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 Cryptosporidium is one of the six major pathogens causing diarrhea worldwide, and 

it poses many hazards. To study the effect of Cryptosporidium infection on the 

intestinal fungal community of the host, this study focused on yaks and collected fecal 

samples from the infected group (CP, n=6) and the control group (CO, n=6). The 

structure and composition of the intestinal fungal community were analyzed using 

ITS amplicon sequencing technology. A significant decline in fungal diversity and 

evenness after infection was indicated by results showing that the Shannon index, 

Simpson index, and Pielou evenness of the infected group were significantly lower 

than those of the control group (P<0.05). Beta diversity analysis (PCoA, NMDS, and 

UPGMA clustering tree) revealed that the two groups of samples could be clearly 

separated, and the samples of the infected group were more closely clustered. Both 

groups were dominated at the phylum level, and these are Ascomycota and 

Basidiomycota, but the relative abundance of the Ascomycota phylum in the infected 

group (79.09%) was higher than that in the control group (64.82%). At the class level, 

the infected group enriched Leotiomycetes and Tremellomycetes. At the order level, 

Thelebolales (61.57%) and Filobasidiales (18.60%) were dominant in the infected 

group, while Pleosporales (39.57%) and Coniochaetales (6.27%) were dominant in 

the control group. At the genus level, Naganishia (46.84%) was significantly enriched 

in the infected group, while Neoascochyta (6.86%), Neostagonospora (5.69%), and 

others were higher in the control group. LDA analysis and the Wilcox test further 

confirmed the statistical significance of the above differential taxonomic units. 

Cryptosporidium infection can significantly alter the variety and composition of the 

intestinal fungal community, forming a fungal structure characterized by the 

amplification of opportunistic fungi such as Naganishia. 
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INTRODUCTION 

 

Yak is a unique livestock species specific to the 

Qinghai-Xizang Plateau, which is not only an essential 

production and living resource for the local herders but 

also an important component of the alpine grassland 

ecosystem (Shah et al., 2023; Ji et al., 2025). The 

development of yak farming has long been plagued by 

various parasitic diseases, among which cryptosporidiosis 

caused by Cryptosporidium spp. is particularly prominent 

(Budu-Amoako et al., 2011; Adkins, 2022). 

Cryptosporidium is a globally distributed intestinal 

protozoan that can infect 260 different species of 

vertebrates, including humans (Bouzid et al., 2013; 

Shehata et al., 2024). It can cause persistent diarrhea and 

even death in calves and immunocompromised hosts 

(Harp, 2003). Epidemiological surveys have shown that 

the infection of Cryptosporidium in yaks is relatively 

common, with infection rates fluctuating between 1.0 and 

13.2% in different regions (Geng et al., 2021; Peng et al., 

2024). The main species include C. bovis, C. andersoni, 

and C. ryanae, etc. In recent years, human-borne 

Cryptosporidium species and genotypes have been 

detected in yaks and are considered a potential threat to 

public health safety (Guo et al., 2022; Alberfkani et al., 

2024). 
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The relationship between intestinal microbiota and 

the host has received increased attention with the rapid 

development of microbiome technology (Hertli and 

Zimmermann, 2022; Ignatiou and Pitsouli, 2024). As an 

important component of the intestinal system, although 

fungi are far outnumbered by bacteria in quantity, they 

play an irreplaceable role in nutrient metabolism, immune 

regulation, and maintaining intestinal homeostasis (Chen 

et al., 2024; Lin et al., 2025). Studies have revealed that 

dysregulation of the intestinal fungal community is 

closely linked to the occurrence and development of 

inflammatory bowel disease, metabolic syndrome, and 

various infectious diseases (Lin et al., 2025; Soliman et 

al., 2025). Intestinal protozoan infections can 

significantly alter the intestinal microenvironment of the 

host (Hatter et al., 2018). For Cryptosporidium, studies 

have confirmed that its infection can lead to changes in 

the composition and diversity of the host's intestinal 

bacterial community (Xu et al., 2025). However, research 

on how cryptosporidium infection affects the intestinal 

fungal community is very limited. 

