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真菌概述

真菌(fungus, fungi)是真核的、能产生孢子的、无叶绿素的有机体，以吸收的

方式获取营养，普遍以有性和无性两种方式进行繁殖，菌体通常由丝状、分枝的
体细胞构成，细胞典型地被含几丁质的细胞壁所包裹。

1) 真菌属于真核(eukaryotic)生物，即具有膜包围的含有多条染色体细胞核;
2) 菌体除少数以单细胞(酵母)状态存在外，通常由丝状、分枝的体细胞(称为菌丝hyphae)构成，

菌丝以顶端生长(apical growth)方式生长；

3) 细胞具有细胞壁， 细胞壁通常含有几丁质(chitin)；
4) 营养方式为异养 (heterotrophic)，即需要现成的有机物作为能源和碳源，以吸收(absorb)

的方式获取营养；

5) 以有性和无性两种方式产生进行繁殖，产生形态多样并适于传播或逆境生存的孢子(spores)繁
殖体。
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真菌生物多样性：全球物种数估测

• 1.5 million species, estimated based on a fungus to plant ratio 
of 6 : 1 (Hawksworth, 1991). 

• 2 to 11 million species have been estimated existing on Earth  
(Hawksworth & Lücking 2017, Baldrian et al. 2021, Lücking et al. 2021).

• About 155 000 species have been formally described (Bánki et al. 
2023). 

• About 2 000 new species have been described each year in the 
past two decades (Cheek et al. 2020, Bhunjun et al. 2022).



真菌分类的主要依据

• 形态特征 是真菌，尤其是大型真菌分类的基础

• 生理学特征不同糖类化合物的发酵能力、对不同碳氮源化合物的利用能力、
最高生长温度、对外源维生素的依赖性等

• 化学分类特征辅酶Q (Coenzyme Q)、脂肪酸等

• 细胞壁化学组分卵菌细胞壁多糖主要是纤维素，而其他真菌类群则主要含
几丁质

• 蛋白质 全蛋白质提取物的凝胶电泳图谱、或同工酶(isozymes)电泳图谱

• 核酸
– DNA碱基组成、DNA-DNA杂交数据（相似性或相关性）等

– 核糖体RNA (rRNA)基因(rDNA)序列分析：ITS序列已被推荐用于真菌物种鉴定的通用
DNA条形码

– 单拷贝蛋白编码基因：EF1-α，β-tubulin，actin，RPB1, RPB2, MCM7), calmodulin等
– 线粒体的rRNA基因和部分蛋白基因



真菌界(Kingdom Fungi)概念的演变

• 早期真菌被归入植物界
• Whittake (1969)基于组织水平

和营养方式建立了五界系统，将
真菌从植物界中独立出来成为与
动物界和植物界平行的真菌界

• 真菌界包括
– 壶菌门(Chytridiomycota)
– 接合菌门(Zygomycota)
– 子囊菌门(Ascomycota)
– 担子菌门(Basidiomycota)
– 卵菌门(Oomycota) 
– 黏菌类等 基于组织水平和营养方式的五界系统

(Whittake, 1969)



真菌界(Kingdom Fungi)概念的演变

系统演化树，示真菌界和由真菌学者研究的各类生物
(粗体)间的相互关系 (Berbee & Taylor, 1999)

• 主要基于DNA序列的分子系统学研究证实原来
被称为真菌的卵菌(oomycetes)和黏菌(slime 
moulds)等，与其他真菌没有近缘关系，被排
除在真菌界之外。

• 卵菌，丝壶菌和网黏菌与硅藻类和褐藻类构成
一个单元类群，被称为茸鞭生物界 (Kingdom 
Chromista，又称为藻物界)。

• 其他黏菌属于原生动物(Protozoa)。
• 这些生物虽不再被包括在真菌界内，但由于其

在形态学、营养方式和生态学等方面与真菌核
心类群相似，仍然被作为广义上的真菌由真菌
学家来研究。

• 壶菌、接合菌、子囊菌和担子菌构成一个单元
类群，成为真菌界的核心成员。



http://aftol.org/

http://aftol.org/


Phylogeny of the kingdom Fungi using bayesian
analysis of the combined six-gene data set (18S, 
28S and 5.8S rRNA; EF1α, RPB1 and RPB2).

