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Abstract

Mucor species are fast-growing filamentous fungi, widespread in natural ecosystems. As
opportunistic pathogens, some species can cause mucormycoses in humans and animals, while
others hold significant economic value in food fermentation and bioengineering. In this study, four
novel species were identified from soil samples collected in Xizang and Yunnan, China, based on
molecular data, morphological characteristics, and maximum growth temperatures. These novel
species are characterized as M. globosporus sp. nov. producing globose chlamydospores, M. inflatus
sp. nov. distinguished by swelling in the sporangiophores, M. polymorphus sp. nov. differentiated by
polymorphic chlamydospores, and M. xizangensis sp. nov. featuring its collection in Xizang
Autonomous Region. Comprehensive descriptions of each novel taxon are presented herein,
encompassing fungal nomenclature registration codes, morphological characterization, micrographic
illustrations, designated type specimens, etymological elucidation, maximum growth temperature
parameters, and taxonomic comparative analyses. This study constitutes the ninth installment in an
ongoing series elucidating early-diverging fungal diversity in China, expanding the understanding
of the phylogeny of Mucor fungi and extending the worldwide number of known Mucor species to
137.
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1. Introduction

The genus Mucor, a group of fast-growing early-diverging fungi, is species-rich and distributed
widely in natural ecosystems [1,2]. It is commonly found in soil, air, herbivore dung, insects,
necromass of animals and plants, and other damp environments [3-6]. As coprophilic fungi, some
species serve as pioneer decomposers during fecal decomposition, significantly contributing to
material cycling in ecosystems through mediating the biogeochemical cycles of carbon and nitrogen
[7,8]. Some species are opportunistic pathogens of animals causing cutaneous mucormycoses in
humans, especially in immunocompromised individuals [9-11]. Several Mucor species can also
induce decay in artificial materials and food [3]. However, certain Mucor species exhibit significant
application value in food industries, frequently used for fermenting soybean products, cheeses, and
other foods [12,13]. And certain species play an important role in bioengineering by producing
various enzymes such as lipases, proteases, phytases, cellulases, and uricases, which are vital for
biocatalytic processes and industrial applications [14-20].

The genus was originally described by Fresenius in 1850 [21], and characterized by simple or
branched sporangiophores arising directly from substrates, non-apophysate and globose sporangia
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with persistent or deliquescent, incrusted sporangial walls, and zygospores borne on opposed or
apposed suspensors [22,23]. However, the morphological classification of Mucor remains contentious.
For example, traditional taxonomic literature historically differentiated Rhizomucor from Mucor based
on rhizoids [24,25], but recent molecular studies demonstrate that certain Mucor species also produce
rhizoids (e.g., Mucor changshaensis) [5,26,27]. This explains why some Mucor species were
misclassified into the genus Rhizomucor. Most Mucor species are mesophilic, exhibiting optimal
growth at 20-30°C and survival within 10-42°C [28]. By contrast, a minority are psychrophilic,
characterized by an optimal growth temperature of approximately 15°C, a minimum growth
temperature capable of reaching 0°C, and a maximum growth temperature in the vicinity of 20°C
[29,30].

Since its formal inclusion in Linnaeus’ Species Plantarum (1753) [31], the genus Mucor has
witnessed continuous taxonomic refinements, from the initial morphological delineation to the
contemporary phylogenetic reclassification. In 2018, Wijayawardene et al. stated that among more
than 300 literature-recorded Mucor species, only approximately 60 species were valid or could be
validated [32]. Recent taxonomic revisions integrating phylogenetic analyses and morphological
characters have led to the systematic reclassification of multiple species previously assigned to Mucor
into other genera [11]. Nevertheless, the discovery and formal description of novel species in recent
years have further enriched the taxonomic diversity of the genus Mucor [5,27,33-35]. Currently, 133
species are accepted (https://www.catalogueoflife.org/, accessed on 30 June 2025).

During the investigation of soil fungal diversity in China, eight strains were classified into four
new Mucor species based on ITS-LSU-RPB1 molecular data, morphological characteristics, and
maximum growth temperatures. Phylogenetic trees, detailed descriptions, and photographs of these
new taxa are presented herein. This is the ninth report of a serial work on diversity of Chinese early-
diverging fungi [36-43].

