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A B S T R A C T

Several human fungal pathogens, including drug-resistant Candida auris and species of the Candida haemulonii 
complex, have emerged over the past two decades, posing new threats to human health. In this study, we report 
the isolation and identification of a novel species belonging to the genus Clavispora, herein named as Clavispora 
sputum, from a clinical sputum sample of a COVID-19 patient. Cl. sputum is phylogenetically closely related to 
fungal pathogens Clavispora lusitaniae (syn. Candida lusitaniae) and C. auris. When grown on CHROMagar Candida 
Plus medium, Cl. sputum exhibited a similar coloration to C. auris strain CBS12372. Cl. sputum was able to 
develop weak filaments on CM medium. Although Cl. sputum and Cl. lusitaniae are phylogenetically closely 
related, comparative genomic and synteny analyses indicated significant chromosomal rearrangements between 
the two species. Although Cl. sputum could not grow at 37 ◦C under regular culture condition, an increased fungal 
burden in the lung tissue of a mouse systemic infection model implies that it could be a potential opportunistic 
pathogenic yeast in humans.

1. Introduction

Emerging fungal pathogens are becoming a new threat to public 
health worldwide [1]. Multiple factors could contribute to the increased 
emergence of novel fungal pathogens in clinical settings, such as the 
increasing use of antifungal chemicals in hospitals (such as azoles or 
echinocandins) and in agriculture (such as trizoles), global warming, 
and ecological disturbances [2–4]. It has been suggested that the 
emergence of the superfungus Candida auris could be a result of global 
warming [4]. Over the past two decades, several drug-resistant fungal 
species related to C. auris (e.g., Candida haemulonii species complex and 
Candida vulturna) have emerged in clinical settings [5–7].

C. auris was first described in 2009, having been isolated from the ear 
discharge of a female Japanese patient [8]. Different genetic clades of 
this fungal pathogen then emerged on different continents almost 
simultaneously and rapidly spread worldwide [9–11]. Due to its high 
mortality rate from bloodstream infections, multidrug resistance, and 
ease of transmission, C. auris has attracted considerable attention from 
both clinical and basic research scientists [9]. The opportunistic path-
ogens Candida haemulonii and Clavispora lusitaniae are phylogenetically 
related to C. auris [9]. Several novel species of the C. haemulonii complex 
were identified in the past decade [12,13]. A common characteristic of 
these species is their intrinsic resistance to multiple antifungal drugs, 
especially azoles [14–16]. Infections caused by these drug-resistant 
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pathogenic fungi have increasingly occurred in recent years [13,16].
In this study, we isolated and identified a novel species of the Clav-

ispora genus from a patient with COVID-19. This species, named Clav-
ispora sputum sp. nov., is phylogenetically closely related to Cl. lusitaniae 
and C. auris. To characterize this species, we performed comparative 
biological and genomic analyses among Cl. sputum and several other 
phylogenetically related species. Our findings indicate that Cl. sputum 
could represent a novel emerging human fungal pathogen.

2. Material and methods

2.1. Strains isolation and DNA sequencing

Three strains were isolated from the sputum samples of a patient 
with COVID-19 in a pulmonary hospital (Shanghai, China) using single- 
colony isolation assay on CHROMagar Candida Plus medium (CHRO-
Magar, Pairs, France). The holotype of new species was deposited in 
China General Microbiological Culture Collection Center (CGMCC). 
Taxonomic nomenclature and descriptions were deposited in Fungal 
Names [17].

Two loci, including the D1/D2 domain of the large subunit (LSU) 
ribosomal RNA gene, and ITS regions were amplified and sequenced. 
Amplification of the LSU regions were performed using primers NL-1 (5′- 
GCATATCAATAAGCGGAGGAAAAG-3′) and NL-4 (5′- 
GGTCCGTGTTTCAAGACGG-3′). The ITS regions were amplified with 
primers ITS1 (5′-GTCGTAACAAGGTTTCCGTAGGTG-3′) and NL-4.

2.2. Phenotypic characterization

The following strains were used in this assay: Clavispora sputum 
(FK184101), Clavispora lusitaniae (FK702, FK969-2), and Candida auris 
(clade I: BJCA001; clade II: CBS12372; clade III: C1; clade IV: SA0386). 
Cells of Cl. sputum, Cl. lusitaniae, and C. auris were initially plated on YPD 
solid medium and incubated for 2 days at 30 ◦C. Activated cells were 
then used for subsequent assay.

