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Editorial on the Research Topic 
Host-microbe interaction and coevolution

Over 100 years ago, Robert Koch established that infectious diseases are caused by microbes. Various studies have shown that different symbiotic and pathogenic microbes could impact host health, including causing diseases. As opposed to studying a single species of microbiota or the host independently, more and more researchers have changed their focus to study how the microbes interact with their hosts, including plants, animals, and fungi.
Studies demonstrating the relationship between microbial communities and their hosts have been emphasized since the last century. Various reports have shown that these microbial communities (microbiota) are dynamic, and their composition depends on host genotype, species, and ontogeny, including diet, habitat, geographical location, and anthropogenic disturbance (Kohl, 2020; Gaete et al., 2021). Importantly, it has been demonstrated that diseases such as diabetes and cancers could affect the human microbiota of the gut and other organs (Iida et al., 2013; Grigorescu and Dumitrascu, 2016). During the last 2 decades, high-throughput sequencing technologies have been widely used to characterize the host’s microbiome (microbiota gene pool), enhancing our understanding of the microbial networks and their interactions with the hosts.
For this Research Topic, we aim to promote knowledge from recent advances in the field of microbiota-host interaction and coevolution and use this information to develop approaches to promote crop, cattle, and human health in the long run. Ten articles in this issue gathered information encompassing recent studies conducted in various hosts including vertebrates like humans, birds, and chickens; invertebrates like honeybees and fig wasps; and plants like Macleaya cordata.
It has been demonstrated that these interactions between the microbe and host could maintain benefits for one or for both sides. However, in other cases, this interaction can also be pathogenic, resulting in severe host diseases and even leading to deaths, such as diseases caused by SARS-COV2 and monkeypox virus. Some of these pathogens are also constantly evolving to become resistant to a host’s defense mechanisms. Understanding pathogenesis and the host defenses in the fight against pathogens is, therefore, an urgent topic. Here, four manuscripts focused on human pathogens. Jiang et al. reported that the non-pathogenic Mycobacterium smegmatis mc251 strain selected against H2O2 stress showed a mutation in the bacterial fur gene, which is responsible for strong ROS resistance and INH sensitivity. They also showed that the redox-related protein Rv1996 showed distinct phenotypes under different physiological conditions among different species of Mycobacterium species. This may somehow explain why despite having similar virulence factors and signaling transduction systems, Mycobacterium tuberculosis (TB) and Mycobacterium smegmatis mc251 strains showed different virulence against their hosts (Jiang et al.). The phenomenon suggests that M. smegmatis mc251 could be a suitable candidate vector for a vaccine for TB. Shi et al. investigated the polymorphism of PvDBP (PvDBP-II) in the human pathogen Plasmodium vivax from the China-Myanmar Border of Yunnan Province, China, which could be targeted to generate vaccines against malaria (Shi et al.). Another important study conducted by Lv et al. found that the two-component system QseBC from Hypervirulent Klebsiella pneumonia contributes to the virulence of the human (Lv et al.). This research provided new insights into the functional importance of QseBC in regulating the virulence of hvKP. Wu et al. collected seven Cyclophyllidea specimens from rodents in Qinghai-Tibet Plateau (QTP) and found that some of them might affect human health (Wu et al.).
The microbiota is also crucial to the agricultural industry and environmental protection. Three research articles are focused on this area. Yang et al. investigated the microbiota in the asexual hybridization queens (AHQs) of honeybees (Yang et al.). This research revealed that genetic background rather than environmental factors is dominant in shaping the gut microbiota. Li et al. focused on the microbiota in the fig wasp genus Ceratosolen (Li et al.). They found that the endosymbiotic Wolbachia carried by fig wasps led to a decrease in bacterial diversity. Huang et al. showed that subchronic copper exposure induced metabolic disorders in chickens by disrupting the microbial community, which may induce metabolic disorders in chickens (Huang et al.). This research will guide the chicken farm to optimize the usage of copper.
Two research articles focused on the microbiota diversity in birds from the Tibetan wetland and an endangered bird Nipponia Nippon (Zhu et al.; Bo et al.). The authors collected crucial data on microbes correlated with those birds’ development and growth.
The final report revealed the consequences of plant niches and alkaloids on the bacterial community, which could help us to better understand microbe-plant interactions. In this study, high-throughput gene sequencing was used to investigate the composition and abundance of bacteria from the rhizospheric soil and different parts of Macleaya cordata, which is well known as traditional antibacterial medicine (Kosina et al., 2010; Sai et al., 2015). Sphingomonas were observed to have a significant positive correlation with allocryptopine and protopine, while allocryptopine, protopine, chelerythrine, and sanguinarine showed a negative correlation with the microbiota of stems. These results indicated that bacterial abundance was the highest in the rhizospheric soil and there was a higher diversity of endophytic microorganisms with genes related to alkaloid synthesis indicating a mutual benefit for both the host and the microbe (Lei et al.). This is a good example of host-microbe interaction and evolution. The Macleaya cordata secretes alkaloid which shapes the microbiota, while, the microbiota also affects the growth and alkaloid production of Macleaya cordata.
Overall, this Research Topic highlights the role of microbiota in human pathogens as well as in agricultural animals and beneficial insects, all of which are of great significance to guide clinical applications, agriculture, and wild animal protection. The host-microbe interaction studies contribute to a better understanding of the role of microbiota in organism development and disease pathology. Understanding the interaction between the microbe and the host would guide us to increase the benefits and reduce harm from microbiota. We also noticed six manuscripts in this issue used high-throughput sequencing technologies to study different organisms. There is no doubt the microbiome analysis will provide fundamental data for further study of microbiota networks and host-microbe interaction. In general, high-throughput microbiome sequencing generates a flood of new data, but how to quickly mine valuable data and use the data to guide us to improve human health and environmental protection is still a challenge for future studies.
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Endophytes are highly associated with plant growth and health. Exploring the variation of bacterial communities in different plant niches is essential for understanding microbe-plant interactions. In this study, high-throughput gene sequencing was used to analyze the composition and abundance of bacteria from the rhizospheric soil and different parts of the Macleaya cordata. The results indicated that the bacterial community structure varied widely among compartments. Bacterial diversity was observed to be the highest in the rhizospheric soil and the lowest in fruits. Proteobacteria, Actinobacteria, and Bacteroidetes were found as the dominant phyla. The genera Sphingomonas (∼47.77%) and Methylobacterium (∼45.25%) dominated in fruits and leaves, respectively. High-performance liquid chromatography (HPLC) was employed to measure the alkaloid content of different plant parts. Significant correlations were observed between endophytic bacteria and alkaloids. Especially, Sphingomonas showed a significant positive correlation with sanguinarine and chelerythrine. All four alkaloids were negatively correlated with the microbiota of stems. The predicted result of PICRUST2 revealed that the synthesis of plant alkaloids might lead to a higher abundance of endophytic microorganisms with genes related to alkaloid synthesis, further demonstrated the correlation between bacterial communities and alkaloids. This study provided the first insight into the bacterial community composition in different parts of Macleaya cordata and the correlation between the endophytic bacteria and alkaloids.

Keywords: Macleaya cordata, 16S rRNA, bacterial community structure, niche differentiation, alkaloids


INTRODUCTION

Endophytes are widely present inside plants during part or all stages of their life cycle. They are able to survive in the root, stem, leaf, fruit, flower, and seed due to the specific colonization conditions provided by plant tissues and organs (Loaces et al., 2010; Bulgarelli et al., 2013; Wellner et al., 2013; Glassner et al., 2015). Plant microbial community composition is influenced by environmental factors, including climate, temperature, geographic location, vegetation density, and host genotype (Overbeek and Elsas, 2008; Meyer and Leveau, 2012; Ramond et al., 2013; Campisano et al., 2017; Yana et al., 2017; Ting et al., 2019; Sharaby et al., 2020). However, several studies have shown that plant compartment is the main driver of bacterial community composition, while the season, location, and plant species only play a minor role (Miller and Rudgers, 2014; Junker and Keller, 2015; Fonseca-García et al., 2016; Cregger et al., 2018). Soil microorganisms were partially the source of endophytic bacteria (Zarraonaindia et al., 2015; Mangeot-Peter et al., 2020). They migrated and colonized the area around the root of plants under the influence of the roots’ secretions (Tahtamouni et al., 2015). Rhizospheric microbial community composition was significantly influenced by the physical and chemical parameters in soil (Winston et al., 2017; Hartman et al., 2018; Ziyuan et al., 2020), which also affected the plant compartments in part (Mighell et al., 2019). However, Two studies on Arabidopsis showed that the endophytic microbial community composition in the Arabidopsis plants growing on four different soils was similar (Davide et al., 2012; Lundberg et al., 2012), indicating the existence of host mediated control mechanisms. Significant plant compartment effects were also observed in the microbiome of plants such as Populus, Cycas panzhihuaensis, and Stellera chamaejasme L (Jin et al., 2014; Cregger et al., 2018; Zheng and Gong, 2019).

Endophytes and plants can be considered as mutualistic symbiosis. They survived and evolved together (Hardoim et al., 2015; Vandenkoornhuyse et al., 2015). Endophytes are an essential part of the plant micro-ecosystem. They were thought to complement the host plant’s gene library and could regulate metabolism, enhance stress resistance, and transform host plants’ secondary metabolites (Zhou et al., 2015; Prasad et al., 2018; Cordovez et al., 2019; Víctor and Juan, 2019). Some endophytic bacteria were able to synthesize bioactive compounds such as saponins, terpenoids, and alkaloids, which are potential sources of antibacterial, anti-insect, anticancer, and other properties (Yu et al., 2010; Pimentel et al., 2011; Gutierrez et al., 2012). Considering the various effects of plant-associated bacteria on plants, recording the spatial variability of these bacterial communities is critical for further understanding of plant-microbe interactions and the potential value of endophytic bacteria.

Macleaya cordata, a perennial plant mainly distributes in China, Europe, and North America, has been considered as a traditional folk herbal medicine. Its chemical composition and biological activity were a matter of concern because of its detoxifying, analgesic, anti-inflammatory, antimicrobial, and antitumoral properties (Liu et al., 2013; Khadem et al., 2014; Li et al., 2017; Huang et al., 2018). Its extract has been used as a good alternative of antibiotics in feed additives for animal production, and has achieved European Food Safety Certification for its effectiveness in treating inflammation and regulating the intestinal flora of livestock and poultry. Modern pharmacological studies showed that isoquinoline alkaloids are the primary bioactive substances in Macleaya cordata. Some of them possess a prominent apoptotic effect on cancer cells. For instance, sanguinarine could inhibit cell invasion and the MMP-9 and COX-2 expression in TPA-induced breast cancer cells by inducing HO-1 expression (Park et al., 2014). The four main alkaloids in Macleaya cordata are sanguinarine, chelerythrine, allocrytopine, and protopine (Kosina et al., 2010). Significant differences in the accumulation of these four alkaloids were reported in the root, stem, leaf, and fruit of Macleaya cordata. Sanguinarine and chelerythrine were observed to accumulate mainly in the fruits, with allocrytopine and protopine being most abundant in roots and leaves, respectively. The alkaloids content in the stem was very low. Endophytic bacterial communities in different parts might be affected by this difference.