2. Materials and Methods

2.1. Sample Collection and Strain Isolation

Soil samples were collected from Xizang and Yunnan in China in 2022 and 2024. Subsequently,
strains were isolated following the plate dilution method and single spore isolation method described
in previous studies [44,45]. In short, 1 g of soil sample was weighed and suspended in 10 mL of sterile
water to prepare a soil suspension with a concentration of 10'. Accurate 1 mL of this suspension was
transferred to 9 mL sterile water and mixed thoroughly to obtain a soil suspension with a
concentration of 102. Serial dilutions were continued to prepare soil suspensions at concentrations of
10? and 10 About 200 uL of 10 and 10 soil suspensions were drawn by a sterile pipette and spread
evenly onto the surface of Rose Bengal Chloramphenicol agar [46] (RBC: peptone 5.00 g/L, glucose
10.00 g/L, MgSO4-7H20 0.50 g/L, KH2PO4 1.00 g/L rose bengal 0.05 g/L, chloramphenicol 0.10 g/L, agar
15.00 g/L) containing 0.03% streptomycin sulfate. The coated plates were incubated in the dark at
25°C for 3-5 d. After sporangia produced, individual spores were picked under a stereomicroscope
(Olympus SZX10, OLYMPUS, Tokyo, Japan) using a sterile inoculation loop and inoculated onto
Potato Dextrose Agar (PDA: 200 g potato, 20 g dextrose, 20 g agar, 1000 mL distilled water, pH 7.0).
The inoculated PDA plates were incubated at 25 °C in the dark. Strains were purified and stored with
10% glycerol at 4°C.

The type strains were deposited at the China General Microbiological Culture Collection Center,
Beijing, China (CGMCC) and duplicated at Shandong Normal University, Jinan, China (XG). The
dried specimens were stored at the Herbarium Mycologicum Academiae Sinicae, Beijing, China
(Fungarium, HMAS). Taxonomic information of these new taxa was submitted to the fungal name
database (https://nmdc.cn/fungalnamesy/).
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2.2. Morphology and Maximum Growth Temperature

A high-definition color digital camera (DP80, Olympus, Tokyo, Japan) was used to record the
macroscopic morphological characteristics, and a stereomicroscope (Olympus SZX10, Olympus,
Tokyo, Japan) and an optical microscope (BX53, Olympus, Tokyo, Japan) were employed to observe
microscopic features. After that, Adobe Photoshop was employed for typesetting images of different
microstructures, and Digimizer software was systematically utilized to measure various dimensional
parameters of microstructures.

The maximum growth temperature was performed following the methodology described by
previous study [47-49]. To determine the maximum growth temperature of the target fungal strain,
the strain was initially cultured at 26°C for 3 d, followed by a controlled daily temperature increase
of 1°C until colony formation halted. Three independent parallel replicates were incorporated in the
design for statistical reliability.

2.3. DNA Extraction, PCR Amplification, and Sequencing

After the target strains were incubated at 26°C for 5-7 d on PDA solid medium plates, cell total
DNAs were extracted from the mycelia using the BeaverBeads Plant DNA Kit [50] (Cat. No.: 70409-
20; BEAVER Biomedical Engineering Co., Ltd., Suzhou, China). Genomic loci ITS, LSU, and RPB1
were amplified by polymerase chain reaction (PCR) using the primer pairs ITS4/ITS5 [51], LROR/LR7
[52], and RPB1-Af/RPB1-Cr [53], respectively (Table 1). PCR amplification was carried out using a
25uL reaction system, including 12.5uL of 2xHieff Canace®Plus PCR Master Mix (Yeasen
Biotechnology, Shanghai, China, Cat No. 10154ES03), 10 uL. ddH2O, 1 uL of each of the forward and
reverse primers (10 uM) (TsingKe, Beijing, China), and 1 uL fungal genomic DNA template. The
amplification products were detected by 1% agarose gel electrophoresis, and the band specificity was
observed after staining with TS-GelRed Nucleic Acid Gel Stain (10,000 x in water; TSJ002; Beijing
Tsingke Biotech Co., Ltd., Beijing, China). Gel recovery was carried out using a Gel Extraction Kit
(Cat# AE0101-C; Shandong Sparkjade Biotechnology Co., Ltd., Jinan, China). DNA sequencing was
performed by the Biosune Company Limited (Shanghai, China). Consensus sequences were obtained
through MAFFT v.7.0 alignment, and assembled with MEGA v.7.0. Then all sequences were
uploaded to the GenBank database, with the accession numbers provided in Table S1.

Table 1. PCR primers and programs used in this study.

PCR
Loci . Primer sequence (5" - 3") PCR cycles References
primers
TS5 GGA AGT AAA AGT CGT AAC 95°C 5 min; (95°C 30 s,

ITS — AAGG 55°C 30's, 72°C 1 min) x 35 [51]
TCCTCC GCT TATTGATAT GC  cycles; 72°C 10 min
95°C 5 min; (95°C 50 s,
LROR GTA CCCGCT GAACTT AAGC
LSU 47°C 30 s, 72°C 1.5 min) x [52]
LR7 TAC TAC CAC CAA GATCT
35 cycles; 72 °C 10 min
RPBAS GAR TGY CCD GGD CAY TTY GG 95°C 3 min; (94°C 40 s,
RPB1 RPB.C CCN GCD ATNTCRTTRTCC ATR  60°C 40 s, 72°C 2 min) x 37 [53]
-Cr
TA cycles; 72 °C 10 min