Given the close phylogenetic relationship among theses strains, cells 
were streaked onto CHROMagar Candida Plus plates and incubated at 
30 ◦C for 5 days to differentiate the new species from other yeasts. The 
general phenotypes of colonies and cells were observed on YPD, YP (2 % 
peptone, 1 % yeast extract, 2 % agar), and Lee’s Glucose media. 
Approximately 100 cells were plated on these media and cultured at 
25 ◦C or 30 ◦C for 5 days. The ability to form true hyphae and pseudo-
hyphae was investigated on both solid cornmeal (CM) and yeast extract- 
malt extract (YM; 0.3 % yeast extract, 0.5 % peptone, 1 % glucose, 0.3 % 
malt extract, pH 5.0) mediums.

For stress-resistance assay, YPD solid media containing various 
concentrations of NaCl or SDS were used. Each strain was adjusted to 
2.5 × 107 cells/mL, and then 10-fold serial dilutions of cells were spotted 
onto different plates, with each spot containing initial cell counts: 5 ×
104, 5 × 103, 500, 50, and 5.

2.3. Phylogenetic analyses

The MEGA v7 software was used to obtain consensus sequences [18], 
and MAFFT online v7 was used to align different locus [19]. 
Maximum-Likelihood (ML) and Bayesian Inference (BI) methods were 
used to conduct phylogenetic analyses through the CIPRES Science 
Gateway portal [20].

The ML analyses were conducted under the GTRGAMMA + I model 
and 1,000 replicated in RAxML-HPC BlackBox v8.2.12 [21]. The 
Bayesian analyses were performed using MrBayes v3.2.7a [22,23], 
incorporating the best evolutionary models for each gene as determined 
by MrModelTest v2.4 [24]. Four simultaneous Markov Chain Monte 
Carlo chains were used for Bayesian analyses computation, for the first 
dataset, running for 10 million generations with a sampling frequency of 
every 1,000 generations, and the sampling frequency was set to 100 

generations for the other two datasets.
A clade is considered supported if the RAxML Bootstrap support 

value was ≥70 % and the Bayesian PP value was ≥0.95. The resulting 
trees were visualized using FigTree v1.4.2. All sequences generated in 
this study were deposited in GenBank (Table S1), and alignments used 
were uploaded in TreeBASE (submission ID 31589).

2.4. Whole genome sequencing and analysis

Single colonies of Clavispora sputum strains were suspended into 20 
mL YPD liquid medium and incubated at 30 ◦C and 200 rpm in a shaking 
incubator for 24 h. Cl. sputum cells were collected and washed with 
ddH2O, then TIANamp Yeast DNA Kit (TianGen Biotech, Beijing, China) 
was used to extract the genomic DNA. Single-molecule real-time (SMRT) 
sequencing was performed by Beijing Novogene Bioinformatics Tech-
nology Co., Ltd. using the PacBio Sequel SMRT sequencing system (Pa-
cific Biosciences, Menlo Park, CA, USA). The sequence data generated 
from the DNBseq platform were used to correct and refine the PacBio 
assembly sequence. After error-correcting and trimming, the PacBio 
data were assembled and scaffolded using Canu v1.8 software, guided by 
an estimated genome size of 12.5 Mb [25]. The quality of the sixteen 
newly assembled genomes was assessed using Quast v5.0.2 [26]. 
Genome synteny analysis was performed with Mauve 10c [27]. Protein 
coding genes were predicted using AUGUSTUS v3.2.1 [28]. Putative 
open reading frames (ORFs) were searched against the NR database of 
NCBI and the Candida genome database. All genomic raw data were 
deposited in NCBI BioProject PRJNA1133981 (accession no. 
SRR29767006 and no. SRR29767007).