James et al. 2006. NATURE 443:818-822



Hibbett DS et al. (67 authors). 2007. A higher-level phylogenetic classification of the 
Fungi. Mycol Res 111: 509–547

Kingdom FUNGI
(basal fungi)
Phylum 

CHYTRIDIOMYCOTA
NEOCALLIMASTIGOMYCOTA
BLASTOCLADIOMYCOTA
MICROSPORIDIA
GLOMEROMYCOTA

Subphylum 
Mucoromycotina
Entomophthoromycotina
Zoopagomycotina
Kickxellomycotina

Subkingdom DIKARYA
Phylum

ASCOMYCOTA
BASIDIOMYCOTA

Assembling the Fungal Tree of Life (AFTOL) Classification



Discovery and Identification of the Cryptomycota

A highly diverse form of eukaryotic life that branches 
with the Fungi, using environmental DNA analyses 
combined with fluorescent detection via DNA probes. 

This clade is present in numerous ecosystems 
including soil, freshwater and aquatic sediments. The 
cells are small eukaryotes of 3–5 μm in length, 
capable of forming a microtubule-based flagellum, but 
do not produce a chitin-rich cell wall. 

Phylogenetic analyses using multiple ribosomal RNA 
genes place this clade with Rozella, the putative 
primary branch of the fungal kingdom.

2011, Nature



In the current classification, 8 phyla, 12 subphyla, 
and 46 classes within the fungal kingdom are 
recognized.

Microbiol Spectrum 5(5): FUNK-0053-2016, 2017. 
DOI:10.1128/microbiolspec.FUNK-0053-2016.

2017



Willis, K. J. (ed.) (2018). State of the World’s Fungi 2018. Report. Royal Botanic Gardens, Kew.

The Fungal Tree of Life (2018)



• Nine subkingdoms 
accommodating 18 phyla 
are accepted.

Phylum-level classification of fungi (Tedersoo et al. 2018)





The Current Status of the Fungal Tree of Life
(James et al., 2020)
Six major groups with 12 phyla of Fungi recognized 
1. Subkingdom Dikarya (双核亚界), composed of Ascomycota (

子囊菌门), Basidiomycota (担子菌门), and Entorrhizomycota
(根肿黑粉菌门). 

2. Mucoromycota (毛霉门), a clade of mostly plant-associated 
taxa with coenocytic hyphae and zygospores, is sister to the 
Dikarya. 

3. Zoopagomycota (捕虫霉门), another clade of fungi primarily 
having coenocytic hyphae and zygospores, is composed of 
three subphyla of fungi in parasitic or predatory (sometimes 
saprobic) association with animals, protists, or other fungi.

4. Blastocladiomycota (芽枝霉门) forms a distinct clade of fungi 
with zoospore ultrastructure with a nuclear cap of ribosomes, 
and it is the only clade in Fungi with alternation of 
haploid/diploid generations.

5. Chytridiomyceta (壶菌亚界) is recognized as a subkingdom 
comprising most zoosporic (flagellated) fungi in the phyla 
Chytridiomycota (壶菌门), Monoblepharidomycota (单毛壶
菌门), and Neocallimastigomycota (新丽鞭毛菌门).

6. Opisthosporidia is possibly a paraphyletic group composed of 
Aphelidiomycota, Cryptomycota (隐菌门)/Rozellomycota (罗
兹壶菌门), and Microsporidia (微孢子虫菌门). These 
endoparasites are the basal branch(es) of Fungi.



Described species of 
fungi in each phyla

• Most of the described species 
(~97%) are concentrated in 
Ascomycota (子囊菌门) and 
Basidiomycota (担子菌门)



Fungal Barcoding Consortium：共有来
自全世界 74 间实验室或机构的 149 位作
者，其中 8 位来自国内实验室

Bai, Feng-Yan 
Cai, Lei 
Cai, Qing 
Ge, Zai-Wei

Guo, Liang-Dong 
Wang, Qi-Ming 
Yang, Zhu L. 
Zhuang, Wen-Ying

真菌物种鉴定通用DNA条形码



常用补充DNA条形码

• LSU rDNA (D1/D2 domain) 
• 单拷贝蛋白编码基因： TEF1/EF1-α，β-tubulin，actin，

RPB1, RPB2, MCM7, calmodulin等
• 不同类群常选用不同的补充条形码

– 酵母菌：LSU D1/D2 (首选条形码) 
– 青曲霉(Penicillium, Aspergillus)：BenA (encoding β-

tubulin), CaM (encoding calmodulin), RPB2
– 镰刀菌(Fusarium)：TEF1, RPB2
– ……



DNA Barcoding Markers for the Yeasts: LSU D1/D2 and ITS
Thresholds for yeast species identification: ~ 99% identity



78: 16–48, 2015



Diversity in the C. gattii/C. neoformans species complex inferred from 
a concatenated data set of 11 loci (Hagen et al., 2015).



