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Abstract

The mitochondrial 16S ribosomal RNA (rRNA) gene sequences from 93 cyprinid fishes were examined to reconstruct the phy-
logenetic relationships within the diverse and economically important subfamily Cyprininae. Within the subfamily a biased nucleo-
tide composition (A>T, C > G) was observed in the loop regions of the gene, and in stem regions apparent selective pressures of
base pairing showed a bias in favor of G over C and T over A. The bias may be associated with transition—transversion bias. Rates
of nucleotide substitution were lower in stems than in loops. Analysis of compensatory substitutions across these taxa demonstrates
68% covariation in the gene and a logical weighting factor to account for dependence in mutations for phylogenetic inference should
be 0.66. Comparisons of varied stem-loop weighting schemes indicate that the down-weightings for stem regions could improve the
phylogenetic analysis and the degree of non-independence of stem substitutions was not as important as expected. Bayesian infer-
ence under four models of nucleotide substitution indicated that likelihood-based phylogenetic analyses were more e ective in
improving the phylogenetic performance than was weighted parsimony analysis. In Bayesian analyses, the resolution of phylogenies
under the 16-state models for paired regions, incorporating GTR + G + | models for unpaired regions was better than those under
other models. The subfamily Cyprininae was resolved as a monophyletic group, as well as tribe Labein and several genera. How-
ever, the monophyly of the currently recognized tribes, such as Schizothoracin, Barbin, Cy , » n+ nl g 1 " lineages, and some
genera was rejected. Furthermore, comparisons of the parsimony and Bayesian analyses and results of ‘variable length bootstrap
analysis indicates that the mitochondrial 16S rRNA gene should contain important character variation to recover well-supported
phylogeny of cyprinid taxa whose divergences occurred within the recent 8 MY, but could not provide resolution power for deep
phyl Ogiggles spanning 10-19 MYA.
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1. Introduction

. gorreSPO”ding a“”:"& F";‘}E +86 27868|j 80071. . ) The subfamily Cyprininae (sensu Howes, 1991) is one of
R. L-rl/\llfayde 55 ¢ clad@ihb.acen (S. He), cypriniformes@gmail.com g0 oot diverse groups in the family Cyprinidae (Howes,
1 Fax: +1 314 977 3658. 1991; Banarescu and Coad, 1991), with approximately
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1332 species (Nelson, 2006). As an Old World clade, this
group occurs from Europe and Africa to India, East Asia,
and South East Asia (including most of Indonesia) (Chen
et al., 1984; Howes, 1991). Cyprinine fishes are also among
the largest representatives of the Order Cypriniformes,
ranging in total length from about 3.1 to 120 cm as adults,
and occupy habitats ranging from warm tropical waters to
cold-water northern or mountainous streams and rivers.
This group includes some of the most economically impor-
tant freshwater fishes worldwide in terms of aquaculture
and their impacts on ecosystems as exotic species. Many
of these species serve as fundamental sources of protein
in some cultures (60-80% of protein resource) (species of
By, Ca~, C w, Gn

H/’YS ,ﬂﬂigf , ”‘ e ), Alfernatnﬁly, many of
these same spectes of been transplanted to continents and
drainages where they are not native and their presence in
these new ecosystems has impacted the native floras and
faunas. The tremendous diversity of species, morphologies,
and ecologies in this lineage makes it particularly impor-
tant for research aimed at understanding various evolu-
tionary, ecological, and biogeographical hypotheses and
theories, mechanisms and rates of anagenesis and specia-
tion, and testing alternative phylogenetic hypotheses of
the Cyprinidae. However, the evolutionary history of the
Cyprininae is poorly known expect for morphological stud-
ies corroborating the monophyly of the subfamily and
some small groupings within (Gosline, 1978; Chen et al.,
1984; Howes, 1991; Rainboth, 1991; Cavender and
Coburn, 1992).

The systematic history of cyprinine fishes has been
marked with traditional morphological studies but cursory
examination of the total diversity of the group that has
resulted in varied classifications. Based on external mor-
phology and other anatomical characters, Chen et al.
(1984) recognized the Tribe Barbini (= Cyprininae sensu
Howes, 1991) as including the Labeoninae, Barbinae, and
Cyprininae. Rainboth (1991) classified Cyprininae into
many tribes and subtribes. Considering the distribution
of barbels, morphotype, and innervation of barbels, Howes
(1991) recognized six lineages in his Cyprininae, the Bar-
bins, Labeins, Squaliobarbins Schizothoractins, Cy |
B ot and other taxa (‘:ontalnlng B*,”

Koo, Uy, ¢ wmn 36U 4+ @nd

r) Chen (19965 subdlwde‘d cypnnlne fmes ?nto four
ubfamilies, including Barbinae, Labeoninae, Cyprininae,
and Schizothoracinae.