2.5. Phylogenomic tree and gene family analysis

Gene family analyses were conducted across Cl. sputum and 12 other 
species within the subphylum Saccharomycotina. The assembly and 
protein sequences for all species were achieved from the NCBI, including 
Candida albicans (GCA_000182965), Candida auris (GCA_002759435), 
Candida tropicalis (GCA_000006335), Candida glabrata 
(GCA_000002545), Candida parapsilosis (GCA_000182765), Candida 
dubliniensis (GCA_000026945), Candida orthopsilosis (GCA_000315875), 
Clavispora lusitaniae (GCA_000003835), Candida haemulonii 
(GCA_002926055), Candida pseudohaemulonii (GCA_003013735), 
Candida duobushaemuli (GCA_002926085), and Saccharomyces cerevisiae 
(GCA_002057635). Protein orthogroups and orthologs were analyzed 
using OrthoFinder v2.5.5 [29]. Phylogenomic tree and specific protein 
tree were constructed using Raxml-ng v1.2.1 [30], with the best model 
identified using Modeltest-ng v0.1.7 [31].

To compare gene families bewteen Cl. sputum and Cl. lusitaniae, the 
protein sequences of Cl. sputum and the other 12 species were searched 
for PFAM domains using InterProScan v5.31 [32]. The protein counts for 
different gene families were used to construct a clustered heat map using 
pheatmap package in R.

2.6. Antifungal susceptibility testing

Testing to nine antifungal drugs was performed according to the 
NCCLS document M27 [33] and a previous investigation [34]. 
Approximately 1000 cells of each strain were suspended in 200 μL of 
liquid RPMI 1640 medium in a 96-well U-bottom microplate and incu-
bated at 35 ◦C for 24 h. Three biological replicates were performed. 
Candida krusei ATCC 6258 and Candida parapsilosis ATCC 22019 served 
as quality control strains.

2.7. Animal experiments

All animal experiments were performed according to the guidelines 
approved by the Fudan University Animal Care and Use Committe. Four 
female BALB/c mice (6-week-old) were used for systemic infection with 
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each strain. The mice were housed in a P2 laboratory for 7 days of 
acclimation before infection. Each strain was injected into the lateral tail 
vein of the mice at a dose of 2 × 107 cells in 250 μL 1 × PBS. The mice 
were euthanised after 24 h post-infection. Organs were collected, 
weighed, ground, and plated on YPD solid medium with chloramphen-
icol (final concentration, 34 μg/mL) for fungal burden detection.

3. Results

3.1. Case report

A 73-year-old female patient was admitted to a pulmonary hospital 
(Shanghai, China) due to COVID-19 infection and severe pneumonia. 
Before admission, the patient tested positive for COVID-19 persisted for 
as long as 18 days and had a fever over 40 ◦C along with a cough pro-
ducing with white sputum. Chest computed tomography (CT) exami-
nation revealed multiple ground-glass nodular shadows in both lungs. In 
addition, the patient had both hypertension and nephrotic syndrome. 
Considering her severe pneumonia caused by Gram-negative bacilli, she 
was treated with 500 mg nemonoxiacin per day by intravenous injection 
combined with oxygen therapy. After 3 days of treatment, the patient 

tested negative for COVID-19. Her sputum samples were collected and 
subcultured onto CHROMagar Candida Plus culture medium. Three 
yeast-like strains which formed light pink colonies were isolated from 
the medium. Preliminary analysis of ITS sequence indicated that the 
strains belonged to the Clavispora genus. After a total of 7 days of anti- 
infective treatment, the patient got better and was discharged.

3.2. Clavispora sputum is phylogenetically closely related to Clavispora 
lusitaniae and Candida auris

A high-confidence phylogenetic tree was constructed using 45 strains 
from 37 species, with Hyphopichia wangnamkhiaoensis (CBS 11695) as an 
outgroup (Fig. 1). The multi-locus alignment covered 942 bases 
(including gaps) across both gene regions. The optimal nucleotide sub-
stitution model for the ITS was GTR + I + G, whereas SYM + I + G was 
chosen for the LSU. The topology of multi-locus phylogenetic trees ob-
tained from ML and BI analyses was identical. Our analysis indicated 
that the three strains isolated in this study formed a strongly supported 
genealogically distinct clade, which belongs to the Clavispora s.str. clade 
but cannot be assigned to any known species. Moreover, this new species 
exhibited a close relationship with several MDR (Multi-drug resistance) 

Fig. 1. Phylogenic tree of species from Clavispora and allied genera based on combined ITS-LSU regions. The phylogenic tree was constructed using combined 
ITS and LSU ribosomal RNA gene regions. Hyphopichia wangnamkhiaoensis (CBS 11695) was used as the outgroup. The RAxML Bootstrap support values (ML-BS ≥ 70 
%) and Bayesian posterior probabilities (BI-PP ≥ 0.95) are displayed at the nodes (ML-BS/BI-PP). Type strains are indicated with a superscript “T”. Strains of Cl. 
sputum isolated in this study are highlighted in bold. Basionyms are highlighted in green, while synonyms are highlighted in purple. Cl., Clavispora; C., Candida. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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fungal pathogens, including Cl. lusitaniae and C. auris (Fig. 1).