Research on Cryptosporidium in yaks has mainly 

focused on epidemiological investigations, species 

identification, and genotyping, with relatively few studies 

exploring the changes in the intestinal microecology of 

the host after infection. Only limited studies have 

preliminarily discovered the impact of Cryptosporidium 

infection on the intestinal microbiota of yaks, finding that 

the diversity and compositional structure of the 

microbiota in infected individuals have undergone 

significant changes (Ichikawa-Seki et al., 2019; Lu et al., 

2023). The abundance of some opportunistic pathogens 

has increased, while certain beneficial bacteria have been 

inhibited. A previous study conducted a comparison of the 

differences in fungal communities of Cryptosporidium-

infected yak fecal samples. Between the infected and 

control groups, significant differences in the relative 

abundance of two fungal phyla and 21 fungal genera were 

observed (Lu et al., 2023). A significant decrease in 

concentrations of key metabolites such as propionic acid, 

acetic acid, and butyric acid occurs when 

Cryptosporidium infection leads to a comprehensive 

disruption of the yak intestinal microecosystem. Dong et 

al. (2023) also focused on the changes in bacterial 

communities and short-chain fatty acids. In addition to the 

direct damage caused by the parasite, disrupting the 

intestinal fungal homeostasis may also be an important 

way for it to cause digestive disorders and diarrhea in the 

host. It is worth noting that existing studies have shown 

that environmental factors, rearing methods, and common 

diarrhea can significantly alter the structure of the 

intestinal fungal community in yaks (Wang and Zeng, 

2026). This study collected fecal samples from yaks on a 

certain natural pasture in multiple regions, identified 

positive and negative individuals with Cryptosporidium 

infection, and used high-throughput sequencing 

technology in the ITS region to compare diversity, 

composition, and structural differences of intestinal 

fungal communities of two groups of samples. It revealed 

the specific impact of Cryptosporidium infection on the 

fungal community and screened out the differential fungal 

groups related to the infection status. 

MATERIALS AND METHODS 

 

Sample collection: This study conducted sample 

collection at a natural pasture on the Qinghai-Xizang 

Plateau. The average altitude of this area is over 3500 

meters. During the sampling process, for each yak, the 

feces that did not come into contact with the ground were 

immediately collected using a sterile sampling spoon to 

avoid contamination by environmental fungi. 

Approximately 50-100 grams of each sample were 

collected, placed in sterile sampling bags, sealed, and 

labeled with information such as the sample number, 

sampling date, and estimated age. A total of 20 samples of 

healthy yak feces (without diarrhea) and 31 samples of 

diarrhea yak feces were collected. Fecal samples without 

diarrhea were classified into the CO group if no 

Cryptosporidium was detected by PCR, while those with 

diarrhea and Cryptosporidium present in the diarrhea feces 

were classified into the CP group. All samples were stored 

in portable ice boxes (at 4°C) for temporary storage and 

transported to the laboratory within 24 hours for 

processing. Cryptosporidium spp. was detected by nested 

PCR of the 18S rRNA gene using primary primers F1/R1 

(CCCATTTCCTTCGAAACAGGA/TTCTAGAGCTAA

TACATGCG) and secondary primers F2/R2 

(AAGGAGTAAGGAACAACCTCCA/GGAAGGGTTG

TATTATGATAAAG). Each 25μL reaction contained 

12.5μL PCR mix, 1μL DNA template, 1μL each primer, 

and 9.5μL water. Cycling: 95°C 5 min; 35× (95°C 15s, 

annealing at 55°C for primary or 58°C for secondary for 

15s, 72°C 45s); 72°C 10 min. Secondary PCR used 1μL of 

1:10 diluted primary product. Products were visualised on 

2% agarose; positive samples showed expected bands 

(~830 bp primary, ~800 bp secondary) and were confirmed 

by Sanger sequencing. After detecting the infection of 

Cryptosporidium in fecal samples using the 18S SSU 

rRNA amplification and sequencing technology, the 

samples were divided into the Cryptosporidium positive 

group (CP, n=6) and the negative group (CO, n=6). 

Subsequently, fungal ITS sequence analysis was conducted 

on the samples of both groups separately. 

