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Gymnosporangium species on Malus: species delineation,
diversity and host alternation

P. Zhao', X.H. Qi?, P.W. Crous?®#*, W.J. Duan?®, L. Cai'™

Key words Abstract Gymnosporangium species (Pucciniaceae, Pucciniales, Basidiomycota) are the causal agents of cedar-
Apple rust apple rust diseases, which can lead to significant economic losses to apple cultivars. Currently, the genus contains
host alternation 17 described species that alternate between spermogonial/aecial stages on Malus species and telial stages on
new taxa Juniperus or Chamaecyparis species, although these have yet to receive a modern systematic treatment. Further-

more, prior studies have shown that Gymnosporangium does not belong to the Pucciniaceae sensu stricto (s.str.),
nor is it allied to any currently defined rust family. In this study we examine the phylogenetic placement of the genus
Gymnosporangium. We also delineate interspecific boundaries of the Gymnosporangium species on Malus based
on phylogenies inferred from concatenated data of rDNA SSU, ITS and LSU and the holomorphic morphology of
the entire life cycle. Based on these results, we propose a new family, Gymnosporangiaceae, to accommodate
the genus Gymnosporangium, and recognize 22 Gymnosporangium species parasitic on Malus species, of which
G. lachrymiforme, G. shennongjiaense, G. spinulosum, G. tiankengense and G. kanas are new. Typification of
G. asiaticum, G. fenzelianum, G. juniperi-virginianae, G. libocedri, G. nelsonii, G. nidus-avis and G. yamadae are
proposed to stabilize the use of names. Morphological and molecular data from type materials of 14 Gymnospor-
angium species are provided. Finally, morphological characteristics, host alternation and geographical distribution
data are provided for each Gymnosporangium species on Malus.

species delimitation
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INTRODUCTION

Plant parasitic rusts within the order Pucciniales represent
one of the largest groups of fungal plant pathogens, which
occur on ferns to advanced monocots and dicots (Aime 2006,
Webster & Weber 2007). Approximately 7 800 rust species are
currently recognised worldwide, with many species causing
significant economic losses to agricultural or forest crop plants
(Arthur 1934, Hiratsuka et al. 1992, Cummins & Hiratsuka
2003). Among them, cedar rusts are one of the most important
genera of phytopathogens (Helfer 2005). These pathogens
belong to the genus Gymnosporangium, which previously has
been placed in the family Pucciniaceae (Pucciniales, Basidio-
mycota), and are obligate biotrophic phytopathogens (Cummins
& Hiratsuka 1983, 2003). Presently over 64 species have been
recorded, having a demicyclic (macrocyclic or microcyclic in a
few species) life cycle with a telial stage on gymnosperm trees
in Cupressaceae, and an aecial stage on trees of the apple
tribe, Maleae, in the family Rosaceae (Kern 1973, Shen et al.
2018, Farr & Rossman 2019).

Within the genus Gymnosporangium, cedar-apple rusts repre-
sent some of the most serious and devastating diseases occur-
ring in apple plantations worldwide (Sinclair & Lyon 2005, Zhao
etal. 2016, Lace 2017). They occur on leaves, fruits and stems
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of Malus species, cause premature defoliation, and eventually
kill their hosts plants (Helfer 2005). Hitherto, up to 17 Gymno-
sporangium species are known as causal agents of apple rust
diseases, having mostly been reported from temperate regions
in Asia, Africa, Europe and North America (Farr & Rossman
2019). Eleven Gymnosporangium species have been reported
on 16 Malus species and their hybrids in Asia (Azbukina 1972,
Wang & Guo 1985, Hiratsuka et al. 1992, Zhuang et al. 2012),
and nine Gymnosporangium species have been reported on 17
Malus species and their hybrids in North America (Arthur 1934,
Ziller 1974). Six Gymnosporangium spp. have been reported
on M. baccata, M. domestica, M. pumila and M. sylvestris in
Europe, and only one Gymnosporangium species has been
reported from Africa (Hylander 1953, Jarstad 1962, Wilson &
Henderson 1966, Farr & Rossman 2019). Among them, G. asia-
ticum, G. clavipes, G. globosum, G. juniper-virginianeae and
G. yamadae are listed as quarantine pests in Asia, Europe,
and North America (Duan et al. 2017, EPPO 2017, 2018).
Accurate and efficient species recognition, as well as a better
understanding of their life cycle are thus important for plant
quarantine and effective disease control.