3.3. Taxonomy

Clavispora sputum S.L. Han, L. Cai, Q.S. Zheng & G.H. Huang sp. nov.
Fungal name. FN 571973; Fig. 2.
Etymology. Sputum (Lat., noun) – spittle; named after the substrate, 

sputum, from which the fungus was isolated.
Material examined. China, Shanghai Municipality (E121.5, N31.3), 

from human sputum samples, 20 Oct. 2023, Q.S. Zheng, CGMCC 2.8528 
(= FK184101, holotype designated here, preserved in a metabolically 
inactive state); ibid., FK184102; ibid., FK184103.

Description. On YM medium after 5 days at 25 ◦C or 30 ◦C, colonies 
are white, soft, and round. Cells are ovoid to ellipsoidal (1.5–5.1 ×
1.7–6.2 μm in diameter, Fig. 2A). On CM medium after 5 days at 25 ◦C or 
30 ◦C, colonies are creamy-white, soft, and round. Yeast-form cells are 
ellipsoidal (1.6–5.2 × 2.6–6.2 μm in diameter) and occur singly. 
Pseudohyphae-like cells are formed on CM medium after 5 days at 25 ◦C, 
but no filamentous cells are observed at 30 ◦C (Fig. 2B). Growth is not 
observed both on YM and CM media at 37 ◦C. In addition, Cl. sputum 
grew well on standard media used for culturing other pathogenic 
Candida species, such as YPD, YP, and Lee’s glucose media (Fig. S1B). On 
YPD medium after 5 days at 25 ◦C and 30 ◦C, Cl. sputum cells appeared 
ellipsoidal (1.8-3.8 × 2.7–4.7 μm in diameter). On YP medium (in the 
absence of glucose, Fig. S1B), a portion of Cl. sputum cells were elon-
gated (2.6–3.0 × 9.7–12.0 μm in diameter) when cultured at 25 ◦C.

Note. Cl. sputum shows at least 14 % divergence in the LSU D1/D2 
domains and 24 % divergence in the ITS regions compared to other 
Clavispora species. Morphologically, Cl. sputum formed pastel yellow 
colonies on CHROMagar Candida Plus medium, similar to those pro-
duced by the C. auris strain CBS12372 at 30 ◦C (Fig. S1A). In contrast, Cl. 
lusitaniae formed blue colonies on the same medium. Furthermore, this 
novel lineage cannot grow at 37 ◦C compared with Cl. lusitaniae and 
C. auris.

3.4. Genomic characteristics of Clavispora sputum

To explore the genomic features of Cl. Sputum, we performed deep 
whole-genome sequencing (WGS) and generated a complete genome 
assembly for Cl. sputum strain FK184101. A detailed comparative 
description of the genomic sequences of Cl. sputum and Cl. lusitaniae P1 
(ASM949805v1) is presented in Table 1. The size of the Cl. sputum 
genome was 11.59 Mb, consisting of 8 chromosomes, with the largest 
chromosome being 2.16 Mb. A total of 5,504 genes and 890 introns were 
predicted in Cl. sputum. The G + C content of Cl. sputum was 49.11 %, 
which is much higher than that of Cl. lusitaniae. Genome-wide synteny 

analysis implied that there were many large chromosomal rearrange-
ments between strains Cl. sputum (FK184101) and Cl. lusitaniae (P1). 
About half of the orthologous LCBs were found in the reverse orientation 
(Fig. S2).

3.5. Analysis of virulence-associated genes in Cl. sputum based on 
genomic sequences

Since Cl. Sputum exhibited a close relationship with MDR fungal 
pathogens, we next compared the virulence-associated factors across 
these species. The closely phylogenetic relationship among Cl. sputum, 
Cl. lusitaniae and C. auris was further supported by phylogenomic 
analysis using a concatenated alignment of 2184 single-copy core 
orthologous protein sequences (Fig. S3A). Cl. sputum possessed all the 
common virulence factors previously identified in pathogenic Candida/ 
Clavispora species (Fig. S3B).