Despite varied e orts to understand the phylogenetic
relationships of the family Cyprinidae using molecular
methods (Durand et al., 2002; Briolay et al., 1998; Gilles
et al., 1998, 2001; Zardoya and Doadrio, 1998, 1999;
Wang et al., 2002, 2007; He et al., 2004a,b; Liu and Chen,
2003; Li et al., 2005), relationships among most genera or
tribes of Cyprininae remain unresolved or are inconsistent
between existing phylogenies. Molecular phylogenetic
investigations of the subfamily have focused only on sub-
groups, including species-level analyses (Tsigenopoulos

et al., 1999; Tsigenopoulos and Berrebi, 2000; He et al.,
2004a,b), genus-level analyses (He et al., 2004a,b; Li
et al., 2005), and intertribal evaluations (Cunha et al.,
2002; Liu and Chen, 2003; He et al., 2004a,b; Wang
et al., 2007). All of these analyses have failed to corrobo-
rate lineages previously identified in morphological-based
classifications or resolve deep-level relationships in the
subfamily. The poor resolution of relationships has lar-
gely been due to limited taxonomic sampling and/or lim-
ited phylogenetic signal for the genes examined, both of
which can be identified as sources of error in resolving
phylogenetic relationships (Hillis, 1998). The most robust
strategy for elucidating relationships and gaining further
insights into the evolutionary history and patterns of
diversification within the Cyprininae is a focused e ort
to increase taxon sampling across this diverse and impor-
tant subfamily.

In the past two decades, the mitochondrial 16S rRNA
gene has been widely used to explore the phylogenetic rela-
tionships of fishes at varying taxonomic levels [e.g. at the
order 8at46
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tions of relationships relative to equal weighting, largely
due to the previous studies not accounting for di erent
selective pressures on stem positions (Wang and Lee,
2002). Recently, simulation studies (Savill et al., 2001)
and studies of experimental phylogenies (Higgs, 1998,
2000; Xia et al., 2003; Kjer, 2004; Brown, 2005) had devel-
oped likelihood-based methods to evaluate phylogeny and
these have resulted in improved phylogenetic resolution.
However, these previous studies have mostly focused on
lineages diverging across expansive time scales and not
on relatively closely related taxa.

Herein, we pursue a detailed analysis of the mitochon-
drial 16S rRNA gene sequences from the subfamily Cyp-
rininae (sensu Howes, 1991) to shed light on how to best
improve the phylogenetic resolution of these fishes, whose
origin has dated to no more than 27 MY A estimated from
the mitochondrial cytochrome _ and partial fragments of
16S genes, respectively (Zardoya and Doadrio, 1999; Gil-
les et al., 1998). The aims of this study are to (1) provide
a more inclusive phylogeny within the subfamily Cyprini-
nae; (2) evaluate how to incorporate secondary structural
constraints into analyses and improve the information
content and performance of the mitochondrial 16S rRNA
gene marker in the inference of cyprinine relationships;
and (3) to evaluate the resolution of cyprinine phylogeny
based on the mitochondrial 16S rRNA gene.

2. Materials and methods

2.15, “ 1, %
For the ingroup mitochondrial 16S rRNA gene
sequences were obtained for 84 taxa from the subfamily
Cyprininae and nine non-Cyprininae species‘Five non-cyp-
rinid speciesm p Ay o o ocady, oty gU
vow o gy Y glg,m gy, W sp., ‘and
gl, my, netrg) Were seleCted as outgtoups due
to the}rr unamblguoas relationships with the family Cyprin-
idae, relative to the Cyprininae, as determined from both
morphological and molecular phylogenetic investigations
(Liu and Chen, 2003). New sequences used in this study
are listed in Table 1 and have been deposited in GenBank.
Species identifications and collections of origin are also
given in Table 1. Previously published sequences of Cy | -
w A+ (NC001606) and C+ o ¥ ~“u, 1y (NC002079)
were derived from GenBank.

All tissues used for DNA extraction were preserved in
95% ethanol and deposited in the Freshwater Fish Museum
of Institute of Hydrobiology of Chinese Academy of
Sciences.
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Total DNA was extracted from muscle or fin tissues
using phenol/chloroform extraction procedure (Sambrook
et al., 1989). The mtDNA 16S rRNA gene was amplified
using standard PCR techniques. Thermal cycle amplifica-
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tions were performed in 60 uL reaction volumes containing
6 pL 10x bu er, 0.75 mM of each dNTP, 3 puL of each pri-
mer, 1.5 U of Taq polymerase (Biostar), and approximately
100 ng of genomic DNA. Amplification proceeded with a
primary denaturation step at 95° for 3 min, then 30 cycles
of denaturation at 94° for 30 s, annealing at 58°-62° for
30 s and extension at 72° for 60 s, with a final extension
of 5min at 72°. After PCR amplification, a 4 pL sample
of each PCR product was detected by 0.8% low-melting
agarose gels; the remaining amplified product was purified
using the BioStar Glassmilk DNA purification Kit follow-
ing the manufacturer’s protocols and sequenced directly by
United Gene Corporation. In this study, two pairs of prim-
ers (16SplF: 5-CTT ACA CCG AGA ARA CAT C-3 and
16SplR: 5-CTT AAG CTC CAA AGG GTC-3, 16Sp2F:
5-GAC CTG TAT GAA TGG CTA A-3 and 16Sp2R: 5'-
CTR GGA AGA GGA TTT GAA CC-3) were used to
amplify and sequence the mitochondrial 16S rRNA gene.