 

Fungal ITS1 region sequencing: The internal transcribed 

spacer (ITS) region of fungal ribosomal DNA was selected 

as the target area for amplification (Sharma and 

Shrivastava, 2016). Fungal ITS sequencing targeted the 

ITS1 region using primers ITS1‑F 

(5′‑CTTGGTCATTTAGAGGAAGTAA‑3′) and ITS2‑R 

(5′‑GCTGCGTTCTTCATCGATGC‑3′). PCR products 

were purified by AMPure XP magnetic beads after 

verification by 2% agarose gel electrophoresis (Beckman 

Coulter, USA). Purified products were subjected to a 

second round of PCR to introduce Index sequences for 

constructing a sequencing library. The library was 

quantified using a Qubit 4.0 fluorescence quantitative 

instrument (Invitrogen, USA) and quality controlled using 

an Agilent 2100 Bioanalyzer. Then, it was sequenced on 

both ends on the Illumina NovaSeq PE250 platform. 

 

Bioinformatics: The raw data after disembarking were 

processed using the Cutadapt software to remove the 

primer junction sequences, and then the double-end reads 
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were concatenated using the FLASH software. Quality 

control filtering was performed using the QIIME2 software 

(version 2023.2) to remove low-quality sequences (with a 

quality score <20, containing ambiguous bases, and having 

a length <200 bp). High-quality sequences were denoised, 

and chimeras were removed using DADA2 to generate 

amplicon sequence variants (ASVs). The α diversity index 

was calculated using QIIME2 (Usyk et al., 2020), including 

the Chao1 index and ACE index reflecting the richness of 

the community, as well as the Shannon and Simpson 

indices reflecting the diversity of the community. In two 

groups, the Wilcoxon rank sum test was used to compare 

the differences in α diversity. The β diversity analysis was 

based on the Bray-Curtis distance algorithm. Through 

principal coordinate analysis (PCoA), differences in fungal 

community structure were visualized between two groups 

and significant variations verified using PERMANOVA 

permutation multivariate analysis of variance). 

 

Differential fungus screening: The relative abundance of 

fungi in each sample was statistically analyzed at the 

phylum and genus level, and a bar chart of species 

composition was drawn. The LEfSe (Linear Discriminant 

Analysis Effect Size) method was used to screen out fungal 

groups that had significant differences between the two 

groups. All fungi with differential relative abundances 

were screened. 

 

Statistical analysis: Graphpad Prism was used for all 

statistical analyses. Apart from the comparison of diversity, 

the baseline characteristics of samples in the two groups 

were compared using the chi-square test or Fisher's exact 

test, with a P<0.05 considered statistically significant. 

 

RESULTS  

 

Fecal fungal sequencing data: Raw image data got from 

fecal sequencing was converted into sequence data through 

base calling. The raw sequences obtained by the CP group 

were 72,000-136,000, and after quality control, the purified 

data totaled 64,000-122,000. In the CO group, a total of 

74,000 - 132,000 raw sequences were discovered, and after 

purification, 38,000-69,000 pure sequences were obtained 

(Table 1). Based on the non‑chimeric reads from Table 1, 

the total number of high‑quality reads were 459,841 for the 

CP group and 360,148 for the CO group, with average 

sequencing depths of 76,640 and 60,025 reads per sample, 

respectively. Sequence denoising resulted in ASVs. The 

CP group obtained 254 ASVs (215 unique and 39 

common), and the CO group obtained 351 ASVs (312 

unique and 39 common) (Fig. 2A). Within the sample, the 

sequencing depth is sufficient to reflect all the information 

when the sparse curve and abundance grade curve both tend 

to flatten out (Fig. 1AB). 

 

Changes in the composition of the fungal community by 

Cryptosporidium infection: The differences within the two 

groups were observed using alpha diversity (Chao1, ACE, 

Goods_coverage, Observed_species, Pielou_e, Shannon, 

Simpson). The significant difference between the two 

groups was observed in the Pieloue, Shannon, and Simpson 

indices (Fig. 1C). The Shannon index in the CP group has 

P<0.05 than in the control group (CP=2.917±0.566, 

CO=4.103±0.833, P=0.014). The Simpson index was also 

higher in the control group (CP=0.690±0.071, 

CO=0.867±0.098, P=0.0061). The Pielou uniformity also 

showed a significant decrease in the infected group 

(CP=0.465±0.074, CO=0.656±0.097, P=0.0039) (Table 2). 