2.4. Phylogenetic Analyses

The phylogenetic analyses were constructed based on concatenated ITS-LSU-RPB1 sequences,
using both the Maximum Likelihood (ML) and Bayesian Inference (BI) methods. The optimal
evolutionary model of each locus was determined by MrModelTest v2.3 [54], and subsequently
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applied in the Bayesian inference (BI) analysis. The ML analysis was conducted using RAXML-HPC2
on XSEDE v.8.2.12 on the CIPRES Science Gateway platform (https://www.phylo.org/, accessed on
30 June 2025), with 1,000 bootstrap replicates [55]. The BI analysis was conducted on a Linux system
server, with a quick start configured with an automatic stop option. Bayesian inference consisted of
five million generations with four parallel runs, employing stopping rules and sampling frequencies
of 100 generations [56]. The burn-in score was set to 0.25, and the posterior probability (PP) was
determined based on the remaining trees. The evolutionary trees were uploaded to the iTOL website
(https://itol.embl.de, accessed on 30 June 2025) for layout and adjustment. The final beautifications
were carried out using Adobe Illustrator CC 2019.

3. Results
3.1. Phylogeny

The molecular dataset included 83 strains in total, consisting of 46 Mucor species, with
Backusella lamprospora CBS 118.08 as an outgroup. The dataset consisted of 3,290 characters, covering
ITS rDNA (1-1,172), LSU rDNA (1,173-2,283), and RPB1 (2,284-3,290). Among them, 1,808 characters
were constant, 246 variable characters were parsimony-uninformative, and 1,236 characters were
parsimony-informative. The results of the MrModelTest analysis indicate that the Dirichlet base
frequencies and the GTR + 1+ G evolutionary model are suitable for the two partitions in the Bayesian
inference. The topology of the Maximum Likelihood (ML) tree, consistent with that of the Bayesian
Inference (BI) tree, was chosen as a representative for detailed illustration (Figure 1). Eight strains of
Mucor isolated in this study were divided into four independent clades: M. globosporus (MLBV=100,
BIPP=1.00), M. inflatus (MLBV=100, BIPP=1.00), M. polymorphus (MLBV=100, BIPP=1.00), M.
xizangensis (MLBV=100, BIPP=1.00). As for phylogentic relationship, M. globosporus was closely
related with M. moniliformis, M. inflatus and M. xizangensis are sister to each other, and M. polymorphus
basal to M. inflatus and M. xizangensis.
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M. xizangensis CGMCC 3.28971*
M. xizangensis XG10424-13-2

M. inflatus CGMCC 3.28968*
M. inflatus XG00398-8-2
M. polymorphus CGMCC 3.28969*

M. polymorphus XG09597-11-2

M. donglingensis CGMCC 3.16139*

M. donglingensis XY 08501

M. moniliformis XY07458

M. moniliformis CGMCC 3.16147*
M. globosporus CGMCC 3.28970*
"I M. globosporus XG09770-10-2

M. aseptatophorus MFLUCC 21-0040*

M. luteus CBS 243.35*
M. fusiformisporus XY08153

M. fusiformisporus XY08154

M. fusiformisporus XY08117

M. fusiformisporus CGMCC 3.16141*

M. hemisphaericum CGMCC 3.16143*

M. merdicola URM 7222*

M. irregularis CBS 700.71*

M. breviphorus CGMCC 3.16135*

M. irreguiaris CBS 103.93

M. homothallicus CGMCC 3.16144*

M. homothallicus XY08967

M. endophyticus CBS 385.95*

M. lobatus XY07029

M. lobatus CGMCC.16146*

M. hiemalis CBS 201.65*

M. japonicus CBS 154.69

M. paraoranfomantidis CNUFC CY206
M. sp. CBS 334 71

M. paraorantomantidis CNUFC CY205*

M. orantomantidis CNUFC-MID1-1*
M. orantomantidis CNUFC-MID1-2
M. cheongyangensis CNUFG ICL1*

M. cheongyangensis CNUFC ICL2

M. orientalis CGMCC 3.16148*

M. nidicola XY08161

M. siivaticus CBS 412.71*

M. atramentarius XY06751

M. atramentarius CBS 202.28*

M. albicotonia CNUFC CY2311

100884
— M. albicolonia CNUFC CY2028
M. albicolonia CNUFC CY2027*
M. gigasporus CBS 566.91*
bt [M. gigasporus CBS 383.95
r M. guifliermondii CBS 174.27*
‘ M. chuxit is NYNU 174111

