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ARTICLE INFO ABSTRACT

Keywords: Background: Ticks are ectoparasites that feed on blood and pose a threat to both the livestock

Microbiota o industry and public health due to their ability to transmit pathogens through biting. However, the

}RIae.maphysalLs qinghaiensis impact of factors such as bloodmeal and geographic regions on the bacterial microbiota of
egions

Haemaphysalis ginghaiensis remains poorly understood.

Methods: In this study, we used the v3-v4 region of the 16S rRNA gene to sequence the microbiota
of Haemaphysalis ginghaiensis from eight groups (HY_M, YS_M, XH_M, LD_M, BM_M, LD_F_F, LD F,
and BM_F_F) in Qinghai Province.

Results: Significant differences in bacterial richness were observed between LD F_F, BM_F_F, and
LD_F (P < 0.01), and among the five groups (HY_M, YS_M, XH_M, BM_M, and LD_M) (P < 0.05).
The bacterial diversity also differed significantly between LD_F_F, LD_F, and BM_F_F (P < 0.01), as
well as among the five groups (HY_M, YS_M, XH_M, LD_M, and BM_M) (P < 0.01). The group with
the highest number of operational taxonomic units (OTUs) was LD_F, accounting for 23.93 %
(419/1751), while BM_F_F accounted for at least 0.80 % (14/1751). At the phylum level, Fir-
micutes was the most abundant, with relative abundance ranging from 7.44 % to 96.62 %. At the
genus level, Staphylococcus had the highest abundance, ranging from 1.67 % to 97.53 %. The

Bloodmeal

* Corresponding author. Qinghai University State Key Laboratory of Plateau Ecology and Agriculture, Xining, 810016, Qinghai, China.

E-mail addresses: jiangshuo@qhu.edu.cn (S. Jiang), 2013990003@qghu.edu.cn (M. Kang), Lizengkui0502@163.com (Z. Li), zszhx11975@126.
com (X. Han), 591430463@qq.com (C. Chen), 308198119@qq.com (S. He), huxiaoyu@qhu.edu.cn (X. Hu), yongcaihe@126.com (Y. He),
wangyzhong@163.com (Y. Wang), Yishuihanl23@outlook.com (Z. Li), 13997361966@163.com (J. Chen), 1036875969@qq.com (P. Geng),
chengiang@qhu.edu.cn (Q. Chen), 15709813612@163.com (J. Ma), 17608588481@163.com (X. Zhang), T1876771320@163.com (X. Tai),
yingli@126.com (Y. Li).

https://doi.org/10.1016/j.heliyon.2024.e35429

Received 9 May 2024; Received in revised form 25 July 2024; Accepted 29 July 2024

Available online 30 July 2024

2405-8440/© 2024 The Authors.  Published by Elsevier Ltd.  This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:jiangshuo@qhu.edu.cn
mailto:2013990003@qhu.edu.cn
mailto:Lizengkui0502@163.com
mailto:zszhxl1975@126.com
mailto:zszhxl1975@126.com
mailto:1036875969@qq.com
mailto:1036875969@qq.com
mailto:huxiaoyu@qhu.edu.cn
mailto:yongcaihe@126.com
mailto:wangyzhong@163.com
mailto:Yishuihan123@outlook.com
mailto:17608588481@163.com
mailto:1036875969@qq.com
mailto:chenqiang@qhu.edu.cn
mailto:17608588481@163.com
mailto:17608588481@163.com
mailto:T1876771320@163.com
mailto:yingli@126.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e35429
https://doi.org/10.1016/j.heliyon.2024.e35429
https://doi.org/10.1016/j.heliyon.2024.e35429
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Jiang et al. Heliyon 10 (2024) e35429

endosymbiotic bacteria Coxiella and Rickettsia were predominantly enriched in LD_F_F. Addi-
tionally, the 16S gene of Coxiella showed the highest identity of 99.07 % with Coxiella sp. isolated
from Xinxiang hl9 (MG9066 71.1), while the 16S gene of Rickettsia had 100 % identity with
Candidatus Rickettsia hongyuanensis strains (OK 662395.1). Functional predictions for the pro-
karyotic microbial community indicated that the main functional categories were Metabolic,
Genetic information processing, and Environmental information processing across the eight
groups.

Conclusion: This study provides a theoretical basis for the prevention and treatment of tick-borne
diseases, which is of great significance for public health.

1. Introduction

Ticks possess the ability to transmit tick-borne pathogens (TBPs) as well as various other microorganisms, including bacteria,
viruses, protozoa, and so forth. Recent research has indicated that the presence of these microorganisms, particularly bacteria, may
contribute to the dissemination of TBPs and potentially affect human health [1]. Therefore, investigating the microbial community in
ticks can assist in the identification of specific TBPs that cause human diseases [1,2]. This knowledge will significantly enhance our
ability to anticipate and mitigate public health risks associated with tick-borne diseases (TBDs), while offering an innovative approach
to controlling and preventing such diseases [1,3].