 
Table 1: Sequencing data analysis 

SampleID Input Filtered Denoised Merged Non-chimeric Non-singleton 

CP1 135592 130799 130647 126295 121957 121957 

CP2 72930 68712 68587 67834 65093 65093 

CP3 78456 73724 73584 72531 69962 69962 

CP4 77010 70819 70708 69889 67565 67565 

CP5 77777 67668 67550 65703 64080 64080 

CP6 78397 74399 74243 73772 71184 71184 

CO1 78382 72895 72721 72094 69640 69640 

CO2 131827 76731 76658 72019 69345 69345 

CO3 75135 40386 40242 39220 38162 38162 

CO4 76392 66016 65933 64911 62318 62318 

CO5 77336 68262 68019 67111 63318 63318 

CO6 74797 60819 60616 59620 57365 57365 

 
Table 2: Analysis of Alpha Diversity Indices 

Sa

mpl

e 

Ch

ao1 

ACE Goods_co

verage 

Observed

_species 

Pielou_e Shannon Simpson 

CP

1 

60 59.508937

9390282 

0.9998896

64303644 

58 0.3639623

76328921 

2.1320846

8347629 

0.6335767

84473483 

CP

2 

77.

34 

77.961311

4754098 

0.9999448

32151822 

77 0.5655873

26129164 

3.5444150

4297386 

0.8030064

54311822 
CP

3 

83 80.815854

5747741 

0.9999172

48227733 

80 0.5245339

96288448 

3.3160662

0785948 

0.7274083

37228996 

CP

4 

74 74 1 74 0.4841788

54996396 

3.0064860

2072374 

0.7223144

12072899 

CP

5 

57 57 1 57 0.4437133

1373336 

2.5881309

5682726 

0.6331217

20106754 

CP

6 

83 80.990252

5986671 

0.9998069

12531377 

76 0.4086010

92898953 

2.5529100

1034649 

0.6256082

64882312 

CO

1 

50.

25 

50.839248

6406327 

0.9999448

32151822 

50 0.6594512

92054107 

3.7218482

5651451 

0.8748510

09013559 

CO

2 

62.

6 

64.120922

1400609 

0.9999172

48227733 

62 0.4768163

83537923 

2.8390583

5159351 

0.6790351

82676966 

CO

3 

75 75.390641

9567577 

0.9999724

16075911 

75 0.7420699

36645858 

4.6222190

9103482 

0.9403376

75028883 

CO

4 

84.

17 

84.910787

2431246 

0.9999448

32151822 

84 0.6572445

71817317 

4.2013159

274546 

0.8809200

93185409 

CO

5 

13

6.2 

136.79529

4449141 

0.9999448

32151822 

136 0.7474773

14955472 

5.2977176

9442449 

0.9515049

61984094 

CO

6 

65.

75 

66.618192

627824 

0.9999172

48227733 

65 0.6540928

36439462 

3.9391876

449055 

0.8754514

60967934 

 

Further analysis was conducted to examine the 

differences in composition between the two groups. The 

main fungi in both the CP and CO groups belong to 

Ascomycota and Basidiomycota, but the proportions of 

these two groups were different at the phylum level (Fig. 

4CD). The Ascomycota accounted for 79.09% in the CP 

group and 64.82% in the CO group. The Basidiomycota 

accounted for 19.27% in the CP group and 15.33% in the 

CO group. The Neocallimastigomycota accounted for 

1.58% in the CP group and 4.22% in the CO group. The 

proportions of Basidiomycota / Ascomycota in the two 

groups were basically the same, with a slight increase in the 

CP group. At the class level, there were some variations in 

proportion of fungal communities between the two groups. 

The Leotiomycetes content was the highest in the CP 

group, accounting for 61.14%, while this fungus accounted 

for only 7.47% in the CO group. Tremellomycetes 

accounted for 18.65% in the CP group and 6.36% in the CO 

group. Dothideomycetes accounted for 10.64% in the CP 
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group but was the most abundant fungus in the CO group 

(43.32%). Sordariomycetes accounted for 13.21% in the 

CO group and 4.58% in the CP group. Sordariomycetes and 

Ustilaginomycetes also accounted for more than 4% in the 

control group, but their proportions were below 1.6% in the 

CP group. Further analysis at the order level of fungal 

community changes shows that Thelebolales accounted for 

61.57% in the CP group, while it only accounted for 4.75% 

in the CO group. The fungal genus Filobasidiales, which 

ranked second in the CP group (18.60%), accounted for 

only 5.62% in the CO group. Pleosporales accounted for 

10.06% in the CP group and 39.57% in the CO group. 

