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Abstract

:

Cryptosporidium spp., Enterocytozoon bieneusi, and Giardia duodenalis are zoonotic pathogens commonly found in the intestinal tract of mammalian hosts including livestock and humans. The prevalence of these eukaryote microorganisms in domestic animals and their interaction with intestinal microbiota are not yet fully recognized. We analyzed the intestinal microbiota composition with metagenomics and functional characterization with Cluster of Orthologous (COG) in Bactrian camels, which were raised on Qinghai-Tibet Plateau, Northwest China. Thus, fecal samples were collected from the animals to determine the parasite infection and the profile of microbiota. Analysis of intestinal microbiota at genus level revealed important features of interaction between parasites infection and bacterial community. Coprococcus and Prevotella were more abundant while Akkermansia had lower relative abundance with E. bieneusi infection. Bacteria of Akkermansia, Lactococcus, Oxalobacter, Sphaerochaeta, Paludibacter, Fibrobacter, Anaerovibrio, Pseudomonas, Mogibacterium, Pseudoramibacter_Eubacterium, YRC22, Flexispira, SMB53, AF12, and Roseburia genera were found under-presented and Oscillospira genus over-presented when G. duodenalis infection was present. Meanwhile, Cryptosporidium spp. and E. bieneusi co-infected animals showed lower relative abundance of Allobaculum, Rikenella, Shuttleworthia, Epulopiscium, Bilophila, Dorea, Fibrobacter, and TG5. Results demonstrate important interaction between the intestinal parasites and microbiota, and provide informative link for understanding the co-evolution of zoonotic pathogens and bacteria in domestic animals.
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1. Introduction


Intestinal microbiota is known to have a considerable impact on the health condition and growth of the host animals. Studies have shown that the intestinal microbiota interacts with the host immune system [1] and affects the nutritional status and metabolism [2] of the host. Many endogenous factors, such as host genotype, age, diet, and gender [3,4,5,6], are known to affect the intestinal microbiota composition and diversity. In addition, the exogenous factors including host health status [7], probiotics, and antibiotics [8,9] have effects on the intestinal microecology.



Cryptosporidium spp., Enterocytozoon bieneusi, and Giardia duodenalis as exogenous factors are single-celled eukaryote pathogens found worldwide causing a variety of enteric diseases in mammalian hosts [10,11]; they can be spread in different ways, and drinking and recreational water are the most common mode of transmission [12]. Immunocompromised hosts will be infected with these pathogens being increased susceptibility. Although these protozoan parasites and fungal microbial are an important part in the intestinal micro-ecological environment, their interaction with the intestinal microbiota is not yet fully investigated. Reciprocal restriction between intestinal parasites and microbiota may occur that would modulate host immune response to different groups of pathogens [13,14].



The Qinghai-Tibetan Plateau (QTP) in northwest China is a high-altitude geographic region characterized by low ambient temperature, air pressure, and oxygen. Previous studies have shown that infections with Cryptosporidium spp., E. bieneusi, and G. duodenalis are common in yaks, goats, sheep, and cattle on the QTP [15,16,17,18]. It has been reported that hypoxia has strong influence on the intestinal bacteria and microbiota composition in animals and humans [19,20]. Some studies analyzed the intestinal microbiota composition in ruminant animals [21,22,23], but there are few reports on the interaction between intestinal protozoan parasites and intestinal microbiota diversity of the Bactrian camel, which is one of the important economically livestock in the QTP. Thus, how common parasites perturb intestinal microbiota of Bactrian camels living in QTP is not fully understood. In the present study, we investigated the prevalence of the three intestinal eukaryote pathogen infection in Bactrian camels inhabiting in QTP, then analyzed their intestinal microbiota profile further to reveal the specific association between the zoonotic pathogen infection and microbiota diversity and composition.




2. Materials and Methods


2.1. Sampling


Fecal samples were collected from 40 individual domestic Bactrian camels (Qinghai breed, female = 35, male = 5) housed in Chaka camel camp on Mohe, Haixi Prefecture in Qinghai Province, China. All animals were raised on free range by eating natural vegetation. Two samples of the domestic Bactrian camels were collected from camels fed on wheat straw and concentrates’ mixture. Samples were collected from the rectum by sterile tubes, cryopreserved immediately in liquid nitrogen, then transported to the laboratory, and stored at −80 °C.




