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Abstract Chloroplast rbcL sequences of 60 species of
Polystichum sensu lato (sl.), including 23 new sequences
from southwest China, were used to assess the phylogenetic
relationships within the genus. On the basis of estimated
evolution rate of rbcL gene and the genetic distance data that
passed relative-rate tests, we further estimated the diver-
gence times between some clades of the genus. The phyloge-
netic relationships were inferred using the neighbor-joining
and maximum-parsimony methods, both methods producing
trees with completely congruent topology. These trees reveal
that all species of Polystichum sl. in this study (including
Cyrtomium and Cyrtomidictyum) form a monophyletic group.
The basal split in Polystichum s.l. separates a clade with all
Asian members from a clade containing other species from
all over the world. The phylogenetic and divergence time
estimation results lead us to suggest that Polystichum sl.
originated in Asia in the late Late Cretacous (=76 Ma) and
migrated into other places in the world in early Eocene
(=46 Ma).
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Polystichum Roth is one of the largest genera of
ferns, estimated to comprise 300 species. The genus is
distributed worldwide with its diversity center located in
southwest China and adjacent regions. There is little
information on the origin and evolutionary history about
Polystichum?. Little et al.® examined rbcL sequences
and morphological characters of 34 Polystichum species
and 21 species from other genera in the Dryopteridaceae,
which yielded basic insights into the phylogeny of the
genus. They found that Phanerophlebia and Polystichop-
sis together are the sister group to the monophyletic
Polystichum s.I. including Polystichum s.s., Cyrtomium
and Cyrtomidictyum; they also resolved a tropical Ameri-
can clade and African clade within Polystichum s.s., but
the species from Asia are not closely related. However,
only four species from southwest China (the diversity
center of Polystichum) were included in their work, As
one of the largest fern genera in China, 168 Polystichum
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species are described theré™. If the genus Cyrtomium is
also considered, the species in this group would be more
abundant. Molecular studies on amost all Polystichum
and Cyrtomium speciesin their diversity center (southwest
China and adjacent regions) have not been reported.
In this study, we obtained new rbcL sequences from
23 species in Cyrtomium in Polystichum s.s., which are al
from southwest China, in an attempt to investigate the
phylogenetic relationships within the group by combining
other published sequences (Table 2). Here, we employ
relative-rate tests to assess homogeneity of substitution
rates between lineages in the constructed phylogenetic tree
and estimate the divergence time between the major
phylogenetic lineages using estimated molecular evolu-
tionary rate data. We use these new molecular data and
divergence time estimations to consider the aspects of the
evolutionary history and hiogeography of Polystichum
sl.

1 Materialsand methods

() Plant material. The samples included 23 spe-
cies in Palystichum s.s. and Cyrtomium, all from the di-
versity center of southwest China. Leaf samples for DNA
extraction were collected in the field or from the culti-
vated plants. Voucher and other information are shown in
Table 1.

() DNA extraction. Total genomic DNA was ex-
tracted from 2 g of fresh or 1 g of silicagel dried leaves
using the CTAB procedureé”, and modified according to
Shi et al 2.

( ) PCR amplification and DNA sequencing. A
pair of primers F1 and R1379 (Table 3) were used for
rbcL gene amplification. The PCR (polymerase chain re-
action) was performed in 100-uL volumes with 2.5 units
DNA polymerase, 10X buffer, 2.5 mmol/L MgCl,, 0.1
wmol/L dNTP, 0.1 umol/L primer F1 and R1379, 5% BSA,
and ~100 ng sample DNA. The PCR amplification reac-
tions include the following cycles. pre-denaturing at 94
for 2 min; followed by 40 cyclesof 60 sat 94  denatur-
ing,60sat55 annealing,and 1 minat 72 extension;
afina extension for 7 min at 72 . The amplified prod-
ucts were purified for sequencing by Wizard® PCR preps
DNA Purification System (Promega, USA) following the
manufacturer’s specifications to remove the redundant
small molecular fragments of primers and dNTPs. Purified
double-stranded DNA was sequenced on an ABI 377
automated sequencer (Applied Biosystems, CA) with the
Bigdye cycle sequencing kit. The sequences were deter-
mined in both directions using al the primers listed in
Table 2. The primers were designed according to Little et
a2 with some modifications.