Bacterial communities across different niches covering below-ground and above-ground tissue-level microbial habitats (rhizospheric soil, root, stem, leaf, and fruit) were characterized in this study by using 16S rRNA gene-targeted Illumina MiSeq sequencing. The content of four main alkaloids was also detected to explore the relationship between alkaloids and endophytic bacteria. We hypothesized that: (i) Niche differentiation among different sample types influenced the composition and diversity of the Macleaya cordata associated microbial communities (ii) Alkaloids might contribute to the variation of bacterial communities in different niches. This experiment can support the subsequent search of functional microorganisms and guide the cultivation, protection, and increase of crucial metabolites and resource utilization of Macleaya cordata.



MATERIALS AND METHODS


Study Location and Sampling Methods

Macleaya cordata used in this study were collected from an experimental cultivar trial in Hunan province at a site managed by the Hunan Agricultural University in July 2019. Mature and healthy roots, stems, leaves, fruits, and rhizospheric soil were selected from six individual plants on the experimental blocks. All six trees were growing in the same general area and experienced similar developing conditions. Samples were collected randomly and cleaned with distilled water, followed by cutting three pieces from each leaf (from the bottom, middle, and top) with five leaves from different branches. Roots, stems, and fruits were also collected from the same location from each tree (Roots and stems were cut into 2.5 cm long pieces using a sterilized scalpel). All samples were collected aseptically wearing bioclean gloves and put in marked aseptic bags. They were placed in dry ice foam boxes and taken back to the lab as soon as possible. The part for alkaloid content detection was frozen in liquid nitrogen immediately and stored in a −80°C freezer. The part for microbiological analysis would be surface sterilized firstly. Then samples were crushed and homogenized to powder using a sterilized mortar and pestle, frozen in liquid nitrogen, and stored at −80°C until DNA extraction. The surface disinfection process is as follows: The samples were rinsed in tap water, sterilized by 75% ethanol (1 min), washed with sterile water three times, soaked in 8% sodium hypochlorite (5 min), washed with sterilized water five times, and left to dry with sterile filter paper.



Preparation of Standard Alkaloid Solutions and Sample Solutions

All solvents used were of liquid chromatography (LC) grade. The sanguinarine and chelerythrine standards were purchased from Sigma (Shanghai, China), while protopine and allocryptopine standards were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Standards were dissolved in methanol and diluted to obtain a series of working solutions (5.12–409.52, 4.20–84.04, 8.61–550.75, 7.80–499.30 μg/ml, respectively) and establish the standard curves at 280 nm. 5.0 g of the powder (60 mesh) of each sample was placed in 250 ml corked conical flasks and extracted with 100 ml of methanol-1% HCL (50:50) in an ultrasonic bath (60 min, 35°C, 200 W, 40 KHz), the weight loss was compensated with methanol-1% HCL, and the supernatant was collected. The supernatant was filtered through a 0.22 μm membrane before HPLC analysis. Then a 20 μl aliquot of the solution was injected into the HPLC system. For accurate analysis of high content alkaloids, the sample solution was diluted to avoid a concentration that lies outside the linear range.



HPLC Analysis

Analysis was carried out using a Waters alliance 1,260 liquid chromatographic system (Milford, MA, United States). LC separations were accomplished on a 5 μm, 250 mm × 4.6 mm Ultimate XB C18 column (Welch Materials, Ellicott City, United States) at 35°C. Mobile phases consisted of (A) water containing Acetonitrile and (B) 1% phosphoric acid solution. Gradient elution program was as follows: 0–11 min 25% A, 11–27 min 25–60% A, 27–29 min 60–25% A, 29–35 min 25% A. The flow rate was set at 1 ml/min. The injection volume was 20 μl. A wavelength of 280 nm was selected for quantification. The limit of detection (LOD) was 1.35, 0.97, 0.89, 0.93 μg/ml for protopine, allocryptopine, sanguinarine, and chelerythrine.



DNA Extraction and PCR Amplification of the Bacterial 16S rRNA

Total plant DNA and soil microbial DNA were extracted using DNeasy® Plant Mini Kit (250) (Qiagen, Inc., Duesseldorf, Germany) and ALFA-SEQ Advanced Soil DNA Kit (Guangdong Magigene Biotechnology Co., Ltd.), respectively. All steps were performed strictly according to the manufacturer’s protocols. The concentration and purity of DNA were determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, United States). 1% (w/v) TAE-agarose gel stained with EB was also used to detect the extracted DNA’s quality. The V5 and V6 hypervariable regions of the bacteria 16S rRNA genes were amplified with the primers 799F (5′-AAC MGG ATT AGA TAC CCK G-3′); 1115R (5′-AGG GTT GCG CTC GTT G-3′). The extracted DNA was amplified using a thermocycler polymerase chain reaction (PCR) system with the following process: denaturation for 1 min at 94°C; 35 cycles of 20 s at 94°C, annealing for 25 s at 57°C, elongation for 45 s at 68°C; and a final extension step for 10 min at 68°C. The PCR was performed with reaction volumes of 50 μl containing 25 μl 2 × Taq Master Mix plus (Vazyme), 1.5 μl each primer (10 μM), 2 μl template DNA (100 ng), 20 μl PCR water. The PCR products were assessed by 1.5% (w/v) TAE-agarose gel stained with EB and further purified using the Gel Extraction Kit D2500 (OMEGA bio-tek, Norcross, Georgia, United States). High-throughput paired-end sequencing of the purified amplicons was conducted on the Illumina Miseq platform (Miseq PE250).



Sequencing Data Processing

Gene sequencing data of raw 16S rRNA were imported to the QIIME2 platform to generate the OTU table. The cutadapt program was used to remove the forward and reverse primers. The paired-end fastq files were merged, denoised, chimeras removed using the dada2 program. Meanwhile, they were clustered to operational taxonomic units (OTUs) at 97% similarity. Clean data were classified using BLAST with the Greengenes reference databases. Contaminant sequences unclassified at the domain (bacteria/archaea), mitochondria, and chloroplasts were filtered during the taxa filter-table process. All sequences produced from Illumina sequencing had been uploaded to the sequence read archive (SRA) of the NCBI database. The accession number of all samples is PRJNA714300.



Statistical Analysis

Alpha-diversity indexes, including Shannon index and Pielou evenness, and Non-metric Multidimensional Scaling (NMDS) for assessing the beta-diversity differences in community composition were calculated on Institute for Galaxy | Denglab pipeline1. Dissimilarity tests of OTUs and predicted function genes (by PICRUSt2) were computed using MRPP, ANOSIM, and PERMANOVA with Bray-Curtis distance matrices to identify whether the habitat had a significant effect on community composition and the abundance of functional genes. Statistical analyses were conducted using Minitab 19.0 software (Minitab Inc., Pennsylvania State University, Pennsylvania, United States). One-way ANOVA analyses, followed by Tukey’s test, were carried out to identify the gene abundance difference. Correlation between bacterial community and four alkaloids was carried out based on the Spearman correlation coefficients and Canonical Correspondence Analysis (CCA). PICRUSt2 was employed to predict each sample’s function genes based on the 16S rRNA sequencing data, and the KEGG database was used to match the selected reference OTU.



RESULTS


Analysis of Sequencing Data

A total of 4,298,014 raw reads were obtained among 30 samples. After quality control and contaminant sequences removal, 1,218,950 high-quality paired 16S rRNA sequences with an average read length of 300 bp remained, which can be clustered into 6,866 OTUs (Supplementary Table 1). CPM standardization was performed on all samples before analysis of microbial communities. Rarefaction curves were constructed for each sample showing the number of observed OTUs. As expected, endophytic microorganisms had lower observed OTUs than rhizospheric soil bacterial communities (Supplementary Figure 1). Rarefaction curves evaluating the OTU richness per sample generally approached saturation, indicating that the sequencing depth was adequate.



Diversity of the Microbial Communities Associated With Macleaya cordata

Bacterial diversity was observed to be highest in soil, while the situation in plants was relatively complex, with bacterial diversity showing no significant differences in roots, stems and leaves, but a significant decrease in fruits. The highest evenness of bacterial communities was found in the stems among plant parts (Figure 1). NMDS revealed strong clustering of bacterial communities based on plant compartments (Figure 2A). Specifically, Coordinate1 (x-axis) separated the rhizospheric soil, roots, and above-ground (stems, leaves, fruit) samples. Rhizospheric soil exhibited a significant difference in community composition comparing with the other four plant compartments. However, the bacterial communities in the fruit and leaf were highly similar and separated from other endosphere samples in Coordinate2 (y-axis). Dissimilarity tests based on Bray-Curtis distance, including MRPP, ANOSIM, and PERMANOVA, also showed that the bacterial community composition of these five groups was significantly different (P < 0.05) (Table 1).
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FIGURE 1. Diversity indexes of endophytic bacterial communities. (A) Shannon index (B) Pielou’s evenness.
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FIGURE 2. Non-metric multidimensional scaling (NMDS) carried out with (A) OTU table based on Bray-Curtis distance (S = 0.08) and (B) predicted function gene table based on Bray-Curtis distance (S = 0.065).



TABLE 1. Dissimilarity tests of OTUs and predicted function genes (by PICRUSt) based on Bray-Curtis distance.
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To better understand the OTUs distribution within different niches, the number of OTUs shared by all compartments and OTUs uniquely identified in each sample type were calculated (Supplementary Figure 2). The bacterial communities in the rhizospheric soil had the highest number of OTUs, followed by roots. 302, 155, 236, 245, and 5,391 bacterial OTUs were uniquely identified for root, stem, leaf, fruit, and rhizospheric soil, respectively, with 19 OTUs shared among the five sample groups. A high overlap (208) of OTUs from rhizospheric soil and root was observed.



The Bacterial Composition Differences Across Habitat at Phylum Level and Genera Level

At the phylum level, the bacterial community composition showed high variabilities among different compartments (Figure 3A). Twenty-five dominant bacterial phyla (≥0.1% relative abundance) were detected across this study. Proteobacteria phyla was the dominant group in all niches (soil, root, stem, leaf, fruit), representing 28.61–54.84%, 37.76–88.36%, 60.43–79.27%, 69.53–88.93%, and 90.30–97.10% of all bacteria, respectively. Alphaproteobacteria accounted for the highest proportion in leaves. The phylum Thermi showed a significantly high abundance in the above-ground part, almost absent in the underground part. Firmicutes and Tenericutes were detected in stems but rare in other parts. The highest abundance of Actinobacteria was found in the roots, followed by the rhizospheric soil, with lower abundance in the above-ground parts. Bacteroidetes had greater abundance in soils and roots than in the above-ground parts whereas TM7 had a greater abundance in root and stem habitats than other habitats. Bacterial community composition was different between rhizospheric soil and plant compartments. Acidobacteria, Bacteroidetes, Gemmatimonadetes, Chloroflexi, Verrucomicrobia, AD3, and Nitrospirae were relatively abundant in the soil compared to other compartments. However, some of them were also detected in endosphere samples in very low abundance.
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FIGURE 3. Bacterial community composition of different niches (A) bacterial community at the Phylum level and (B) bacterial community at the genera level.


