos retrotrichus 1 HQ632902.1 HQ632999.1
5 Gyrocheilos retrotrichus 2 HQ632903.1 HQ633000.1
6 Lysionotus chingii FJ501498.1 FJ501332.1
7 Lysionotus petelotii FJ501496.1 HQ632974.1
8 Oreocharis auricula GU350672.1 DQ912664.1
9 Oreocharis benthamii JF697584.1 NA
10 Oreocharis farreri JF697585.1 JF697573.1
11 Oreocharis jiangxiensis HQ632933.1 HQ633029.1
12 Oreocharis lancifolia HQ632924.1 H(Q633020.1
13 Oreocharis mileensis 1 HQ327444.1 HQ327460.1
14 Oreocharis mileensis 2 HQ632928.1 HQ633024.1
15 Oreocharis mileensis 3 JF697587.1 JF697575.1
16 Oreocharis primuliflora HQ632923.1 HQ633019.1
17 Oreocharis xiangguiensis HQ632932.1 H(Q633028.1
18 Petrocodon ainsliifolius NA HQ633038.1
19 Petrocodon coccineus 1 KF202299.1 NA
20 Petrocodon coccineus 2 FJ501516.1 FJ501341.1
21 Petrocodon cortaceifolius HQ632943.1 HQ633039.1
22 Petrocodon dealbatus 1 JX506767.1 JX506959.1
23 Petrocodon dealbatus 2 JF697590.1 JF697578.1
24 Petrocodon dealbatus 3 FJ501537.1 FJ501358.1
25 Petrocodon dealbatus 4 NA GU350636.1
26 Petrocodon ferrugineus HQ632946.1 HQ633043.1
27 Petrocodon guangxiensis JX506791.1 JX506899.1
28 Petrocodon hancet 1 GU350667.1 NA
29 Petrocodon hancei 2 HQ632944.1 HQ633041.1
30 Petrocodon hechiensis HQ632942.1 HQ633036.1
31 Petrocodon hispidus 1 KF202300.1 NA
32 Petrocodon hispidus 2 KF202301.1 NA
33 Petrocodon integrifolius HQ632940.1 HQ633037.1
34 Petrocodon laxicymosus KC765117.1 KC765115.1
35 Petrocodon lithophilus KF202303.1 NA
36 Petrocodon longgangensis KC765116.1 KC765114.1

37 Petrocodon lui 1 In prepare In prepare




o0 W 37 4%

No. Taxa trnL-trnF ITS

38 Petrocodon lui 2 HQ632938.1 HQ633035.1
39 Petrocodon niveolanosus JF697588.1 JF697576.1
40 Petrocodon pseudocoriaceifolius 1 JX506741.1 JX506852.1
41 Petrocodon pseudocoriacetfolius 2 In prepare In prepare
42 Petrocodon pulchriflorus KX579059.1 KX579058.1
43 Petrocodon retroflexus KX579061.1 KX579060.1
44 Petrocodon scopulorum HQ632947.1 HQ633044.1
45 Petrocodon sp. 1 HQ632945.1 HQ633042.1
46 Petrocodon sp. 2 JF697589.1 JF697577.1
47 Petrocodon sp. 3 HQ632941.1 NA

48 Petrocodon tiandengensis JX506850.1 JX506960.1
49 Petrocodon viridescens 1 KF202304.1 NA

50 Petrocodon viridescens 2 HQ632939.1 HQ633036.1
51 Primulina gemella FJ501523.1 FJ501345.1
52 Primulina glandulosa HQ632948.1 HQ633045.1
53 Primulina heterotricha DQ872816.1 DQ872826.1
54 Primulina laxiflora JX506801.1 JX506909.1
55 Primulina longzhouensis JX506810.1 JX506918.1
56 Primulina mollifolia JX506755.1 JX506866.1
57 Primulina ningmingensis JX506822.1 JX506931.1
58 Primulina pteropoda DQ872817.1 DQ872827.1
59 Primulina renifolia JX506851.1 JX506737.1
60 Primulina repanda AJ492292.1 FJ501351.1
61 Primulina sp. HQ632949.1 NA

62 Primulina swinglei JX506841.1 JX506950.1
63 Streptocarpus parviflorus HQ718941.1 HQ719021.1
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Fig. S1  Evolutionary trends of four selected floral traits, showing highly homoplasious evolution