g

a0

o

M. zonatus CBS 148.69*
+— M. moelieri CBS 444.65
M. aligarensis CBS 993.70*
M. atramentarius XY07583
M. flavus CBS 234.35%
M. flavis CBS 126.70
e M. robustus XY08976
| M. robustus CGMCC 3.16151*
M. robustus XY09024
M. saturninus CBS 974.68*
M. saturninus CNUFC 101
M. sino-saturninus CGMCC 3.16152*
M. rongii CICC 41725
M. flavus CBS 230.35
M. minutus CBS 586.67
M. mucedo CBS 836.73
M. mucedo CBS 640.67*
M. cryophilus CNUFC CHS1*
M. piriformis CBS 527.68
M. piriformis CBS 169.25*
M. strictus CBS 100.66
M. plasmaticus CBS 275.49
M. piasmatictis CBS 402.73
M. heterogamus CBS 405.58*
M. heterogamus CBS 338.74
M. bacitiiformis CBS 573.70

_‘m—le. bacilliformis CBS 251.53*
M. abundlans CBS 521.66
M. abundans CBS 388.35*
M. durus CBS 156.51*
M. giutinatus CNUFC CY2012*
M. glutinatus CNUFC CY2016

—— M. silvaticus CBS 249.35
B. lamprospora CBS 118.08*
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Figure 1. Maximum Likelihood (ML) phylogenetic tree of Mucor based on ITS, LSU, and RPB1 sequences, with
Backusella lamprospora as outgroup. Nodes are labeled with ML bootstrap values (MLBV 2 70%) and Bayesian
inference posterior probabilities (BIPP > 0.9), separated by a slash “/”. Ex-type or ex-holotype strains are
indicated in bold black and marked with an asterisk “*”. Strains isolated in this study are shown in red. The scale

bar in the lower left represents 0.1 substitutions per site.

3.2. Taxonomy
3.2.1. Mucor globosporus Z.Y. Ding, H. Zhao & X.Y. Liu, sp. nov., Figure 2

Fungal Names—FN ######. (to be applied after review)

S | — f © g '\‘ —_— j . | O—Q.CZ

Figure 2. Mucor globosporus ex-holotype CGMCC 3.28970. (a, b) Colonies on PDA, (a) obverse, (b) reverse; (c, d)
sporangia; (e-g) columellae; (h, i) chlamydospores; (j) rhizoids; (k) sporangiospores. Scale bars: (c-k) 10 pm.

Type—China, Yunnan Province, Xishuangbanna Dai Autonomous Prefecture, Menghai County,
Mengman Town, G219 (West Scenic Line) (22°08'01"’N, 100°18’87"’E, altitude 1,367.38 m), from soil,
6 July 2024, Z.Y. Ding, holotype HMAS 354077, ex-holotype living culture CGMCC 3.28970 (=
XG09777-10-1).

Etymology—The epithet globosporus (Lat.) refers to globose chlamydospores in this species.

Description—Colonies on PDA at 26°C for 3 d, reaching 85 mm in diameter, rapidly growing
with a growth rate of 28.3 mm/d, initially white, gradually becoming black-brown, floccose. Hyphae
flourishing, occasionally branched, hyaline, aseptate when young, septate with age, radial growth.
Rhizoids present, but rare. Stolons absent. Sporangiophores arising from substrate and aerial hyphae,
erect or few slightly bent, unbranched, hyaline, occasionally with a swelling, 4.8-14.3 um wide.
Sporangia globose, pale yellow to light brown, 16.6-76.1 um in diameter. Collars present or absent,
if present usually distinct and large. Columellae subglobose, globose, ellipsoidal, hyaline or
subhyaline, smooth-walled, 52-30.2 um long and 4.5-27 um wide. Apophyses absent.
Sporangiospores usually ovoid, rarely globose, 3.0-5.1 um long and 2.6-3.7 pm wide.
Chlamydospores rare, globose, 6.6-11.3um long and 6.6-11.2 um wide. Zygospores absent.

Maximum growth temperature—32°C..

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Additional strains examined—China, Yunnan Province, Xishuangbanna Dai Autonomous
Prefecture, Menghai County, Mengman Town (22°11'02”’N, 100°17'22"E, altitude 1,492.96 m), from
soil, 6 July 2024, Z.Y. Ding, living culture XG09770-10-2.

GenBank accession numbers—CGMCC 3.28970 (ITS, PV819211; LSU, PV833754; RPBI,
PX048331), XG09770-10-2 (ITS, PV819212; LSU, PV833755; RPB1, PX048332).

Notes—Based on the ITS-LSU-RPB1 phylogenetic tree, two strains of the Mucor globosporus sp.
nov. formed a fully supported lineage (Figure 1), which is sister to M. moniliformis. Morphologically,
the new species is distinguished from M. inflatus in sporangia, columellae, chlamydospores and
rhizoids. The new species is larger than M. moniliformis in sporangia (16.6-76.1 pm vs 18.0-64.5 um).
The new species produces subglobose, globose and ellipsoidal columellae, while M. moniliformis only
has the first two shapes. The chlamydospores of the new species are only globose, while M.
moniliformis exhibits various shapes including ellipsoidal, ovoid, subglobose, globose or irregular.
Additionally, rhizoids are present in the new species, whereas they are absent in M. moniliformis [27].