Similar to Cl. lusitaniae, Cl. sputum has fewer proteins in several gene 
families, including ferric reductases, secretory lipase, cytochrome 
P450s, OPT transporters, compared to other Candida/Clavispora species. 
Notably, Cl. sputum had the fewest copies of aspartyl protease (8 pro-
teins) and lysophospholipase (3 proteins). Interestingly, Cl. sputum had 
more genes encoding EPA family proteins (19 proteins) compared to Cl. 
lusitaniae. EPA proteins are often associated with adhesion in pathogenic 
fungi, and C. glabrata has the largest number of EPA proteins (27) [35,
36]. Both Cl. sputum and Cl. lusitaniae contained four proteins with the 
Flo11 domain, which is essential for surface adhesion, invasion, and 
pseudohyphae development [37]. This is significantly more than 0–2 
proteins found in other analyzed yeast species. These findings suggest 
that Cl. sputum could be potentially be a human fungal pathogen.

3.6. Growth of Cl. sputum under NaCl and SDS stresses

Interestingly, we found that the optimal temperature for Cl. sputum 
was 30 ◦C, and it was unable to grow at 37 ◦C, the physiological tem-
perature of humans, under regular culture conditions. Since Cl. sputum 
was initially isolated from sputum samples, we next investigated how 
salt stresses affected its growth. As shown in Fig. 3, although Cl. sputum 
did not grow at 37 ◦C on YPD medium, it did grow at 37 ◦C on the same 
medium when supplemented with 0.5 M or 1 M NaCl, with a particularly 
noticeable growth enhancement at 0.5 M NaCl. We then assessed 
whether SDS, which induces osmotic stress similar to NaCl, affected Cl. 
sputum growth. Unlike NaCl, SDS did not promoted Cl. sputum growth at 
high temperatures and actually suppressed cell growth at 25 ◦C (Fig. 3). 
Notably, Cl. lusitaniae and C. auris exhibited different growth patterns 
under these conditions.

Fig. 2. Colony and cellular morphologies of Cl. sputum on YM and CM media. Cl. sputum cells were initially grown on YPD medium at 30 ◦C for 2 days. Cells 
were then streaked onto YM medium agar (A) or CM medium agar (B) and incubated at 25 ◦C or 30 ◦C for 5 days. Scale bar for cells, 10 μm.
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Table 1 
Genome properties for Clavispora sputum and Clavispora lusitaniae.

Species Clavispora sputum Clavispora lusitaniae

Isolates FK184101 P1 P2 P3 P4 P5
Total assembly size (Mb) 11.59 12.08 12.09 12.10 12.10 12.09
Chromosome counts 8 8 8 8 8 8
Largest chromosome (Mb) 2.16 2.45 2.45 2.45 2.45 2.45
N50 (Mb) 1.82 2.01 2.01 2.01 2.01 2.01
N90 (Mb) 0.77 0.74 0.74 0.74 0.74 0.74
GC% 49.11 44.54 44.54 44.54 44.54 44.54
Gene counts (bp) 5,504 5,882 5,886 5,869 5,883 5,892
Ave. gene length (bp) 1539.6 1414.9 1416.5 1414.4 1416.7 1415.4
Intron counts (bp) 890 231 229 229 229 228
Ave. intron size (bp) 157.3 166.2 167.3 167.3 167.3 167.2
Ave. intergenic space distance (bp) 556.5 658.0 658.1 664.7 657.2 658.3

Assembly accessions: ASM949805v1 (P1), ASM949807v1 (P2), ASM949809v1 (P3), ASM949813v1 (P4), ASM949811v1 (P1).

Fig. 3. Growth of Cl. sputum, Cl. lusitaniae, and C. auris on different media in the absence or presence of NaCl and SDS. Cl. lusitaniae (strains FK702 and 
FK969-2), Cl. Sputum (strain FK184101), and C. auris (strains BJCA001, CBS12372, C1, and SA0386) were used. Cells of each strains were initially grown on YPD 
medium for 2 days at 30 ◦C. Fungal cells were then collected, and adjusted to serial dilutions (5 x 104, 5 x 103, 500, 50, or 5 cells in 2 μL ddH2O), and spotted onto 
YPD medium or YPD medium containing NaCl (0.5 M or 1 M) or SDS (0.03 % and 0.05 %). Plates were incubated at 25 ◦C, 30 ◦C, or 37 ◦C for 2 days.