2.2. DNA Extraction


DNA was isolated using the TIANamp stool DNA kit (DP328-02, Tiangen, Beijing, China) according to the manufacturer’s instructions. The quality and quantity of DNA were determined as the ratio at A260/280 with a spectrophotometer (Epoch, BioTek, Winooski, USA). DNA integrity was evaluated by electrophoresis in 1% agarose gel.




2.3. Nested-PCR Analysis


Individual DNA samples were analyzed using the small-subunit rRNA-based nested PCR method, which was listed in detail in our previous study [24]. The nested PCR primers are indicated in Table S1. All positive secondary PCR products were bi-directionally sequenced to identify the parasitization.




2.4. Amplification of 16S rRNA Genes


Bacterial communities composed at taxonomic resolution were analyzed with 16S rRNA gene amplification and sequencing protocol [25]. The V3-V4 regions of bacterial 16S rRNA were amplified by using the 341F/805R primer set (341F: 5′-CCTACGGGNGGCWGCAG-3ʹ, 805R: 5′-GACTACHVGGGTATCTAATCC-3′). The PCR condition was: 94 °C for 3 min (1 cycle), 94 °C for 20 s/55 °C for 30 s/72 °C for 30 s (6 cycles), 94 °C for 15 s/68 °C for 15 s/72 °C for 20 s (30 cycles), and a last step of 72 °C for 5 min [26]. The PCR products were sequenced on an Illumina HiSeq2500 platform (Health Genomics Bioinformatics Technology Co., Ltd., Beijing, China).




2.5. Bioinformatics and Statistical Analysis


Sequences were searched and analyzed using NCBI BLAST, Chromas2.6 and ClustalX2.1 to confirm specific infection.



V3-V4 16S amplicon sequencing data was quality filtered using the FLASH method [27]. All sequence analyses were provided in the Quantitative Insights Into Microbial Ecology (QIIME1.9.1) [28] according to the QIIME instructions with some modification. Further error correction was performed using USEARCH with de novo models, and the remaining sequences were clustered into operational taxonomic units (OTUs) using UCLUST [29] with a cutoff of 97% similarity. Taxonomy was assigned to the representative sequence of each OTU using the Ribosomal Database Project (RDP) classifier [30] with QIIME and aligned using the Greengenes13.8 reference database. Two alpha diversity measurements including Chao1 and Shannon diversity index were calculated from OTU counts to evaluate the biodiversity of the bacterial population in samples at the genus level. A Newick formatted tree was obtained by utilizing the QIIME package, and subsequently using Unweighted Pair Group Method with Arithmetic mean (UPGMA) clustering to generate a distance matrix that was visualized by principal coordinate analysis (PCoA). The relative abundance of taxonomy was processed using STAMP2.1.3 [31] for statistical analysis.



Data were analyzed by independent-samples t-test using the SPSS21 (IBM, Armonk, New York, USA) between control (negative samples) and treatments (positive samples). Differences were considered as significant at p < 0.05.





3. Results


3.1. Parasitological Survey


The parasitological survey results were already shown in our previous study [24]. Based on the nested-PCR results, 21 of 40 camels studied were identified positive for infection with one or two of the three parasite species examined. The other 19 camels were free of infection and treated as control group. Details of parasite infection with different ages are displayed in Table 1.



The positive number (n = 6) of individuals infected with Cryptosporidium spp. included 1 camel only infected with Cryptosporidium spp. and 5 camels co-infected with Cryptosporidium spp. and E. bieneusi. The positive number (n = 3) of individuals infected with G. duodenalis included 2 camels only infected with G. duodenalis, 1 camel co-infected with G. duodenalis and E. bieneusi. The positive number (n = 18) of individuals infected with E. bieneusi included 12 camels only infected with E. bieneusi, and 6 co-infection individuals.