() Sequence analysis. The obtained sequences
have been assigned GenBank accession numbers (Table 1).
Alignment of the obtained sequences was performed using
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Tablel Samplesand locality information for the new rbclL sequencesin this study

Voucher/No. Taxa Origin Accession no.
Lu SG/H12 Polystichum acutidens Xichou County Yunnan AY 545505
Lu SG/H23 Cyrtomium aequibasis Yanshan County, Kunming AY 545491
Lu SG/A30 Polystichum attenuatum Dawei Mountain, Yunnan AY 545503
Lu SG/H13 Polystichum christii Xichou County, Yunnan AY 545486
Lu SG/B9 Polystichum brachypterum Jingdian Park, Kumming AY 545501
Lu SG/12 Cyrtomium caryotideum Qiongzhu Temple, Kunming AY 545490
Lu SG/17 Cyrtomium hookerianum Xichou County, Yunnan AY 545489
Lu SG/H14 Polystichum chunii Xichou County, Yunnan AY 545498
Lu SG/J25 Polystichum dielsii Xichou County, Yunnan AY 545485
Lu SG/C74 Polystichum eximium Guangnan County, Yunnan AY 545493
Lu SG/131 Polystichum grandifrons Dawei Mountain, Yunnan AY 545484
Lu SG/28 Polystichum jizushanense Qiongzhu Temple, Kunming AY 545504
Lu SG/C78 Polystichum longipal eatum Guangnan County, Yunnan AY 545495
Lu SG/B15 Cyrtomium macrophyllum Jingdian Park, Kumming AY 545500
Lu SG/C61 Polystichum makinoi Bozhu Mountain, Yunnan AY 545494
Lu SG/C59 Polystichum nepalense Bozhu Mountain, Yunnan AY 545499
Lu SG/H8 Polystichum nudisorum Wenshan County, Yunnan AY 545483
Lu SG/D5 Polystichum omeiense Dawei Mountain, Yunnan AY 545497
Lu SG/B11 Polystichum pycnopterum Jingdian Park, Kumming AY 545502
Lu SG/B32 Polystichum semifertile Jingdian Park, Kumming AY 545496
Lu SG/D8 Polystichum subacutidens Xichou County, Yunnan AY 545488
Lu SG/J28 Cyrtomium urophyllum Xichou County, Yunnan AY 545492
Lu SG/H11 Polystichum yuanum Xichou County, Yunnan AY 545487

Table2 Specific primers used to amplify and sequence rbcl in Polystichumss.I.
Name Direction 5' Position Primer sequence (5' to 3')
F1 Forward 1 ATG TCA CCA CAAACG GAGAC
F424 Forward 424 CTGCTTATT CTAAGACTTTC
F878 Forward 878 TCA CCGTGC GAT GCATGC TG

R 1379 Reverse 1379 GCAGCTAATTCAGGACT CC

R 940 Reverse 940 CAT GCGTAATGCTTT GGC

Clustal X'®. Phylogenetic analyses were performed by the
maximum parsimony (MP) method and neighbor-joining
(NJ) method using PHYLIP? and Mega 2!¥ software
packages. Parsimony anaysis was performed using a
branch-and-bound search. The genetic distance used in NJ
analysisis calculated by Kimura's two-parameter model®.
Based on the previous studies of Little et al.2! we choose
Phanerophlebia umbonata and Polystichopsis chaero-
phylloides as the outgroups (only one outgroup of Phan-
erophlebia umbonata and Polystichopsis chaerophylloides
was chosen in PHY LIPsoftware).

( ) Divergence time estimation. Relative-rate
tests were conducted to assess homogeneity of substitution
rates among the lineages with RRTree softwaré® and
Mega 2 software®®, The genera or clades, which failed to
pass the tests, were excluded from divergence time esti-
mation. Because the synonymous substitution rates per
site between some Polystichum s.I. lineages were saturated
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and inestimable®?, the divergence time was obtained
using the nonsynonymous substitution rates per site
(Li-Wu-Luo method)®® and the published rbcL nonsyn-
onymous substitution rates 4.57+7.3x10™" per site per
year in ferns and seed plants’?.