Furthermore, in the CO group, Coniochaetales, 

Neocallimastigales, and Ustilaginales accounted for 6.27, 

4.30, and 3.69%, respectively, but their proportions were 

relatively low in the CP group. At the family level, 

Thelebolaceae accounted for 61.8% in the CP group and 

4.69% in the CO group. Filobasidiaceae was the second 

dominant family in the CP group, accounting for 18.66%, 

while it only accounted for 5.64% in the CO group. 

Sporormiaceae was reported as 8.75% in the CP group and 

11.69% in the CO group. By analyzing the composition 

changes of fungal communities at the genus level, we also 

discovered some interesting phenomena. Naganishia 

accounted for 46.84% in the CP group, being the most 

abundant fungus, but only accounted for 5.91% in the CO 

group. The proportion of Sporormiella in the CP group was 

10.84%, and in the CO group it was 5.46%. Thelebolus 

accounted for 9.84% in the CP group and 2.05% in the CO 

group. Neoascochyta and Neostagonospora were hardly 

detected in the CP group (0.006%, 0%), but accounted for 

6.86 and 5.69% in the CO group, respectively (Fig. 2B). 

 

The changes in the fungal community caused by 

cryptosporidium infection: β diversity can reflect the 

differences between sample groups. The PCoA and NMDS 

analyses show that the data points of the CO group and the 

CP group are relatively scattered, indicating a significant 

variation between the two groups. Based on the Jaccard 

distance plot (with the vertical axis representing the Beta 

distance), the median Beta distance of the samples between 

groups (Between) was 0.945, with an overall range of 0.905 

to 0.960. This was significantly higher than the median of 

0.845 for the samples within groups (Within) (with a range 

of 0.780 to 0.910), indicating that changes in microbial 

community structure between different groups were 

significantly greater than those within the overall group 

(Fig. 3A). The UPGMA clustering tree analysis revealed 

that the branch lengths between each sample in the CP 

group were generally short and closely clustered, indicating 

that the samples within the CP group had similar 

community structures. In the CO group, the branch lengths 

between some samples were relatively longer, and the 

branch structure was more dispersed, suggesting that there 

were certain differences among the samples in the CO 

group. Overall, the UPGMA clustering results showed that 

samples in the CP and CO groups could be clearly 

separated (Fig. 3B). The cladogram analysis reflects the 

relative abundance. The characteristic microorganisms at 

the class level related to the CO group mainly include 

Dothideomycetes, Pleosporales at the order level, 

Didymellaceae at the family level, etc. While 

Leotiomycetes at the class level and Thelebolales at the 

family level are characteristic microorganisms of the CP 

group (Fig. 4A). 

 

 
 
Fig. 1: The impact of Cryptosporidium infection on the alpha diversity of intestinal fungi. A: Sparse curve (The gentler the curve, the more it indicates 
that the sequencing results have adequately reflected the diversity contained in the current sample). B: Abundance grade curve (the smoothness of the 

line reflects the evenness of the community composition). C: Alpha diversity analysis (Chao1, ACE and Observed species indices represent richness, 
Shannon and Simpson indices represent diversity, Faith’s PD index represents evolutionary-based diversity, Pielou’s evenness index represents evenness, 
and Good’s coverage index represents coverage). Data are presented as mean ± SEM. 
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Fig. 2: The impact of Cryptosporidium infection on the composition of the intestinal fungal community. A: Venn diagram of ASVs. B: Composition of 
intestinal fungal communities at different classification levels (Phylum, Class, Order, Family, Genus). 
 

 
 
Fig. 3: The impact of Cryptosporidium infection on the composition of intestinal fungi. A: Beta diversity analysis, including Principal Component Analysis 
(PCA), Principal Coordinate Analysis (PCoA), and Nonmetric Multidimensional Scaling (NMDS). B: UPGMA clustering analysis. 

 

The Wilcox test was used to further analyze the 

variations in fungi between the two groups. At the class 

level, the relative abundances of Dothideomycetes, 

Ustilaginomycetes and Walleronycetes in CO group were 

significantly higher than CP group, while Leotiomycetes 

and Tremellomycetes were enriched in CP group 

significantly and their relative abundances also 

significantly higher than in group CO (Fig. 5A). At order 

level, the relative incidence of Coniochaetales and 

Pleosporales in CO group was significantly higher than 

those in CP group; while Eurotiales, Filobasidiales, 

Thelebolales, and Wallemiales were significantly enriched 

in the CP group and their relative abundances were 

significantly higher than those in the CO group (Fig. 5B). 