”n %bﬁ Aq o

Previously published sequences were retrieved from the
rRNA database (Wuyts et al., 2004; http://www.psb.u-
gent.be/rRNA) for construction of the complete matrix.
The employed in this analysis matrix uses a special distri-
bution format, similar to the sequence files from the rRNA
WWW server, to represent knowledge of secondary struc-
ture and to be identified by the alignment editor software
Seaview (Galtier, 1996). Alignment was refined by eye
and saved as a model for subsequent analysis. The orthol-
ogous sequences were crudely aligned by Clustal X version
1.8 with default settings (Thompson et al., 1997) and the
resulting alignments were refined with reference to the
above mentioned model and saved as template for subse-
guent analyses. To account for the 16S rRNA secondary
structure for cyprinids fishes, we used two steps to elucidate
structural elements following the methods of Springer and
Douzery (1996). First, a criterion that a potential base pair-
ing must occur in at least 75% of the sequences surveyed
was used to determine the potential base pairing. Second,
we searched for compensatory substitutions as evidence
to validate these putative stems.

2 Y

Based on secondary structural model described above,
base compositions for the di erent structural categories
and their combinations were calculated across all taxa
using PAUP*4.0b10 (Swo ord, 2003). Chi-square (x°) test
of base heterogeneity was determined to test for composi-
tional biases existing for the whole gene and gene partitions
as implemented in PAUP*4.0b10. To assess phylogenetic
signal in the cyprinine MtDNA 16S rRNA gene sequences,
the g1 skewness statistic (Hillis and Huelsenbeck, 1992)
was calculated for 10,000 randomly sampled trees, and per-
mutation tests using 1000 replicates were conducted using
PAUP*4.0b10.
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Table 1
Samples of species examined in this study, along with voucher specimen catalogue numbers (where available), locality information for specimens, and
GenBank accession numbers for the sequenced fragments of 16S rRNA gene