3.2.2. Mucor inflatus Z.Y. Ding, H. Zhao & X.Y. Liu, sp. nov., Figure 3

Fungal Names—FN ######. (to be applied after review)
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Figure 3. Mucor inflatus ex-holotype CGMCC 3.28968. (a, b) Colonies on PDA, (a) obverse, (b) reverse; (c, d)
sporangia; (e-g) columellae; (h) chlamydospores; (i) sporangiospores. Scale bars: (c—i) 10 um.

Type—China, Xizang Autonomous Region, Xigaze City, Jilong County (The latitude and
longitude are not clear, altitude 3,040 m), from soil, 1 August 2022, Z.Y. Ding, holotype HMAS 354075,
ex-holotype living culture CGMCC 3.28968 (= XG00398-8-1).

Etymology—The epithet inflatus (Lat.) refers to producing swelling in the sporangiophores.

Description—Colonies on PDA at 26°C for 9 d, reaching 77 mm in diameter, slowly growing
with a growth rate of 8.56 mm/d, initially white, gradually becoming Cream yellow with age, floccose.
Hyphae flourishing, usually unbranched, hyaline, occasionally septate, radial growth. Rhizoids
absent. Stolons absent. Sporangiophores arising from substrate and aerial hyphae, erect or few
slightly bent, unbranched, hyaline, sometimes accompanied by a swelling, 5.0-15.8 um wide. Septa
sometimes present in sporangiophores. Sporangia globose, pale yellow to pale brown, 33.8-70.0 pum
in diameter. Collars present, usually small. Columellae globose, ellipsoidal, pyriform, hyaline or

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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subhyaline, smooth-walled, 10.1-40.0 pum long and 7.5-39.7 pum wide. Apophyses absent.
Sporangiospores mainly fusiform and ellipsoidal, occasionally irregular, 5.4-18.0 um long and 3.3—-
7.8 um wide. Chlamydospores produced in substrate hyphae, ellipsoidal or irregular, occasionally
present, 6.3-16.8 um long and 8.1-12.5 um wide. Zygospores absent.

Maximum growth temperature—30°C .

Additional strains examined—China, Xizang Autonomous Region, Xigaze City, Jilong County
(The latitude and longitude are not clear, altitude 3,040 m), from a soil sample, 1 August 2022, Z.Y.
Ding, living culture XG00398-8-2.

GenBank accession numbers—CGMCC 3.28968 (ITS, PV819207; LSU, PV833750; RPBI,
PV889321), XG00398-8-2 (ITS, 819208; LSU, PV833751; RPB1, PV889322).

Notes—In the phylogenetic tree of ITS-LSU-RPBI, two strains of the Mucor inflatus sp. nov.
formed a fully supported independent clade (Figure 1), which is closely related to M. xizangensis.
Morphologically, the new species differs from M. xizangensis in sporangiophores, sporangia,
sporangiospores, and chlamydospores. It occasionally forms a swelling on sporangiophores, while
M. xizangensis does not. It is larger than M. xizangensis in sporangia (33.8-70.0 pum vs 23.3-58.6 pm).
In sporangiospores and chlamydospores, it differs from M. xizangensis by larger size and more
shapes. Specifically, it produces predominantly fusiform and ellipsoidal sporangiospores (5.4-18.0 x
3.3-7.8 um) and ellipsoidal or irregular chlamydospores (6.3-16.8 pm x 8.1-12.5 um), whereas M.
xizangensis forms mainly ellipsoidal sporangiospores (3.9-8.4 x 2.4-49 pm) and globose
chlamydospores (4.0-11.1 um x 3.9-10.7 um). Physiologically, the maximum growth temperature of
the new species is 1°C lower than that of M. xizangensis (30°C vs 31°C).

3.2.3. Mucor polymorphus Z.Y. Ding, H. Zhao & X.Y. Liu, sp. nov., Figure 4
Fungal Names—FN ######. (to be applied after review)

AN (
e —_— f - g — e | —_— —
Figure 4. Mucor polymorphus ex-holotype CGMCC 3.28969. (a, b) Colonies on PDA, (a) obverse, (b) reverse; (c,

d) sporangia; (e-g) columellae; (h, i) chlamydospores; (j) sporangiospores. Scale bars: (c—j) 10 um.

Type—China, Yunnan Province, Puer City, Simao District, Yixiang Town, Yutang Section,
Longlongba Jinyu Tea Estate (22°68'48"'N, 101°07’32"’E, altitude 1,549.97 m), from soil, 5 July 2024,
Z.Y. Ding, holotype HMAS 354076, ex-holotype living culture CGMCC 3.28969 (= XG09597-11-1).
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Etymology—The epithet polymorphus (Lat.) refers to the polymorphic chlamydospores in this
species.