Traditional taxonomy of Gymnosporangium relies on morpho-
logical distinctions in spermogonia and teliospores at generic
and suprageneric level, and this genus has long been placed
in Pucciniaceae (Dietel 1928, Cummins & Hiratsuka 1983,
2003). However, recent molecular studies revealed a phylo-
genetic distinction of Gymnosporangium from other members
of the Pucciniaceae (Maier et al. 2003, Wingfield et al. 2004,
Aime 2006) but did not conclusively resolve the relationship
of Gymnosporangium within other recognized families in the
order Pucciniales. Species recognition relies on the morpho-
logy of known spore stages, i.e., the telia or aecia occurring
on different host species (Kern 1908, 1973, Sydow & Sydow
1915, Hiratsuka et al. 1992, Cummins & Hiratsuka 2003). Host
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specificity is generally also employed for species recognition
(Sydow & Sydow 1915, Kern 1964, Parmelee 1971). However,
due to their diverse life cycles, overlapping host ranges, and
lacking uredinial stages in most species, considerable disagree-
ments on species delimitation still exist (Kern 1970, Peterson
1982, Novick 2008). In addition, several morphological charac-
teristics in aecial or telial stages have been employed as im-
portant criteria in distinguishing species, but their phylogenetic
significance has not been evaluated. Thus, previous reports
of 17 Gymnosporangium species on Malus species remain
dubious due to the lack of a consistent species concept. Our
previous studies have shown that the recognition of all spore
stages is essential for species recognition (Zhao et al. 2016).
Nevertheless, the connection between aecial and telial stages
and the characterisation of holomorphic morphology remain
unknown for most species.

In this study, comprehensive morphological and molecular
studies were conducted among rusts occurring on Malus and
their potential alternate hosts. The objectives of the current
study were:
1. to determine the phylogenetic placement of Gymnospor-
angium in the order Pucciniales (Basidiomycota);
2. to clarify the species boundaries of Gymnosporangium
species on Malus;
3. to confirm the connection of potential alternate hosts of
Gymnosporangium where possible;
4. to describe the taxonomic novelties based on molecular
phylogeny and morphology.

MATERIALS AND METHODS

Materials examined in this study

A total of 464 dried fungarium specimens were examined from
different herbaria to cover the largest possible Malus host spe-
cies distribution based on published taxonomic literature (Kern
1973, Farr & Rossman 2019). Specimens with either aecial
or telial stages were chosen according to the name on the
attached labels and their host information. Among them, 186
specimens were on the telial hosts Juniperus and Libocedrus
species, and 242 specimens were on Malus species and other
related hosts. Fungarium specimens were loaned from the
following fungaria: The Mycological Herbarium of Institute of
Microbiology, CAS, China (HMAS); Plant Pathology Herbarium,
Cornell University, Ithaca, New York, USA (CUP); New York
Botanical Garden, New York, USA (NYBG) and New York State
Museum, New York, USA (NYS). To supplement fungarium
material, 36 fresh collections were also included. Among these
464 specimens, type specimens of the following species were
included for comparative studies: G. aurantiacum, G. betheli,
G. biseptatum, G. connersii, G. distortum, G. exterum, G. fenze-
lianum, G. fraternum, G. gracile, G. haraeanum, G. japonicum,
G. kernianum, G. nelsoni, G. nidus-avis and G. yamadae.

Molecular phylogeny and species delimitation

Several rust sori were excised from each specimen and DNA
was extracted by means of a Gentra Puregene Tissue Kit
(Qiagen, Valencia, CA) according to the manufacturer’s instruc-
tions. For some old fungarium specimens, DNA extraction was
diluted 50-100-fold to successfully amplify the target fragment.
To study the phylogenetic position of each taxon, three nuclear
ribosomal RNA gene regions, the internal transcribed spacer re-
gions and intervening 5.8S nrRNA gene (ITS), the large subunit
(LSU) and the small subunit (SSU) rDNA were amplified, and a
nested PCR method was employed to improve the amplification.
Detailed information of primers and annealing temperatures
of these target fragments followed that of Zhao et al. (2016).