Subfamily Taxon Voucher specimen Sampling location Accession No.
Cyprininae
\Cy ;W 1€ n1- IHBCY0308010 Gu_i_ping, C_suangxi Prov. DQ845845
', AV s ,"T"zx"r IHBCY 0308496 Hejiang, Sichuan Prov. DQ845846
LA NC_001606
C’, 35 Y - u 1Y NC_002079
Cr g B o B AY714387
Schizothoracinae
s A v vk ,,l/ s mb IHBCY0605201 G_uyong, Yunnaq Proy. DQ845850
Gypnt y s "Hk ,4 1 IHBCY0308689 Q!ngha! Lake, Q!ngha! Prov. DQ845851
Gypnd y | 'Psk “ 2 IHBCY0308795 Qinghai Lake, Qinghai Prov. DQ845852
Gypnty | e.l; n , 1 IHBCY0308688 Huanghe, Q!ngha? Prov. DQ845853
\G/,,,r. Vs el; n , 2 IHBCY0308672 Hyangr_\e, anghgl Proy. DQ845854
Py ‘“ : 1 ,,,1{ IHBCY0308702 Qinghai Lake, Qinghai Prov. DQ845855
s y * Ve 9"1 5 IHBCY0308716 Huanghe, Qinghai Prov. DQ845856
s A V‘; VB Y urg‘z‘!‘, IHBCY0380468 Bomi, Xizang Prov. DQ845857
s A ‘t 1‘“;; v 1Y IHBCY0380470 Chayu, Xizang Prov. DQ845858
Gypn };1;/ 7k * %h IHBCY0405275 Y!Ii, 2(injiang Prov. DQ845859
S y % 1,“-;6 ", : K IHBCY0380690 Yingjiang, Yunnan Prov. DQ845847
S A % 1,4',;;6 AL v IHBCY0305085 Chayu, Xizang Prov. DQ845848
S\" ,t 1,4',-;( ‘f 2 IHBCY 0206254 Guyong, Yunnan Prov. DQ845849
\ ,w,“ R IHBCY0505344 Chalong, Yunnan Prov. DQ845916
;) ,"Ng gn IHBCY0510091 Lasa, Xizang Prov. DQ845917
/g,);ﬂ' r."/ s s €W IHBCY0510084 Lasa, Xizang Prov. DQ845918
‘Jc: Ly f roh IHBCY0512001 Ya’an, Sichuan Prov. DQ845910
5 ,t l‘“x; L 173 B IHBCY 0605028 Baoshan, Yunnan Prov. DQ845911
4 Y% ‘,X; ssh Y 1y IHBCY0605021 Baoshan, Yunnan Prov. DQ845912
G/,,, nd s 1“nn IHBCY0605278 Tengchong, Yunnan Prov. DQ845897
s ‘t ‘,x & Ay IHBCY0505299 Tekesi, Xingjiang Prov. DQ845898
s ,t 1 ‘ux e u,;“ *e IHBCY0505288 Yining, Xingjiang Prov. DQ845899
G/mr, YVoss'y 51 rakk IHBCY0380715 Shunmucuo , Qinghai Prov. DQ845903
Barbinae
4 A IHBCY 0205003 Yingjiang, Yunnan Prov. DQ845873
vy % % a4 r;f s IHBCY0410007 Lasa, Xizang Prov. DQ845874
B o sp. IHBCY 0130022 Malaysia DQ845875
4 is Eps IHBCY0308619 Mengla, Yunnan Prov. DQ845876
‘ , w¥ B IHBCY0405871 Menglun, Yunnan Prov. DQ845877
v ,‘7";/ s e IHBCY 0505009 Hejiang, Sichuan Prov. DQ845878
@-*w-*g vk France DQ845879
ok y A",“ " IHBCY 0408009 Agquarium, Wuhan DQ845880
B*rv Wrak A i Py IHBCY 0408003 Agquarium, Wuhan DQ845906
\ nty A ‘P ¥y ,4 fipg IHBCY0410013 Yishan, Guangxi Prov. DQ845908
Ay, ‘{P.S IHBCY0505008 Baoshan, Yunnan Prov. DQ845909
4, % y Ye € b IHBCY 0403416 Rong’an, Guangxi Prov. DQ845869
B-* SR IHBCY0405871 Mengla, Yunnan Prov. DQ845870
w ,S/r “ € 11 1{;‘ 1y IHBCY 0405396 Mengla, Yunnan Prov. DQ845871
wooxi '15511 Y yat,& WY IHBCY0411002 Mengla, Yunnan Prov. DQ845913
s niy A QP yiog IHBCY0210313 Fuxian Lake, Yunnan Prov. DQ845866
A g} Y sp. IHBCY 0405415 Shanghang, Fujian Prov. DQ845868
A, o % Yy ;4,4 " IHBCY 0403452 Rong’an, Guangxi Prov. DQ845867
s nd g J g} ¥ IHBCY0380717 Yishan, Guangxi Prov. DQ845923
s rd ,f' A ;P Y IHBCY0410014 Dianchi, Yunnan Prov. DQ845924
s rd ,¢ A g} Y IHBCY 0410006 Libo, Guizhou Prov. DQ845925
s ndy 4 {P Yo, % IHBCY0410011 Liuliang, Yunnan Prov. DQ845927
s ni ;¢ A i ¥ yoe, " b IHBCY0410008 Yangzonghai, Yunnan Prov. DQ845926
B oy sp. " AFR292 Africa DQ845860
w V;‘ m 's ' IHBCY 0306001 Hejiang, Sichuan Prov. DQ845861
rw ‘il " gb IHBCY 0405405 Jinghong, Yunnan Prov. DQ845862
H~y, ; v € !‘ IHBCY0405393 Mengla, Yunnan Prov. DQ845863
s iy Yo h ps IHBCY 0403005 Huangshan, Anhui Prov. DQ845864
S re Y% v IHBCY 0205001 Tunxi, Anhui Prov. DQ845865
s k‘k‘ s F RE, IHBCY0405381 Menglun, Yunnan Prov. DQ845872

¢ ﬂ.rif,‘:nfkl



Under the assumption of maximum parsimony (Swo ord
et al., 1996), both substitution rates and the explicit number
of changes per site were estimated by tracing changes on the
shortest resolved tree (referred to the phylogenetic results of
the current study) using MacClade 4 (Maddison and Madd-
ison, 1992). Following the method described by Vawter and
Brown (1993), the relative rate of each kind of nucleotide
substitution for each structural category, as well as for the
entire gene, was corrected for base composition. The site-
to-site rate variation was performed by PAML3.14 follow-
ing the protocol of Yang and Kumar (1996).

For stem regions, to investigate the possible e ect of sec-
ondary structural constraints on phylogenetic inference, a
tally of the transformations maintaining or disrupting the
pairing in double-stranded regions, including single

changes and double changes were compared with expected
values (Dixon and Hillis, 1993). To account for the degree
of independence of substitutions occurring in the stem
characters a relative weighting, suggested by Dixon and
Hillis (1993), was estimated.