At the genera level, 334 bacteria were identified from all sequences. Dominant bacteria differed among five compartments. Only the top 20 genera were shown in Figure 3B. Sphingomonas (47.77%) and Pseudomonas (25.09%) were abundant in the fruit, whereas Methylibium (45.25%) and Deinococcus (10.20%) were mainly distributed in the leaves. Pseudomonas (10.09%), Nocardia (11.42%), and Rhodanobacter (8.82%) were the dominant genera in the roots, and their abundance did not differ much. The microorganisms in stems were relatively uniform. The dominant genera in fruit, leaves, and roots were also abundant in stems. Besides, some microorganisms with low abundance in other endophytic tissues like Herbaspirillum (9.79%), Lysobacter (6.30%), and Ralstonia (6.03%) were also present in relatively high abundance in stems. Most bacterial genera detected in soil could not be identified.



Alkaloids Content of Macleaya cordata

The contents of four kinds of alkaloids in each tissue (fruit, leaf, stem, and root) of the six mature plants were calculated according to the standard curve regression equation (Supplementary Table 2). Alkaloid content showed a significant difference among organs (Figure 4A). The highest content of sanguinarine and chelerythrine was observed in fruit (4.04 and 1.65 mg/g). They were low in roots and leaves and almost zero in the stem. The accumulation of alkaloids in leaves and roots was mainly composed of protopine and allocrytopine. Roots contained the highest allocrytopine (11.67 mg/g) than other organs, while the leaf’s protopine content (12.81 mg/g) was the highest. The accumulation of four kinds of alkaloids in the stem was much lower than that in the other three organs.
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FIGURE 4. (A) Contents of four kinds of alkaloids in different organs (fruit, leaf, stem, and root) of Macleaya cordata. (B) Canonical Correspondence Analysis (CCA) of the top 20 bacterial genera (with significant correlation coefficients) and four critical alkaloids in Macleaya cordata.




Correlation Between the Endophytic Bacterial Abundances and Four Alkaloids

The Spearman correlation analysis was performed to explore the relationship between the endophytic bacteria at the phylum and genus level (relative abundance > 0.01%) and alkaloids to quantify the environmental influence (Tables 2, 3). Tenericutes showed a significant (P < 0.05) and negative correlation with all four alkaloids. Actinobacteria was significantly (P < 0.05) negatively correlated with sanguinarine and chelerythrine. However, most of the genera with higher abundance in this phylum showed a significant (P < 0.05) and positive correlation with allocryptopine. The Firmicutes, β- proteobacteria, and γ-proteobacteria were significantly (P < 0.05) negatively correlated with protopine and allocryptopine. Only the α-proteobacteria was significantly (P < 0.05) and positively correlated with protopine, allocryptopine, and sanguinarine. At the genera level, most endophytic bacteria were significantly (P < 0.05) correlated with alkaloids. Sphingomonas showed a significant (P < 0.05) positive correlation with sanguinarine and chelerythrine, while Herbaspirillum, Methylibium, and Pelomonas showed a significant (P < 0.01) and negative correlation with them. Canonical Correspondence Analysis (CCA) of the top 20 bacterial genera (with significant correlation coefficients) and four critical alkaloids in Macleaya cordata was also conducted (Figure 4B). The results were consistent with the above analysis. The sanguinarine and chelerythrine were more associated with the fruit bacterial communities, whereas protopine and allocryptopine had greater effects on leaf and root bacterial communities, respectively. However, all four alkaloids were negatively correlated with the microbiota of the stem.


TABLE 2. Spearman Correlation coefficients showing the relationships between endophytic bacterial phyla and four alkaloids.

[image: Table 2]
TABLE 3. Spearman Correlation coefficients showing the relationships between endophytic bacterial genera (relative abundance > 0.01%) and four alkaloids.
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Functional Predictions by PICRUSt2

PICRUSt2 was applied as an exploratory predictive tool for functional annotation analysis. 7,185 KEGG Orthology groups (KOs) were predicted in Macleaya cordata endophytic communities. NMDS showed that these KOs were strongly clustered and separated from each other in different niches (Figure 2B). Dissimilarity tests of the relative abundance of KOs based on Bray-Curtis distance were also employed, including MRPP, ANOSIM, and PERMANOVA (Table 1). These results revealed that the relative abundance of KOs was significantly different among the root, stem, leaf, and fruit samples (P < 0.05).

Forty-two gene families were observed at Hierarchical Level 1 (KOs in KEGG). The majority of the KOs belonged to Genetic Information Processing, Environmental Information Processing, and Metabolism. As shown in Figure 5A, the frequencies of categories associated with membrane transport gradually increased from 4.57% in fruit to 5.91% in roots. In comparison, the frequencies of categories associated with signal transduction decreased from 4.79% in fruit to 3.23% in roots. The abundance of KOs related to the biosynthesis of other secondary metabolites was the lowest in the stem bacterial community and the highest in the root. To further identify microbiota function differences in the biosynthesis of secondary metabolites, 17 related KEGG functional categories at the second hierarchy level were analyzed (Figure 5B). In comparison between groups with different niches, eight pathways (e.g., Streptomycin biosynthesis, Caffeine metabolism, and Cytochrome P450) were significantly more abundant in the root, while the Staurosporine biosynthesis pathway was significantly more abundant in fruit.
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FIGURE 5. (A) Gene functional predictions of endophytic microbiota between different plant compartments. (GIP: genetic information processing; SACP: signaling and cellular processes; CM: Carbohydrate metabolism; ACM: Amino acid metabolism; MOCAV: Metabolism of cofactors and vitamins; MT: Membrane transport; EM: Energy metabolism; ST: Signal transduction; T: Translation; BOOSM: Biosynthesis of other secondary metabolites). (B) Comparisons of the seventeen gene pathways involved in the biosynthesis of secondary metabolites in the bacterial microbiota. Values of each functional gene (row) were log2 transformed. The second level of the KEGG pathway related to the biosynthesis of secondary metabolites was shown in the heatmap (S, Soil; R, Root; J, Stem; L: leaf; F: fruit).




DISCUSSION


The Composition and Diversity of Bacterial Communities Differ in Niches

Bacterial community composition was significantly (P < 0.01) different among plant compartments (Table 1). The NMDS diagram (Figure 2A) also showed that the separation in the bacterial community structure between different plant compartments at the OTU level, indicating differences in the microbes in different niches. Although soil microorganisms were a source of plant endophytes, the migration of soil microorganisms to the root was still mediated by the host (Davide et al., 2012; Lundberg et al., 2012). For above-ground plant tissues, endophytes also derived from horizontal dispersal in the atmosphere and vertical transmission through seeds (Maignien et al., 2014; Fonseca-García et al., 2016), which resulted in bacterial differences between above-ground organs and soil. Similar results have also been reported in maize and wheat (Xiong et al., 2020), poplar (Beckers et al., 2017), Arabidopsis thaliana (Davide et al., 2012), and other plant species (Edwards et al., 2015; Lu et al., 2020).

As demonstrated by rarefaction curves and the alpha diversity indices, there were significant differences in species diversity between rhizospheric soil and plant compartments of Macleaya cordata. As an ideal habitat for various microorganisms, the bacterial diversity of rhizospheric soil was significantly higher than roots and above-ground niches. This finding is consistent with the general view of microbial colonization (Beckers et al., 2017). No significant difference was observed in the Shannon diversity of bacterial communities in roots, stems, and leaves, while the bacterial diversity in fruits was the lowest. The bacterial diversity within the plant compartments was low, probably because plant tissues were highly variable and complex. Bacterial colonization is limited by the host’s immune system, nutritional conditions, and metabolites (Compant et al., 2010). The highest evenness of bacterial communities was found in the stem among plant parts. It should be noticed that there was no significant difference in bacterial diversity between stems and roots, while many studies have determined that bacterial diversity was highest in roots (Santana et al., 2016; Wang et al., 2019). The variation of endophytic bacterial communities in different compartments was primarily driven by tissue-specific filtering mechanisms within the host (Bonito et al., 2014; Chao et al., 2020). Under the host-mediated control, only a limited number of microorganisms could maintain a symbiotic lifestyle with the host. This pressure sequentially increased from the soil to the plant compartments (Chao et al., 2020; Pasquale et al., 2020), which might be responsible for the lowest diversity of bacterial communities in fruits of Macleaya cordata.



Niche Preference Exists for Bacteria of Macleaya cordata

We identified several prokaryotic taxa (>0.1%), including microbiota members belonging to Proteobacteria, Actinobacteria, Acidobacteria, Bacteroidetes, TM7, Firmicutes. Bacterial diversity varied among plant-associated habitats, and the dominant phylum found in each habitat was highly comparable to other plant hosts in each habitat. Many studies have reported that plants’ bacterial microbiota is generally dominated by three major phyla (Proteobacteria, Actinobacteria, and Bacteroidetes) in both above- and below-ground tissues (Tahtamouni et al., 2015; Wang et al., 2020). This is also consistent with our study. Proteobacteria was the most abundant in the above-ground compartment, while Actinobacteria was widely distributed in the below-ground. Many microorganisms were detected in rhizospheric soil but hardly found in other niches, such as Acidobacteria, Bacteroidetes, and Gemmatimonadetes, which were often discovered in the soil in other studies (Cregger et al., 2018; Wang et al., 2020). Bacteria in the stem were affected by both the above-ground parts (leaf and fruit) and the below-ground part (root) and dominated by Proteobacteria with the enrichment of Actinobacteria, Bacilli, Mollicutes, and TM7. However, some of the microorganisms did not spread from the stem to the leaf and fruit. This might be caused by nonuniform colonization of different compartments, the microbial source difference, or other environmental factors.

As shown in Figure 3B, only a few bacterial genera were dominant in fruit and leaves. Sphingomonas and Pseudomonas were found to be the dominant bacterial genera in the fruit, and Methylobacterium, Sphingomonas, and Deinococcus were detected as predominant groups in the endophytic communities of the Macleaya cordata leaf. Different studies have reported that these genera represented a substantial part of various plant species’ endophytic microbiota (Mano and Morisaki, 2008; Delmotte et al., 2009). In the previous study, Sphingomonas played an essential role in plant stress tolerance, plant growth promotion, and biodegradation of polycyclic aromatic hydrocarbon (Wilkes et al., 1996; Halo et al., 2015; Asaf et al., 2020). Microbial colonization is related to its ability to adapt to the host’s internal environment and its utilization of substrates. Leaves are more often exposed to the vagaries of the environment, including nutrient stress, desiccation, and ultraviolet radiation, providing a special habitat for microorganisms (Hunter et al., 2010). Methylobacterium, often isolated from the leaf surface and interior, could specifically colonize the plant by profiting from methanol released by the plant (Galbally and Kirstine, 2002) and has been reported to be drought and radiation-resistant (Yoshida et al., 2017; Jorge et al., 2019; Kim et al., 2019). Therefore, Methylobacterium were able to successfully colonize the leave extensively (Delmotte et al., 2009). Cystobacter was found only in the fruits and leaves, and Erwinia was found only in above-ground tissues. Colonization of these two genera might be due to horizontal transmission (Frank et al., 2017).