Current and proposed species in the 
C. gattii/C. neoformans species complex

Current species name MLST/AFLP PCR/RFLP Proposed species name

C. neoformans var. grubii Clade F, AFLP1
Clade G, 
AFLP1A/VNB
Clade H, AFLP1B

VNI
VNII
VNII

C. neoformans

C. neoformans var. neoformans Clade I, AFLP2 VNIV C. deneoformans

C. neoformans intervariety
hybrid

AFLP3 VNIII C. neoformans x C.
deneoformans hybrid

C. gattii Clade D, AFLP4 
Clade C, AFLP5 
Clade A, AFLP6 
Clade E, AFLP7 
Clade B, AFLP10

VGI 
VGIII 
VGII 
VGIV 
VGIV/VGIIIc

C. gattii
C. bacillisporus
C. deuterogattii
C. tetragattii
C. decagattii

Hagen et al., 2015



K. J. Kwon-Chung Wieland Meyer Jianping Xu

(co-authors: 33)

Recommending using 

• Cryptococcus neoformans species complex      
and 

• Cryptococcus gattii species complex 
as a practical intermediate step

Disadvantages in adopting the new classification system:

(i) An insufficient number of isolates was studied.
(ii) More of the genome needs to be represented
(iii)Models applied for species delineation may not be 

appropriate
(iv)Species designations are too complex (i.e., routine 

identification is impractical)
(v) Species names are confusing
(vi)Names for hybrid and aneuploid strains are not 

readily accommodated



(co-authors: 60)

Advantages of the seven species system:

‒ Stimulating search for further phenotypic and 
genetic differences and similarities between 
the recognized species, yielding new features, 
including differences in drug susceptibility. 

‒ The species can be identified using molecular 
diagnostics and MALDI-TOF MS. 

‒ Ignoring the species impedes deciphering the 
differences among them, which may delay 
future clinical advances. 

‒ More species seem to occur within 
Cryptococcus.



Discrimination between Molecular Types of Cryptococcus 
neoformans and Cryptococcus gattii using MALDI-TOF MS

Cluster analysis of MALDI-TOF MS spectra of C. neoformans
and C. gattii isolates (Posteraro et al., 2012, J. Clin. Microbiol) 



MALDI-TOF MS Enables the Rapid 
Identification of the Major Molecular Types 
within the Cryptococcus neoformans/ C. gattii
Species Complex (Firacative et al., 2012. PLoS
One 7:e37566)

C. neoformans species complex

C. gattii species complex



MALDI-TOF MS 指纹图谱分析
Matrix-Assisted Laser Desorption/Ionization
Time of Flight Mass Spectrometry
基质辅助激光解吸电离飞行时间质谱

Principle (Wieser et al., 2012)



MALDI-TOF MS 微生物鉴定流程

采集 2 - 20 kDa 范围内的信号，主要由核糖体蛋白
(ribosomal proteins)产生，因此稳定且不受培养条
件影响



方法 用时 成本(元/个) 操作复杂程度 通量

传

统

方

法

表型鉴定法 7-14 天 200 操作复杂，需专业人员 低

rDNA 鉴定法 1-2 天 80 操作复杂，需专业人员 低

DNA-DNA 杂交法 1-2 天 1000 操作复杂，需专业人员 5个/天

脂肪酸组分分析法 1-2 小时 1000 需专业人员 10个/天

MALDI-TOF  MS 技术 3-5分钟 4 操作简单，自动化处理 400个/天

MALDI-TOF MS 技术与其他方法比较

优势：耗时短、成本低、通量高

劣势：仪器昂贵，依赖已知种标准菌株数据库



黄曲霉与米曲霉的分类学问题



最臭名昭著的黄曲霉毒素产生真菌

人类高致死率曲霉病的常见病原菌

黄曲霉 与 米曲霉：魔鬼 与 天使

黄曲霉 Aspergillus flavus

 传统发酵食品 (>3000年历史) ：

中国：黄酒、酱油、醋、豆瓣酱、豆豉、白酒(大曲) 等

日本：国菌 Koji（曲），清酒、味增、酱油、醋 等

 美国FDA认定：Generally Recognized as Safe (GRAS)