To clarify the phylogenetic placement of the genus Gymnospor-
angium, sequences of rDNA SSU-ITS-LSU from 703 repre-
sentative taxa belonging to 77 genera within the order Puc-
ciniales, which cover 14 morphologically defined families,
were included for phylogenetic analyses. These representative
taxa were selected based on previous phylogenetic studies as
listed in Table S1. Due to alignment difficulties, ITS1 regions
in all taxa were excluded from further analyses. Eight species
of Helicobasidium, Insolibasidium, Jola, Septobasidium and
Tuberculina of three orders, Helicobasidiales, Platygloeales
and Septobasidiales from the subphylum Pucciniomycotina
were selected as outgroups. At species level in Gymnospo-
rangium, rDNA SSU, ITS and LSU were successfully amplified
from 184 fungarium specimens, and sequence data of rDNA
SSU, ITS and LSU from 212 specimens of Gymnosporangium
were retrieved from GenBank. All these specimens used for
phylogenetic studies were listed in Table S2, together with
their GenBank accession numbers and other information.
Endoraecium tropicum was selected as outgroup based on
phylogeny of the order Pucciniales. In the final alignment, raw
sequence data were aligned by Bioedit v. 7.0.9 (Thompson et
al. 1997), and multiple alignments were performed with MAFFT
v. 7.394 (Katoh et al. 2017). SSU, ITS and LSU were combined
to yield the best results for the phylogeny. Topologies were
constructed based on maximum likelihood (ML) analyses using
RAXML v. 0.95 (Stamatakis 2006). Bayesian Markov chain
Monte Carlo (MCMC) analyses were performed using MrBayes
v. 3.1.2 (Huelsenbeck & Ronquist 2001), and Bayesian poste-
rior probabilities (Bpp) were calculated. In ML and Bayesian
analyses, the best-fit substitution model was estimated using
Modeltest v. 3.7 (Posada & Crandall 1998).

Morphological examination

Detailed morphological characters of each loaned specimen
were observed under the dissecting microscope (DM) (SMZ745,
Nikko, Japan), light microscope (LM) (Axio Imager A2, ZEISS,
Germany) and a scanning electron microscope (SEM) (Quanta
200, FEI™, USA) as outlined in Zhao et al. (2017). Morphologi-
cal characteristics were compared with that of the type speci-
mens, original descriptions, and other published descriptions of
species involved (e.g., Kern 1908, 1973, Sydow & Sydow 1915,
Arthur 1934, Kuprevich & Tranzschel 1957, Wilson & Hender-
son 1966, Hiratsuka et al. 1992, Lee & Kakishima 1999a, b,
Yun et al. 2009). The different spore stages of rust fungi were
designated by the following Roman numerals: spermogonia/
spermatia (0), aecia/aeciospores (l), uredinia/urediniospores
(I, telia/teliospores (lll), and basidia/basidiospore (1V).

RESULTS

To clarify the phylogenetic relationship and familial placement
of the genus Gymnosporangium, representative taxa of the
Pucciniaceae and closely related families were included in the
ML and Bayesian inference, which resulted in similar topolo-
gies. The phylogeny provides the best phylogenetic coverage
of species, genera and families in Pucciniales to date, and up
to 33 potential familial groups were recognised (Fig. 1a—e, Fig.
S1). We recognised polyphyly of 14 traditional morphologically
defined families within the order Pucciniales (Fig. 1a—e). Within
the family Pucciniaceae, species in Puccinia or Uromyces
species were clustered together in one phylogenetic group
representing Pucciniaceae s.str. (Fig. 1a, S1). However, spe-
cies in Gymnosporangium were found in one well-supported
phylogenetic group (Bootstrap values = 1.000/90), and it was
phylogenetically distinct from Pucciniaceae s.str. (Fig. 1a—d),
although species in both phylogenetic groups had previously
been classified in the Pucciniaceae due to morphological simi-
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Fig. 1 Multilocus phylo

genetic tree of order Pucciniales based on rDNA SSU-ITS-LSU sequence data. Support values indicated at nodes. Bayesian posterior

probabilities < 50 % and Maximum Likelihood bootstrap (ML) < 50 % were indicated by dash line (). Family names were listed after each taxon based on
Cummins & Hiratsuka (2003).
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Uromycladium fusisporum KJ633009+KJ632991+KJ633031
Uromycladium notabile KJ6330301+KJ633011+KJ632992
Uromycladium tepperianum KJ633027+KJ632995+KJ632988