Bacterial communities of different ecological niches were assembled under the effect of environmental filtering, ecological drift, and dispersal limitations (Nemergut et al., 2013; Moroenyane et al., 2021). However, there is still a lack of understanding of these processes. Plants are exposed to diverse and highly variable environmental factors, physiological structure (thickness and shape), chemical properties (nutrients contents, water, and secondary metabolites) of each compartment drive the differences in bacterial communities to some extent (Delmotte et al., 2009; Hunter et al., 2010; Arturo et al., 2012). In a study on soybean, the secondary metabolites (ethylamine and betaine) were considered as a robust environmental filter for bacterial communities (Shintaro et al., 2019). Furthermore, the bacterial communities in Stevia rebaudiana and Coptis teeta, were also demonstrated to be significantly correlated with secondary metabolites (Yu et al., 2015; Liu et al., 2020). On the other hand, the functional capacity of bacterial species is key to their recruitment by hosts, and Burke et al. (2011) proposed that bacterial community assembly is associated with function rather than the taxonomy.



The Alkaloids May Contribute to the Variation of the Endophytic Bacterial Communities

Protopine and allocrytopine are considered as precursors of sanguinarine and chelerythrine, respectively, and they are abundant in the root. In a previous study on the dynamics of the four alkaloids of Macleaya cordata, it was found that after entering the mature fruiting season, the content of protopine in the fruit decreased significantly, while the content of sanguinarine and chelerythrine increased rapidly. This suggested that protopine and allocrytopine were transported into the fruit and converted into sanguinarine and chelerythrine. The transcriptome, proteome, and metabolism data in a previous study conducted by Jianguo Zeng et al. (2013) revealed that the root of Macleaya cordata is the primary organ for the biosynthesis of isoquinoline alkaloids. In this study, significant differences were found in alkaloids accumulation in various organs. The content of allocrytopine in the root, leaf, and fruit showed a decreasing trend. Besides, the highest accumulation of protopine was found in leaves, followed by roots and fruit. The sanguinarine and chelerythrine in fruit were much higher than those in other tissues. The accumulation of all four alkaloids in stems was low. Some common endophytes, such as Firmicutes, have been reported to be abundant in the above-ground part, whereas in this study, it was only abundant in the stem. It can be speculated that this may explain to some extent the higher microbial diversity in stems since these four alkaloids have antibacterial effects (Beuria et al., 2005; Li et al., 2009; Razan et al., 2014; Yu et al., 2014). The CCA analysis also showed that all four alkaloids were negatively correlated with the microbiota of the stem of Macleaya cordata. The correlation tests between alkaloids and microorganisms also showed that most endophytic bacteria were significantly (P < 0.05) correlated with alkaloids.

Endophytes and host plants are closely related, and they adapt to each other and coevolve. Studies have shown that genes and abilities that evolve in one lineage are usually acquired steadily by another lineage (Papke and Gogarten, 2012). Direct gene transfer between species has occurred in all major taxa and seems to occur more frequently in prokaryotes (Moran, 2007). This leads to the possibility that microorganisms could respond to environmental toxins by selecting specific gene sequences that give them a competitive advantage over other organisms. It can be hypothesized that the microbes colonized in the plant might be affected by alkaloids produced by the host. Through the analysis of the functional annotation in Hierarchical level 2, endophytic bacteria in roots was found to contribute most to the gene abundance of the Cytochrome P450, ABC transporters, and secondary metabolite synthesis pathway including the isoquinoline alkaloid synthesis pathway. This was consistent with Jianguo Zeng’s reports that all enzymes for protopine and allocrytopine biosynthesis were highly expressed in the host root. Cytochrome P450 is considered as a large family of enzymes involved in many important metabolic pathways, and many enzymes related to the biosynthesis of benzylisoquinoline alkaloids belong to the P450 family (Zeng et al., 2013). Simultaneously, the ABC transporters are involved in transporting secondary metabolites such as alkaloids (Shitan and Yazaki, 2007). The number of genes annotated to the Staurosporine biosynthesis pathway was significantly higher in fruits than that in other parts, which may be due to the high accumulation of sanguinarine in the fruit. Staurosporine, an alkaloid with a diindole chemical structure, has been reported to partially block the accumulation of sanguinarine induced by a fungal activator (Peter et al., 1996). Since the primary function of stems is transport and there is almost no alkaloid stored in the stem, this may contribute to the low gene abundance of the microbiota genes related to the synthesis of secondary metabolites in the stem.



CONCLUSION

This study provided the first insight into the bacterial communities of different plant tissues and rhizospheric soil in Macleaya cordata. There were significant differences in bacterial communities among different ecological niches under the influence of plants’ vertical stratification structure. A strong correlation between the endophytic bacteria and the alkaloids was found by the Spearman correlation analysis. The predicted results of PICRUST2 further demonstrated that alkaloids might contribute to the variation of bacterial communities in different niches. All in all, this experiment can support the subsequent search of functional microorganisms and guide the cultivation, protection, and increase of crucial metabolites and resource utilization of Macleaya cordata.
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Gut microbiota during early life could influence host fitness in vertebrates. Studies on how gut microbiota colonize the gut in birds using frequent sampling during early developmental stages and how shifts in microbiota diversity influence host growth are lacking. Here, we examine the microbiome profiles of 151 fecal samples from 14 young crested ibis (Nipponia nippon), an endangered bird species, collected longitudinally across 13 time points during the early stages of development and investigated their correlation with host growth. Gut diversity showed a non-linear change during development, which involved multiple colonization and extinction events, mainly associated with Proteobacteria and Firmicutes. Gut microbiota in young crested ibis became more similar with increasing age. In addition, gut microbiota exhibited a strong temporal structure and two specific developmental stages; the beginning of the latter stage coincided with the introduction of fresh loach, with a considerable increase in the relative abundance of Fusobacteria and several Firmicutes, which may be involved in lipid metabolism. Crested ibis chick growth rate was negatively correlated with gut microbiota diversity and negatively associated with the abundance of Halomonadaceae, Streptococci, Corynebacteriaceae, and Dietziaceae. Our findings highlight the importance of frequent sampling when studying microbiome development during early stages of development of vertebrates. The role of microbial diversity in host growth during the early stages of development of birds warrants further investigations.
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INTRODUCTION

Gut microbiota participate in host health maintenance, nutrition uptake, digestion, energy release, detoxification, gut development, and the regulation of host physiology and immunity (Waite and Taylor, 2015; Grond et al., 2018), and hence disruptions of normal microbiome could lead to loss of such benefits (Reid et al., 2011; Lewis et al., 2015). In addition, gut microbial communities could influence host fitness, including survival (Kohl et al., 2018), reproductive performance (Hamdi et al., 2011; Rosengaus et al., 2011), and adaption (Blumstein et al., 2017).

In birds, in addition to ecological variables such as diet (Torok et al., 2011; Huang et al., 2018), captivity status (Xenoulis et al., 2010; Wienemann et al., 2011), locality (Hird et al., 2014; Capunitan et al., 2020), and seasons (Lewis et al., 2016; Góngora et al., 2021), biological factors, such as age, are important factors shaping gut microbiota. For example, gut microbiota during early life has been reported to differ markedly from gut microbiota in conspecific adults, as observed in house sparrow (Passer domesticus) (Kohl et al., 2019), black-legged kittiwakes (Rissa tridactyla) (van Dongen et al., 2013), chinstrap penguins (Pygoscelis antarctica) (Barbosa et al., 2016), and folivorous hoatzin (Opisthocomus hoazin) (Godoy-Vitorino et al., 2010).

Gut bacterial communities are relatively stable in adults, however, during early life, they are much more transient and dynamic, based on studies conducted on non-avian vertebrates (Grond et al., 2018). Several recent studies have investigated the early establishment of gut microbiota in domestic birds such as chicken (Yin et al., 2010; Oakley et al., 2014; Ballou et al., 2016), turkey (Wilkinson et al., 2017), and wild birds, such as in house sparrows (Kohl et al., 2019), great tits (Parus major) (Teyssier et al., 2018), little penguins (Eudyptula minor), short-tailed shearwaters (Ardenna tenuirostris) (Dewar et al., 2017), black-legged kittiwakes (van Dongen et al., 2013), folivorous hoatzin (Godoy-Vitorino et al., 2010), chinstrap penguins (Barbosa et al., 2016), and dunlin (Calidris alpina) (Grond et al., 2017). Such studies on gut microbiota diversity trends with aging during early life have yielded varying results across species. For example, older nestlings have lower microbial diversity than younger nestlings, which was observed in great titis (Teyssier et al., 2018), chicken (Oakley et al., 2014; Ballou et al., 2016), and chinstrap penguins (Barbosa et al., 2016). Opposite trends were observed in black-legged kittiwakes (van Dongen et al., 2013). In addition, some studies have revealed that age does not influence gut microbiota diversity in nestlings in house sparrow (Kohl et al., 2019) and short-tailed shearwaters (Dewar et al., 2017). Furthermore, some species, such as turkey, exhibited much more complex gut microbiota diversity patterns (Wilkinson et al., 2017). These studies have reported strong fluctuations in community composition in the first stages of nestling development. The diverse results across species during early life are thought to be influenced mainly by environmental factors (e.g., chick rearing conditions) (Hird et al., 2014; Grond et al., 2018) and diet (Kohl et al., 2018). Furthermore, infrequent sampling could result in distinct conclusions with regard to gut microbiota colonization processes (de Muinck and Trosvik, 2018). Longitudinal studies with frequent sampling are required to illustrate a comprehensive overview of gut microbiota dynamics in birds (Grond et al., 2018).

Microbial diversity could influence host fitness through its effects on chick growth rate, which is considered a strong predictor of survival later in life (Magrath, 1991). It is unclear whether an increase in diversity could enhance or limit host growth based on the results of the relatively few studies available currently. Most studies have showed that microbial diversity limits growth based on direct evidence come from the comparison of germ-free chickens and conventional chicks, where germ-free chicks grow more rapidly than conventional chicks (Forbes and Park, 1959). Furthermore, antibiotic treatment (assuming antibiotics decrease microbiota diversity) increased growth in chicks (Potti et al., 2002; Dibner and Richards, 2005; Kohl et al., 2018), potentially via the enhancement of food conversion efficiency (Kohl et al., 2018). However, studies performed on ostrich (Struthio camelus) have revealed contradicting results at different stages of development: gut microbial diversity was strongly positively associated with growth only during the first week after hatching, and microbial diversity was negatively related with growth after the first week (Videvall et al., 2019). The limited studies and inconsistent results on the association between microbial diversity and host growth in birds highlight the need for further research into the role of microbial diversity in host growth during the early lives of birds.

