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. losses to apple cultivars. Most of the reported species are heteroecious and complete their life

cycles on two different plant hosts belonging to two unrelated genera, i.e. Juniperus and Malus.
However, the phylogenetic relationships among Gymnosporangium species and the evolutionary
history of Gymnosporangium on its aecial and telial hosts were still undetermined. In this study, we
recognized species based on rDNA sequence data by using coalescent method of generalized mixed
Yule-coalescent (GMYC) and Poisson Tree Processes (PTP) models. The evolutionary relationships
of Gymnosporangium species and their hosts were investigated by comparing the cophylogenetic
analyses of Gymnosporangium species with Malus species and Juniperus species, respectively. The
concordant results of GMYC and PTP analyses recognized 14 species including 12 known species
and two undescribed species. In addition, host alternations of 10 Gymnosporangium species were
uncovered by linking the derived sequences between their aecial and telial stages. This study revealed
the evolutionary process of Gymnosporangium species, and clarified that the aecial hosts played more
important roles than telial hosts in the speciation of Gymnosporangium species. Host switch, losses,
duplication and failure to divergence all contributed to the speciation of Gymnosporangium species.

The plant genus Malus (Rosaceae family) comprises 33 to 55 species, and species in this genus were mainly
cultivated for fruit production'. They have great economic importance worldwide, especially in China, where
apple production accounts for more than half of world production (http://apps.fas.usda.gov/psdonline/circu-
lars/fruit.pdf). Cedar-apple rust diseases, caused by species from genus Gymnosporangium R. Hedw. ex DC.
(1805) (Pucciniaceae, Pucciniales), are one of the most devastative diseases occurring on apple cultivars. The
Gymnosporangium species can infect leaves, fruits and stem of Malus species, and cause premature defoliation
and eventually kill the plants®?.

The genus Gymnopsorangium was established to accommodate G. fuscum DC. on Juniperus sabina L*. Up to
date, around 57 species have been reported worldwide in this genus®, among which, 17 species were reported with
their aecial stage on Malus species®. These 17 species were described by various mycologists in Asia, Europe and
North America and they had heteroecious and demicyclic life cycles”. To complete the life cycle, these species
have their aecial stage on Malus species, and telial stage on Juniperus or Chamaecyparis species>s.

Taxonomic studies on Gymnopsorangium have long been conducted in Europe, North America and Japan?®-'%.
Among the five spore stages (i.e., spermogonium, aecium, uredinium, telium and basidium), morphologi-
cal characters in aecial and telial stages were of significant importance for species recognition>!°-12. However,
due to lack of a consistent species concept, different taxonomic systems have employed various morphological
characters, and aecial or telial host range for species delimitation. Kern® presented a taxonomic monograph of
Gymnosporangium and emphasized the importance of morphology in aecial and telial stages, the phylogenetic
significance of those emphasized criteria however, have not been evaluated. In recent years, molecular data have
been more and more frequently employed to resolve taxonomic issues especially for species with little morpho-
logical variation'*!%. However, most of the recent molecular taxonomic studies simply recognized well supported
clades as distinct species without implementing careful examination of species boundary; thus, use of coales-
cent approach has been recommended in order to assess the consistency of delineated species from different
models!>?7,
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The first report of Gymnosporangium in China was G. corniforme on J. formosana's. Subsequently, described
species in Gymnosporangium gradually increased to five'>*. Based on the aecial spore morphology, Zhuang
et al.?! collectively treated the causal agents of 12 Malus hosts as G. yamadae, which were previously recognized as
G. asiaticum, G. fenzelianum, G. globosum, G. laeve or G. yamadae'>* based only on the morphological similar-
ities in the aecial stage. In addition, Zhuang ef al.*! speculated that J. chinensis was the telial host of G. yamadae,
but lack experimental or molecular evidences.