Ticks carry microorganisms that are vital to their physiology, including Coxiella and Rickettsia. Rickettsia, a symbiotic bacterium, is
primarily transmitted by various types of ticks. For instance, Rickettsia parkeri has been detected in Amblyomma maculatum ticks [4,5].
Rickettsia buchneri is considered an obligate symbiont that enhances the overall health of Ixodes scapularis ticks by providing essential
nutrients such as vitamins and amino acids [6]. However, there is currently no strong evidence supporting an obligatory relationship
between bacteria and ticks. Further investigation into the presence of Rickettsia is necessary to examine the vectors and reservoir hosts
involved. Additionally, Rickettsia endosymbionts have the potential to alter the microbial composition of ticks and the transmission of
other Rickettsia pathogens. This is demonstrated by the negative correlation between the infection rates of Rickettsia (a pathogen) and
Rickettsia peacock (a spotted fever group (SFG) Rickettsia found in Dermacentor andersoni [7]. Coxiella is an obligate intracellular
bacterium that can be found in ticks worldwide, including Colombia, Brazil, Kenya, and China [8-10]. It plays a crucial role in
reproduction and development. Various methods for sequencing and phylogenetic analysis of Coxiella have been documented in recent
decades. For example, the bacterial symbionts of Coxiella burnetii in Rhipicephalus sanguineus, Haemaphysalis longicornis, and Orni-
thodoros moubata have been identified based on 16S rDNA sequences [11]. Pyrosequencing with barcoded eubacterial primers tar-
geting the variable 16S rRNA gene has also revealed the presence of Rickettsia and Coxiella microorganisms in Amblyomma americanum
ticks [12]. In China, studies on ticks such as Haemaphysalis longicornis (Hebei), Dermacentor silvarum (Hebei), and Rhipicephalus
microplus have identified the presence of Coxiella and Rickettsia microorganisms [10,13,14]. These microorganisms were identified
using 16S rRNA sequencing technology to obtain information about their composition. However, there is limited data on Coxiella and
Rickettsia in H. ginghaiensis in China, necessitating further research to fully understand the symbiotic bacteria and their functions in
H. ginghaiensis. Additionally, ticks have been found to commonly host bacteria such as Staphylococcus, Pseudomonas, Enterobacter,
Acinetobacter, and Stenotrophomonas, which are also prevalent in their surrounding environments, suggesting that ticks may acquire
these environmental bacteria [7].

However, the composition of the tick microbiome is not static and can vary due to factors such as geographical location, bloodmeal
type, and tick gender. These factors contribute to the diversification of tick microbiome composition [15], indicating that a diverse
microbial community may provide competitive advantages for ticks in their environment [16]. The presence of ticks in different
geographical locations can significantly impact their microbial composition, particularly on a large scale [17,18]. Previous studies in
this field have produced inconsistent findings, leading to uncertain conclusions. For example, investigations into the microbiome of
D. andersoni ticks have shown that the environment in which tick populations are found plays a crucial role in determining the
complexity of their bacterial microbiome composition [3]. A study conducted by Van Treuren et al. [17] analyzed the microbial
communities of Ixodes scapularis and Ixodes affinis ticks collected from 19 different regions. The study observed that the variations in
tick microbiota increased as the geographical distance between the locations increased. However, it is important to note that these
alterations may be influenced by factors such as soil composition and other environmental factors, which require further investigation.
The consumption of a blood meal is essential for ticks to complete their life cycle and also plays a crucial role in the transmission of
pathogens [19]. How does the blood meal affect the microbial composition within ticks? A study conducted by Zhang et al. [20]
demonstrated that prolonged feeding significantly altered the bacterial composition of Ixodes persulcatus while maintaining bacterial
composition diversity. Another study revealed that the blood meal effectively influenced both the richness and diversity of the tick
microbiome. The decrease in microbial diversity caused by bloodfeeding could potentially impact the vector competence of Ixodes
pacificus and subsequently affect pathogen transmission in natural systems [21]. Furthermore, there is a complex interaction between
endosymbionts and pathogenic microorganisms within tick hosts. Factors associated with blood feeding resulted in significant changes
in the composition of symbiotic bacteria, which in turn influenced pathogen colonization and transmission [22]. These findings
suggest that the consumption of a blood meal can indeed influence the microbial composition within ticks.

The objective of our research was to analyze the bacterial community composition of H. ginghaiensis collected from Qinghai, China,
using high-throughput sequencing. We aimed to assess how the microbial composition of ticks in the natural environment of
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H. ginghaiensis was influenced by sampling regions and blood meal. H. ginghaiensis is a unique species discovered in China that poses
significant threats to animals and humans in the northwest plateau [14]. Previous studies on other ticks have demonstrated that in-
teractions between microorganisms and coexisting bacteria could impact the development of pathogen lineages, particularly when
pathogens rely on vectors or hosts for transmission. Thus, investigating the microbial diversity of H. ginghaiensis could enhance our
understanding of its potential as a disease carrier for vertebrate hosts.

2. Materials and methods
2.1. Sample collection

A total of 186 tick samples were collected for analysis. Some of these ticks were engorged ticks found on the surface of Tibetan
sheep, while the remaining ticks were collected from vegetation by dragging a 1 m? white blanket in various areas of Qinghai Province,
China (Table 1). All collected ticks were then brought back to the laboratory.

2.2. High-throughput sequencing

Ticks were first washed in 75 % ethanol and deionized water for 5 min each to remove any environmental contaminants. Following
DNA extraction, which was conducted using a E.Z.N.A.® Soil DNA Kit (Omega BioTek, USA), PCR amplification was performed
targeting the 16S rRNA V3 and V4 hypervariable regions. A selection of tick samples was then sent to Majorbio Bio-pharm Technology
for high-throughput 16S rRNA sequencing.