 研究工具和细胞工厂：高效外源基因表达、翻译后修饰、

酶分泌系统， 高效遗传操作系统

米曲霉 Aspergillus oryzae
Alam et al. 2020



CYA

CYA 37ºC

CYA 42ºC

YES

MEA

DG18

A. flavus
DTO 258-C9

A. oryzae
CBS 100925T

Frisvad et al. 2019

米曲霉
Aspergillus oryzae
(Ahlb.) Cohn, 1884

Samson et al. 2019

黄曲霉
Aspergillus flavus 
Link, 1809



Strain 1           Strain 2            Strain 3            Strain 4           Strain 5           Strain 6            Strain 7 Strain 8           Strain 9            Strain 10           Strain 11

SAB

SG18

CYA

MEA

A. flavus 菌株具有高度形态多样性

形态特征难以区分 A. flavus 和 A. oryzae



常用DNA条形码难以区分A. flavus 和 A. oryzae

Houbraken et al., 2021 Houbraken et al. 2020 Frisvad et al. 2019

A. flavus

A. oryzae 混杂在
A. flavus 菌株中



A. flavus/A. oryzae
系统发育基因组分析

 82株 来 自 日 本5个 制
曲 企 业 的 A. oryzae
形成一个单系分枝，
支持其为A. flavus 驯
养群体的观点

 但 一 些 原 鉴 定 为 A.
flavus的 菌 株 ， 聚 在
了A. oryzae 分枝内，
这些菌株如何定名？

A. flavus

A. flavus

A. flavus

A. oryzae

Watarai et al., 2019



现代青曲霉分类系统承认A. oryzae

附加条件：

①来自发酵或工业环境，

②不产毒素
（Frisvad et al. 2019, Houbraken et al. 2020）

争议：人为性，缺乏充分的科学依据

Aspergillus oryzae 的定义

http://www.indexfungorum.org

认为A. oryzae 是 A. flavus 的异名



“Collectively, these findings challenge the 
conventional differentiation of A. flavus and 
A. oryzae as distinct species and highlight 
their phylogenetic, genomic, and metabolic 
homogeneity, potentially indicating that they 
may indeed belong to the same species.” 



 Holomorph 全型

 Teleomorph 有性型

 Anamorph 无性型

 Synanamorph 共无性型

 Ana-holomorph 无性全型

以前复型真菌的双重或多重命名现象

真菌命名法规的最新变化



无性型-有性型 Anamorph-Teleomorph Connections

无性型 Anamorph 有性型 Teleomorph
Candida guilliermondii P ichia guilliermondii

Meyerozyma guilliermondii
Candida krusei Issatchenkia orientalis

P ichia kudriavzevii
Candida lusitaniae Clavispora lusitaniae
Cryptococcus neoformans Filobasidiella neoformans
Cryptococcus gattii Filobasidiella bacillispora

同一行内种名虽不一样，却属于同一个种

真菌这种特殊的双重命名系统给非分类学领域在真菌种名的

应用或判断方面带来困难、误解或混乱



例子2 （农大博士论文）

• 红筐里两对种名不一致，所以作者认为是不同的种

• 实际上它们是同一种的无性型和有性型名称

一名牌大学博士学位论文



88 位署名者

4 位来自国内



• 共 79 位属名者

• 中国 8 位：

– 其中大陆 2 位，台湾 6 位
Secretary of the Special 
Committee for Fungi, ICBN 
Chairperson of the MSA 
Nomenclature Committee



涉及真菌的命名法规
关键修订

 The title of the Code will be changed
– New title: the International Code of Nomenclature for algae, fungi, and plants (ICN)

 Electronic publication of new names will be permitted
– Publication online in PDF in a electronic publication with an ISSN or ISBN is 

permitted on or after 1 January 2012.
 Latin descriptions no longer required

– Either a Latin or an English description or diagnosis on or after 1 January 2012 is 
required

 One fungus, one name
– Article 59 will be changed, so that different names applying to asexual and sexual 

morphs of the same fungus compete for priority in the same manner. 
• An additional new set of rules will allow lists of widely used names to be protected.

 Registration of fungal names will be required
– Publication of a new fungal name must include a citation of “an identifier issued by 

a recognized repository”, at present the MycoBank number, in order to be validly 
published

澳大利亚 墨尔本，2011. 7. 23-30



因命名法规改变引起的种名改变问题

 1F = 1N 新规则的实施将引起大量种名的变动

 虽然常用名称将尽量被保留，但因属的重新划分而
引起的名称变动将难以避免

种名= 属名 (Candida) + 种加词 (albicans)
Species name = Genus name + Specific epithet



The heterogeneous nature of Candida
Saccharomycetales Candida spp.