Previously, uredinologists held the opinions that rust fungi have coevolved with their hosts over long time, and
cospeciation played the most important role in host and rust fungi evolution?>?*. However, recent study indicated
that host jump, rather than cospeciation, were the main speciation events driving the evolution of rust fungi*.
In the genus Gymnosporangium, controversial opinions were hold among researchers toward the evolutionary
relationships with host species. Moran® suggested that Gymnosporangium species are tightly coevolved with their
hosts despite the absence of an overall cospeciation pattern. In contrast, based on the phylogenetic relationship
of several Gymnosporangium species, Novick?® thought host switching rather than cospeciation was the primary
speciation model in the group. Because only very limited Gymnosporangium species were included in their stud-
ies, the evolutionary history and speciation mode of Gymnosporangium species on Malus species remains largely
unknown.

The objectives of the current study are: 1) to conduct the species delimitation analyses for Gymnosporangium
species; 2) to clarify the host alternation of these recognized Gymnosporangium species on Malus; 3) to con-
duct the cophylogenetic analyses of Gymnosporangium species with their aecial host and telial host respec-
tively; 4) to infer the speciation modes (cospeciation, duplication, host switch, loss and failure to diverge) of
Gymnosporangium species.

Results

Species delimitation. Inthe GMYC analyses, totally 80 haplotypes were found from 114 specimens, and
identical haplotypes and two outgroup samples were removed for final analyses. The GMYC analyses using the
single- and multiple-threshold models revealed different results (Fig. 1). Both single- and multiple-threshold
models were preferred over the null model of uniform branching rates. In the single-threshold analysis, confi-
dence intervals for the estimated number of species varied from 10 to 25, and the model fitted the switch and lead
to an estimation of 17 putative species. This species delimitation scenario was not well supported by the result
of LR test (P-value = 0.3823). In the multiple-threshold analysis, the model fitted the switch in the branching
patterns at 20 to 33, and the results lead to 27 putative species. In comparison with single-threshold analysis, the
results from multiple-threshold analysis appeared to be more reliable because it was statistically supported by the
result of LR test (P-value =0.008733775"). In addition, due to different species delimitation scenarios based on
single- and multiple-models, STEM was used to estimate the likelihood values of alternative species delimitation
scenarios. Based on the protocol by Carstens & Deweya (2010), the likelihood scores of 1-species scenarios,
17-species scenarios and 27-species scenarios were analyzed. STEM analyses also supported a 27-species scenario
over other species scenarios. In the PTP analyses, the ML-scenarios recognized 27 species, which was congruent
with multiple-threshold GMYC models. Thus, based on concordant results from GMYC and PTP models, 27
species scenarios were recognized.

Sequences obtained from this study scattered in 14 putative species. Morphological characters from aecia,
peridium, aeciospores, telia and teliospores were observed and recognized among species (Supplementary Fig. 1;
Supplementary Table 1). The proper name of each putative species was determined based on these morphological
characters>*10111227-29 Qur results are in good agreement with the taxonomic system of Kern®. Two unnamed
species were recognized by our molecular analyses.

Host alternation. Based on the telial and aecial host information of specimens within each putative species,
we clarified the host alternations of 10 species, which were previously unknown. The aecial and telial host ranges
of each putative species were summarized in Supplementary Table 2. The telial hosts were mainly recognized
in J. chinensis, J. communis, J. horizontalis, ]. scopulorum and J. virginiana, and they did not show apparent host
specificity because six morphologically distinguishable Gymnosporangium species shared J. virginiana as one
of the telial hosts. In addition, J. chinensis was also the telial host of seven Gymnoporangium species. Similarly,
J. communis was found as host of two species, i.e. G. clavariiforme and G. clavipes. In the aecial stage, M. asiatica,
M. micromalus, M. prunifolia and M. spectubilis were shown to be specific to certain Gymmnoporangium species,
but M. communis, M. malus, M. pumila and M. sylverstris were shown to be the aecial hosts of two or three
Gymnosporangium species, respectively.

Divergent time of Gymnosporangium species. The root of the tree was calibrated based on the age of
a fossil fungus in the genus Ravenelia. The mean age of the node marking the split of Gymnosporangium spe-
cies were shown in the Fig. 2. The split of Gymnosporangium species from the genus Ravenelia occurred at the
Eocene epoch of the Palacogene period in the Cenozoic era, approximately 51.7-44.3 Mya with the calibration
point of genus Ravenelia (55.8-40.4 Mya, fossil record). It can be recognized that the aecial host ranges gradually
decreased in the evolution and divergence of species in Gymnosporangium. The early divergent species, such
as G. asiaticum and G. confusum, had relatively wider aecial host range up to seven genera®. However, several
recently divergent species, such as G. amelanchieris, G. atlanticum, G. bethelii, G. connersii, G. hemisphaericum,
G. juniperi-virginianae, G. nelsonii, G. sabinae and G. yamadae, had their aecial host on only one host genus. On
the other hand, no clear tendency was recognized from that of the telial hosts.