The tick samples were divided into eight groups: LD_F (Ledu Females), LD_M (Ledu Males), LD_F_F (Ledu Fed Females), HY M
(Huangyuan Males), BM_M (Banma Males), YS_M (Yushu Males), XH_M (Xunhua Males), and BM_F_F (Banma Fed Females). To amplify
bacterial 16S rRNA, barcode-indexed primers (338F: 5-ACTCCTACGGGAGGCAGCAG-3' and 806R: 5-GGACTACHVGGGTWTCTAAT-
3) were used, along with TransStart Fastpfu DNA polymerase (TransGen, Beijing, China). PCR was conducted on the ABI GeneAmp®
9700 PCR instrument (Applied Biosystems, California, USA). A negative control containing sterile water was included in each reaction.
This primer set generated fragment lengths ranging from 401 to 440 bP. All samples were subjected to formal experimental conditions,
with each sample being repeated three times.

PCR products were detected by 2 % agarose gel electrophoresis and recovered by cutting the gel using an AxyPrepDNA gel
extraction kit (AXYGEN, USA). Preliminary quantitative electrophoresis results indicated that PCR products were detected and
quantified using the QuantiFluor™-ST blue fluorescence quantitative system (Promega, USA). Finally, paired-end sequencing was
performed on the Illumina MiSeq PE300 using a standard protocol platform (Majorbio Bio-pharm Technology, Shanghai, China).

2.3. Data analysis

The data was analyzed using the free online platform Majorbio I-Sanger Cloud (https://cloud.majorbio.com). The forward and
reverse sequences obtained through double-ended sequencing were paired and assembled using Flash (1.2.11). To facilitate the
analysis, Uparse (version 7.0.1090) was employed to cluster 97 % of OTU representative sequences with similar levels. Additionally,
Mothur (1.30.2) (http://www.mothur.org/wiki/Calculators) was utilized to analyze alpha diversity, providing information on com-
munity species richness, coverage, and diversity. The Kruskal-Wallis H test was used to test for intergroup differences and to determine
the significance of differences in the alpha index between groups (p < 0.05). Venn diagrams were employed to calculate the number of
shared and unique species OTUs in each group, allowing for a more intuitive understanding of the similarity and overlap of species
OTU composition in the environmental groups. Dominant species and their relative abundance were analyzed at the phylum and genus
classification levels. Beta diversity was assessed using Bray Curtis analysis, and Principal Coordinate Analysis (PCoA) was conducted to
compare and visualize differences between groups [23]. Furthermore, similarity analysis (ANOSIM) based on unweighted and
weighted UniFrac was performed using 999 permutations to determine the variability rate (%) of bacterial composition explained by

Table 1
Sampling location and sample data information.
County/Altitude (m) Longitude and latitude Number of ticks (n)
Female male Fed Female Total
Xunhua/2793 E 102°31'16" 30 30
N 35°4523"
Huangyuan/2755 E 101°21'35" 30 30
N 36°40'50"
Ledu/2276 E 102°46'14" 30 30 3 63
N 36°29'46"
Yushu/4016 E 96°51'40" 30 30
N 32°4523"
Banma/3751 E 100°36'54" 30 3 33
N 33°4'31"
Total 30 150 6 186
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sample type [24]. Finally, Tax4fun (0.3.1) was employed to predict the KEGG functions of the prokaryotic microbial community in the
eight groups.

3. Results
3.1. Morphological characterization of H. qginghaiensis

By morphological examination, all the tick samples were identified as Haemaphysalis and on the basis of the research on
H. ginghaiensis in the laboratory, on the basis of the above appraisal, a part of tick samples were identified as H. ginghaiensis was found
[14,25]. Select some samples from H. ginghaiensis for the next experiment (Fig. 1A-D).

3.2. MiSeq sequencing data

No PCR bands were detected in the negative control, and a total of 24 samples were effectively sequenced (Table 1), yielding
1886987 raw reads and 1814677 optimized sequences. The coverage index of all samples exceeded 99.9 %, this outcome was further
corroborated by an adequate coverage estimate for each sample, and the sequencing depth was sufficient to display microbial diversity
and reflected the actual situation of the group.

3.3. OTU and alpha diversity analyses

Based on a similarity level of 97 %, alpha diversity analysis was performed on the 16S rRNA sequencing results. The Shannon and
Chao indexes reflected microbial diversity and richness. LD _F (4.14) and HY_M (0.171) had the highest and lowest bacterial diversity,
respectively, and the difference between LD_F_F (1.848) and LD_F (4.14) was significant; the bacterial diversity in the non-
bloodsucking group was remarkably higher than in the bloodsucking group (P < 0.05). The bacterial diversity of BM_F_F was lower
than LD_F_F, but there was not a significant difference between BM_F_F and LD_F_F (P > 0.1), The bacterial diversity of BM_F_F was
lower than LD _F_F, but there was not a significant difference between BM_F_F and LD _F_F (P > 0.1) (Fig. 2A), it was possible that the
decrease in bacterial diversity caused by Rickettsia resulted in no significant difference in bacterial diversity between the LD_F_F and
BM_F_F. The bacterial diversity of five groups (HY_M, YS_M, XH_M, BM_M, and LD_M) was different, and there were differences among
five regions (P < 0.01) (Fig. 2A and Table 2). The differences in bacterial diversity between XH_M and LD_M were significant (P <
0.05), between YS_M and LD_M were highly significant (P < 0.01), between BM_M and LD_M were significant (P < 0.05), and between
HY_M and LD_M were highly significant (P < 0.01) (Fig. 2A).