Because 2 samples were filtered out by Fastqc, here, we used 38 samples for intestinal bacteria study. The animals were then grouped according to the status of infection with the three zoonotic pathogens: Control (negative individual, n = 17), Group A (singly infected with E. bieneusi, n = 12), Group B (singly infected with Cryptosporidium spp., n = 1), Group C (singly infected with G. duodenalis, n = 2), Group D (co-infected with Cryptosporidium spp. and E. bieneusi, n = 5), and Group E (co-infected with G. duodenalis and E. bieneusi, n = 1). This category was used for further analysis in bacterial community composition. Furthermore, we were curious about the difference of intestinal microbiota diversity between negative samples and single- or co-infected samples, we also grouped samples into 3 groups indiscriminately, regardless of which parasite was positive: Control (negative individual, n = 17), Single-infection (singly infected with one parasite, n = 15), and Co-infection (samples infected with more than one parasite, n = 6).




3.2. Microbiota Diversity


After OTU picking and chimera checking, a total of 1,180,400 reads were assigned to 23,322 non-singleton OTUs (Table S2), which resulted in the classification of 205 taxa (genus level). The richness and diversity of the bacterial in fecal samples were evaluated with the plot of Chao1 and Shannon diversity index (Figure 1a). However, no significant differences of Shannon diversity were detected between Control and other 5 groups, while Chao1 index in Control was significantly higher than that in Group A (p < 0.05). Another kind of grouping showed (Figure 1b) same results in Shannon diversity, but significant higher Chao1 index in Control compared to single-infection group (p < 0.05).




3.3. Bacterial Community Composition


We analyzed the bacterial community composition at the phylum level across the six groups (Figure 2). The circlize plot represented the average relative abundance of each bacterial taxon. In all six groups, Firmicutes was the dominant phylum, as 52.49%, 56.62%, 54.69%, 54.52%, 49.33%, and 44.51% in the control, A, B, C, D, and E groups, respectively. The secondly abundant phylum was Bacteroidetes (33.18%, 30.71%, 32.31%, 35.39%, 32.63%, and 38.51%) in these six groups, respectively. In addition, the phyla Chlamydiae, SR1 and WPS-2 were present only in the Control, A, and E groups, but absent in the B, C, and D groups. OP1 was scarcely found in the Control and A groups. Fusobacteria was absent in group E, while Deferribacteres and Synergistetes were undetected in group B. Moreover, the biggest differences among the 6 groups of phyla were Verrucomicrobia and Spirochaete.



On the PCoA plot, each symbol represented the microbiota of a camel. Overall, no significant differences in community structure were observed between the six groups, except for Group E based on weight or unweight distance analysis (Figure 3a,b). Interestingly, the microbiome of the E group was distinct from the other five groups in which almost both samples were clustered together. In addition, the two camels of Group A (A1 and A2 in Figure 3) fed with a different diet showed dispersal pattern in the PCoA plot.




3.4. Taxonomic Affiliation


At the genus level, we observed significant differences in microbiota composition between control and Groups A, C, and D (Figure 4). In Group A, Coprococcus (p = 0.034) and Prevotella (p = 0.035) were more abundant, while Akkermansia (p < 0.01) showed a significantly lower relative abundance than that in the control group (Figure 4a). In comparison with the control group, Group C showed more abundant Oscillospira (p < 0.01), and less abundant Akkermansia (p < 0.01), Lactococcus (p < 0.01), Oxalobacter (p < 0.01), Sphaerochaeta (p < 0.01), Paludibacter (p < 0.01), Fibrobacter (p < 0.01), Anaerovibrio (p < 0.01), Pseudomonas (p = 0.012), Mogibacterium (p = 0.013), Pseudoramibacter_Eubacterium (p = 0.018), YRC22 (p = 0.018), Flexispira (p = 0.021), SMB53 (p = 0.025), AF12 (p = 0.031), and Roseburia (p = 0.038) (Figure 4b). For Group D, lower relative abundances were observed in Allobaculum (p < 0.01), Rikenella (p = 0.023), Shuttleworthia (p = 0.028), Epulopiscium (p = 0.029), Bilophila (p = 0.031), Dorea (p = 0.033), Fibrobacter (p = 0.047), and TG5 (p = 0.049) compared to the control group. Samples of Group B and E were not analyzed for the relative abundance due to the limited sample size.