Description—Colonies on PDA at 26°C for 3 d, reaching 85 mm in diameter, rapidly growing
with a growth rate of 28.3 mm/d, initially white, gradually becoming yellowish-brown with age,
floccose. Hyphae flourishing, unbranched, hyaline, aseptate when juvenile, septate with age, radial
growth. Rhizoids absent. Stolons absent. Sporangiophores arising from substrate and aerial hyphae,
erect or few slightly bent, occasionally branched, hyaline, 2.2-14.4 um wide. Septa sometimes present
in sporangiophores. Sporangia globose, pale yellow to light brown, 36.7-49.0 um in diameter. Collars
present or absent, usually small. Columellae globose, ovoid, ellipsoidal, hyaline or subhyaline,
smooth-walled, 5.1-28.3 um long and 5.8-24.1 um wide. Apophyses absent. Sporangiospores usually
fusiform, 3.7-7.0 um long and 1.9-3.6 um wide. Chlamydospores produced in substrate hyphae, in
chains, globose, ovoid, cylindrical or irregular, 4.5-17.2 um long and 3.9-13.9 um wide. Zygospores
absent.

Maximum growth temperature—31°C .

Additional strains examined—China, Yunnan Province, Puer City, Simao District, Yixiang
Town, Yutang Section, Longlongba Jinyu Tea Estate (22°68'48"'N, 101°07’32"’E, altitude 1,549.97 m),
from soil, 5 July 2024, Z.Y. Ding living culture XG09597-11-2.

GenBank accession numbers—CGMCC 3.28969 (ITS, PV819209; LSU, PV833752; RPBI,
PV948857), XG09597-11-2 (ITS, PV819210; LSU, PV833753; RPB1, PV948858).

Notes—Based on the ITS-LSU-RPB1 phylogenetic tree, two strains of the Mucor polymorphus sp.
nov. formed a fully supported clade (Figure 1), which is closely related to M. inflatus and M.
xizangensis. Morphologically, the new species is distinguished from M. inflatus and M. xizangensis by
sporangiophores, columellae, sporangiospores, and chlamydospores. Compared with M. inflatus, the
new species exhibits thinner sporangiophores (2.2-14.4 um vs 5.0-15.8 pm), smaller columellae (5.1-
28.3 x 5.8-24.1 um vs 10.1-40.0 x 7.5-39.7 um), and smaller sporangiospores (5.1-28.3 x 1.9-3.6 yum vs
54-18.0 x 3.3-7.8 um). Moreover, the new species produces globose, ovoid, and ellipsoidal
columellae and fusiform sporangiospores, while M. inflatus forms globose, ellipsoidal, and pear-
shaped columellae and fusiform or ellipsoidal sporangiospores. Regarding chlamydospores, the new
species produces chain-like with globose, ovoid, cylindrical or irregular ones, while M. inflatus forms
ellipsoidal or irregular ones. In contrast to M. xizangensis, the new species features thinner
sporangiophores (2.2-14.4 pum vs 5.0-17.8 um), smaller columellae (5.1-28.3 x 5.8-24.1 pm vs 7.9-30.1
x 7.7-29.4 um), smaller sporangiospores (5.1-28.3 x 1.9-3.6 um vs 3.9-8.4 x 2.4-4.9 um). And M.
xizangensis produces globose, ellipsoidal, ovoid, and pyriform columellae, ellipsoidal
sporangiospores and globose chlamydospores. Physiologically, the maximum growth temperature
of the new species is 1°C higher than those of M. inflatus and the same as those of M. xizangensis.

3.2.4. Mucor xizangensis Z.Y. Ding, H. Zhao & X.Y. Liu, sp. nov., Figure 5
Fungal Names—FN#####. (to be applied after review)
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Figure 5. Mucor xizangensis ex-holotype CGMCC 3.28971. (a, b) Colonies on PDA, (a) obverse, (b) reverse; (c, d)

sporangia; (e-g) columellae; (h) chlamydospores; (i) sporangiospores. Scale bars: (c—i) 10 pm.

Type—China, Xizang Autonomous Region, Nyingchi City and Milin City, close to the Yarlung
Zangbo Grand Canyon (29°64'36”’N, 94°88’53"’E, altitude 2,779.72 m), from soil, 29 August 2024, X.Y.
Liu, holotype HMAS 354078, ex-holotype living culture CGMCC 3.28971 (= XG10424-13-1).

Etymology—The epithet xizangensis (Lat.) refers to the location, Xizang Autonomous Region,
China, where the ex-holotype was collected.