Cospeciation and cophylogeny. The tanglegrams of phylogenetic associations between Gymnosporangium
species and their telial and aecial host species were shown respectively in Figs 3 and 4. Several codivergence

SCIENTIFICREPORTS | 6:29339 | DOI: 10.1038/srep29339 2



www.nature.com/scientificreports/

GMYC PTP

(Single) (Multiple)

HMAS8974 (Junipsrus virginiana)

6. junipecivirginianss DO2ET127.1 (1. uiginiars)

. juniperi-virginisnge HRETE10.1 (L. virginiana)

ICUP20185 (Maius malus)

|CURSE5 (i, foansis)

NYBG23036 (.. uiginians)

[CUR20159 (M. malies) TR I-VIreing
YBG1391099 (o, virginiane) G Juniperi-virginianae

NYBG237085 (U, wiginiana)
ENYBG 8554, virginians)
[CUPZ0202 (M. malis)
|CUP20257 (M. malus)

| NYBGEES (. vinginiana)
INYBG237070 (.. virginians)
NYBG237046( virginians)
(. virginiacia)
(4. chinensis)

(4. chinansis)
6. Junipsivirginianae KATZ0178.1 (U, viginiana)
HihiAS 26416 (M spaciatils)
HMAS189333 (M, microniaids)
HMAS 246995 (M mivaniaias)
HMASZ43168 (M ricroniaics)
HMASE5353 (M. micromalus)
MAS245997 (W micromius)
145245998 (M. anicromats)
HMASB277 (4. chinensic)
2| yarmacdae GUOSB012.1{.. chinenaiz)
[H458832 (. chinsasis)
144530002 {14 prnitofis)
HUAS1 1216 (. shinansis)
nns157685 (11 pronioua)
(HMAS 12840 (Sorbus sp.)
e I, amstancisis Kn488547.1
. arnstarichieris KP261040.1
[HMAS13SB11 . chinensis)
[HrMASTO0RE () eninoasis)
. glatosum H31 75061 (.. seopulorum)
16 globosun HQS 75111 (. wigiiana)
INVB&237038 (4. viginiana)
. connersil KITAI186.1 (! horizontalis)
. G betheil 47201831 (J. scopuloruim)

o] nelanni KIT20 1801 {4, virginiens)

o TInvRG193243 (1 navizontaiisy
NYBG123264 (. herizaniaiis)

(G sabings KMAQ3110.1
Hf"‘ allanicum KP281044.1

G. hemisphericum

G. yamadae

G. globosum

G. nelsonii

4G, atianticum KMAD3108.1

G, allantivurn KMA03109.1
. sabinas KP261039.1
[HMAS143807 (4. asiatica)
1¢A5 140508 (J. sabira)
G sahinae KFa25317 1
| 6 sabinan kFaz5318 1
|5 12036710, asiaica)
G, sabinge KF925318 1
[NYBGAR1200 (. virginians)
G. sabine KIT20763 1
|G aipponicum KIT20182.1 (Sorbus koshnasas)
IHAS32207 (Sarbus Koehasana)
HIASTE188 (J. chimerrsis)
IHIAS 12648 (J. chinerrsis)
20 HHIMAS14315 (1 viginiaa)
NYBE2ATOTTLS virginiana)
HMASTO748 (M sylvestis)

1 JCUPSE165 (At syfvesiis)
6. remeficioes KJ720185.1
L. myaber KU720175.1

G oupress K.IT20169.1

G. sabinae

G. miyabei

G. tremelloides

HMASSSTST (M. purils)
Jsssnsas

| IHMAS246996(M. purmi)
4 | Fe——
HMASA4514 (M. pumis)
HAMAS40394 (4. purmita)

(NYGB237084 (. virginiana]
6. micus-avis KJ720181.1
[HIMAS 14418 (J. viginiana)
i (uL virginiana)
INYBE401234 (L virginiana]
NYBG23706G | M. communis)
|MYBE3332¢ (. virginianal
[Hins21441 (4. communnisy
o NrBOZST07Y (1. eoniona)
INYBGZ37072 (U, virgimiana)
HMAS33324 (4. horzontaiis)
(HMASE7E51 (M, communis)
[HiAAS24526 (At communis)

Gymnosporangium sp.]