2.5. ‘-‘y £ R g e

Maximum parsimony (MP) and likelihood-based meth-



ing di erent weighting schemes: (1) equal weights for all
changes; (2) several forms of loop-stem weighting, such
as 1:0.8 (Dixon and Hillis, 1993), 1:0.66 (this study), 1:0.6
(Springer and Douzery, 1996) and 1:0.5 (strict dependence
of nucleotide in stem regions), 1:0 (loops only) and 0:1
(stems only). All MP trees were constructed using a heuris-
tic search with 50 random, stepwise additions of taxa and
tree bisection—-reconnection (TBR) branch swapping.
Quantitative support for recovered nodes was estimated
using a non-parametric bootstrap analysis with 1000 pseu-
doreplicates and a heuristic search with 10 addition
sequences replicates.

Bayesian analysis permitse cient searching of parameter
space for complex likelihood models, all of which can be
applied to di erent partitions of a data set (Huelsenbeck
and Ronquist, 2001). Thus, we use di erent substitution
for the paired and unpaired regions. For unpaired partitions
the GTR + | + G model, as determined by Modeltest ver-
sion 3.06 (Posada and Crandall, 1998), was employed. For
the paired regions, those probabilistic models considered
the process of substitution on 16 characters formed by 2
nucleotide residues paired were employed. In MrBayes3.0,
there is only a double model responsible for nucleotide sub-
stitutions of paired region, while there are more models in
PHASE. Because of the complexity of testing each of
PHASE models, the pertinent models including RNA7A
and RNA16A were prior to be used. To find out how base
covariation of stem regions a ects the phylogenetic perfor-
mance of the gene sequences, we also conducted Bayesian
analysis with the uniform GTR + | + G model. Using the
Markov Chain Monte Carlo (MCMC) algorithm, the inde-
pendent runs were performed with default settings, each with
four separate chains (three hot, one cold) and 3,000,000 gen-
erations, sampling every 500 generations. Graphical inspec-
tionofthe —lg included in ““sump” revealed that stationary
was reached with the “*burn-in” After discarding the burn-in,
posterior probabilities (PP) for topologies were then
assessed. To test consistency of the results, the analyses were
repeated three timesusing di erentstarting trees. The Bayes-
ian framework employed in PHASE used random starting
trees and the parameters of the substitution models were esti-
mated during the analysis. Following Hudelot et al. (2003),
we adopted a conservative burn-in period and used
2,000,000 initial generations. Later, another 1,000,000 gen-
erations were run with sampling every 500 generations. A
consensus tree with branch lengths and nodal PP support
was generated using PHYLIP (Felsenstein, 1989).

2046k pp® o mE1 g

To test the e ects of di erent loop-stem weighting
schemes on the parsimony-based estimation of relation-
ships of Cyprininae, di erent MP topologies recovered in
the present study were compared using the Wilcoxon
signed-ranks, two-tailed probability test (Templeton,
1983; Felsenstein, 1985
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Table 2

Observed and expected substitution values for stem, loop, and the across entire 16S rRNA gene in Cyprininae

Number of changes Stem Loop Overall
Observed Expected Observed Expected Observed Expected
0 420 213.85 532 468.6 953 407.9
1 69 224.5 92 302.66 159 530.87
2 39 117.81 69 61.21 105 345.47
3 18 41.23 43 34 62 149.88
4 23 10.82 30 0.44 50 48.77
5 15 2.7 30 0.05 41 12.69
6 5 0.4 22 0 32 2.75
7 6 0.06 29 0 37 0.51
8 6 0.01 16 0 19 0.08
9 6 0 18 0 22 0.01
10 4 0 0 0 0 0

Observed values were derived from mapping substitutions on the phylogeny estimated with the likelihood-based method under}he RNA16A model.

Expected numbers of substitutions are derived from a Poisson distribution. Chi-square goodness-of-fit tests show significance

(4% = 447.9), loops (x* = 1432.8), and the whole sites (5> = 3247.8).
Table 3

Types of substitutions observed in stem regions of the 16S rRNA gene
sequences of Cyprininae

Type of substitution Observed  Expected  Chi-square

tests

e

Base pairing to base pairing om1s.97

was supported with somewhat low bootstrap value (59%).
Within the subfamily Cyprininae, relationships among
major lineages were not adequately resolved.

The trees resulting from parsimony analyses using di er-
ent down-weightings for structural constraints are mostly
congruent in topology with the tree (Fig. 3) except for a
few topological di erences that were not strongly sup-
ported. The relative down-weighting in stems reduced the
number of MPTs and increased phylogenetic resolution.
However, despite the topology imposed with the 1:0.66
weighting for loop—stem regions was determined to be the
best one by both unweighted MP Templeton and win-
ning-sites tests, the relationships among the major lineages
of the Cyprininae remained unsolved.

When only loop or stem characters were used in MP
analyses, the monophyly of the Cyprininae could not be
recovered and the topologies resolved showed significant
di erences with unweighted MP and the other weighted
MP trees.