The Chao index was used to evaluate the bacterial richness in these groups. LD_F (730.4) had the highest bacterial richness, fol-
lowed by LD_M (617.8). There was a striking differences between LD_F (730.4) and LD_F_F (150.7); The bacterial richness of the non-
bloodsucking group was clinically higher than that of the bloodsucking group (P < 0.01), so bloodsucking affected the bacterial
richness. The bacterial richness of BM_F_F was lower than LD_F_F, but there was not a remarkable difference between BM_F_F and

B
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Fig. 1. Morphological characterization of H. ginghaiensis. The dorsal view and ventral view of Haemaphysalis ginghaiensis, All figures used the same
ruler (1 mm). (A) Dorsal view of female. (B) Ventral view of female. (C) Dorsal view of male. (D) Ventral view of male.
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Fig. 2. Alpha diversity of the microflora in 8 groups. (A) Kruskal-Wallis H test for shannon index. (B) Kruskal-Wallis H test for chao index. Mean
indices of samples within 8 groups of independent groups were significantly different (Wilcoxon rank-sum test: P < 0.05).

Table 2
Mean (£+SD) alpha diversity indices of observed operational axonomic units (OTUs) in the bacterial
communities of tick samples.

Sample name Shannon index Chao index
BM_FF 0.9559 (4+0.5591) 52.04 (+28.28)
BM_M 1.745 (£0.08293) 94.96 (+19.07)
HY M 0.171 (+0.06641) 103.8 (£12.5)
LDF 4.14 (£1.001) 730.4 (+91.68)
LD FF 1.848 (+£1.154) 150.7 (+£108.1)
LD.M 3.832 (£1.207) 617.8 (+£121.6)
XH.M 1.5 (+£0.08732) 51.83 (£6.292)
YS.M 0.7013 (4+0.2559) 106.1 (£74.3)

LD_F.F (P > 0.1), it was possible that the decrease in bacterial richness caused by Rickettsia resulted in no significant difference in
bacterial richness between the LD_F_F and BM_F_F. The bacterial richness of five groups (HY_M, YS_.M, XH_M, BM_M, and LD_M)
differed (P < 0.05). The differences in bacterial richness between XH_M and LD_M were significant (P < 0.01), between YS_M and LD_M
were significant (P < 0.01), between BM_M and LD_M were significant (P < 0.01), and between HY_M and LD_M were significant (P <
0.01). This confirmed the impact of sampling locations and bloodmeal on bacterial richness, possibly due to different tick populations
having different habitats and host bloodmeal. This also indicated that the growth and reproduction of ticks in different environments
had a significant impact on the richness of bacteria (Fig. 2B and Table 2). We discovered that different sampling areas might lead to
significant changes in the diversity and richness of bacteria within ticks, which might affect the transmission of pathogens to humans
and animals after tick bites. Therefore, the impact of sampling areas should be considered when conducting disease monitoring and
control.

An OTU was defined as reads with 97 % sequence similarity. Excluding differences between different sample sizes that affect group
differences, the samples were balanced based on the lowest volume size among all samples, and a total of 1751 distinct OTUs were
observed in these groups. Based on the balanced OTU data, the number of shared and unique OTUs in five groups (BM_M, XH_M, LD_M,

A @BM_F_F B @BMM

@LD_F_F OXHM
@LD_F @M
@YsSM
OHY_M
BM_F_F LD_F_F EM_M

LD_F

Fig. 3. Venn diagram of unique and shared operational taxonomic units (OTUs) between different groups for the bacterial communities. (A)
BM_ F_F, LD FF, and LD F. (B) BM_M, XH M, LD_M, YS_M, and HY_M.
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YS_M, and HY_M) was calculated using Venn diagram, and the shared and unique OTUs of BM_F_F, LD_F_F, and LD_F were displayed
using Venn diagram (Fig. 3A and B). The most significant number of OTUs was LD_F, accounting for 1168 OTUs, followed by LD_F_F,
accounting for 352 OTUs. BM_F_F was the lowest, accounting for 65 OTUs. A total of 161 OTUs were shared by LD_F_F and LD_F,
indicating that ticks could acquire bacteria from blood meal. Compared to LD_F_F, LD_F had more unique OTUs, indicating that
bloodsucking could affect microbial species composition (such as OTUs) (Fig. 3A).