3.5. COG Annotation and Analysis


Cluster of orthologous groups (COG) were employed to identify the difference in predicted functions of intestinal microorganisms which had a symbiotic relationship with various parasites (Figure 5). Although there were no difference in COG category distribution among groups of different parasitic infection, significant differences existed between control and Group A, control and Group C, Group A and C, Group A and D, and Group C and D.



The microorganisms of control showed higher relative frequency of COG in categories of Intracellular trafficking, secretion, and vesicular transport, RNA processing and modification, Replication, recombination and repair, Lipid transport and metabolism, Secondary metabolites biosynthesis, transport, and catabolism, Inorganic ion transport and metabolism, than Group A, and Cell motility, Chromatin structure and dynamics, RNA processing and modification, Transcription, Inorganic ion transport and metabolism, than Group C, while showed lower relative frequency of COG in categories of Defense mechanisms, Cell cycle control, cell division, chromosome partitioning, Carbohydrate transport and metabolism, Nucleotide transport and metabolism, than Group A, and Cell cycle control, cell division, chromosome partitioning, Translation, ribosomal structure and biogenesis, Nucleotide transport and metabolism, than Group C. It was curious that the different categories of control and Group A, Group A and D were identical.





4. Discussion


In the current study, we observed the occurrence of the zoonotic pathogens Cryptosporidium spp., E. bieneusi, and G. duodenalis in domestic Bactrian camels inhabiting on Qinghai-Tibet Plateau. High prevalence was detected in E. bieneusi (45%) infection, followed by Cryptosporidium spp. (15%) and G. duodenalis (7.5%). The intestinal-colonizing parasites G. duodenalis was considered the most common pathogenic parasite in humans and animal species [32,33,34,35,36]. Although G. duodenalis infection in yaks [37] and sheep [38] living in high-altitude environment had been reported, there were very few reports on the prevalence of G. duodenalis infection in camels. The infection rate of G. duodenalis in Bactrian camels observed in our study was comparable to that reported in yaks and sheep [38]. Inconsistency with the study to report G. duodenalis infections in sheep, which was found in the plain area with a higher infection rate of 6.7% [39] might be a result of altitude influence. The infection rate of Cryptosporidium spp. in camels observed in this study was close to that reported by others [16,40,41]. We also found that infection rate of E. bieneusi in this study was comparable to those reported by others [40,41,42].



Besides, individuals were concurrently infected with Cryptosporidium spp. and E. bieneusi (5/40), G. duodenalis and E. bieneusi (1/40), but not Cryptosporidium spp. and G. duodenalis. Even though no study on mixed infected with Cryptosporidium spp. and G. duodenalis in camels was reported, co-infection of Cryptosporidium spp. and G. duodenalis was still found in yaks [37], children [43], and goat [44]. Concurrent infection with Cryptosporidium spp. and E. bieneusi in dromedary camel [40], as well as co-infection of G. duodenalis and E. bieneusi in dairy cattle was proposed [45] in an early study.



A recent study indicated that the maintenance of homeostasis between the gut microbiota and the rest of the body was crucial for health. Intestinal parasites, particularly the protozoans, may cause an alteration in the structure of the gut microbiota, resulting in gastrointestinal upset or systemic diseases [46]. In this study, we analyzed the interaction between intestinal protozoans and bacterial community composition and diversity to understand whether eukaryote microbes modulate the microbiota in camels. The results showed that, by alpha diversity analysis, bacterial community diversity was not significantly different between Control and other groups; however, the higher Chao1 index and similar Shannon diversity index in Control indicated negative samples with higher species richness and lower evenness than Group A (E. bieneusi positive samples). It was also observed that Firmicutes and Bacteroidetes were the predominant phyla, accounting for more than 81% of the bacteriophyta presented in all groups. Although other phyla presented in low abundance, Spirochaetes was detected in relatively highest abundance in Group E than in the other five groups, followed was Group A. The phylum Verrucomicrobia was found in lower abundance in Groups A, C, E than in the other three groups. These results demonstrated that the genera of Verrucomicrobia phylum were negatively correlated with E. bieneusi and G. duodenalis, while Spirochaetes was positively correlated with co-infection with E. bieneusi and G. duodenalis in the camel host. From the literature available, there has been no report on the state of the relationship of E. bieneusi, G. duodenalis, and intestinal Spirochaetes; only a previous study mentioned that G. duodenalis provides bearable conditions for concurrent spirochetal diarrhea developing potentially [47]. According to our results, there is more possibility that infection with E. bieneusi and co-infection by G. duodenalis might contribute to the growth of bacteria that belong to Spirochaetes.