3.42. B, “nt g ge

SH test revealed that Bayesian analysis under the 16-
state model performed best (Table 4). However, it is impor-
tant to note that topologies under all surveyed models were
virtually indistinguishable except for posterior probabilities
(PP) on some branches from the above replicates which
deviated more than 10% (Fig. 4). In Bayesian tree, both

»=0.001) for stems

the family Cyprinidae and the subfamily Cyprininae were
found to be monophyletic with strong posterkor probability
support (PP = 100). Within the Cyprininae, "®, AV s T
was recovered as the sister taxon to all other’ Cyprr-
nings with a high posterior probablllty (PP = 100),
followed by the genera. »ni; y +Cy , w asa
monophyletic group (PP = 86). Strong support was also
found for a group (PP = 100) including tribe Labeonini,
a paraphyletic genus i, with respect to B+ _ ¢ ‘g -
and B _ ¢ sp An additional St:h?othoracm

(;%ade was strongE/ sﬁpported (PP = 100); within this clade
the sister group relationship between the genera ./ 1

’x and € /0y s was strongly supported (P?D

‘4_

35 EffN o opg Sy

According to the variable length bootstrap curves, the
number of nodes achieving at least 50% bootstrap support
increases with the resampling of more sites (Fig. 5).
Improvement is significant for the number of nodes attain-
ing at least 90% support, which mainly occurred in more
recent nodes. However, little further increase in bootstrap
values was found with the resampling of sites exceeding
30,000 bp (not shown). When support values for individual
nodes were taken into account (Fig. 6; letters A—H refer to
nodes recovered in MP), nodes A and B achieved 90%
bootstrap support with 9000 bp, and node G with
24,000 bp. Nodes D, E, and H achieved moderate support
with 30,000 bp. Nodes F and | achieved less than 50%
bootstrap support, even when resampling of sites was
100,000 bp (not shown).

ey ,ge;e el v

4. Discussions
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A better understanding of the molecular dynamics of
DNA sequences, such as base compositions, nucleotide
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68 Gymnocypris przewalskii przewalskii 1
Gymnocypris przewalskii przewalskii 2
Gymnocypris eckloni eckloni 1
Gymnocypris eckloni eckloni 2
Gymnocypris eckloni scolistomus
Schizopygosis pylzovi
Schizothorax younghusbandi younghusbandi
Platypharodon extremus
Oxygymnocypris stewartii
Ptychobarbus kaznakovi
Ptychobarbus dipogon
Gymnodiptychus dybowskii
Barbus barbus
Onychostoma gerlachi
Onychostoma lili
Onychostoma barbata
100 Acrossocheilus sp
Acrossocheilus beijiangensis
Onychostoma sima

85[: Spinibarbus sinensis

Spinibarbus hollandi

98 Schizothorax dulongensis
Schizothorax myzostomus
Gymnocypris potanini potanini
Schizothorax meridionalis
Schizothorax prenanti
Schizothorax lissolabiatus
Schizothorax lantsangensis

vl

100

<
o

100, — Schizothorax molesworthi VII
—@ Schizothorax labrosus
E 70 100— Schizothorax argentatus
L—— Schizothorax pseudaksaiensis
56 —— Percocypris pingi pingi

L—— Percocypris pingi retrodorslis

100 Cyprinus carpio
l_l: Cyprinus multitaeniata

100 Carassius auratus
Carassius carassius
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Fig. 3. Strict consensus of 958 trees results from unweighted maximum parsimony analysis of the mitochondrial 16S rRNA gene sequences
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Table 4

Templeton and winning-sites tests of the weighted trees of Cyprininae generated with a series of stem-loop weightings

Weighted Tree length Templeton Winning-sites HI MPTs
Ts ' Counts '

1:1 4313 4866.5 0.6455 72 (—70) 0.9331 0.6856 958

0.8:1 4310 4268.0 0.8910 65 (—66) 1.0000 0.6887 163

0.66:1 4304 (Best) 0.6905 18

0.6:1 4321 7722.5 0.2974 101 (-82) 0.1833 0.6916 36

0.5:1 4328 3159.0 0.0779 66 (—57) 0.4707 0.6933 18

0:1 4769 9397.5 <0.0001" 268 (—68) <0.0001" 0.7020 111

1:0 4403 6873.0 <0.0001" 129 (—74) 0.0002" 0.5732 1500

HI, homoplasy index; MPTs, number of most parsimonious trees. Significantly (‘-> 0.05) di erent topologies are indicated by asterisks.

substitution patterns, and rate variations among sites,
should improve the phylogenetic performance of the
DNA sequences (Yang, 1994; Yang and Kumar, 1996).
Of these variables, two key factors include the functional
constraint of maintaining base pairing on stem regions
and rate variation across sites for the mitochondrial 16S
rRNA gene sequences.