The largest number of OTUs was LD_M, accounting for 1021 OTUs, followed by XH_M, accounting for 70 OTUs; There were a total
of 17 OTUs in five groups (BM_M, XH_M, LD_M, YS_M, and HY_M), and shared OTUs indicated that ticks could obtain bacteria from
different regions (Fig. 3B). There were differences in the unique OTU numbers of H. ginghaiensis in different regions, indicating that the
region affected the composition of microbial species (such as OTU). The diversity of OTUs of H. ginghaiensis varied in different regions,
and the microbial community was influenced by the environment, adapting and changing, which might affect the ecological balance
and stability.
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Fig. 4. Relative abundance (%) of bacteria communities composition at the phylum level. (A) BM_F_F, LD F_F, and LD_F. Community Circos Plot of
the community composition. (B) BM_F_F, LD F_F, and LD_F. Relative abundance (%) of bacteria communities composition at the phylum level. (C)
BM_M, XH_M, LD M, YS_M, and HY_M. Community Circos Plot of the community composition. (D) BM_M, XH_M, LD_M, YS_M, and HY_M.
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3.4. Bacterial microbiota composition

The bacterial communities were further assigned to 1 domain, 1 kingdom, 30 phyla, 75 classes, 191 orders, 320 families, 654
genera, 1047 species and 1751 OTU. At the phylum level, 6 phyla (Firmicutes, Proteobacteria, Actinobacteria, Cyanobacteria, Bacter-
oidetes and Chloroflexi) had high relative affinity among all groups (Fig. 4A-D). The Circos sample and species relationship diagram
was commonly used to display the distribution of microbial species present in different microbial samples. On one side of the circular
diagram were the samples and their respective groups, while on the other side were the main dominant species. The connections
through inner ribbons showed the abundance distribution of different species within the samples.The top 5 species at the phylum level
included: Firmicutes, Proteobacteria, Actinobacteriota, Cyanobacteria, Bacteroidota (Fig. 4B-D). The relative abundance of Firmicutes
increased with bloodsucking, while the relative abundance of Chloroflexi and Cyanobacteria showed geographical differences between
groups (Fig. 4A-C). Firmicutes was dominant in all locations except one location where Firmicutes had a high relative abundance as
compared to Proteobacteria (Fig. 4A-D).

As shown in the figure, Firmicutes has the highest relative abundance and existed in all groups, with percentages ranging from 7.44
% to 96.62 % for different groups, which was an absolute advantage for all groups. Proteobacteria followed closely, with percentage
values ranging from 0.54 % to 60.63 % for different groups (Fig. 4A). The proportion of LD_F_F was the highest, reaching 60.63 %,
while HY_M did not exist. The percentage values of different groups in Actinobacteria ranged from 0.33 % to 24.84 %, with the highest
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Fig. 5. Relative abundance (%) of bacteria communities composition at the genus level. (A) BM_F_F, LD_F_F, and LD_F. Community Circos Plot of the
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proportion of LD_F reaching 24.84 % and the lowest proportion of BM_F_F reaching 0.33 %. In addition, Cyanobacteria, Bacteroidetes,
and Chloroflexi were mainly distributed in LD_M (19.25 %, 7.01 %, and 0.89 %), LD_F (0.53 %, 6.27 %, and 1.13 %), and LD _F_F (0.11
%, 6.33 %, and 0.11 %) (Fig. 4A-C). There were differences between different microorganisms in different regions.

At the genus level, a total of 654 genera were found in all groups, of which five genera (Staphylococcus, Macrococcus, Acinetobacter,
Achromobacter, and Rickettsia) had higher relative abundance (Fig. 5A-D). The relative abundance of Staphylococcus, Rickettsia, and
Coxiella increased with bloodsucking, while the relative abundance of Macrococcus and Pseudomonas decreased with bloodsucking. It is
highly probable that ticks exhibit selectivity in their bloodsucking behavior, opting for specific bacteria. This suggested that the act of
bloodsucking might exert varying impacts on different bacteria, consequently influencing the growth and propagation of ticks. The
species belonging to the top 5 in terms of horizontal gene transfer included: Staphylococcus, Macrococcus, Acinetobacter, Achromobacter,
and Jeotgallicoccus (Fig. 5B and D).

The abundance of 30 genera exceeded 1 %. Macrococus (54.79 %) was the most abundant genus in BM_F_F, followed by Acine-
tobacter (43.66 %). Acinebacterium (46.58 %) was the largest in BM_M, followed by Macrococus (40.43 %). Staphylococcus (48.06 %)
was the most abundant genus in XH_M, followed by Psychobacter (24.65 %). Rickettsia (30.34 %) was the largest in LD_F_F, followed by
Staphylococcus (21.98 %). Chloroplasts (19.12 %) were the most abundant genus in LD_M, followed by Achromorphs (16.87 %).
Acrhromobacter (11.88 %) was the largest in LD_F, followed by Mycobacterium (4.84 %). Staphylococcus (59.44 %) was the most
abundant genus in YS_M, followed by Macrococcus (33.83 %). Staphylococcus (97.53 %) was the most abundant genus in HY_M, fol-
lowed by Jeotgallicoccus (1.59 %) (Fig. 5A-C). In summary, the majority of the dominant bacteria in H. ginghaiensis were environmental
symbiotic bacteria, with a few being pathogens, such as Rickettsia.

Based on the symbionts Rickettsia and Coxiella mainly existed in LD_F_F, the species distribution and proportion of LD_F_F at various
taxonomic levels were intuitively displayed from inside to outside by using the multi-level species Sunburst plot through multiple
concentric circles. Selecting the classification level subordinate to OTU, it was found that OTU996 was annotated at the OTU level of
Rickettsia of LD_F_F, accounting for 33.5 %. Their 16S genes had the highest identities of 100 % to Candidatus Rickettsia hongyuanensis
strains (OK662395.1), 100 % to uncultured Rickettsia sp. Hja 192 (LC379493.1) from Ha. japonica in Japan, and 99.75 % to Uncultured
Rickettsia sp. clone Hme-HirooLOO9R (MT378436.1) from Haemaphysalis megaspinosa, respectively (Fig. 6A). Selecting the classifi-
cation level subordinate to OTU, it was found that OTU456 was annotated at the OTU level of Coxiella of LD_F_F, accounting for 12.5 %.
A Coxiella strain closely related to Coxiella sp. isolate XinXian-HL9 (MG906671.1) identified from H. longicornis in China (with a
sequence identity of 99.07 % for the 16S gene) was detected in LD_F_F (Fig. 6B).