Gymnosporangium sp.2

G. nidus-avis

G. clavariiforme

HMAS2145 (. communis)
6. gracile KMABES42.1

“LG. gravile KNM86543.1
[NYBG23203 i communis)

6. clwvariorme KJT20184.1

s bnansaasss (M sommonis)
HMAS24816 . communis)
6. kodnianum KI720177.1 I

G. clavipes

6. vauquetniac KI720186.1

G exiguim KITZ0170.1
G muliporm KI720179.1
HMAS185302 (. chinensis)
E {LHMAswmu 4. pumils)
IHMAS 135280 (A1, matus)
HMAS47228 (J. chinensis)
HMAS 14327 (4. pumits)
chinensis)
Hnas135598 (Guarassus ductousal
HIASA44513 (M. pumils)
IHAS 172366 (U, chncnsis)
LG asiaticum KJ720161.1
o [HMAS52880 (Catomeaster muianopcarus)
6. contusum KJ720165.1
e, contusum KEZ81045.1
G, confusinm KPEEIDAZ. 1
Reestelia sp. KP308387.1
[Raesteiia sp. KP308395.1
“lRoestena so. kpa053.1

G. asiaticum

KP&&T420.1

1

Figure 1. Phylogenetic trees of the combined data of the internal transcribed spacer regions and intervening
5.8S nrRNA gene (ITS) and the large subunit (LSU) rDNA obtained from parsimony analysis. Bayesian
posterior probabilities (Bpp) were given immediately followed by the bootstrap values of ML on the nodes in the
topology. Asterisk (*) represented bootstrap values less than 50% or Bpp less than 0.75 in the topology. The first
column depicts species recognized by the single-threshold GMYC model, and second column depicts putative
species recognized by multiple-threshold GMYC model. The third column depicts putative species recognized by
PTP model. The name of each putative species was designated based mainly on Kern (1973).
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Figure 2. Divergence time estimation of Gymnosporangium species using the rDNA dataset. The
chronogram was obtained from the molecular clock analysis using BEAST. The Ravenelia (Raveneliaceae,
Pucciniales) fossil was served as a reliable calibration point to estimate the divergent time of Gymnosporangium
species. Species with aecial host on Malus species were indicated in red color. The estimated divergence time of
telial and aecial hosts were indicated below the geographic time scale. In addition, the potential number of telial
and aecial host genera was pointed out following the name of the species based on Kern (1973) and our study.
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Figure 3. The tanglegram between specimens of Gymnosporangium species and telial host Juniperus rDNA
phylogenies. Fungal (right) and host (left) phylogenies from Bayesian inference were used to generate the
tanglegram using TreeMap 3.08.

events were revealed between Gymnopsorangium species and Juniperus species in Fig. 3, but global congruence
between hosts and parasites was not significant. On the contrary, we found high incongruence between host and
parasites. Event cost based tests by Jane 4.0 recognized the lowest overall costs recovered using the cost regimes
“7”, which penalized cospeciation and assigned cost =0 to loss and failures to diverge (Supplementary Table 3,
Supplementary Table 4). These reconstructions consisted of six duplications, four host switches, three losses and
finally four failures to diverge (Fig. 5).