Table 2 
Antifungal susceptibility testing of Cl. sputum, Cl. lusitaniae, and C. auris.

FLC POC ITC VOC AmB CAS AFG MFG 5-FC

Clavispora sputum 2 0.5 0.5 0.03125 1 0.5 0.5 0.5 0.008
Clvaspora lusitaniae 
FK702

0.25 0.5 0.25 <0.008 2 0.5 0.5 0.5 0.02

Clvaspora lusitaniae 
FK969-2

0.5 0.5 0.25 <0.008 1 0.5 0.25 0.5 0.02

Candida auris 
BJCA001

>32 0.5 1 1 2 0.25 0.125 0.5 0.0625

Candida auris 
CBS12373

>32 0.5 1 0.5 1 0.0625 0.0625 0.125 0.125

Candida auris 
C1

>32 0.5 0.5 0.5 2 0.5 1 1 0.125

Candida auris 
SA0386

>32 0.5 1 4 4 0.5 0.5 1 0.125

FLC, fluconazole; POC, posaconazole; ITC, itraconazole; VOC, voriconazole; AmB, amphotericin B; CAS, caspofungin; AFG, anidulafungin; MFG, micafungin; 5-FC, 5- 
fluorocytosine. Minimal inhibitory concentration (MIC, μg/mL) were shown in table.
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3.7. Antifungal susceptibilities of Clavispora sputum

Given that Cl. sputum is closely related to drug-resistant species, such 
as Cl. lusitaniae and C. auris, we performed antifungal susceptibility as-
says on Cl. sputum using the CLSI method. We tested the minimum 
inhibitory concentrations (MICs) of nine antifungals: fluconazole (FLC), 
posaconazole (POC), itraconazole (ITC); voriconazole (VOC), ampho-
tericin B (AmB), caspofungin (CAS), anidulafungin (AFG), micafungin 
(MFG), and 5-fluorocytosine (5-FC). Cl. lusitaniae and C. auris strains 
served as reference strains. As shown in Table 2, the MIC values for FLC 
in Cl. sputum were 4–8 folds higher than those of Cl. lusitaniae but much 
lower than those for C. auris. All three species exhibited low MICs for 
POC, ITC, and VOC. The Cl. sputum strains showed higher MIC values for 
CAS and AFG and a lower MIC value for 5-FC compared to C. auris. In 
addition, all strains had similar MIC values for AmB (1–2 μg/mL) and 
MFG (0.125–0.5 μg/mL). These findings indicate that Cl. sputum exhibits 
a generally similar antifungal susceptibility pattern to Cl. lusitaniae and 
C. auris.

3.8. Clavispora sputum exhibits spleen and lung tropism during systemic 
infections

We next evaluated the virulence of Cl. sputum using a mouse systemic 
infection model, with Cl. lusitaniae and C. auris strains serving as refer-
ences. As shown in Fig. 4, approximately 2 × 107 cells of each strain 
were injected into the mice via the tail vein. After 24 h of infection, the 
fungal burdens of Cl. sputum were significantly lower than those of Cl. 
lusitaniae and C. auris in the animal tissues. However, the tissue tropisms 

differed between Cl. sputum (spleen > lung > liver > kidney > brain) and 
Cl. lusitaniae or C. auris (spleen > liver > kidney > lung > brain). Cl. 
sputum cells showed a notable tropism for the lung and spleen. Given 
that Cl. sputum was original isolation from sputum samples, further 
investigation is needed to determine whether this lung tropism in 
humans is related to its tissue tropism.

4. Discussion

The emergence of pathogenic fungi represents a significant public 
health threat [38]. A recent example is the global rise of the 
multidrug-resistant superbug fungus C. auris [9]. In this study, we report 
the isolation and identification of a novel species, Clavispora sputum, 
from sputum samples. Cl. sputum is phylogenetically closely related to 
the opportunistic fungal pathogens Cl. lusitaniae and C. auris. The 
multidrug-resistant feature of these fungi often results in treatment 
failures. The COVID-19 pandemic has exacerbated the risk for fungal 
infections, further complicating the situation [39]. Notably, we isolated 
Cl. sputum strains from a patient who was positive for COVID-19. Viral 
lung infections or damages can create environments conducive to the 
colonization of emerging pathogenic fungi, increasing the risk of fungal 
infections, particularly in critically ill patients.