3.5. Sample difference analysis

Then, the unweighted distance between groups was calculated according to the species abundance table of the microbiome of
H. ginghaiensis. The variation among 8 groups was further evaluated using PCoA and ANOSIM analyses. The unweighted UniFrac PCoA
(which does not account for abundance data) explained 38.45 % (PC1) and 20.23 % (PC2) of the BM_F_F, LD_F F, and LD_F (Fig. 7A),
The unweighted UniFrac PCoA explained 34.95 % (PC1) and 16.03 % (PC2) of the (BM_M, XH_M, LD_M, YS_M, and HY_M) (Fig. 7B),
and LD_F_F clustered together and were distinctly separated from LD_F and BM_F_F; and five other groups (BM_M, XH M, LD_M, YS_M,
and HY_M) were separated (Fig. 7A). In addition, the ANOSIM result (R = 0.7860, P = 0.001) also showed significant differences in
bacterial composition between BM_F_F, LD_F_F, and LD_F (Fig. 7A), the ANOSIM result (R = 0.8904, P = 0.001) also showed significant
differences in bacterial composition between BM_M, XH M, LD_M, YS M, and HY M (Fig. 7B). The weighted UniFrac PCoA and
ANOSIM (R = 0.4733, P = 0.001) obtained a similar result considering the abundance of bacteria in BM_F_F, LD F_F, and LD_F
(Fig. 7C). The weighted UniFrac PCoA and ANOSIM (R = 0.7033, P = 0.001) obtained a similar result considering the abundance of
bacteria in BM_M, XH_M, LD_M, YS_M, and HY_M (Fig. 7D).
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Fig. 6. Sunburst diagram of multilevel species in LD_F_F. The diagram displayed the species composition and proportion from the inner circle to the
outer circle, representing the Genus, Species, and Operational Taxonomic Unit (OTU) levels. (A) The composition and proportion at the Genus,
Species, and OTU levels for Rickettsia. (B) The composition and proportion at the Genus, Species, and OTU levels for Coxiella.
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3.6. Function annotation analysis

We utilized the Tax4Fun algorithm to conduct functional prediction analysis on the microbiota of H. ginghaiensis in each group.
Differential alterations in gene pathways caused by variations in microbial community were investigated using different gene mod-
ifications from the Silva database, and gene function prediction was performed (Fig. 8). Based on findings derived from the KEGG
database, alterations were observed across all groups. As depicted in Fig. 8A, six metabolic pathways underwent modifications among
all signaling pathways (Metabolism, Environmental information processing, Genetic information processing, Cellular processes,
Human diseases, and Organizational systems), with Metabolism, Environmental information processing, and Genetic information
processing exhibiting the most significant changes while other pathways were also influenced to varying extents. The following
analysis showed that bloodsucking could cause significant changes in metabolic pathways. As shown in Fig. 8B, compared with the
LD _F_F, the metabolic pathways of LD_F in Membrane transport, Carbohydrate metabolism, Amino acid metabolism, Signal trans-
duction, Xenobiotics biodegradation and metabolism, Metabolism of terpenoids and polyketides, Metabolism of other amino acids and
Cell mobility were enhanced. However, in other metabolic pathways, such as Translation and Energy metabolism were lower, it
indicated that the metabolism of the non-bloodsucking was decreased in terms of providing capacity. On the other hand, compared
with the LD _F_F, the LD_F showed a decrease in Nucleotide metabolism, Metabolism of cofactors and vitamins, as well as a decrease in
Glycan biosynthesis and metabolism, and an increase in Lipid metabolism. The above results further indicated that changes in the
microbiota of H. ginghaiensis after bloodsucking caused changes in the signaling pathway.

4. Discussion

This study presents an intriguing discovery in H. ginghaiensis. The alpha and beta diversity results indicate that the microbial
community of H. ginghaiensis exhibits regional and blood meal variations, aligning with previous studies conducted on A. americanum
[26]. Interestingly, the predominant phylum found in H. ginghaiensis is Firmicutes, which differed from the top phylum observed in
other tick species, such as Ixodes ricinus. This suggests the potential existence of tick species and geographical variations, as well as the
selective effects of blood consumption on microbial types [27]. A diverse microbial community equips ticks with a competitive
advantage in adapting to changing environmental conditions by accommodating variable bacterial components, as demonstrated in
previous studies [28].

In our study, we also identified Coxiella sp. and Rickettsia sp. as the two main symbiotic bacteria in H. ginghaiensis, consistent with
previous research conducted on A. americanum [12]. However, what sets our findings apart is the identification of Rickettsia as the most
abundant genus, with Coxiella accounting for only a small portion. Further investigation should be conducted to explore the potential
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competition between Coxiella and Rickettsia.