Crested ibis (Nipponia nippon) is an endangered bird species currently found in China, Japan, and South Korea. Ex situ conservation, which aims to reintroduce captive individuals to the wild, has been established in China since 1981 (Ding, 2004), where crested ibis are raised in controlled conditions (indoor) after hatching and moved outdoors until reaching approximately 44 days or age. The chicks are raised separately from their parents and are mainly fed on loaches. During the indoor stage, crested ibis undergo a diet change and two environmental changes (Ding, 2004). Gut microbiota composition at hatching is distinguished from other life stages (Ran et al., 2021), however, it is unclear whether community structure is mainly influenced by biological (such as age) or ecological variables (such as diet and environmental changes) during early life. In addition, variation in chick growth rate has been previously observed but whether it is due to gut microbiota remains to be determined.

In the present study, we describe gut microbiota diversity of crested ibis using 16S rRNA amplicon sequencing using frequent sampling strategy. Repeated fecal sampling was conducted under controlled conditions from at hatch until day 44, which corresponds to the developmental stages in this species (Ding, 2004). Our study aims to (1) analyze gut microbiota diversity trends and demonstrate microbial recruitment patterns and colonization processes during growth. (2) Investigate the influence of two ecological variables (diet and environment) and three biological variables (age, sex, and genetic relatedness) on gut microbiota structure and elucidate the functions of the key bacterial groups. (3) Demonstrate the effect of gut microbiota diversity and composition on growth.



MATERIALS AND METHODS


Sample Collection

Fourteen newborn crested ibis from three families were raised at the Emei breeding center of crested ibis and housed in separate incubators (Supplementary Table 1). Crested ibis chick were housed in the brood box with the temperature −0.6°C per day from 37°C, fed on loach paste at hatching until day 12 (stage one and diet type 1 in Figure 1), and moved to the brood room with consistent temperature of 30°C and where they were fed loach paste until day ∼22 to ∼25 (stage two and diet type 1 in Figure 1). Finally, the birds lived in the brood room without controlled temperature, and fresh loach was added to their formula (stage three and diet type 2 in Figure 1). The addition of fresh loach and controlled temperature were both to adapt chick development (Ding, 2004). None of the crested ibis were administered antimicrobial drugs during the sampling period. Fresh feces (n = 182) were obtained from crested ibis, from hatching to day 44 between May and June 2018 (repeatedly sampling at hatching and days 3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 37, and 44; Figure 1 and Supplementary Table 1). Crested ibis were weighed every day before the first feeding (Supplementary Table 1). Feces were collected using sterile spoons and placed in sterile tubes. The fecal samples were stored in liquid nitrogen until DNA extraction. Sex was identified using the CD1 gene (He et al., 2013).
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FIGURE 1. Overview of the study design and sample collection.




DNA Extraction, 16S rRNA Gene Sequencing, and Data Processing

DNA extraction from fecal samples was performed using the hexadecyltrimethylammonium bromide method. The V3–V4 regions of the 16S rRNA genes were amplified using primers 341F: 5′-CCTAYGGGRBGCASCAG-3′ and 806R: 5′-GGACTACNNGGGTATCTAAT-3′. Samples with failed PCR amplification were abandoned (n = 31), resulting in 151 samples in the subsequent process. Paired-end sequencing (2 × 250 PE) was conducted at the Nova sequencing company (Novaseq, Tianjin, China) on an Illumina Novaseq 6000 sequencing system (Illumina, San Diego, CA, United States).

Processing of sequence data was conducted using a combination of usearch v10.0.240 and vsearch v2.15.0 (Liu et al., 2021). Dereplication was conducted using the “derep_fulllength” function in vsearch with a minimum unique size of 10, to eliminate artefactual reads. The Divisive Amplicon Denoising Algorithm was performed using the unoise3 function in usearch for correcting amplicon errors (Callahan et al., 2016), yielding 1404 amplicon sequence variations (ASVs). We obtained a total of 9,693,246 high-quality reads from 151 samples (averaging 64193.7 and ranging from 5,0136 to 6,9673 reads per sample). We observed 1404 ASVs after denoising. ASV feature tables were created with the “usearch_global” function in vsearch with a similarity probability of 0.97. Taxonomic profiling was done against the Ribosomal Database (rdp_16s_v16_sp)1 using the sintax function in vsearch. Sequencing library sizes were normalized to 50,000 to adjust for sample differences.



Statistical Analysis

All statistical tests were conducted in R (version 4.0.2, 2020-06-22). Sample differences in sequencing library size were normalized to 50,000 using the “Vegan” package (Oksanen et al., 2020). Shannon index were calculated in R package “Vegan”. Bray–Curtis distances and weighted UniFrac distances (Lozupone and Knight, 2005) were computed with the “beta_div” function in usearch.

Permutational multivariate analysis of variance (PERMANOVA) was conducted to detect the effects of age, sex, family group (genetic relatedness), individuality, temperature, and diet using the “adonis” function in the “Vegan” package using both Bray–Curtis distances and weighted UniFrac distances with 999 permutations (Oksanen et al., 2020). Principal co-ordinates analysis (PcoA) of Bray–Curtis distance matrices was conducted using the “cmdscale” function.

We used a polynomial linear mixed-effects model to estimate smooth terms in order to fit non-linearity among the Shannon index, Bray–Curtis distance, and age as the predictor variable, with stage used as the covariate factor and individual ID controlled. The relative abundances of taxa of interest were modeled to age, with stage as a covariate factor and individual ID controlled in the linear mixed-effects model.

We modeled young bird growth (weight change per day between time t and t + 1) to microbial diversity at time t, including age at time t and diet type at time t, as the covariate and individual ID as a random factor (Videvall et al., 2019) using linear mixed-effect models. To investigate the effect of specific microbial phyla, classes, and families on growth, we also modeled the growth to relative abundances of specific taxa (details in Supplementary Data 1). All the linear mixed-effects models were conducted in the NLME package in R (Pinheiro et al., 2021).

The bacterial metagenome was predicted from the 16S rRNA database (Greengenes Database, version gg_13_5) and functional profiles were inferred from the Kyoto Encyclopedia of Gene and Genomes (KEGG) using PICRUSt (phylogenetic investigation of communities by reconstruction of unobserved states) (Douglas et al., 2018).

Differential abundances between two adjacent time points and between two diet types (for microbiota composition and functional profile) were detected in edgeR using a negative binomial generalized linear model with individual ID controlled (Robinson et al., 2010). The model considers sample library size and the dispersion of each ASVs or taxon, which are achieved using the calcNormFactors function. ASVs or taxa with the mean relative abundances ≥0.01% were retained. The P values were adjusted for multiple tests with the Benjamini and Hochberg false discovery rate of 0.05 (Benjamini and Hochberg, 1995). ASVs or taxa were significantly abundant or depleted if they had a corrected P value < 0.05 and | logFC| > 2.0 (details in Supplementary Data 2).

Spearman’s rank correlation coefficients were used to examine the associations between specific genera and pathways (both significantly related to diet) and calculated in the Hmisc package in R (Harrell, 2021).

Sankey plots were produced in imageGP2 by tracking ASVs with mean relative abundances across all samples greater than 0.1%. Heatmaps were illustrated using the pheatmap package in R (Kolde and Kolde, 2015). Other data visualization procedures were performed using the ggplot2 package (Wickham, 2011).

For the linear mixed-effects models, we removed variables that neither affected the dependent variable nor contributed to the model in order to the keep the model simple. Additionally, we removed variables that could potentially induce serious multicollinearity and reduce the precision of the estimated coefficients.



RESULTS


Gut Microbiota Varied Over Time

Gut microbiota diversity fluctuated notably over time during the first 44 days, decreasing from day 1 after birth to day 12 and then increasing until day 37 (Figure 2A). Like alpha diversity, dissimilarity within samples revealed a temporal pattern (Figure 2B). A wave trough appeared at day 15, where Bray-Curtis dissimilarity within age group was the smallest. Second peaks emerged for both Shannon diversity and Bray-Curtis distance at day 37. The temporal patterns of alpha diversity and beta diversity both fitted the polynomial age term (linear mixed-effects model; Supplementary Table 2).
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FIGURE 2. The longitudinal dynamic of gut microbiota in Crested ibis. (A) The alpha diversity of gut microbiota over time. The shadow around the lines reveals 95% CI. The alpha diversity was estimated using the Shannon index. (B) The beta diversity of gut microbiota over time. The Bray-Curtis distance calculated at the ASV level across microbiota from samples collected at the same time point. Higher values denoted more dissimilar gut microbiota. Samples difference in sequencing library size were normalized to 50,000 reads. (C) The temporal changes of bacterial relative abundance at the phylum/class level (top 10). (D) The temporal changes of bacterial relative abundance at the family level (top 10). (E,F) ASVs that the mean relative abundance across all samples larger than 0.1% are tracked using Sankey plots for both Firmicutes and Proteobacteria. The heights of the rectangles show the relative number of ASVs, and each time point has a distinct color. The lines represent the transfer of ASVs among different time points.


With an increase in age, gut microbial community similarity within age groups increased to levels greater than in other age groups (days 12, 15, 18, 21, 24, 27, 30, 37, and 44, Supplementary Figure 1). The dissimilarity between day 44 (the oldest age we studied) and other time points revealed an overall decrease in dissimilarity with growth (Supplementary Figure 1), indicating that gut microbiota structure gradually stabilized after birth.

To identify the main ASV associated with the diversity trend, we calculated the correlation between the relative abundance of the 20 most abundant ASVs (91.7% of total abundance) and the corresponding Bray-Curtis distance. We observed that eight ASVs (ASV10∼12, ASV15∼19, 5 Proteobacteria, 2 Firmicutes, and 1 Fusobacteria, Supplementary Figure 2) were significantly correlated with Bray–Curtis distances (Supplementary Table 3).

The most prevalent phyla at different ages were Firmicutes and Proteobacteria (Gammaproteobacteria; Figure 2C and Supplementary Figure 3). The Proteobacteria and Firmicutes phyla were dominated by Enterobacteriaceae, Clostridiaceae_1, Carnobacteriaceae, and Peptostreptococcaceae, respectively, (Figure 2D and Supplementary Figure 4). Although age did not significantly influence the relative abundance of Firmicutes and Gammaproteobacteria (Firmicutes, β ± SE = 0.061 ± 0.044, t = 1.369, P > 0.05; Gammaproteobacteria, β ± SE = −0.536 ± 0.271, t = –1.978, P = 0.050; linear mixed-effects model) when the effect of diet and individual ID was controlled, we observed a positive effect of age on the abundance of one dominant Firmicutes family (Peptostreptococcaceae β ± SE = 0.478 ± 0.154, t = 3.116, P = 0.002). We did not observe any obvious influence on the other three abundant families (Enterobacteriaceae, Clostridiaceae_1, and Carnobacteriaceae) and the four main genera (Escherichia, Clostridium_sensu_stricto, Plesiomonas, and Catellicoccus (Supplementary Figure 5). As for the effect of diet, addition of fresh loach decreased Enterobacteriaceae abundance, mainly Escherichia (β ± SE = −16.028 ± 7.004, t = −2.288, P = 0.023), however, it increased Carnobacteriaceae abundance, mainly Catellicoccus (β ± SE = 12.050 ± 5.136, t = 2.346, P = 0.020). Diet change had no effect on the two main phyla or the other two abundant families, Peptostreptococcaceae and Clostridiaceae_1.