1 Ascoideaceae
2 Cephaloascaceae
3 Debaryomycetaceae
4 Dipodascaceae
5 Endomycetaceae
6 Lipomycetaceae
7 Metschnikowiaceae
8 Phaffomycetaceae
9 Pichiaceae

10 Saccharomycetaceae
11 Saccharomycodaceae
12 Saccharomycopsidaceae
13 Trichomonascaceae
14 Wickerhamomycetaceae

incertae sedis

 >400 Candida species scatter in 
~15 clades covering at least 9 
families of the 
Saccharomycetales

 In medical mycology, Candida is 
the synonym of pathogenic 
yeast

 Only ~20 Candida species are 
opportunistic pathogens

 Many other Candida species are 
of industrial significance; but a 
name bearing Candida may be a 
obstacle for the application and 
commercialization of the 
products of the species

 Reclassification of Candida
would be welcome from applied 
fields



念珠菌种(Candida species)
在子囊菌酵母系统树上的分布

Candida albicans

Candida auris

Phylogenetic tree constructed based 
on LSU D1/D2 domain sequences



Candida (念珠菌属): 
the most polyphyletic genus of ascomycetous yeasts

434 species in 15 clades covering >10 families.
Candida clade: 30 Candida species.

The other 400+ Candida species must be re-named.

(Also see Daniel et al., 2014, Antonie van Leeuwenhoek 106:67–84)

Candida clade
(type species) 



耳念珠菌Candida auris
• First described from a patient in Japan in 2009 (Satoh 

et al., 2009)
• Resistance to FLU and variable susceptibility to other 

azoles, AMB, and echinocandins
• Emerging as a global nosocomial pathogen, causing 

healthcare-associated invasive infections
• Reported in 27+ countries on five continents, including 

China
• Often misidentified as C. haemulonii and Rhodotorula

glutinis by VITEK and API-20C AUX, respectively
• Robust identification methods:

– 26S rDNA D1/D2 or ITS sequencing
– MALDI-TOF MS

• Phylogenetically not belonging to the Candida clade, 
implying its name will inevitable be changed

Wang et al., 2018



(Shen et al., 2016)

Candida clade

Candida auris

Backbone of the 
Saccharomycotina Yeast 
Phylogeny Based on 
Genome-Scale Data



The Saccharomycotina consist of more than 1 200 known 
species which were previously divided into 1 class and 1
order.

Using genome-scale phylogenetic analyses analyses in 
combination with relative evolutionary divergence and 
genome content analyses, an updated classification for the 
Saccharomycotina, including 7 classes and 12 orders is 
proposed. 



(酿造者迷失在野生酵母的命名里)



61(11): e00873-23, 2023
DOI: 10.1128/jcm.00873-23



Recommended names of partial pathogenic yeasts for clinical use

Classical name Alternative name Recommended name
Candida albicans Candida albicans

Candida auris Candida auris

Candida glabrata Torulopsis glabrata, Nakaseomyces
glabratus

Candida glabrata or 
Nakaseomyces glabratus

Candida guilliermondii Pichia guilliermondii, Meyerozyma
guilliermondii

Candida guilliermondii or 
Meyerozyma guilliermondii

Candida haemulonis (?) Torulopsis haemulonis, Candida haemuloni, 
Candida haemuli

Candida haemuli
(member of C. haemuli complex)

Candida krusei Issatchenkia orientalis, Pichia kudriavzevii Candida krusei or Pichia kudriavzevii

Candida lusitaniae Clavispora lusitaniae Candida lusitaniae or Clavispora lusitaniae

Candida parapsilosis Candida parapsilosis

Candida rugosa Diutina rugosa Candida rugosa or Diutina rugosa

Candida tropicalis Candida tropicalis

Cryptococcus gattii Cryptococcus gattii

Cryptococcus neoformans Cryptococcus neoformans

Trichosporon asahii Trichosporon asahii

Trichosporon dermatis Cutaneotrichosporon dermatis Trichosporon dermatis or Cutaneotrichosporon
dermatis







How to find or verify the current scientific name of a 
fungus

Simply enter a name or synonym in one of the databases:

• MycoBank
– https://www.mycobank.org/page/Basic%20names%20search

• NCBI Taxonomy
– https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi

• Species Fungorum
– http://www.speciesfungorum.org/Names/Names.asp

• The Yeasts 
– https://theyeasts.org/



Fungi (真菌界); Dikarya (双核亚界); Ascomycota (子囊菌门); Saccharomycotina (酵母亚门); Saccharomycetes (酵母
纲); Saccharomycetales (酵母目); Debaryomycetaceae (德巴利酵母科); Meyerozyma (梅耶酵母属)
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