In genus level analysis of the differences, relative 

abundances of Neoascochyta, Coniochaeta, and unnamed 

genus Fungi-genincerta-seeds in CO group showed 

significant difference than in CP group, while Naganisha, 

Aspergillus, Cyllamyces, and Neocallimastixt were 

significantly higher in CP group and their relative 

abundances were significantly higher than those in the CO 

group (Fig. 5C). According to the volcano plot results of 

ZicoSeq differential analysis, the significantly different 

ASVs/OTUs include ASV_268 (Neoascochyta), ASV_255 

(Thelebolaceae), ASV_437 (Thelebolaceae), ASV_388 

(Naganishia albida), ASV_63 (Neocallimastigaceae), 

ASV_251 (Cleistothelebolus nipigonensis), ASV_477 

(Neocallimastigaceae), ASV_486 (Piromyces_sp), 

ASV_507 (Neocallimastigaceae) and ASV_156 

(Aspergillus ruber). The results of the volcano plot analysis 

were basically consistent with those of the difference 

comparison (Table 3, Fig. 5D). 



Pak Vet J, 2026, 46(7): 1772-1781. 
 

1777 

 
 
Fig. 4: Analysis of differences in intestinal fungal species caused by Cryptosporidium infection. A: Evolutionary Branch Diagram. B: Graph of genus-level 

association network. C: Bar chart of LDA effect values for indicator species (genus). D: Proportions of Basidiomycota / Ascomycota. 
 

 
 

Fig. 5: Analysis of intestinal fungal marker species caused by Cryptosporidium infection. A: Class-level Kruskal-Wallis rank sum test. B: Order-level 
Kruskal-Wallis rank sum test. C: Kruskal-Wallis rank sum test at the genus level. D: Volcano plot based on ZicoSeq differential ASV/OUT. Statistical 
significance is indicated as *P<0.05, **P<0.01. Data are presented as mean ± SEM. 
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Table 3: Difference volcano plot data 

ASV_ID Mean R2 p.value p.adj.fdr p.adj.fwer taxonomy 

ASV_388 769.916666666667 0.409211976270136 0.001 0.0005005005005005 0.001 d__Fungi; p__Basidiomycota; c__Tremellomycetes; 
o__Filobasidiales; f__Filobasidiaceae; g__Naganishia; 
s__Naganishia_albida 

ASV_63 42.9166666666667 0.462383452920619 0.002 0.001001001001001 0.002 d__Fungi; p__Neocallimastigomycota; 
c__Neocallimastigomycetes; o__Neocallimastigales; 
f__Neocallimastigaceae 

ASV_437 381.583333333333 0.439692175215196 0.001 0.0024024024024024 0.008 d__Fungi; p__Ascomycota; c__Leotiomycetes; 
o__Thelebolales; f__Thelebolaceae 

ASV_255 9876.16666666667 0.175960063235742 0.004 0.003003003003003 0.012 d__Fungi; p__Ascomycota; c__Leotiomycetes; 

o__Thelebolales; f__Thelebolaceae 
ASV_268 818.166666666667 0.390647670135774 0.001 0.003003003003003 0.012 d__Fungi; p__Ascomycota; c__Dothideomycetes; 

o__Pleosporales; f__Didymellaceae; g__Neoascochyta 

ASV_437 381.583333333333 0.439692175215196 0.001 0.0024024024024024 0.008 d__Fungi; p__Ascomycota; c__Leotiomycetes; 
o__Thelebolales; f__Thelebolaceae 

ASV_251 203.75 0.428077296137067 0.002 0.0024024024024024 0.009 d__Fungi; p__Ascomycota; c__Leotiomycetes; 
o__Thelebolales; f__Thelebolaceae; g__Cleistothelebolus; 

s__Cleistothelebolus_nipigonensis 
ASV_477 22.8333333333333 0.379502786598487 0.01 0.004004004004004 0.022 d__Fungi; p__Neocallimastigomycota; 

c__Neocallimastigomycetes; o__Neocallimastigales; 

f__Neocallimastigaceae 
ASV_156 133.5 0.423092996801438 0.002 0.0024024024024024 0.009 d__Fungi; p__Ascomycota; c__Eurotiomycetes; 

o__Eurotiales; f__Aspergillaceae; g__Aspergillus; 

s__Aspergillus_ruber 
ASV_486 29 0.366052193826287 0.004 0.00622845067289512 0.025 d__Fungi; p__Neocallimastigomycota; 

c__Neocallimastigomycetes; o__Neocallimastigales; 

f__Neocallimastigaceae; g__Piromyces; s__Piromyces_sp 
ASV_507 18.3333333333333 0.327557165579866 0.047 0.0235235235235235 0.1 d__Fungi; p__Neocallimastigomycota; 

c__Neocallimastigomycetes; o__Neocallimastigales; 
f__Neocallimastigaceae 

 