SCIENTIFICREPORTS | 6:29339 | DOI: 10.1038/srep29339 4



www.nature.com/scientificreports/

Malus species

Gymnosporangium species

HMASSB165

CUP20257

cuP20ise

HMAS125289

HMAS14328

HIAS44513

HIMAS26416 HIASSE165 —_
cupsss HiMAS 140407

HIAS 135208 cupz0as7 \ \
HMAS248006 “—~ CUP20159 >) \
HMAS 14328 CUPSeS

HIMAS38649 HIMASZE416

HMAS44513 HMAS248995 ’//
HMAS 140407 HMAS243108 >)/ /

HMAS246995- HIMAS246997 / ’

HMAS100333 HMAS38649 // ///
- ——

o i

po—— -

NYBG237060 NYBG237060

HMAS21441 HMAS21441

Figure 4. The tanglegram between specimens of Gymnosporangium species and aecial host Malus rDNA
phylogenies. Fungal (right) and host (left) phylogenies from Bayesian inference were used to generate the
tanglegram using TreeMap 3.08.
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Figure 5. Cophylogenetic analysis of the Gymnosporangium-Juniperus pathosystem conducted with
Jane 4 and using phylogenies including one representative per potential species of parasite and host.
Black branches represent the host phylogeny and blue branches the parasite phylogeny. Violet lines represent
original polytomies resolved by Jane to minimize the overall cost of the solution. The cost regime used for

the reconstruction was by following event costs: (cospeciation = 2, duplication = 0, host switch =1, lineage
sorting = 1 and failure to diverge = 1). The best-fit reconciliation of the Gymnosporangium and Juniperus trees
included 6 duplications, four host switches, three losses and finally four failures to diverge.
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Figure 6. Cophylogenetic analysis of the Gymnosporangium-Malus pathosystem conducted with Jane
4 and using phylogenies including one representative per potential species of parasite and host. Black
branches represent the host phylogeny and blue branches the parasite phylogeny. The cost regime used for
the reconstruction was by following event costs: (cospeciation = 2, duplication = 0, host switch =0, lineage
sorting = 1 and failure to diverge =0). The best-fit reconciliation of the Gymnosporangium and Malus trees
included four duplications, seven host switches, fifteen losses and four failures to divergence.

Although we found certain codivergence between phylogenies of Gymnosporangium species and that of Malus
species in Fig. 4, our results also recognized high discordance between topologies of the parasites and aecial hosts.
Based on results from Jane 4.0, we recognized lowest overall costs recovered by cost regimes “6”, which assigned
cost=0 to duplication, host switch and failures to diverge (Supplementary Table 3, Supplementary Table 5). These
reconstructions included four duplications, seven host switches, fifteen losses and four failures to divergence (Fig. 6).

Discussion

Recent phylogenetic studies confirmed the monophyly of the genus Gymnosporangium?+2¢*. While at the species
level, there are still considerable disagreements on the delimitation of species. Our results from PTP and GMYC
models recognized 14 Gymnosporangium species associated with its aecial host on genus Malus. This delimita-
tion was supported by morphological characters from both aecial and telial stages that should be observed using
dissecting microscope, light microscope and scanning electron microscope. Our results uncovered significantly
higher species diversity in comparison with previous studies, which recognized one to five species from Malus
species based on morphology from single spore stage!*-?!. The importance of polyphasic approaches and morpho-
logical characters from both aecial and telial spores were herein demonstrated. This result is in agreement to that
of Ono et al.*!, who also recognized the importance of morphological characters in both telial and aecial stages
for species delimitation in rust fungi Phakopsora ampelopsidis complex.

The understanding of host alternation of rust fungi is important to clarify their species evolution, disease
epidemics, plant quarantine and disease control. Life cycle of rust species has been previously mostly investi-
gated based on inoculation experiments and large scale natural surveys>®. In traditional approaches, basidio-
spores induced from teliospores were used as inoculums and each potential aecial and telial hosts need to be
inoculated to confirm the life cycle of certain rust fungus®»*. The process of inoculation experiment is very
time-consuming and laborious, and often gave false negative results because many factors, i.e., maturity of the
inoculum, conditions of overwintering and inoculum germination, and growing conditions of the plants, may
affect the inoculation results®. Although many researchers conducted studies on host alternation®>!!24, the life
cycles from the majority of rust fungi are still unknown®. Taking rust fungi in Japan as an example, approximately
763 species have been recorded but the life cycles of 46% species remained unknown although systematic studies
have been conducted for over a century'!. Recently, molecular data have been used to uncover the host alternation
of rust fungi, such as Puccinia species®®, and Phakopsora species on Grape®!. In this study, we confirmed the host
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alternation between Malus species and Juniperus species of 10 Gymnosporangium species. Among them, the host
alternations of G. juniperi-virginianae, G. tremelloides and G. yamadae, were partially consistent with previous
inoculation tests recorded by Arthur’, Kern®, Harada®, and Hiratsuka et al.!. Thus, the molecular phylogenetic
approach, which connected the sequences obtained from telial and aecial stages respectively, is shown to be a
more efficient method to determine the host alternation of rust fungi.