Pileolariaceae 2

Uromycladium simplex KJ633029+KJ633010+KJ632990
Uromycladium robinsonii KJ633032+KJ633012+KJ632989

(Phylogenetic group 13)

Leucotelium pruni-persicae AB097452+AB097450

Uromycladium sp. 1 HMAS248122

Nyssopsora echinata AY123312

Nyssopsora echinata U77061 °
Nyssopsora sp 1. ZP-R523 (Phylogenetic group 14)

Raveneliaceae 2

Nyssopsora sp 1. ZP-R360

Tranzschelia mexicana KP308391
Tranzschelia discolor KX985768

0.81/87] Q,§Q§1[ Tranzschelia pruni-spinosae KX228774

Tranzschelia fusca KX228775
1/100r Ochropsora ariae KX228772+KX228777

0.73/98] |

0.93/70 Veophys

0.97/98

| Ochropsora ariae KX228773+KX228778
1/100; Neophysopella montana KC815584+KC815643

Neophysopella euvitis AB354787+AB354750
Neophysopella vitis KC815576+KC815635

Neophysopella orientalis KC815657+KC815598
Neophysopella meliosmae KC815596+KC815655

Neophysopella sp. 1 ZP-R244

opella sp. 1 HMAS248115
Gymnosporangium asiaticum ZP-R1375
Gymnosporangium asiaticum ZP-R1376
Gymnosporangium asiaticum ZP-R201

Gymnosporangium asiaticum ZP-R960

- Gymnosporangium asiaticum ZP-R203

Neophysopella ampelopsidis KC815570+KC815629

Uropyxidaceae 1 (Phylogenetic group 15)
Uropyxidaceae 2
(Phylogenetic group 16)

Chaconiaceae 1
(Phylogenetic group 17)

Neophysopella meliosmae-myrianthae KC815601+KC815542

Phakopsoraceae 1
(Phylogenetic group 18)

Gymnosporangium asiaticum HMAS17719
Gymnosporangium asiaticum CUP-20544
Gymnosporangium asiaticum KP308394
Gymnosporangium asiaticum HMAS172366
Gymnosporangium asiaticum KP308392
Gymnosporangium asiaticum ZP-R204
Gymnosporangium asiaticum ZP-R215

Gymnosporangium niitakayamense KY964758
Gymnosporangium niitakayamense KP308395
Gymnosporangium niitakayamense KY964760
Gymnosporangium kanas HMAS246105 (T)

Gymnosporangium huanglongense NR154077+KT19161
Gymnosporangium huanglongense KT19168+KT19162

1/1001
1/95]

1193 §

h.90/84])
N

1/100, 0.80\

119N

190

L | [ire9

.95/79

0.90/80
1/100
I~

Allodus s
0.70/<]

Fig. 1 (cont.)

Gymnosporangium kanas ZP-R481

Gymnosporangium corniculans KJ720167
Gymnosporangium globosum KJ720174
Gymnosporangium trachysorum KJ720184
Gymnosporangium connersii HMAS75220

Gymnosporangium connersii KJ720166
Gymnosporangium nelsonii KJ720180
Gymnosporangium nelsonii ZP-R83
Gymnosporangium yamadae ZP-R635
Gymnosporangium yamadae ZP-R637

Gymnosporangium yamadae HMAS80628

1/Bg‘ymnosporangium Juniperi-virginianae KJ720176
Gymnosporangium sabinae KJ720183
Gymnosporangium cupressi KJ720169
Gymnosporangium nidus-avis KJ720181
Gymnosporangium kernianum KJ720177
Gymnosporangium multiporum KJ720179
Gymnosporangium vauqueliniae KJ720186
Gymnosporangium exiguum KJ720170
Gymnosporangium brucensis KJ720189
Gymnosporangium brucensis KJ720188
Gymnosporangium tremellloides KJ720164
Gymnosporangium clavipes KJ720155
Gymnosporangium ellisii KJ720156
Gymnosporangium speciosum KJ720160
Gymnosporangium nootkatense KJ720159
Allodus podophylli JQ423260
Allodus podophylli DQ354544+DQ354543 (T)
Allodus podophylli JQ423258
1/84] Allodus podophylli JQ423259
Allodus podophylli AB0O11054
Allodus podophylli ZP-R244
Allodus podophylli ZP-R419