 

Fig. 6: The abundance 

graph of the MetaCyc 
secondary functional 

pathways of the 
changed intestinal fungi. 

 

The horizontal correlation network diagram shows the 

correlations among the fungi. The abundances of Mucor, 

Cryptococcus, Cadophora, etc., are relatively high, and 

these fungi have strong correlations with many other 

genera in the network (Fig. 4B). 

 

Statistics of fungal metabolic pathways: Among the 

predicted functions of the microbial community, all the 

listed MetaCyc secondary functional pathways (including 

tetra-pyrrole biosynthesis, secondary metabolite 

biosynthesis, nucleotide and nucleoside biosynthesis, fatty 

acid and lipid biosynthesis, cyclic alcohol biosynthesis, 

cofactor/transporter/vitamin biosynthesis, carbohydrate 

biosynthesis, aminoacyl-tRNA connection, amino acid 

biosynthesis, as well as various degradation and utilization 

pathways) had higher abundances in the CP group (Fig. 6). 
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DISCUSSION 

 

Cryptosporidium is one of the major pathogens 

causing diarrhea worldwide (Wojcik et al., 2020; 

Bergholm et al., 2024), mainly infecting the epithelial cells 

of the gastrointestinal tract and disrupting the host's 

intestinal microecology. Studies have shown that the 

intestinal fungal communities play a significant role in the 

host's intestinal homeostasis and disease progression 

(Leonardi et al., 2022; Zhang et al., 2022), the impact of 

Cryptosporidium infection on the intestinal fungal 

communities has not been fully understood. 

The results of the alpha diversity analysis indicate that 

the Shannon and Simpson indices of the infection group 

(CP group) were significantly lower than those of the 

control group (CO group), and the Pielou evenness also 

showed the same trend. The Shannon and Simpson indices 

comprehensively reflect species richness and evenness (Su 

et al., 2024), and their significant decrease suggests that 

Cryptosporidium infection leads to a decrease in the 

diversity and evenness of the intestinal fungal 

communities, with some dominant groups proliferating 

excessively and the community balance being disrupted 

(Sadia et al., 2024). Previous studies have also observed 

that the composition and proportion of the intestinal fungal 

communities change significantly after Cryptosporidium 

infection, and the abundance of beneficial fungi decreases. 

Notably, both the sparse curve and the abundance grade 

curve tend to be flat, indicating that sequence depth is 

enough to reflect the overall microorganisms within the 

sample, and the sequencing data is reliable. Beta diversity 

analysis shows that the median Jaccard distance between 

groups is significantly higher than that within groups, and 

the UPGMA clustering tree diagram clearly separates the 

samples of the CP group and the CO group, indicating that 

Cryptosporidium infection has a significant impact on the 

overall structure of the intestinal fungal communities 

(Segura-Alabart et al., 2022), and the two groups have 

already shown significant differences in community 

composition. 

At the phylum level, both the CP group and the CO 

group were dominated by the Ascomycota and 

Basidiomycota phyla, which are in line with the basic 

characteristics of the fungal communities in animal 

intestines. However, there were significant differences in 

the proportions between the two groups. The relative 

abundance of the Ascomycota phylum in the CP group 

(79.09%) was greater than that in the CO group (64.82%), 

while the incidence of the Basidiomycota phylum in the CO 

group was relatively lower. Studies have shown that 

changes in the ratio of the Ascomycota phylum to the 

Basidiomycota phylum in the intestinal tract may be related 

to the intestinal inflammatory state (Sokol et al., 2017; Li 

et al., 2018). In patients with intestinal diseases, an increase 

in the ratio of the Basidiomycota phylum to the 

Ascomycota phylum is often observed (Yadav et al., 2022). 