Description—Colonies on PDA at 26°C for 3 d, reaching 85 mm in diameter, rapidly growing
with a growth rate of 28.3 mm/d, initially white, gradually becoming grayish -white, floccose. Hyphae
flourishing, unbranched, hyaline, radial growth. Rhizoids absent. Stolons absent. Sporangiophores
arising from substrate and aerial hyphae, erect or few slightly bent, unbranched, hyaline, 5.0-17.8 um
wide. Sporangia globose, white to light grayish-brown, 23.3-58.6 um in diameter. Collars present or
absent, if present usually distinct and large. Columellae globose, ellipsoidal, ovoid, sometimes
pyriform, hyaline or subhyaline, smooth-walled, 7.9-30.1 um long and 7.7-29.4 um wide. Apophyses
absent. Sporangiospores usually ellipsoidal, 3.9-8.4 um long and 2.4-4.9 um wide. Chlamydospores
produced in substrate hyphae, mainly globose, 4.0-11.1 pm long and 3.9-10.7 um wide. Zygospores
absent.

Maximum growth temperature—33°C .

Additional strains examined—China, Xizang Autonomous Region, Nyingchi City and Milin
City, close to the Yarlung Zangbo Grand Canyon (29°64'36”’N, 94°88'53"E, altitude 2,779.72 m), from
soil, 29 August 2024, Z.Y. Ding, living culture XG10424-13-2.

GenBank accession numbers—CGMCC 3.28971 (ITS, PV819213; LSU, PV833756;, RPBI,
PV973985), XG10424-13-2 (ITS, PV819214; LSU, PV833757; RPB1, PV973986).

Notes—Based on the ITS-LSU-RPB1 phylogenetic tree, two strains of the Mucor xizangensis sp.
nov. formed a fully supported independent lineage (Figure 1), which is closely related to M. inflatus.
Morphologically, the new species differs from M. inflatus in sporangiophores, sporangia,
sporangiospores, and chlamydospores. Specifically, the species does not form swelling on
sporangiophores, while M. inflatus occasionally develops a swelling on these structures. The
sporangia of the new species are smaller than those of M. inflatus (23.3-58.6 um vs 33.8-70.0 um). In
sporangiospores and chlamydospores, the new species was distinguished from M. inflatus by smaller
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size and fewer shapes. More precisely, the new species produces predominantly ellipsoidal
sporangiospores (3.9-8.4 x 2.4-4.9 um) and globose chlamydospores (4.0-11.1 um x 3.9-10.7 pm),
while M. inflatus develops fusiform and ellipsoidal sporangiospores (5.4-18.0 x 3.3-7.8 um) and
ellipsoidal or irregular chlamydospores (6.3-16.8 um x 8.1-12.5 um).

4. Discussion

The first description of the genus Mucor dates back to 1850 [21], and since then its taxonomic
studies have been continuously deepened. In 2016, Spatafora et al. conducted phylogenetic analyses
based on genomic data, segregating the Mucor-lineage fungi from the traditional phylum
Zygomycota and established a distinct phylum, Mucoromycota [2]. This taxonomic revision precisely
defined their phylogenetic position in the fungal kingdom.

Modern fungal taxonomy relies predominantly on molecular data as the primary criterion to
establish new taxonomic groups or evaluate interspecific relationships. Classical morphological
characteristics (e.g., hyphal structure and spore morphology) and physiological traits (e.g.,
temperature tolerance) remain essential supplements for species delimitation. In phylogenetic
research, integrating multigene markers such as ITS, LSU [25,26,57], and protein-coding genes like
RPB1 is crucial for resolving the evolutionary relationships in taxonomically complex lineages [28].
Most Mucor species delimitation studies commonly use ITS and LSU as genetic markers due to their
high availability, while genes like RPBI aid in fine-scale analyses. Phylogenetic inferences via
Maximum Likelihood (ML) and Bayesian Inference (BI) consistently showed that the novel species
occupy stable phylogenetic positions with strong statistical support.

In this study, four novel Mucor species (M. globosporus sp. nov., M. inflatus sp. nov., M.
polymorphus sp. nov. and M. xizangensis sp. nov.) from China were identified through the integration
of molecular data of ITS, LSU, and RPB1, combined with phenotypic observation and physiological
trait assessments. Additionally, a systematic comparison of the morphological characteristics
between these four novel species and their close relatives was performed (Table 2).

Table 2. Morphological characteristics of Mucor species involved in this study.