2 Resaults

() Phylogenetic analysis. The GenBank acces-
sion numbers of the new rbcL sequences are shown in
Table 1. After alignment with the outgroups, there are
1296 base pairs without any insertions or deletions, 224
variable sites and 121 parsimony informative sites in the
rbcL alignment matrix. The topology of MP tree and NJ
tree generally are similar to one another only with differ-
ent bootstrap values above some branches. In this paper,
only the strict consensus tree with maximum parsimony
analysis is presented in Fig. 1. Other additional phyloge-
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Table3 Information of published rbcL sequences used in this study

Taxa Location Ac(cz‘soar?ll(\lo.
Cyrtomidictyum lepidocaulon Asia AF537224
Cyrtomium caryotideum Asia AF537225
Cyrtomium falcatum Asia AF537226
Cyrtomium fortunei Asa AF537227
Phanerophlebia umbonata Mexico AF537233
Polystichopsis chaerophylloides  Puerto Rico AF537234
Polystichum acrostichoides Vermont AF537235
Polystichum alfarii CostaRica AF537236
Polystichum ammifolium Madagascar AF537237
Polystichum craspedosorum Japan AF537238
Polystichum cystostegia New Zealand AF208392
Polystichum deltodon Yunnan AF537239
Polystichum dracomontanum Africa AF537240
Polystichum dudleyi Cdlifornia AF537241
Polystichum ekmanii Hispaniola AF537242
Polystichum fallax Australia AY 163865
Polystichum fibrillopaleaceum Japan AF537243
Polystichum imbricans Oregon AF537262
Polystichum lachenense Szechuan AF537244
Polystichum lehmannii CostaRica AF537245
Polystichum lentum Indo-Himalayan AF537246
Polystichum lonchitis Alaska AF537247
Polystichum luctuosum Africa AF537248
Polystichum macleae Africa AF537249
Polystichum mohrioides Chile AF537250
Polystichum munitum Alaska AF537261
Polystichum muricatum Costa Rica AF537251
Polystichum neolobatum Japan AF537252
Polystichum proliferum Austrdia AF208393
Polystichum pungens Africa AF537253
Polystichum richardii New Zealand AF208394
Polystichum setiferum Europe AF537254
Polystichum speciosissimum Mexico AF537255
Polystichum stenophyllum Szechuan AF537256
Polystichum transkeiense Africa AF537257
Polystichum tripteron Japan u30832
Polystichum tsus-simense Yunnan AF537258
Polystichum turrialbae CostaRica AF537259
Polystichum underwoodii Hispaniola AF537260
Polystichum vestitum New Zealand AF208395

netic analyses were done using the rbcL sequences of
Ctenitis eatonii, Ctenitis sinii (GenBank accession num-
bers U05614, D43898) and Dryopteris dickinsii, Dryop-
teris cristata(GenBank accession numbers U05622,
U05923) as outgroup species respectively (data not
shown). These analyses produced topologies that are
roughly congruent to each other with differences only in
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some clades with varying bootstrap values. These trees
revea that all species of Polystichum sl. in this study (51
from Polystichum s.s., 8 from Cyrtomium and 1 from
Cyrtomidictyum) form a monophyletic group. But Cyr-
tomium and Polystichum as commonly recognized are
paraphyletic, as is supported by morphological studies
and the trnL intron sequence analyses (study in prepara-
tion). The basal split in Polystichum s.I. separates a major
clade with al Asian members from another clade contain-
ing other species from al over the world. The species
congtituting the basal clade are Cyrtomidictyum lepido-
caulon, Polystichum tripteron, Cyrtomium hookerianum,
Polystichum christii, Polystichum omeiense, Polystichum
deltodon, Polystichum yuanum, Polystichum subacutidens
and Polystichum dielsii, which are al from Asia. The
other species analyzed constitute the other monophyletic
groups, which in turn comprises two clades——the Cyr-
tomium clade and the Polystichum clade (Fig. 1). Included
in Cyrtomium clade are al Cyrtomium species and al
from Asia. The Polystichum clade comprises most Polys-
tichum species from all over the world, among which the
species from Middle America form one clade, and some
species from Asia and Africa are closely related, indicat-
ing that the phylogenetic relationships of Polysticum spe-
cies are correlated with their geographic distributions. The
phylogenetic results lead us to suggest that Polystichum s.l.
originated in Asia and subsequently migrated into other
placesin the world.