Sankey plots revealed distinct temporal dynamics when tracking ASVs within the two dominant phyla, Proteobacteria and Firmicutes (Figures 2E,F). A large proportion of the Firmicutes ASVs flew from days 1 to 3 (80%), and then to other time points. Firmicutes ASVs that disappeared reemerged at days 9 and 21 (Figure 2E). New Firmicutes ASVs appeared at most of the time points (10 time points). Compared to Firmicutes ASVs, less Proteobacteria ASVs transferred from day 1 to 3 (55%), and nearly a half of the Proteobacteria ASVs disappeared between days 1 and 3 (Figure 2F). The Proteobacteria ASVs that disappeared reemerged on days 6, 9, 12, and 21. New Proteobacteria ASVs appeared at few time points (seven time points).

To investigate the colonization and extinction of bacterial groups throughout development in detail, we analyzed the differences between two closest sampling time points (Figure 3). Day 3 showed seven depleted ASVs (total: 137) as compared with day 1, with these from Actinobacteria and Gammaproteobacteria. Comparison of day 6 with day 3 showed eight differential ASVs, with disappearance of Gammaproteobacteria, Bacteroidia, and Bacilli.
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FIGURE 3. Differences in ASV abundance between two closest ages. The samples of the former time point were taken as control of the latter time point. Each triangle represents a single ASV with adjusted P value < 0.05 and | logFC| > 2. Enriched in older age are revealed by filled triangles and hollow triangles shown ASVs enriched in younger age group. ASVs are colored by their class. CPM denotes count per million.


Moreover, day 9 versus day 6, day 12 versus day 9, day 15 versus day 12, day 18 versus day 15, day 21 versus day 18, and day 37 versus day 30 comparisons revealed the most similarities in overall ASV abundance (no distinct ASVs were detected), showing no obvious colonization or extinction of bacteria groups from day 6 to day 21 or from day 30 to day 37. The fewest similarities were observed in comparisons between day 24 and day 21 (n = 10). Bacilli, Betaproteobacteria, and Gammaproteobacteria were recruited after day 21, and after day 24, more Clostridia than other groups were recruited.



Gene Functional Pathways During the First Six Weeks

The microbiota of crested ibis was mainly associated with metabolism (mean relative abundance, 44.1%), environmental information processing (18.28%), and functions associated with genetic information processing (16.67%). In addition, the microbiota functional compositions of the most abundant KEGG pathways were stable during development (Supplementary Figure 6).

The alpha diversity of functional profiles decreased during development and fitted a linear and a quadratic age term (Figure 4A and Supplementary Table 2). The dissimilarity in functional profiles within age groups revealed decreasing trends, although they exhibited fluctuation, and fitted a linear and a cubic age term (Figure 4B and Supplementary Table 2).
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FIGURE 4. (A) The alpha diversity (Shannon index) of gene function over time. The shadow around the lines reveals 95% CI. The alpha diversity was estimated using the Shannon index. (B) The beta (Bray-Curtis distance) diversity of gene function over time. The Bray-Curtis distance calculated at the KO level across microbiota from samples collected at the same time point. Higher values denoted more dissimilar gene function.




Age and the Diet Shaped Gut Microbiota Diversity and Gene Functional Pathways in Crested Ibis

The microbiota were highly dynamic during development. With an increase in age, samples within age groups were increased in similarity (Supplementary Figure 1) and tended to cluster by age based on PcoA of both Bray-Curtis and weighted Unifrac distances (Figures 5A,B, PERMANOVA using BC distances: time: R2 = 0.112, F12 = 2.355, P = 0.001; Unifrac distance: R2 = 0.142, F10 = 2.696, P = 0.001). Samples from stage one to stage two (diet type 1) were separated from samples from stage three (diet type 2) in the first coordinate axis, which suggests diet change was another major factor influencing gut microbiota diversity during development (Figures 5C,D, PERMANOVA using BC distances: R2 = 0.130, F2 = 12.576, P = 0.001; Unifrac distance: stage: R2 = 0.130, F1 = 12.343, P = 0.001).
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FIGURE 5. The gut microbiota shift over time. Principle coordinate analysis showing that the gut microbiota with age since birth and stages. (A) Bray-Curtis distance for gut microbiota of the age effect (B) Bray-Curtis distance for gut microbiota of the three stages (C) weighted unifrac distances for gut microbiota of the age effect (D) weighted unifrac distances for gut microbiota of the three stages.


Similar temporal structures were observed in the gene functional profiles. Age and diet were also major factors influencing the functional profiles (age: R2 = 0.101, F10 = 1.958, P = 0.01; stage: R2 = 0.188, F1 = 18.247, P = 0.001; PERMANOVA using BC distances, Supplementary Figure 7).

Sex and genetic relatedness had no significant influence of on either bacteria community structure or functional profiles (P > 0.05).



Specific Genera Participate in Metabolic Pathways

To reveal diet-related changes in gut microbiota during the growth of crested ibis, we compared raw abundances between diet type 2 and diet type 1 at the ASV and genus levels, respectively, (Figures 6A,B). We detected 29 enriched ASVs and 31 depleted ASVs in diet type 2, with most of the different ASVs coming from Firmicutes and Proteobacteria (Figure 6A). At the genus level, we detected 21 significantly-different bacterial taxa, with 14 enriched in diet type 2 and seven enriched in diet type 1 and belonging to five phyla (Figure 6B). Additionally, the bacterial taxa exhibited obvious temporal variation. The abundances of two Fusobacteria genera, two Bacteroidetes genera, and two Actinobacteria genera were relatively stable across diet type 1 but increased during diet type 2. The other four phyla groups varied across the two diet types.
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FIGURE 6. Diet-induced changes in gut microbiota during Crested ibis’ growth. (A) Enriched and depleted ASVs for comparison between diet type 2 and diet type 1. (B) The relative abundance of enriched and depleted bacteria genus for different diet types along with the age. The shown ASVs and genus was obtained from the differential abundance analysis which was conducted by fitting a generalized linear mixed model with a negative binomial distribution in edgeR. Genus counts were normalized for edgeR size factor.


Among 328 KEGG pathways tested, 10 pathways differed in abundance between diet type 2 and diet type 1 (Supplementary Figure 8), with these including pathways associated with metabolism (8) and organismal systems (2). Four pathways that were all associated with metabolism (one lipid metabolism, one metabolism of terpenoids, and polyketides, and two biosynthesis of other secondary metabolites) were enriched in diet type 2, and the other six pathways were enriched in diet type 1. The abundances of metabolism-associated genes were stable in diet type 2. For diet type1, we observed a decreasing trend for two pathways (Chlorocyclohexane and chlorobenzene degradation, and Fluorobenzoate degradation). At 3 days, three pathways, including one involving immune regulation (the RIG-I-like receptor signaling pathway), one involving the digestive system (Carbohydrate digestion and absorption), and one involving lipid metabolism (Steroid hormone biosynthesis), were abundant.

The enriched pathway (lipid metabolism) was highly significant with enriched Firmicutes genera in diet type 2 (Figure 7). The most of depleted pathways in diet type 2 were highly positively significant with depleted Proteobacteria and negatively associated with enriched Firmicutes. For example, carbohydrate digestion and absorption, which was depleted in diet type 2, was positively associated with depleted Enterobacter (Proteobacteria) and negatively associated with enriched Catellicoccus (Firmicutes).
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FIGURE 7. Bacterial taxa from two diet types are related to several KEGG pathways. Gene function of bacteria were predicted using the PICRUST from KEGG annotated databases. Genus and KEGG pathways counts were normalized using edgeR. Spearman’s correlation coefficients were estimated for pairwise comparison between genus abundance and KEGG abundance pathways.




Growth Rate Associated With Gut Microbiota Diversity

Over the 44-day growth period, we identified a negative relationship between growth rate and alpha diversity when diet and individual ID were controlled (Shannon: β ± SE = −0.020 ± 0.005, t = −3.827, P < 0.001; Figure 8A). Further analyses of the relative abundances showed that four families (Halomonadaceae, Streptococcaceae, Corynebacteriaceae, and Dietziaceae) were negatively associated with growth during development (Halomonadaceae: β ± SE = −0.019 ± 0.008, t = −2.530, P = 0.013; Streptococcaceae, β ± SE = −0.020 ± 0.007, t = −2.855, P = 0.005; Corynebacteriaceae, β ± SE = −0.060 ± 0.024, t = −2.496, P = 0.014, and Dietziaceae, β ± SE = −0.035 ± 0.014, t = −2.397, P = 0.019; Figures 8B–E).
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FIGURE 8. The growth rate of young crested ibis is correlated with gut microbiota. (A) Shannon index. The normalized abundance of panel (B) Halomonadaceae, (C) Streptococcaceae, (D) Corynebacteriaceae, and (E) Dietziaceae. Relative weight change is measured as the weight change per day (Wt+1–Wt) against weight at time t (Wt). Age and diet type at time t were considered a covariate, and individual ID was controlled as a random factor. The lines represent linear regression lines, while the shaded areas show the 95% confidence interval.




DISCUSSION

Gut microbiota diversity (both alpha and beta) exhibited non-linear changes (Figure 2A) during the sampling period, as expected. Such a pattern was not observed in other age-related studies, including in another study on crested ibis (Ran et al., 2021) and other avian species, due to infrequent sampling. Our findings revealed that bacteria colonization and extinctions occurred throughout the development in crested ibis, and mainly occurred in Proteobacteria and Firmicutes phyla.

The Firmicutes and Proteobacteria phyla dominated the gut microbiota during the first 44 days in crested ibis, with an increase in Firmicutes and a decrease in Proteobacteria. Similar taxonomic changes have been observed in the course of chick development in other birds, such as little penguin (Dewar et al., 2017), arctic shorebirds (Grond et al., 2017), and great tits (Parus major) (Teyssier et al., 2018). Firmicutes produce short-chain fatty acids, which can be absorbed directly by host gut walls as a source of energy (Den Besten et al., 2013) and are positively associated weight gain and immune function in both birds and mammals (Angelakis and Raoult, 2010; Clemente et al., 2012; Liao et al., 2015; John and Mullin, 2016). In particular, an increase in the abundance of Firmicutes was associated with increased Clostridia (mainly Clostridiaceae_1, and Peptostreptococcaceae) and Bacilli (Carnobacteriaceae). Clostridia are also pioneer bacteria in the human gastrointestinal (GI) tract and essential in gut homeostasis (Lopetuso et al., 2013). Bacilli abundance increased considerably at 27 days, which was consistent with the time of fresh loach addition (Supplementary Figure 1). Furthermore, Clostridia and Bacilli were significantly associated with lipid metabolism in the present study (Figure 8, Catellicoccus).