Samples from animals harboring Cryptosporidium spp. (Group B) showed the lowest microbial community diversity lacking 6 phyla: Deferribacteres, Synergistetes, Chlamydiae, SR1, OP1, and WPS-2, while animals harboring Cryptosporidium spp. and E. bieneusi (Group D) lack four phyla Chlamydiae, SR1, OP1, and WPS-2, which suggested that the four phyla, Chlamydiae, SR1, OP1, and WPS-2 responded to Cryptosporidium spp. sensitively and Cryptosporidium spp. might decrease host intestinal microbial community diversity. These results are consistent with the observations made in mice and Coquerel’s sifakas by others [48,49].



From the study, most Bactrian camels tended to share a similar intestinal microbiota regardless of the weighted or unweighted UniFrac distance metric (PCoA plot). Compared with the unweighted UniFrac metric, weighted UniFrac metric can distinguish the difference of OTU abundance. Meanwhile, after considering OTU abundance, the maximum explanation of principal coordinate component increased. The dispersal of two camels of Group A (A1 and A2) fed with wheat straw and concentrates mixture to others of Group A indicated that the diet might influence bacterial communities [50]. Although the animal in Group E (1 sample) shared the same dietary and environment with others, it was scattered significantly. Therefore, the combined effect of E. bieneusi and G. duodenalis may have a considerable influence on microbiota composition of hosts.



Analysis of microbiota at the genus level revealed a notable difference in bacterial genera between Groups A, C, D, and the Control group. The significant bacterial genera in Groups A, C, and D compared to Control were different from each group except for Akkermansia and Fibrobacter. The bacterial genera that exhibited the greatest statistical significance in Groups A, C, and D were Akkermansia, Oscillospira, Allobaculum, respectively, with all having a higher predicted relative abundance. Compared with the control group, a bacterial genus underrepresented both in Group A and C was Akkermansia. Bacteria in this genus were known play an important role in provision of nutrition to intestinal mucosa and control of function of intestinal barrier [51,52].



E. bieneusi and G. duodenalis were known as the intestinal epithelial barrier breaker [53,54], but the pathogenesis of the two parasites was not clear. It was possible that E. bieneusi or G. duodenalis break intestinal mucosa of the host by reducing the relative abundance of Akkermansia. Fibrobacter bacteria were known for solubilizing cellulose [55,56]. The abundance of Fibrobacter was significantly reduced in Group C and D compare to the Control animals. It was speculated that Cryptosporidium spp., G. duodenalis, and E. bieneusi may impair the host nutrition efficiency by reducing Fibrobacter bacteria abundance.



A study on patients with inflammatory bowel diseases showed Oscillospira was negatively associated with colonic disease of patients [57]. We observed that Oscillospira genus in individuals with G. duodenalis infection was more abundant than Control. It might be possible, when G. duodenalis existed, that the increased Oscillospira could exhaust the nutrient of hosts. In agreement with the current finding, a study identified that Oscillospira had been detected in the intestines of vegetarians and can be able to utilize host glycans by producing a diverse glycoside hydrolase repertoire [58].



A recent study showed that feeding mice with Bactrian camel milk resulted in establishment of predominant Allobaculum and as Akkermansia genus in mouse intestinal [59]. Allobaculum bacteria were beneficial to the host by supplying short-chain fatty acids and providing control of inflammation [60,61,62]. We observed that Allobaculum was significantly decreased by co-infection with Cryptosporidium spp. and E. bieneusi in Group D. The decreased abundance of bacteria of this genus by co-infection with Cryptosporidium spp. and E. bieneusi may have important implication in malnutrition and dysregulation of the inflammatory response.