The evolutionary pathways of rust fungi have been categorized into four types: 1) divergence and radiation
with hosts; 2) jumps to new unrelated hosts; 3) life cycle expansion; and 4) life cycle reduction®. The evolutionary
history of Gymnosporangium, however, appeared to be more complicated, and different types of evolutionary
patterns occurred at different time periods. Based on morphology and host range in aecial and telial stages,
Leppik® proposed a hypothesis that the evolution of Gymnopsorangium followed the life cycle reduction pattern,
and the ancestral Juniperus species were actually aecial hosts of some heteroecious rusts. Our estimation of the
divergence schedule of hosts and parasite further supported the Leppik’s hypothesis. We estimated the first com-
mon ancestor of Gymnosporangium species emerged approximately 51.7-44.3 Mya, but the divergent date of telia
host (Juniperus species) appeared much earlier. The recent reports on plant fossils indicated that the divergence
time of the genus Juniperus was 71.9-49.7 Mya during the Paleocene or adjacent periods®. On the contrary,
the divergence of Malus species (approximately 31.0 Mya in Oligocene) was much later than the emergence of
Gymnosporangium ancestor.

According to Leppik™, the rusts on ancestral Juniperus species became autoecious or microcyclic by losing the
connection with their telial hosts (possibly some forest ferns) when the alternate hosts were scarce or absent due to
environmental change, and the rusts switched to produce urediniospores and teliospores on Juniperus species fol-
lowing “Tranzschel’s Law”?. Such process of evolution has already been supported by the reverse host sequence in
comparison with other rust fungi, which commonly have aecial hosts on gymnosperm and telial hosts on angio-
sperm”?2. After adapting to new environment, Gymnosporangium restored the heteroecism and expanded its aecial
host range to many hosts in genera of Rosaceae based on the biogenic radiation rule*® (Supplementary Fig. 2).
This evolutionary pathway was supported by our studies because the basal linages in this genus were composed of
species (G. asiaticum and G. confusum) with wide aecial hosts range up to seven genera. Our results revealed that
life cycle expansion played a major role during the early evolution of Gymnosporangium species.

The diversification of Gymnosporangium species appeared to be gradually replying on their aecial hosts.
According to the estimation of the divergence times of hosts and parasites, we found that early divergent
Gymnosporangium species have a wider aecial host range at the genus level in comparison with recently divergent
species. Except the uncertainty of host ranges in Gymnosporangim sp. 1 and Gymnosporangim sp. 2, our results
indicated that the early divergent species group possessed aecial hosts on two to seven genera but the recent
divergent species group had their aecial hosts solely on one genus, i.e. Malus®. Host ranges of Gymnosporangium
species were shown to gradually decrease in the evolutionary process. All these species have their telial hosts on
only one or two genera, and no clear tendency could be recognized. We therefore speculated that the aecial hosts
played more important roles than telial hosts in the evolution and speciation of Gymnosporangium species.

According to the analysis of cophylogeny at species level, the driving forces of speciation appeared to be more
complicated. Previously, host switch was considered to be difficult for Gymnopsorangium species because their
life cycles are mainly restricted to Cupressaceae and Rosaceae®. Most Gymnopsorangium species were thought
to be tightly coevolved with their host species albeit lack of the overall cospeciation model. Novick?® however,
raised a different opinion that host switch was a main speciation pattern. According to Johnson et al.*!, the pro-
cesses in host-parasite coevolutionary histories could be divided into eight different events: cospeciation, failure
to speciate, duplication, extinction, missing the boat, incomplete host switching, host switch with extinction,
host switch with speciation, host switch with speciation and extinction. Through the molecular clock analyses,
McTaggart et al.?* concluded that host jumps, rather than coevolution, were the main speciation events that drove
the diversification of rust fungi at family and genus level. They also suspected that cospeciation and host switch
might be main force at species level. However, we did not recognize cospeciation event of Gymnosporangium
species with its aecial and telial hosts, although codivergences were recognized in the tanglegram of host and
parasite phylogenies. Our results revealed that host switch, duplication, losses and failure to divergence all played
certain roles in driving the speciation in both Juniperus-parasite system and Malus-parasite system. Among them,
the process of host switch with speciation and extinction appeared to play the most important roles in the evo-
lutionary history of Gymnosporangium-Malus system. The noteworthy multiple speciation mechanisms existed
in this group might be a reflection of their complicated life cycles, as compared to other phytophathogenic fungi.
It is therefore very interesting for future studies to investigate why diversified speciation mechanisms exist in the
genus Gymnopsorangium.