Cl. lusitaniae, originally assigned to the teleomorphic state of Candida 
lusitaniae, belongs to the genus Candida/Clavispora within the family 
Metschnikowiaceae and the order Saccharomycetales [40]. Recent 
multi-locus phylogenetic analyses have shown that some species within 
the Clavispora clade are also conspecific with names previously classified 
under the anamorph-typified genus Candida [41]. The ’one fungus, one 

Fig. 4. Fungal burdens of Cl. sputum, Cl. lusitaniae, and C. auris in a mouse systemic infection model. Cl. sputum (strain FK184101), Cl. lusitaniae (strain 
FK702), and C. auris (strain BJCA001) were tested. Approximately 2 × 107 fungal cells of each strain were injected via the tail vein into four mice per strain. Mice 
were euthanised and fungal burdens in the indicated five organs were analyzed after 24 h of infection. (A) Fungal burdens of the three species in different organs. 
Statistical significance between Cl. sputum and the other two species is indicted (*, P < 0.05; **, P < 0.01; ***, P < 0.001; Student’s t-test, two-tailed). (B) Comparison 
of fungal burdens of each species in different organs. Black dots represent CFU data points for each mouse, and the numbers indicate the mean values of the four 
CFUs. Error bars represent standard deviations.
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name’ scheme presents challenges for species traditionally classified 
within these two genera [42–46]. Recently, Liu et al. performed phy-
logenomic and comparative genomic analyses of this group, redefining 
Clavispora in a narrower sense to include only the Clavispora s.str. clade, 
which currently contains nine species: Cl. asparagi, Cl. carvajalis, Cl. 
fructus, Cl. lusitaniae, Cl. opuntiae, Cl. paralusitaniae, Cl. phyllophila, Cl. 
santaluciae and Cl. vitiphila [47]. Meanwhile Cl. Xylosa [46] and Cl. 
reshetovae [48] were transferred to the newly established genera Sun-
gouiella and Danielia, respectively [47]. Based on the close phylogenetic 
relationship between Cl. lusitaniae and the novel species identified in this 
study, as well as the original isolation sources, we have named this novel 
species Clavispora sputum.

Antifungal susceptibility assays revealed that Cl. sputum exhibits 
similar MICs for nine antifungal drugs compared to the Cl. lusitaniae 
strain (Table 2). In contrast to C. auris, Cl. sputum was generally sus-
ceptible to all tested antifungals. It is noteworthy that some clinical 
isolates of C. auris are also susceptible to certain antifungal drugs, such 
as azoles and AmB [49]. Antifungal resistance can evolve due to expo-
sure of fungal cells to antifungal drugs, and rapid development of 
resistance has been observed in both Cl. lusitaniae and C. auris [34,50]. 
Therefore, it is crucial to monitor the emergence of antifungal resistance 
in Cl. sputum in future studies.

Morphological analysis indicates that Cl. sputum cells are similar to 
those of Cl. lusitaniae and C. auris (Fig. S1). However, Cl. sputum was 
unable to grow at 37 ◦C under standard in vitro culture conditions. The 
addition of a moderate level of NaCl to the medium promoted Cl. sputum 
cell growth at 37 ◦C, possibly mimicking the conditions of sputum 
samples. Genomic sequencing analysis reveals that Cl. sputum has an 
increased number of genes encoding EPA family-associated proteins 
compared to Cl. lusitaniae and C. auris. Fungal burden assays show that 
Cl. Sputum cells exhibit a tissue tropism for lung and spleen tissues, a 
characteristic not observed in Cl. lusitaniae and C. auris (Fig. 4). Taken 
together, our findings suggest that Cl. sputum possesses key features of 
human fungal pathogens in terms of virulence genes and tissues colo-
nization during systemic infections.

In summary, Cl. sputum may represent a novel potential fungal 
pathogen of humans. Given its close phylogenetic relationship with Cl. 
lusitaniae and C. auris, future surveillance of Cl. sputum in clinical set-
tings will be essential. Over the past two decades, at least six novel 
species within the Candida/Clavispora clade have been identified in 
clinical settings [5,6,8,51–53]. The underlying reasons for the emer-
gence of species within this clade should also be investigated in future 
research.
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