Allodus sp 1. NYSF53829
p 1. KJ720156
1 ZP-R470

Rostelia sp.
:I Rostelia sp. 1 ZP-R469
Rostelia sp. 2 HMAS248111

Gymnosporangiaceae fam. nov.
(Phylogenetic group 19)

Family incertae sedis
(Phylogenetic group 20)

Family incertae sedis
(Phylogenetic group 21)
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1/96

Dasyspora guianensis JF263503+JF263479 (T)
Dasyspora nitidae JF263506+JF263487 (T)
.55 Dasyspora mesoamericana JF263504+JF263480 (T)
1199 Dasyspora winteri JF263508+JF263492 (T)
11100ty Dasyspora frutescentis JF263501+JF263471 (T)
Dasyspora frutescentis JF263499+JF263467 (T)
Dasyspora amazonica JF263496+JF263460 (T)
110 Dasyspora emarginatae JF263498+JF263465 (T)
Basyspora gregaria JF263502+JF263477 (T)
Dasyspora echinata JF263497+JF263462 (T)
11008 pasyspora segregaria JF263507+JF263488 (T)
Austropuccinia psidii KM282154 (T)
Austropuccinia psidii KF318458+KF318434+KF318453
Dietelia duguetiae KM217365+KM217382
Puccorchidium popowiae KM217353 (T)
9Olféu:corchidium polyalthiae JF263509+JF263493
* Sphenorchidium xylopiae KM217372+KM217355 (T)
Sphaerophragmium acaciae KJ862350+KJ862429
1/100|Kweilingia divina DQ354554
Kweilingia divina EF192212
Kweilingia sp. 1 ZP-R388
Dasturella divina AY123288
Dasturella divina ZP-R833
Prospodium tuberculatum KJ396196+KJ396195
Prospodium lippiae DQ831024+DQ354555 (AFTOL-ID 1401)
Prospodium gentryi KY800407
Porotenus biporus JF263510+JF263494
1/100 jRavenelia echinata DQ145756
Ravenelia echinata var. ectypa DQ323925
Ravenelia havanensis DQ354556+DQ3545572
Kernkampella breyniae KJ862428+KJ862346
Phakopsora pachyrhizi HMAS70143
Phakopsora pachyrhizi ZP-R381
0.76/68 |phakopsora pachyrhizi HMAS49224
Phakopsora pachyrhizi ZP-R283
119411 'Phakopsora pachyrhizi DQ354536+DQ354537
Phakopsora sp. 1 HMAS248098
Phakopsora sp. 1 ZP-R208
Phakopsora sp. 2 ZP-R451
erotelium fici KP753385
O'SOEfikopsora tecta DQ354535
Phakopsora meibomiae EU851164+GQ146467
Batistopsora pistila KF528043+KF528026
11100 lgatistopsora crucis-filii KF528041+KF528016
Batistopsora crucis-fili DQ354538+DQ354539
1/100{Phakopsora myrtacearum NR_132913+KP729473 (T)
Cerotelium fici MF580676
Phakopsora cherimoliae KF528040+KF528011
Masseeélla capparis JX136798
Phakopsora argentinensis KF528039+KF528009

0.83/75

1/100

Sphaerophragmiaceae
(Phylogenetic group 22)

Raveneliaceae 3
(Phylogenetic group 23)

Uropyxidaceae 3
(Phylogenetic group 24)

Raveneliaceae 3
(Phylogenetic group 25)

Phakopsoraceae 2
(Phylogenetic group 26)

Phakopsora phyllanthi KF528042+KF528025
1/92—Endoraecium irroratum KJ862407+KJ862366+KJ862312 (T)

Endoraecium podalyriifolium KJ862414+KJ862387+KJ862334 (T)
Endoraecium maslinii KJ862408+KJ862367+KJ862314 (T)
Endoraecium falciforme KJ862405+KJ862360+KJ862439 (T)

Pileolariaceae 3
(Phylogenetic group 27)

1/98]

0.95/84

1/100

Fig. 1 (cont.)