Materials and Methods

Fungal specimens. A total of 173 herbarium specimens were loan from the Mycological Herbarium
of Institute of Microbiology, CAS, China (HMAS) to cover the largest possible hosts and localities of
Gymmnosporangium species based on previous taxonomic literatures'®-?!. Specimens with either aecial or telial
stage were chosen according to the names on the attached labels and their host information. Among these, 72
specimens were collected from J. chinensis and 101 specimens were collected from Malus species. In addition, 85
specimens, which were labeled as Gymnosporangium species on Malus species and Juniperus species from Europe
and North America, were loaned from following herbaria: Plant Pathology Herbarium, Cornell University, Ithaca,
New York, USA (CUP); and New York Botanical Garden, New York, USA (NYBG). The detailed information of
specimens used in this study is listed in Supplementary Table 6.

DNA extraction, sequencing and phylogenetic analyses. For the fungal specimens, single sorus
from each specimen was excised and DNAs were extracted from all studied herbarium specimens by using
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Gentra Puregene Tissue Kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions. From the crude
extracts, 1 to 3 ul DNA templates were used directly for the polymerase chain reaction (PCR) amplification of the
internal transcribed spacer regions and intervening 5.8S nrRNA gene (ITS) and the large subunit (LSU) rDNA,
and nested PCR method was employed to improve the amplification. The detailed information of primers was
listed in the Supplementary Table 7, and the annealing temperatures of these target fragments were followed by
Beenken et al.*2.

The rDNA ITS and LSU were successfully obtained from 72 herbarium specimens, and their herbarium num-
ber, host species, geographical origins and GenBank accession numbers were shown in Supplementary Table 6.
Additional 42 sequence data of Gymnospornagium species, which including both rDNA ITS regions and LSU,
were retrieved from GenBank for comparable studies (Supplementary Table 8). Two sequences of Ravenelia spe-
cies were selected as the outgroups. A dataset was constructed including 114 sequence data. Sequences were
manually aligned by using Bioedit v.7.0.9*%, and multiple alignments were performed in Clustal X v.1.8*. Gaps
were treated as missing data for all analyses. The Akaike Information Criteria (AIC) in Modeltest v.3.7 was used
to estimate the best-fit substitution models. Maximum Likelihood (ML) analyses were performed using RAxML
v.8.0.X%, and Bayesian Markov chain Monte Carlo (MCMC) analyses were performed by MrBayes v.3.1.2%.

GMYC and PTP analyses. Species were recognized based on the concordant results from GMYC and
PTP models. The GMYC model uses the distinct branching patterns between a Yule model (modeling inter-
specific speciation events) and a coalescent model (modeling expected coalescent times of genes at an intraspe-
cific level) to distinguish between species*®. Thus, GMYC model was employed to delimit phylogenetic species.
Ultrametric trees required to rim the GMYC algorithm were created using BEAST ver. 1.7.5%. Two sets of anal-
yses, single-threshold and multiple-threshold models, were performed in the GMYC, and three independent
MCMC analyses were run for 100 million generations, sampling trees every 10,000 generations. The posterior
tree was summarized using TreeAnnotator after discarding burn-in which was determined by Tracer ver. 1.6%.
The selected topologies were used to optimize the single- and multiple-threshold GMYC models, using the ‘splits’
package®! available for R 3.0.2 (R Core Team 2013). At last, the program STEM was used to estimate likelihood
scores of alternative species delimitation scenarios obtained from single- and multiple-threshold GMYC®, and
the putative species scenario was selected based on the value of estimated likelihood scores according to Carstens
& Dewey™.