() Divergence time. The relative-rate tests of
nonsynonymous nuclectide substitution between lineages
of Polystichum s.l. in the above phylogenetic tree are con-
ducted (data included in supplementary data). It is found
that some clades (such as the Cyrtomium clade) or taxa
(such as Polystichum nudisorum) evolve at a significantly
different rate, which were excluded in the estimation of
divergence times®?. The rbcL evolutionary rates of some
lineages can pass the relative rate test (or are homogene-
ous based on relative rate test), so the divergence time can
be estimated between them.

According to the molecular clock hypothesis, the di-
vergence time between two lineages with a relatively con-
stant rate can be estimated using the sequence divergence
(genetic distance) and nucleotide substitutions rate™. In
ferns and seed plants the published rbcl nonsynonymous
substitution rate is 4.57+7.3x10°™ per site per yearl®.
Based on the genetic distance among related taxa that
passed the relative-rate tests and the rbcl molecular evo-
lutionary rate data, the lineages that shared their last
common ancestor (divergence time) are estimated as fol-
lows: the Polystichum s.l. that shared their last common
ancestor (the first divergence time) is 75.78 + 7.89 Ma
(Fig. 1, node A); the time when Polystichum plants mi-
grated into other places in the world is 46.04 + 6.67 Ma
(Fig. 1, node B).
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From Middle America

— From South America
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Fig. 1. The strict consensus tree constructed based on rbcL sequences of Polystichum s.l. using maximum parsimony analysis in Mega2 package.
Bootstrap values (1000 replicates) are shown above branches (maximum parsimony analysis) and under branches (neighbor-joining analysis); A and B
are the divergent time to be dated; Taxa underlined are those species sequenced in this paper.
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3 Discussion

Phylogenetic and biogeographic analyses in the pre-
sent study suggest a close correlation between relation-
ships and distribution of Polystichum plants. This study
shows that the most basally positioned species in the ge-
nus are all from Asia. Included in the basal clade are Cyr-
tomidictyum lepidocaulon, Polystichum tripteron, Cyr-
tomium hookerianum, Polystichum christii, Polystichum
omeiense, Polystichum deltodon, Polystichum yuanum,
Polystichum subacutidens and Polystichum dielsii. Among
them, Cyrtomidictyum lepidocaulon is distributed in East
Asia only (China, Japan and Kored); Polystichum trip-
teron also only occurs in Eastern Asia (China, Japan, Ko-
rea and far east regions of Russia); Cyrtomium hookeri-
anum is confined to China, Japan, Northern Viet Nam and
Himalayan regions; Polystichum omeiense and Polysti-
chum yuanum are endemic to China; Polystichum christii,
Polystichum dielsii and Polystichum subacutidens are dis-
tributed mainly in southwest China, with only few ex-
tending into northern Viet Nam; Polystichum deltodon
occurs in eastern and southern Asidl. It is, therefore,
suggested that Polystichum s.l. firstly originated in Asia,
and mainly concentrated in East Asia, especialy in
southwest Ching; thus, it is likely that southwest Chinais
the origin center of the genus.

The estimation results of divergence time indicate
that the first divergence event (when species of Polysti-
chum s.l. started to diverge) is 75.78 + 7.89 Ma (late Late
Cretacous), when climate was very hot and paleo-
geographic differentiation was accelerated by the active
tectonic events in eastern Asia, causing drastic evolution-
ary changes in flora®34, with many modern ferns coming
into being'?; Polystichum s.I. may be one lineage among
them. The time when Polystichum plants moved into other
places in the world is 46.04 + 6.67 Ma (early Eocene),
when the global tropical/subtropical warm climate condi-
tions on &l continents were suitable for adaptive radia-
tions for Polystichum plants.
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