Previously, in the intestines of patients with ankylosing 

spondylitis (a disease accompanied by subclinical intestinal 

inflammation), an increase in the level of the Ascomycota 

phylum, especially the Dothideomycetes, and a decrease in 

the Basidiomycota phylum were also found (Li et al., 

2019). The increased relative abundance of Ascomycota in 

the CP group could reflect intestinal inflammatory changes, 

as similar shifts have been observed in other inflammatory 

conditions; however, direct causal evidence in our model is 

lacking and requires further investigation. 

A further analysis of the changes at the lower 

classification levels revealed that the negative effects 

caused by infection were more evident. In the CP group, 

the abundances of Neoascochyta and Neostagonospora 

were very low (with relative abundances of only 0.006% 

and 0%, respectively), while these two genera accounted 

for 6.86 and 5.69%, respectively, in the CO group. Both 

Neoascochyta and Neostagonospora are common plant 

pathogenic fungi (Marin-Felix et al., 2019; Kinnunen-

Grubb et al., 2020), and they may enter the intestinal tract 

along with the feed. The sharp decrease in the abundance 

of these exogenous fungi in the CP group is likely due to 

the reduced appetite and decreased feed intake of the 

infected animals. Thelebolaceae had a relative abundance 

of 61.8% in the CP group, which was much higher than 

4.69% in the CO group. In the study on the fungal diversity 

of wild bison intestines, Thelebolus was one of the 

dominant genera (accounting for 30.93% of the total 

abundance), and some strains of this genus were confirmed 

to have pathogenic properties. Ma et al. (2024) further 

pointed out that certain strains of Thelebolus, 

Cryptococcus, Trichosporon, and Candida among the 

genera identified in the feces of wild bison all had 

pathogenic potential. In the CP group at the genus level, the 

relative abundance of Naganishia was as high as 46.84%, 

while it was only 5.91% in the CO group. Although 

Naganishia is common in the intestines of healthy animals, 

it is also an important opportunistic pathogenic fungus that 

can cause fatal fungal sepsis and central nervous system 

infections in immunosuppressed hosts (Choe et al., 2020). 

Naganishia albida (also known as Cryptococcus albidus) 

is an opportunistic yeast that can cause life-threatening 

fungal sepsis and central nervous system infections in 

individuals with compromised immune function. Studies 

have clearly demonstrated that C. albidus is an 

opportunistic fungus that can cause life-threatening 

infections in individuals of any age, especially in those with 

compromised immune function (Thomson et al., 2017; 

Brito et al., 2019). The functional prediction analysis 

revealed that the average abundance of all the listed 

MetaCyc secondary functional pathways in the CP group 

was slightly higher than that in the CO group. Since the 

functional potential prediction analysis is based on species 

composition data for calculation, the high enrichment of a 

few groups, such as Naganishia in the CP group, may have 

had a significant impact on the overall functional 

estimation value. This does not necessarily mean that the 

metabolic contribution of the microbial community to the 

host has been enhanced. These changes in fungal 

abundance suggest that the changes in the intestinal 

microenvironment after Cryptosporidium infection may 

provide conditions for the proliferation of these fungi with 

potential pathogenicity. This study shows that the alpha 

diversity of the intestinal fungal community significantly 

decreased after cryptosporidium infection, and the 

composition of the community changed significantly. 

There were also significant differences between the CP 

group and the CO group at multiple taxonomic levels, 

including phylum, class, order, and genus. 
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Conclusions: Based on the above results, the intestinal 

fungi changed at multiple taxonomic levels after 

Cryptosporidium infection. The diversity and evenness of 

fungi in the infected group significantly decreased. In terms 

of specific fungal composition, the infected group was 

characterized by the enrichment of fungi such as 

Leotiomycetes, Thelebolales, Thelebolaceae, and 

Naganishia, while the control group was enriched 

Dothideomycetes, Pleosporales, Coniochaetales, and 

Neoascochyta. The Wilcox test further confirmed the 

statistical significance of these differences at the phylum, 

class, and genus levels. A significant increase in 

opportunistic fungi Naganishia and Thelebolaceae, in the 

infected group suggested that Cryptosporidium infection 

might simultaneously affect the host's immunity and the 

digestive and metabolic functions of the intestine. These 

changes in fungal communities provide a new perspective 

for understanding the related intestinal microecological 

changes during Cryptosporidium infection. 
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