Bloodmeal is essential for ticks to complete their life cycle and is an important material for pathogen transmission [29,30]. During
the process of bloodsucking, ticks experience a significant increase in weight and a variation in their liquid storage capacity. This
process can also regulate the internal cellular and molecular pathways of ticks, as well as the microbial composition within them,
including the quantity and location of bacteria [31].

Studies on various tick species, such as Ixodes pacificus, Ixodes angustus, Dermacentor variabilis, Dermacentor occidentalis, Dermacentor
albipictus, and Haemaphysalis leporispalustris, have demonstrated that bloodmeals can affect the microbial community of ticks and
potentially impact pathogen transmission [32]. Further research has shown that compared to unfed males and nymphs, fed female
ticks have lower microbial abundance, suggesting that blood meals can influence the diversity of tick microbial communities [33].

In the case of H. ginghaiensis, the effect of bloodmeal on microbial composition was investigated through 16S rRNA sequencing
analysis. It was found that the bacterial diversity of LD_F_F (1.848) was significantly lower than that of LD_F (4.14) (P < 0.05), and the
bacterial richness of LD_F_F (617.8) was significantly lower than that of LD_F (730.4) (P < 0.01). These results are consistent with
findings from other tick species [32]. It is speculated that bloodsucking can reduce the microbial richness of H. ginghaiensis, potentially
modulating the tick’s immune response and influencing the composition of its microbiome. Further investigation is required to
comprehend the mechanisms of undefined factors in order to gain a better understanding of the interaction between ticks and the
microbiome.

The diversity of the microbial community plays a crucial role in the survival and reproduction of ticks. Their adaptability and
competitive advantage stem from the presence of a diverse microbial environment [34]. At the genus level species composition, it was
observed that Proteobacteria (60.63 %) was the most prevalent phylum in LD_F_F, followed by Proteobacteria (54.49 %) in LD_F. In
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LD _F_F, Firmicutes (30.14 %) was the most abundant phylum, followed by Firmicutes (10.06 %) in H. ginghaiensis. The abundance of
Proteobacteria and Firmicutes in H. ginghaiensis was easily influenced by bloodsucking behavior and increased as the feeding progressed.
Conversely, Actinobacteriota (24.84 %) was the most abundant phylum in LD_F, followed by Actinobacteriota (2.20 %) in LD_F_F.
Actinobacteriota showed susceptibility to bloodsucking behavior in H. ginghaiensis and decreased as the feeding progressed.

Ticks can directly acquire bacteria from the blood meal, which can stimulate the growth of certain bacteria while also affecting the
diversity and stability of the host’s bacterial population. However, most acquired bacteria may be eliminated during tick development,
resulting in their clearance. The loss of acquired bacteria could be attributed to their stimulation of the tick’s immune system or their
inability to survive in the constantly changing environment [15]. The regulation of bacterial abundance by ticks during the blood-
sucking process reflects the complex and intricate relationship between them, which warrants further research and discussion.

Several studies have compared the microbiota of ticks collected from different geographic regions, revealing variations in bacterial
community or structure based on the collection location [3,17,32-35]. Analyzing ticks sampled under natural conditions and their
microbial composition is crucial for understanding patterns of host-microbe association and the factors influencing the tick micro-
biome. In this study, we analyzed adult ticks from five distinct geographic regions to maximize the likelihood of detecting microbial
composition, which can vary spatially in tick populations due to complex ecological factors [36].

As is well known, ticks primarily reside in the fallen leaves of their hosts, allowing the environment to shape the microbial
community indirectly (through non-biological parameter changes) or directly (through microbial interactions) [1]. It is plausible to
hypothesize that variations in the tick microbiome across different sampling locations may be attributed to the acquisition of mi-
croorganisms from the soil, including soil-associated bacteria present in the microbial community of Ixodes scapularis [37]. Addi-
tionally, some researchers have documented the presence of a group of Lactobacillus bacteria from the soil in Dermacentor variabilis and
Ixodes scapularis [22].

In addition, Rickettsia has been identified as nutritional endosymbionts capable of synthesizing folate, a compound that animals are
unable to synthesize independently. Therefore, animals require it either through diet or mutual contact with microorganisms [38,39].
We hypothesized that engorged female ticks require a significant amount of nutritional symbiosis for reproduction, leading to the
enrichment of the nutritional endosymbiont Rickettsia in their bodies. However, Rickettsia was not detected in other sampling areas,
such as BM_F_F, possibly due to unique environmental conditions or host associations. These factors may allow H. ginghaiensis to
survive and thrive without the presence of Rickettsia endosymbionts. Similar observations have been made for Ixodes scapularis in the
past [24].

Although the Rickettsia buchneri endosymbiont was reported to be 100 % maternally transmitted in Ixodes pacificus, the prevalence
of this symbiont in tick populations varied between 46 and 82 % across different geographical locations. This suggested that
geographical location has an influence on symbiotic relationships [7,13]. Furthermore, it indicated that the relationship between
Rickettsia and ticks is facultative rather than obligate, as the presence of Rickettsia is not necessary for the survival of the host [7,13].

However, under our test conditions, it is unclear whether Rickettsia sp. is an obligate endosymbiont of H. ginghaiensis, as the role of
Rickettsia in the biology and ecology of H. ginghaiensis is not fully understood, and the mechanisms driving this situation remain
unknown. Therefore, further research is warranted.