Species Colonies Sporangiophor Sporangi Columella Sporangiospor Chlamydospor Referenc

es a e es es e
PDA:
26°C3d,
85 mm,
28.3 lobose, mostl
mm/d, pale s hericaly7 3-
initially ~unbranched, yellow to P o globose, 6.6— ,
. . . . 1258 um 14 x7.8- This
white,  hyaline, 4.8-  light . 11.3x 6.6-11.2
globosporus . long  13.4um, with or study
graduall 14.3 um wide brown, . ) pm
without spines,
y 166-76.1 0.7-1.9 um lon,
becomin pm diam. SR &
g black-
brown,
floccose
PDA: globose, .
26°C 9 d globose, Hipsoidal mainly
, ellipsoidal, .
. unbranched, pale P'f fusiform and ~ ellipsoidal or
. mm, pyritorm, . . irregular, 6.3—  This
M. inflatus 856 5.0-15.8 um yellow to 10.1-40.0 x ellipsoidal, 168x81-125  study
wide ale occasionall
mm/d, P 7.5-39.7 Y Hm
brown, irregular, 5.4—
initially pm
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white, 33.8-70.0 18.0 x 3.3-7.8
graduall pum diam. pm
y
becomin
g cream
yellow,
floccose
PDA:
26°C3d,
85 mm,
28.3 globose,
globose, .
mm/d, ovoid, ) )
N pale Hinsoidal in chains,
initia ellipsoidal, :
Y occasionally yellow to P globose, ovoid,
white, smooth-  fusiform, 3.7~ cylindrical or ~ This
polymorphu branched, 2.2-  light .
graduall ) walled, 7.0x1.9-3.6 um irregular, 45-  study
s 14.4 um wide brown, 17.2 x 3.9-13.9
y 5.1-28.3 x oI
36.7-49.0 um
becomin ) 5.8-24.1
pm diam
8 pm
yellowish
-brown,
floccose
PDA:
26°C3d,
85 mm,
283
globose, globose,
mm/d,
white to ellipsoidal,
initially b hed ligh d i
M. white, unbranched, ight ovoid, usually mainly globose, This
. ) 5.0-17.8 um  grayish- pyriform, ellipsoidal, 3.9- 4.0-11.1 x 3.9~
xizangensis graduall ) 107 study
wide brown, 7.9-30.1 x 8.4 x 2.4-4.9 um -/ pm
Y 23.3-58.6 7.7-29.4
becomin
pm diam.  pm
8
grayish-
white,
floccose
PDA: i ;
simply globose, subglobos in chains,
27°C5d, branched lioht 4 4 hvali ellipsoidal,
ranched, i e an ovoid, hyaline .
M. 90 mm, & y ovoid,
. ] somewhere brownor globose, or subhyaline, subglobose,
moniliformi 10 mm [27]
ok slightly dark 15.0-30.5x3.5-5.5x2.5-35 globose or
s igh, i _
& constricted, 6.0- brown 17.0-32.0 pm irregular, 5.5
floccose, 135 . h 17.0 x 7.0-15.5
5 um wide  when m
granulate . " Hm
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, initially old, 18.0-
white 64.5 um
soon diam.

becomin

g buff-

yellow,

reverse
irregular

at margin

Mucor globosporus is closely related to M. moniliformis. In contrast to M. moniliformis, M.
globosporus possesses larger sporangia, distinct columellae and chlamydospores shapes, and rhizoids.
Mucor inflatus and M. xizangensis are sister taxa. Morphologically, M. inflatus exhibits larger
sporangia, and its sporangiospores and chlamydospores are both larger in size and more shapes.
Additionally, M. inflatus occasionally forms swellings on sporangiophores. Mucor polymorphus is
closely related to M. inflatus and M. xizangensis. Compared with the latter two, M. polymorphus has
thinner sporangiophores, smaller columellae, and smaller sporangiospores. Moreover, the shapes of
its columellae, sporangiospores, and chlamydospores differ significantly.

Physiologically, the thermal tolerance thresholds of these novel taxonomic groups were
determined using a temperature gradient cultivation technique. Growth characterization revealed
significant differences in the maximum growth temperatures among the four Mucor new species: M.
globosporus 32°C, M. inflatus 30°C, M. polymorphus 31°C, and M. xizangensis 31°C. These temperature
parameters are consistent with the mesophilic physiological characteristics of most Mucor species.

Over the past five years, at least 45 new species of the genus Mucor have been discovered and
described from diverse habitats such as soil, insects, plants, fungi, Mao-tofu, and animal dung
(http://www.indexfungorum.org/, accessed on 30 June 2025), suggesting that this taxon still has
extensive distribution potential in numerous understudied habitats. The four new species added in
this study have further updated the global recognized species count of the genus to 137. Nowadays,
Mucor is one of the most species-rich groups of Mucorales, with a distribution range covering
multiple countries such as Brazil, Great Britain, the United States, China, South Korea, Finland,
Germany, France, and Thailand, exhibiting a global distribution pattern [23]. Although the species
diversity and distribution range of the genus Mucor have been preliminarily revealed, their ecological
functions remain insufficiently systematically analyzed, and groups in some extreme habitats have
not yet been investigated. This study not only provides new materials for taxonomic research on
Mucor but also further highlights the necessity of continuously exploring their diversity and
ecological functions.
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