The association of relative abundance of Prevotella with high altitude had been reported in yaks and sheep [63]. The bacteria in this genus produce short-chain fatty acids as an energy source to the host under hypoxia environment [64]. Though the abundance of Prevotella was lower in control compared to Group A in this study, no evidence was found for explaining the relationship between E. bieneusi and Prevotella.



Compared with samples in control, there were more energy metabolism categories changed in samples infected with E. bieneusi (Group A) than infected with G. duodenalis (Group C), which led to more changes of cellular processes and signaling, information storage, and processing in intestinal microorganisms. As in previous studies, E. bieneusi had no full pathways of carbon metabolism and depended on transporting ATP from hosts [65], while G. duodenalis generated enzymes to degrade the epithelial mucus of hosts [66]. Due to only 1 sample in Group B, we could not make a statistical analysis between control and Group B in COG annotation and analysis. Then, it was a bit hard to explain why samples co-infected with Cryptosporidium spp. and E. bieneusi, infected with E. bieneusi had the same impact on the function of intestinal microorganisms.



In summary, we investigated the interaction between three main intestinal parasites and microbiota composition in Bactrian camels and observed some important link between the parasites and the microbiota feature. The observation made in the study may help understand the co-evolution of intestinal microbiota and the three zoonotic parasites that occur in both humans and animals.
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Figure 1. Two alpha diversity measures Chao1 and Shannon’s diversity index. Community diversity represented by Chao1 and Shannon diversity index for samples from each group. Each dot stands for a discrete individual while each color represents (a) the samples from the camels infected with different parasites, (b) the samples from the camels with non-, single-, co-infection with parasites as the label showed. 
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Figure 2. Bacterial composition of different groups at the phylum level. The circlize plot shows the average relative abundance of each bacterial taxon (phylum level). There are 21 phyla for each group exhibited here, and Firmicutes and Bacteroidetes are the dominant phyla for each group. 
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Figure 3. Principal Coordinate Analysis (PCoA) with weighted/unweighted UniFrac distance analysis. PCoA plot of (a) the weighted UniFrac distances, (b) the unweighted UniFrac distances of fecal microbiota from each Bactrian camel. Control means negative samples of parasites, Single means samples infected with one of Cryptosporidium spp., E. bieneusi., and G. duodenalis., Co-infection means samples infected with more than one parasite. As the label shows, exactly infection and indiscriminate positive samples are differentiated by colors and shapes (circle, triangle, and square, respectively). 
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Figure 4. Relative abundance between control and groups A, C, and D with significant difference in bacterial genera. Extended error bar plots (a–c), display the differences in mean abundance of taxa in Groups A, C, and D compared to control (p < 0.05, confidence intervals = 95%), respectively. Analysis is performed with STAMP2.1.3 and the p values are based on t-test. Prevotella with square brackets is proposed by the Greengenes curators and indicating the recommended taxonomy. 
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Figure 5. The relative frequencies of matched reads assigned in cluster orthologous groups (COGs) in camel feces. Four function categories in COG are showed here; (a–f) represent for the relative frequencies of control, Group A, Group B, Group C, Group D, Group E, Group F, respectively. 
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Table 1. Summary of the parasitological survey.
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Number of Infected Animals (n)




	
Parasite

	
Positives n (%)

	
≤2 Years

	
2–5 Years

	
≥5 Years






	
Cryptosporidium spp.

	
6 (15%)

	
1/8

	
3/12

	
2/20




	
E. bieneusi

	
18 (45%)

	
4/8

	
8/12

	
6/20




	
G. duodenalis

	
3 (7.5%)

	
1/8

	
2/12

	
0/20




	
Cryptosporidium spp. & E. bieneusi

	
5 (12.5%)

	
1/8

	
3/12

	
1/20




	
G. duodenalis & E. bieneusi

	
1 (2.5%)

	
0/8

	
1/12

	
0/20
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