In our study, the phylogenetic resolution of the v3-v4 region of the 16S rRNA gene was insufficient, preventing further differen-
tiation of Rickettsia. We downloaded the nucleotide sequence corresponding to OTU996 in the 16S gene and conducted a comparison
on NCBI, which revealed that Rickettsia in LD_F_F was similar to Candidatus Rickettsia hongyuanensis (OK 662395.1), a species of SFG
Rickettsia found in H. qginghaiensis. H. ginghaiensis is a three-host tick that can easily transmit pathogens among different hosts during its
life cycle [14]. Therefore, the role of H. ginghaiensis in the spread of SFG Rickettsia should be further investigated. Additionally, the
pathogenicity of Rickettsia sp. in humans requires further investigation.

Coxiella has also been detected in various other ticks, similar to Rickettsial bacteria, indicating that they are widely distributed
symbionts in biology [40-42]. Coxiella rapidly proliferates to meet the reproductive needs of ticks during the life cycle of H. longicornis
[43]. Coxiella was previously identified as an endosymbiont in A. americanum, as it was found with a frequency of 100 % in many
studies of A. americanum in different locations [42]. In our study, the discovered Coxiella might also be an endosymbiont. Interestingly,
it was predominantly found in LD_F_F, suggesting that bloodsucking affects the composition of symbionts in ticks. Although Coxiella
relies on bloodsucking to obtain nutrients from the tick host, the tick host may not depend on Coxiella (i.e., it is not an obligatory
symbiont). In this study, we demonstrated that the Coxiella load in the body of H. ginghaiensis significantly increased with blood-
sucking. Furthermore, our analysis showed that bloodsucking leads to significant changes in metabolic pathways, as predicted by the
Tax4Fun algorithm. Compared to LD_F_F, LD_F showed significant enhancements in metabolic pathways related to nutrient provision
and membrane transport for nutrient acquisition.

Symbionts, which are microorganisms that have closely interacted with tick hosts for an extended period, are primarily studied in
terms of their relationship with pathogens. The Coxiella genus encompasses two recognized species (Coxiella burnetii and Coxiella
cheraxi), a Candidatus species (Candidatus Coxiella mudrowiae), and several unclassified Coxiella symbionts [44,45]. Notably, these
endosymbionts are closely related to Coxiella burnetii, a highly pathogenic pathogen causing Q fever [46]. For instance, A. americanum
may harbor Coxiella spp. endosymbionts that share a close relationship with the highly pathogenic C. burnetii, the causative agent of Q
fever. It has been demonstrated that C. burnetii originated from non-pathogenic Coxiella endophytes through horizontal gene transfer
and convergence [46]. This study, primarily focusing on Coxiella in LD_F_F, might be one of the few recent studies to identify Coxiella
species infecting mammals. Coxiella DNA was found in the blood-sucking tick H. ginghaiensis, suggesting that the host (sheep) could be
infected with this Coxiella strain. The 16S rRNA gene closely related to Coxiella sp. isolate XinXian-HL9 (MG906671.1), identified from
H. longicornis in China (with a sequence identity of 99.07 % for the 16S gene), was detected in LD_F_F. This Coxiella strain may
represent a Coxiella-like endosymbiont coexisting with the host [47]. Each possibility is intriguing and warrants further research.

11



S. Jiang et al. Heliyon 10 (2024) e35429

Bloodsucking is a vital biological process in the life cycle and reproduction of H. ginghaiensis. Consequently, the diversity and
species composition of its microbiome undergo changes during the bloodsucking phase, resulting in an enrichment of various bacteria
such as Rickettsia and Coxiella (Fig. 6). We hypothesized that H. ginghaiensis may influence these functional differences by altering the
microbial composition following blood feeding. To explore this further, we employed the Tax4Fun algorithm to predict the functions of
microorganisms carried by H. ginghaiensis. Our findings indicated that bloodsucking leaded to alterations in metabolic pathways.
Specifically, when comparing LD_F_F with LD_F, we observed a significant enhancement in nutrient provision and membrane transport
pathways in LD_F, suggesting an increased capacity for nutrient acquisition. Moreover, the enriched pathways primarily involved the
synthesis of large biomolecules, including nucleotides and folate. Although the comprehensiveness of these gene prediction algorithms
remains uncertain, these results underscore the need for further investigation into the factors influencing the composition and function
of tick microbiomes, as well as the potential impact of tick microbiome activity on tick adaptability and pathogen transmission.
Therefore, conducting additional research and experiments is imperative to gain a comprehensive understanding of the complexity and
significance of tick microbiomes. Ultimately, these efforts will contribute to the development of more effective solutions for tick-borne
diseases and related issues.

5. Conclusions

This study investigated the structure of the microbial community in a substantial number of ticks (n = 186) collected from five
different regions in Qinghai province. Our analysis revealed the influence of geographic origin and blood meal on the composition of
the microbial community. Furthermore, we observed the presence of Coxiella and Rickettsia endosymbiotic bacteria in LD_F_F. Several
human pathogens, including Staphylococcus, Pseudomonas, Corynebacterium, Cloacibacterium, and Acinetobacter, were also identified. It
is important to note that different species within these genera may have distinct roles as pathogens or symbionts. This study holds
significant implications for understanding the relationship between ticks and microbial communities, advancing our knowledge of the
interaction between tick-borne pathogens (TBPs) and tick-borne symbionts, and providing a solid theoretical foundation for the
prevention and control of ticks and tick-borne diseases at the microbial level.
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