Because of deviations from the assumption of character
independence in phylogenetic analyses, positional weight-
ing has been recommended as a method to correct for com-
pensatory substitutions occurring in paired regions (Dixon
and Hillis, 1993; Ortl et al., 1996; Wang and Lee, 2002). In
this study, the down-weighting on non-independent substi-
tution of the MtDNA 16S r RNA gene sequences has little
impact on the tree topology, even when the loop-stem
weighting of 1:0.66 was used. We envision three reasons
for the limited impact of the weighting schema on the stem
regions for phylogenetic inference in Cyprininae. First, the
accumulated phylogenetic information in the stem regions
lacked enough information content to resolve relationships
at lower taxonomic levels. The poorly established cyprinine
relationships based on the phylogenetic information in
stem regions 16S rRNA gene validates this tendency (not
shown). Second, the e ect of selective pressures on parsi-
mony analysis is loose (Van de Peer, 1993; Sloss et al.,
2004). Finally, the down-weighting schemes of non-inde-
pendent characters are too simplified and do not elucidate
the di erent selective pressures in stem regions (Telford
et al., 2005), and thus are not adequate for real data sets.
Therefore, our results suggest that the down-weighting of
characters of stems relative to loops might not be helpful
to improve phylogenetic inference.

Compared with the basic assumptions of parsimony
analysis, the model-based Bayesian analyses generally
should be preferred, in that it can accommodate better esti-
mates of appropriate models to deal with the functional
constraints of maintaining base pairing on stem regions
(Hudelot et al., 2003; Kjer, 2004; Brown, 2005). Likeli-
hood-based phylogenetic analyses can be demonstrated to
be more e ective in improving the phylogenetic perfor-
mance than weighted parsimony analysis (Table 5). In
Bayesian analyses, the phylogenetic performance under
the prior super models including of 7-state model, 16-state
model, and double model implemented in MrBayes3.0 were

all better than observed under a simple GTR+ G + |
model, an result that provides overwhelming evidence for
considering the secondary structural constraints inherent
in the rRNA gene to increase phylogenetic resolution. Like
the phylogenetic utility of rRNA gene sequences for resolv-
ing relationships at deep taxonomic levels, the superiority
of model-based approaches in accounting for constraints
inherent in secondary structure in more recently diverged
taxa can also result in improved resolutions of phylogenetic
trees. However, with and without considering the 16S
rRNA secondary structure received the almost same topol-
ogy, and this result indicated that the degree of violation of
the assumption of independence of sites is not important as
expected and can hardly a ect topology of recent diver-
gence phylogeny. At higher taxonomic levels (subfamily
and tribe), Bayesian analyses under the double models
resulted in more robust support for nodes than did analyses
that incorporate the single GTR model. However, the more
complex Bayesian models also resulted in unacceptably low
support for relationships among closely related taxa (spe-
cies and genus). An explanation for this scheme is that
paired regions may be regarded as being more suitable
for distantly related organisms rather than recent
divergence.

Rate variation among sites is widespread in the mito-
chondrial 16S rRNA gene sequences (Whitfield and Cam-
eron, 1998; Misof et al., 2002; Brown, 2005) and should
receive more attention in the development of algorithms
or models to better explain this pattern of divergence within
a gene (Susko et al., 2003). Theoretically, it has been
assumed that the distribution of change by site followed a
Poisson model (Rzhetsky, 1995). In this study, however,
the degree of site-to-site rate variation existed across
sequences and displayed a significant deviation from the
expected Poisson distribution (< 0.001). From a likeli-
hood-based perspective, the Gamma distribution, used to
measure the degree of rate variation among sites (Yang,
1996), also supported the hypothesis that most sites have
very high substitution rates. Simultaneously, the proportion
of invariable sites is 53.15%, indicating that across the gene
more sites are virtually invariable. Thus, the likelihood-
based models with rate variation among sites and propor-
tion of invariant sites serve as a potential tool to e ectively
account for situations of this nature (Yang, 1996).
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This study presents the first view on the phylogeny of the
subfamily Cyprininae using molecular data with compre-
hensive sampling of the diversity within this lineage. In
accordance with hypotheses based on conventional mor-
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phological characters, all analyses were congruent and sup-
ported the monophyly of the subfamily Cyprininae.

Our analyses are also in agreement with some of the pre-
vious morphological studies concerning the monophyly of
several main clades within the subfamily Cyprininae.
Examining only African Labeins, Reid (1982) defined the
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to as primitive, specialized, and highly specialized schizo-
thoracine fishes, respectively. In this study, Schizothorac-
tins were clearly diyided into two subgroups one
containing the genera ¢ ./ 5 and » and
the other represented by the speC|aI|zed5and ﬁ‘ghly special-
ized schizothoractin groups of Cao et al. (1981). Based on
karyotype data, Yu et al. (1987) proposed that '€ J 1 »
was closely related to. 4 Iy, regardless of external
morphological S|m|Iat§|t|es r di erences. This relationship
was strongly supported in the present analysis.