Proteobacteria relative abundance in the present study was higher than those in most wild bird species and domestic chicken (Grond et al., 2018). Furthermore, at the class level, Gammaproteobacteria (mainly Enterobacteriaceae) as opposed to alphaproteobacteria were the dominant Proteobacteria taxa in the course of the growth of the young crested ibis, when compared with the dominant bacteria, alphaproteobacterial, in other wild birds (Grond et al., 2018). In particular, Escherichia or Shigella, which are opportunistic pathogens (Strockbine et al., 2015), were the dominant genera within Gammaproteobacteria. However, their high relative abundances in young crested ibis potentially indicate the presence of unknown non-pathogenic functions, such as a key role of diet as a microbial inoculum or involvement in gut immunity and the digestive system.

Notably, in the present study, Fusobacteria (Cetobacterium and other unassigned genera; Figure 6) were more dominant from 27 days and enriched in diet type 2 when fresh loach was introduced to chick formula, however, Fusobacteria increased significantly in the Deqing population (another crested ibis’s breeding center in China) from 9 days or earlier, as observed by Ran et al. (2021). Fusobacteria colonization was potentially due to the ingestion of fresh loach, since the time of Fusobacteria colonization is consistent with the addition of fresh loach based on the results of two studies on crested ibis (addition of fresh loach began on day 5 in the Deqing population, personal communication with Ran Jian). The prevalence of Fusobacteria in the gut has been observed in other carnivorous birds (Waite and Taylor, 2015), which suggests its involvement in mutualism between microbiota and hosts, excluding its pathogenic role. One of the Fusobacteria genera, Cetobacterium, was also predicted to participate in lipid metabolism in the present study (Figure 8), however, its functions in other avian species require further research. The taxonomic shifts in Firmicutes, Proteobacteria, and Fusobacteria along with the age observed in the present study suggest selective recruitment of specific gut communities by hosts.

Mature gut microbiota showed strong temporal structure and two specific developmental stages. The beginning of the latter stage coincides with the introduction of fresh loach, an increase in the relative abundance of Fusobacteria, and several groups of Firmicutes that both could be involved in lipid metabolism. Furthermore, samples within similar age groups tended to be much more similar than to other age groups with an increase in age, especially from 27 days, which suggests that diet containing fresh loach makes gut community within age groups to converge. Our findings showed that diet and age (along with morphological modifications and immune maturation, Figure 1; Caviedes-Vidal and Karasov, 2001; Killpack et al., 2013) shape gut microbiota during the development of young crested ibis.

When the diet was shifted from diet type 1 to diet type 2 (introduction of fresh loach), more KEGG pathways were identified with more functional including abundant immune, digestive, xenobiotic biodegradation and metabolism, biosynthesis of other secondary metabolites featured in diet type 1 relative to more lip metabolism featured in diet type 2. The higher levels of lipid-metabolism functions in diet type 2 could be attributed to fresh loach requiring more lipid metabolism energy, which may be produced by fresh loach than loach paste (Figure 8). Notably, immune function was enhanced as early as day 3, with more abundant RIG-I-like receptor signaling pathway, which are regulated by Proteobacteria genera such as Enterobacter, which suggests that the gut immune system at developed at very early stages of development.

Consistent with previous findings (Gaskins et al., 2002; Dibner and Richards, 2005), in the present study, animal-growth rate was negatively associated with gut bacteria diversity. Four specific taxa (Halomonadaceae, Streptococcaceae, Corynebacteriaceae, and Dietziaceae families from Gammaproteobacteria, Firmicutes, and Actinobacteria phyla) also showed negative effects on the growth rate. A previous studies reported that Streptococcaceae negatively affects ostrich growth (Videvall et al., 2019), however, whether such convergence exists in other wild birds remains to be determined. Additionally, Streptococcaceae and Halomonadaceae are associated with obesity (Garcia-Mantrana et al., 2018) or a high-fat diet (Ijaz et al., 2020), inflammation (Zeng et al., 2016), and other diseases (Chen et al., 2011) in rodents and humans, however, few studies exist on the function of two Actinobacteria families (Corynebacteriaceae and Dietziaceae). These findings suggest conserved interactions between hosts and vertebrate gut microbiota.

Sampling at crested ibis hatching already revealed diverse gut microbiota (Figure 2A), which are consistent with previous observations (Ran et al., 2021). According to the results, crested ibis could acquire microbiota when inside the egg and bacterial colonization occurred before hatching. Considering the eggs in the present study were hatched artificially without mother crested ibis indicate that the microbes may enter the GI of crested ibis embryos via penetration through eggshell pores and embryonic membranes after laying (Gantois et al., 2009; Martelli and Davies, 2012). The colonization of gut microbiota before hatching might result in immunological and metabolic advantages for young crested ibis (Grond et al., 2017). Initial gut microbiota colonization took place earlier than the crested ibis could hatch, hence research on crested ibis embryos is warranted.

In conclusion, the present study showed that gut microbiota diversity displayed non-linear changes during the early stages of development of crested ibis, with multiple shifts occurring mainly in Proteobacteria and Firmicutes. The study also provides evidence that both diet and age influence microbiota structure. Microbiota changes observed were correlated with host growth and could influence host fitness over the long term. Our findings and those of studies on humans (de Muinck and Trosvik, 2018) both highlight the importance of frequent sampling strategies, when studying microbiome development during the early stages of development of vertebrates. Gut microbiota diversity could increase after day 44 when young birds move outdoors and are exposed to new diverse environments. Specially, Fusobacteria abundance significantly increases as crested ibis are fed with fresh loach. Further studies on the establishment of gut microbiota after 6 weeks to 1 year would better explain gut microbiota convergence in crested ibis.
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Copper (Cu) is an important trace element with a two-sided effect on the growth performance of animals, which depends on the timing and dosage of Cu addition, etc. The purpose of this study was to determine the effects of oral copper sulfate (CuSO4, 350 ppm) on growth performance, cecal morphology, and its microflora of chickens (n = 60) after 30, 60, and 90 days. The results showed that after 90 days of copper exposure, the chickens lost weight, the cecum mucosa was detached, and vacuolation and inflammatory infiltration occurred at the base of the lamina propria. In addition, using the 16S rDNA sequencing method, we observed that copper exposure changed the richness and diversity of intestinal microorganisms. At the phylum level, Proteobacteria and Actinobacteria both significantly increased, while Bacteroidetes significantly decreased in the Cu group compared with control check (CK) group. At the genus level, the relative abundance of Rikenellaceae_RC9_gut_group decreased significantly, while Ruminococcaceae_UCG-014, Lachnoclostridium, and [Eubacterium]_coprostanoligenes_group increased significantly after copper exposure, and the change in microflora was most significant at 90 days. Moreover, the relevance of genus-level bacteria was altered. PICRUST analysis revealed potential metabolic changes associated with copper exposure, such as Staphylococcus aureus infection and metabolic disorders of nutrients. To sum up, these data show that subchronic copper exposure not only affects the growth and development of chickens but also causes the imbalance of intestinal microflora, which may further induce metabolic disorders in chickens.
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INTRODUCTION

Copper (Cu) is an essential trace element, which plays a key role in maintaining the normal growth and development of animals (Frieden, 1986). Cu can play a catalytic role as an important cofactor of various biological enzymes involved in immune function, protein synthesis, antioxidant defense, and energy metabolism. So adding high copper to diets has become a common practice to improve the production performance of livestock and poultry (Son et al., 2016; Berwanger et al., 2018). However, it has also been shown that Cu has the ability to inhibit immune response and increase the susceptibility of the host to pathogens (Zhao et al., 2018; Ruan et al., 2019). More importantly, early studies have shown that excessive copper intake may lead to the accumulation of copper in tissues, leading to organ and cytotoxic damage in animals and even humans, as well as intestinal damage (Pal, 2014). However, in order to improve production efficiency, copper is still being abused because it is often used as a promoter to inhibit fungal growth, bacterial and parasitic infections. Hence, people mostly ignore the toxic effect of excessive copper on the body. Additionally, with the development of industry, surface water and soil are also polluted by copper, which increases the risk of subchronic copper poisoning (Shahzad et al., 2012; Bui et al., 2016).

At present, more and more attention has been paid to the research on the effect of excessive copper intake on the body, and previous studies are mainly related to the following aspects. For instance, it was found that the addition of 796 mg/kg Cu to the diet of laying hens for 2 weeks would reduce the food intake, body weight, and egg yield of laying hens (Jackson et al., 1979). A previous study has also found that adding 50 mg/0.1 ml of copper sulfate to chicken embryos by injection can cause liver tissue necrosis and oxidative damage (Oguz et al., 2010). Copper exposure caused pathological damage to the liver and kidney of chickens, as well as changes in organ weight (Shahzad et al., 2012). Recently, some previous studies have reported that excessive copper intake increased the level of autophagy and apoptosis in chicken (Zhao et al., 2015, 2018; Fei et al., 2019). Another study suggested that subchronic copper exposure induced oxidative stress, resulting in mitochondrial disorder and jejunal toxicity increase due to redistribution of trace elements in the jejunum of chicken (Zhao et al., 2018). However, although there is a growing evidence reporting toxicity of heavy metal in chickens, very limited studies have been conducted to directly link toxicity to the changes in the gut microbiota.

The gastrointestinal tract (GIT) of chickens, especially the cecum, has a complex microflora. Intestinal microorganisms are closely related to the metabolism of the host, play a fundamental role in the health of the host, and benefit the host from many aspects, especially nutrition and disease resistance (Jenkins et al., 2019; Macchione et al., 2019). Although the composition of gut microbiota is relatively stable as the animal grows, it could be influenced by various factors, such as food, antibiotics, drugs, and even different environmental chemicals (Patterson and Burkholder, 2003; Gong et al., 2008). The evidence, to date, shows that a disruption of the normal intestinal microbiota in the host has been linked to disruption of physiological, metabolic homeostasis and promoting the development of various diseases to some extent, such as allergies, necrotizing enteritis, diabetes, depression, and cancer (Zhou C. et al., 2019). At present, studies have focused on the effects of copper exposure on intestinal microorganisms in mice (Ruan et al., 2019; Cheng et al., 2020). However, a few studies have explored the interactions between copper and microbiota in chicken, especially in the face of continuous excessive copper uptake. Therefore, it is crucial to research and understand the dynamic changes of intestinal microbial community in chicken during subchronic copper exposure.

Microbial 16S rDNA sequencing technology is an important means to study intestinal flora at the present stage (Jovel et al., 2016). Based on the technical progress of next-generation sequencing (NGS), it provides unparalleled coverage and depth in determining the intestinal dynamics of microorganisms (Mohd Shaufi et al., 2015). In the present study, we used this technique in assessing changes in intestinal bacterial communities induced by Cu exposure in chicken. The body weight and cecal morphology of chickens during subchronic copper poisoning were also observed and compared. We believed that the results obtained here can provide some new information for the toxicity of chicken caused by subchronic copper poisoning. Taken together, the objective of this study was to explore the toxic effects of subchronic copper poisoning on the intestinal tract of chickens.