As to the species delimitation by PTP model, it uses the branch lengths to estimate the mean expected number
of substitutions per site between two branching events®. The model assumes that each substitution has a small
probability of generating a speciation event, the model then implements two independent classes of Poisson
processes (one describing speciation and the other describing within species branching events) and searches for
transition points between interspecific and intraspecific branching patterns. Potential species clusters are then
determined by identifying the clades (or single lineages) that originate after these transition points®. The analyses
were conducted on the web server for PTP (available at http://species.h-its.org/ptp/) using the RAXML topology
as advocated for this method®.

In this study, the species boundary was determined based on consistent results obtained from GMYC and PTP
models. Thereafter, the detailed morphological characters of each specimen were observed under the dissecting
microscope (SMZ745, Nikko, Japan), the light microscope (Axio Imager A2, ZEISS, Germany) and the scanning
electron microscope (Quanta 200, FEI™, USA). The proper name of each putative species was determined based
mainly on the keys developed by Kern® and Peterson®. Besides, morphological characteristics were compared with
the original descriptions, and other published descriptions of species involved>*10:1227:2%,

Molecular clock analysis. To determine the evolutionary history of Gymnosporangium species, the
Ravenelia (Raveneliaceae, Pucciniales) fossil was selected as a reliable calibration point to estimate the divergence
time of Gymnosporangium species in the Pucciniales, and this genus was separated from other members of the rust
fungi at the minimum ages of 55.8-40.4 Mya®. The calculations of molecular clock dated linearized BI trees were
performed in BEAST v.1.7.5 with the concatenated sequences of rDNA ITS regions and LSU. BEAST input files
were constructed using BEAUti (within BEAST), and the lognormal relaxed molecular clock model and the Yule
speciation prior set were used to estimate the divergence times and the corresponding credibility intervals. FigTree
v.1.4.0 was used to visualize the resulting tree and to obtain the means and 95% higher posterior densities (HPD).

Cospeciation analysis. To conduct the cospeciation analyses, we tried to extract DNA from aecial and
telial host species. Gentra Puregene Tissue Kit was used to extract DNA from plant tissues and rDNA ITS and
the large subunit of the ribulose-bisphosphate carboxylase gene (rbcL) were selected for amplification. Detailed
information of primers and PCR procedures was shown in Supplementary Table 7, and information of specimens
and their GenBank accession No. was also shown in Supplementary Table 9. PCR amplification procedure and
primers of Robinson et al.! were used to amplify these two target regions from Malus species. In addition, the
same primers and PCR procedure of Adams et al.*, were employed to amplify target regions from Juniperus spe-
cies. Due to limited sequence variations of rbcL gene among host species, especially Malus species, we only used
rDNA ITS regions from host species for further cophylogenetic analyses.

Cospeciation analysis was conducted based on an event-cost based test of cospeciation, and Treemap 3.083 and
Jane 4.0” were employed to test for significant congruence between the Gymnosporangium and its aecial and telia
host’s topologies, respectively. The tanglegram from the phylogenetic trees and individual associations were built
by Treemap. In the event cost based tests implemented by Jane 4.0, a pruned ITS regions and nLSU alignment
including only one representative per putative species of hosts and parasites was used for analyses. Cophylogeny
mapping in Jane 4.0 used heuristics to reconstruct histories that explain the similarities and differences between
associated phylogenies. It prioritized minimizing the overall cost, given a cost regime for evolutionary events
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including “cospeciation”, “duplication”, “duplication and host switch”, “loss” or “lineage sorting”, and “failure to
diverge”>”8. In all analyses the number of generations was set to 100, and the population size to 300, with a max-
imum of 99,999 stored solutions in each run. Statistical analyses were then performed to test whether the cost
of the reconstructions obtained was significantly lower than expected by chance. Jane 4.0 was used to generate a
pseudorandom sample of minimal costs from a null distribution of problem instances with the same model phy-
logeny. The null distribution was generated by repeatedly randomizing the host-parasite associations (Random
Tip Mapping), and the significant matching of host and parasite phylogenies was evaluated by computing the
costs of 1000 replicates to compare the resulting costs to the cost of the original cophylogeny.
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