Another area in which our analyses conflict with tradi-
tional views is with the monophyly of the genus  »/ %
1 ,,~ and its relationship to other taxa The genus™is
paraphyletic and with the genus A/ y . Based on
detailed anatomical studies, Chen (1998) suggested that

" ! m and_ 4+ &1 formed a monophyletic
group ‘with a close relationship to Cy  » » However,
the lacking the evaluation of character polarlty of morpho-
logical characters, the suggested dendrogram could not
account for the relationships between  r/ § 1 ,,* and
A o % Y. Zhang et al. (pers. comm.) reported that
the classification A/ ¥ was chaotic because of
the lack of character independence in the morphological
data. Therefore, it is imperative future studies include
extensive taxonomic sampling of 4 yss e U and poten-
tially related taxa and an integration of molecular data
with traditional morphological characters to resolve this
systematic problem.

Finally, phylogenetic analysis also revealed that the
genus G-, s paraphyletlc with respect to E; e P
A f 1 )3 and C,SS . 5; Y., is paraphyletlc
with respect to ‘g r;e S and B-, % is
paraphyly or polyphylf

4.3, -‘y LR T

Our results suggested that the mitochondrial 16S rRNA
data provide limited ability to recover relatively old and
long terminal branches in cyprinine phylogeny. Despite
e orts to improve the phylogenetic resolution with optimi-
zation of likelihood models and parsimony weightings for
the structural and functional regions (stem and loop
regions), the relationships among genera or tribes within
Cyprininae remain unresolved or are not robustly sup-
ported. For example, only weak support was found for a
sister-group relationship between Habeonlnl and a clade
including a schizothoracin Imeage ey

u . W oyl gt and Be Ly Y, even whe$1 the ana—

zed sequ@nces were generatéd to lengths longer than
30,000 bp using the variable length bootstrap. This same
grouping of taxa had robust support in analyses by Wang
et al. (2007) based on the recombination activating gene 2
(RAG2). One possible interpretation for this observation is
a low phylogenetic signal for the 16S rRNA gene and a
lack of adequate phylogenetic information accumulated
to recover areas of the relatively deep phylogeny. On the
other hand, relationships among genera within the Labeo-

‘Y £ f-.ﬂs
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nini remain unresolved likely due to a combination of short
internodal and long terminal branches (‘‘long-branch
attraction”, Hendy and Penny, 1989) because of a period
of rapid radiation events. The estimated divergence times
indicated the divergence between Labeonini and Cyprinin
occurred 15-19 MYA and the Labeonini experienced a
radiation starting about 10 MYA (Wang et al., 2007).
Therefore, we can conclude that the mitochondrial 16S
rRNA sequences might not contain enough phylogenetic
signals for cyprinine divergences that occurred 10-
19 MYA.

Interestingly, contradicting evidence for this gene and its
phylogenetic utility comes from its applications among
Hymenoptera (Simon et al., 1994; Whitfield and Cameron,
1998). In these studies the mitochondrial 16S rRNA pro-
vided better resolution of intrageneric relationships, such
asin./y 1y v and. niy 1&g y. He and Chen
(20063 estlmated the adéptlve radiation for_ . lw,x
as occurring about 8 MYA based on sequ‘énce variation
of cytochrome _, and an investigation using both cyto-
chrome _ and NB4 indicated that the n‘ J G, y line-
age expeérienced a radiation in MldSPllocene (about 3.1-
4 MYA) (Xiao et al., 2005). These results in these taxo-
nomic groups support the hypothesis that the mitochon-
drial 16S rRNA gene is an e ective tool to trace
evolutionary histories spanning the recent 8 MY. Some
previous studies have suggested that phylogenies inferred
from single genes usually attained insu cient resolution
(Nickrent et al., 2000; Philippe, 2000). A reasonable alter-
native method is combining multiple genes or gene regions
into a framework to provide improved resolution and accu-
racy of our phylogenetic inference (Galewski et al., 2006;
Bossuyt et al., 2006) as has recently been done by Mayden
et al. (2007) for Cypriniformes. Thus, while in some
instances it may be di cult, further phylogenetic studies
should make every e ort to use extensive sampling of taxa
o “break up” long branches that can lead to the phenom-
enon of long-branch attraction and sequences from multi-
ple mtDNA and nDNA genes should be used to
accumulate enough phylogenetic information to resolve
the diverged lineage. As outlined by Hillis (1998) and May-
den et al. (2007) increased sampling of either taxa or genes
can result in increased accuracy of phylogenetic inference;
however, a combined e ortis moste ective. To accomplish
such an e ort we encourage researchers to collaborate
more worlds wide in the acquisition of taxa and e ciency
of gene sequences; only through such a larger-scale collab-
orative e ort can one develop enough samples and data to
enhance the confidence in the phylogenetic resolutions.
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