Endoraecium tropicum KJ862417+KJ862392+KJ862337 (T)

0.91/87
~

Endoraecium auriculiforme KJ862355+KJ862298 (T)
Racospermyces koae DQ323919+DQ323918

_molivea sp 1. ZP-R212
Olivea scitula DQ354540+DQ354541
Achrotelium sp. 1 HMAS45350
197 Jachrotelium sp. 1 HMAS11840
Achrotelium sp. 1 HMAS248101
0.80/72 Achrotelium ichinocarpi ZP-R1394
1 /10¢AChrotelium ichnocarpi KT199381+KT199393
Hemileia vastatrix DQ354565+DQ354566
1/100 Hemileia aff. wrightiae KT199386+KT 199400
1/100—Mikronegeria alba DQ354569
0.86/84 Mikronegeria fuchsiae KJ746826+KJ716350
Blastospora smilacis ZP-R2040
Blastospora smilacis DQ354567+DQ354568
1/91)Zaghouania phillyreae ZP-R223
~|'Zaghouania phillyreae ZP-R222
Zaghouania sp. 1 ZP-R262

1/100

0.82175 1100Zaghouania sp. 1 HMAS248117
Cystopsora notelaeaeKT199384+KT199396

Caeoma torreyae AY123284+AF522183

1/100[
Helicobasidium mompa U77064+AY292429+AY254179

0.99/75
M‘l_— Insolibasidium deformans AY123292+AF522169
Jola cf. javensis DQ416206+DQ416207
Septobasidium fumigatum DQ241415+DQ241451+DQ241484

Septobasidium alni DQ241405+DQ241441+DQ241474

—— Tuberculina sp. KJ746823+KJ698632
Helicobasidium longisporum AY292432+AY292405

Platygloea disciformis DQ234563+DQ234556+AY629314

I Platygloeales

Chaconiaceae 2
(Phylogenetic group 28)

Chaconiaceae 3
(Phylogenetic group 29)

Mikronegeriaceae 1
(Phylogenetic group 30)

Mikronegeriaceae 2
(Phylogenetic group 31)
Family incertae sedis
(Phylogenetic group 32)

Family incertae sedis (Phylogenetic group 33)

I Helicobasidiales

I Septobasidiales
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Juniperus sp. HMAS67
Malus baccata HMAS74424
Malus domestica CUP-20153
Malus domestica CUP-51030
Malus glaucescens CUP-594
Malus domestica CUP-20257
Malus domestica CUP-731
Malus domestica CUP-1553
Malus domestica CUP-21697
Juniperus vir lmana HMAS43709
Malus sp. CUP-20162
Malus domestica CUP-20161
Malus domestica CUP-20164
Juniperus virginiana NYBG23036

Malus coronaria CUP-24473
L Malus angustifolia CUP-24472
Juniperus virginiana NYBG237046
- Juniperus virginiana NYBG237070
Malus ioensis CUP-595
Malus domestica CUP-19919
- Malus coronaria CUP-24468
Malus domestica CUP-882
Malus domestica CUP-20157
Malus domestica CUP-14
Malus domestica CUP-17321

Malus coronaria CUP-45235

Malus domestica CUP-20165
Juniperus virginiana NYBG1391099
Malus coronaria CUP-55712
Malus coronaria CUP-45235
91/1.00, Juniperus virginiana HQ317510

59/0.91
64/0.75

Malus domestica KY964761
-/0.80] Malus domestica CUP-24468
100/1.00 Juniperus sp. AY123289+AF522167
: Juniperus virginiana MG917687+MG907217
7710.95! Juniperus virginiana NYBG461220
Juniperus virginiana KJ720176
100/1.00; Juniperus virginiana KY798387
Pyrus calleryana KY798386
100/1.0071 Juniperus virginiana KJ720184
Juniperus virginiana NYBG3009468
Amelanchier sp. KI720167
Amelanchier canadensis CUP-3087
Malus domestica CUP-19705
84/0.99 Juniperus virginiana KJ720174
Juniperus chinensis HMAS79065
Juniperus chinensis HMAS135611
68/