MATERIALS AND METHODS


Experimental Design and Animal Model

All the experimental schemes and methods used in this study were approved by the Animal Protection Agency and the use Committee (Jiangxi Agricultural University, Nanchang, Jiangxi, China), license No. JXAULL-2016038. The animals involved in the study were treated humanely, and steps were taken to minimize their suffering. One hundred and twenty Hy-line male chickens 1-day old (purchased from China Nanchang Guohua Co., Ltd.) were randomly divided into two groups (60 chickens in each group) after 1 week of breeding, including control group (CK) and the CuSO4-treated group (Cu). According to the test standard of subchronic poisoning in the Organization for Economic Co-operation and Development (OECD) guidelines and referring to the previous studies on the dose of copper poisoning in chickens, we set up the control group to drink tap water without CuSO4, the Cu group only drank CuSO4 working solution containing 350 ppm, and the whole experiment lasted 90 days (Council, 1995; Buschmann, 2013; Zhao et al., 2018). All chickens were free to drink feed and water. They received 12 h of light and 12 h of darkness every day. In addition, chickens were immunized according to routine immunization procedures.

On the 30th, 60th, and 90th day of the experiment, six chickens in each group were randomly weighed and euthanized with pentobarbital sodium. The cecal contents were quickly placed in liquid nitrogen and then stored at −80°C for experiment. At the same time, the cecal tissues were preserved in formalin for histopathological observation.



Histopathological Analysis

The cecal tissues (∼0.3 cm3) were fixed in 4% paraformaldehyde, dehydrated in graded ethanol (70, 80, 90, and 100%) and xylene, and was embedded in paraffin. The tissue was circumcised to 5-μm thickness and stained with hematoxylin and eosin. Stained sections of feces were examined with a microscope (Olympus DP73, Japan) for morphological and structural changes in the mucosa.



DNA Extraction and Quantitative Polymerase Chain Reaction Amplification

Total microbial genomic DNA from chicken feces was extracted using a combined cetyltrimethylammonium bromide/sodium dodecyl sulfate (CTAB/SDS) method including bacterial and fungal genomic DNA. Briefly, community DNA was extracted from a 0.25-g aliquot of each fecal sample. A 0.25-g aliquot of each fecal sample was extracted for community DNA. This DNA extraction method was employed: Two rounds of beating were performed in the presence of sodium chloride and sodium dodecyl sulfate, followed by sequential ammonium acetate and isopropanol precipitation. The precipitated nucleic acids were then treated with RNase A and Proteinase K, and the DNA was purified using columns of the QIAgen DNA Mini Stool Kit (QIAGEN, MD, United States). The DNA was then tested for purity and concentration by 1% agarose gel electrophoresis. An appropriate amount of DNA was taken in a centrifuge tube and diluted with sterile water to 1 ng/μl. Extracted metagenomic DNA was stored at −20°C.

The hypervariable region V3–V4 of 16S rDNA gene about 470 bp in length was sequenced. Polymerase chain reaction (PCR) was performed using specific primers 338F (5-GCACCTACTCCTACGGGAGCAGCAGCAGCA-3′) and 806R (5-GGACTACHVGGGGTWTCTAAT-3′). Polymerase chain reaction was performed with Q5 high-fidelity DNA polymerase at a final volume of 25 μl, and the template DNA was 20 ng. The thermal cycle included 98°C, 5 min (initial denaturation), 98°C, 10 s (denaturation), 50°C, 30 s (annealing), 72°C, 30 s (25 cycles), and 72°C, 5 min (final prolongation). The samples with the size of about 470 bp were selected by 2% agarose gel electrophoresis in 1.0 × TAE buffer, and then the amplified products were purified by AxyPrep DNA gel extraction kit (Axygen, AP-GX-250). The pyrosequencing of 16S rDNA was carried out on the Illumina HiSeq 2500 PE 250 platform (Illumina, San Diego, CA, United States) of Novogene Bioinformation Technology Co., Ltd. (Beijing, China).



Sequence Processing and Bioinformatics Analysis

We used FLASH software (v1.2.7) to merge into a pair of end read and splice sequences to generate the raw tags. Open-source software system QIIME analysis was used to obtain high-quality clean tags, and UCHIME algorithm was used to remove the chimera sequence to obtain effective tags. The sequences were analyzed by UCLUST software and clustered into operational taxonomic units (OTUs) with 97% similarity. Each OTU was annotated with the Greengenes database. The rarefaction curve and Venn diagram were created with R software (v2.15.3). Microbial alpha diversity was analyzed by QIIME software with Python script. Beta diversity was evaluated by principal component analysis (PCA) to show the difference of bacterial community structure, and R (v2.15.3) was used to separate the bacteria by ANOSIM. Correlation analysis of genus-level bacteria using SparCC network maps. Prediction of the functional potential of bacterial community was done by PICRUST analysis.



Data Presentation

The results were shown as mean and SEM. Significant difference was declared when p < 0.05. The 16S rDNA gene amplicon sequencing results were submitted to the Sequence Read Archive of the NCBI (accession number: SRP199017).



RESULTS


Body Weight and the Morphology of the Cecum in Chicken

The weight of chickens were recorded at 30, 60, and 90 days, respectively, in order to evaluate the effect of CuSO4 intake on the growth performance of chickens. The results showed that compared with the CK group, the weight of the copper group decreased at all-time points, with significant difference at 60 days (p = 0.013) and 90 days (p = 0.000) (Figure 1A). The histological changes in the cecum in the CK group and Cu group at 30, 60, and 90 days are shown in Figure 1B. There were significant differences in the cecum tissue structure between the CK group and Cu group at different time points. In the whole process, no obvious lesion was found in the CK group, the cecal mucosa was intact, and the structure of the muscular layer was normal. Compared with the CK30 group, there was a small amount of mucosal exfoliation and vacuolation at the bottom of the lamina propria in the Cu30 group. Meanwhile, we found a large number of cecal mucosal exfoliation, lymphocyte proliferation, and vacuolation in the Cu60 group. On the 90th day, severe pathological changes occurred in the Cu group, with massive loss of cecal mucosa, inflammatory infiltration in the lamina propria, and destruction of the tissue structure of the muscular layer.
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FIGURE 1. Defines weight and tissue samples at a specified time. Control check (CK): chickens in the control group were fed with copper-free distilled water. Oral copper sulfate (CuSO4)-treated group (Cu group): chickens drank CuSO4 water every day for 90 days. Body weight changes of chickens in (A) CK group and Cu group. (B) Representative images of hematoxylin and eosin (H&E) staining (original magnification, ×100) of chickens cecal tissue at different time points. All results are expressed as mean ± SD of six chickens in each group. * and ** represent statistically significant at p < 0.05 and p < 0.01 levels.




Quality of Sequencing Analysis

Cecal samples (36) were sequenced by Illumina HiSeq platform and detected by 16S rDNA gene (V3–V4 region). A total of 2,871,406 sequences were obtained from these samples, of which 2,742,829 sequences were effective sequences by quality control filtration. After quality was checked and chimeric sequences were removed, the average number of reads generated from the cecal samples per chicken was 77,863 ± 5,525 [standard deviation (SD)], with an average length of 253 bp, respectively. They were classified using QIIME into different OTUs based on the identity level at 97%, and a total of 1,632 OTUs were identified from all samples. Shannon value and rarefaction curves for each sample reached the saturation plateau (Supplementary Table 1 and Figure 2), indicating that the samples had sufficient sequence coverage to accurately describe the bacterial composition of each group.
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FIGURE 2. Rarefaction curve. The reads with similarity of 97% is clustered into the same service taxon operation taxonomic unit (OTU). The number of sequences sampled represents the number of sequencing reads.




Statistical Analysis of Alpha and Beta Diversity

Both alpha and beta diversity metrics were used to estimate microbial community diversity. The alpha diversity reflected the comprehensive index of richness and evenness of cecal flora in the CK and Cu groups. Beta diversity reflects whether there are significant differences in microbial communities between groups. In alpha diversity, the Chao1 index and ACE index represent community richness index, and community diversity index includes the Shannon index and Simpson index. Figure 3A shows the community richness index of the CK group and Cu group at three sampling times by the Chao1 index. The results showed that compared with the CK group, the community richness of the Cu group increased significantly after adding CuSO4 to drinking water for 30 days (Wilcox test, p < 0.001). After that, the community richness of the Cu group showed a downward trend, and at 60 days, compared with the CK group, the community richness of the Cu group decreased significantly (p < 0.01). In addition, compared with the CK group, the community richness of the Cu group increased significantly at 90 days (p < 0.01). Similarly, the Shannon index proved that the community diversity of the two groups had the same trend over time. This also confirms the results of previous studies, that is, heavy metal treatment can change the diversity of intestinal microbiota (Liu et al., 2014; Li et al., 2019). Changes in the intestinal microbial diversity may indicate that microbial diversity is disturbed, and intestinal health status is also changed (Wu et al., 2014).
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FIGURE 3. Alpha and beta diversity of cecal bacterial communities between control and Cu treated chickens. (A) Difference in bacterial diversity between CK and Cu groups was estimated by the Chao1 estimator at each time-point. The results were compared using the Wilcox test, *P < 0.05, **P < 0.01, and ***P < 0.001. (B) Difference in bacterial richness between CK and Cu groups was estimated by the Shannon value at each time-point. The results were compared using the Wilcox test, *P < 0.05, **P < 0.01, and ***P < 0.001. (C) Non-metric multidimensional calibration method (NMDS) generated using the weighted Uniface distance. (D) Cluster analysis performed on weighted Uniface distance matrices using the unweighted-pair group method with arithmetic mean (UPGMA).


Beta diversity uses the evolutionary relationship and abundance information between groups to calculate the distance matrix to reflect the differences between groups. Next, non-metric multidimensional calibration method (NMDS) based on weighted Unifrac distances was used to further determine the role of Cu intake in drinking water in changing the distribution of intestinal flora profile. As shown in Figure 3C, the NMDS ordination stress value is 0.102, and the microbial community of the Cu group was clearly separated from the CK group. In addition, the UPGMA method based on weighted Uniface is used to cluster the CK and Cu groups at different time points. Figure 3D shows that the individual samples of the CK group and the members of the Cu group gather in their respective groups and are significantly closer to each other at three time points. According to the results of the current beta diversity index, we speculated that the composition of microbial community also changed due to the change in copper exposure and time.



Operational Taxonomic Unit Distribution From a Venn Plot

In order to find out the difference between intestinal microbial community during the experiment, Venn diagrams were generated for the CK and Cu groups according to the results of OTUs cluster analysis. The Venn diagrams showed that, in the CK group, there were 1,139 OTUs common to all time point samples, and only 41, 78, and 46 OTUs were identified in the CK30, CK60, and CK90 samples, respectively (Figure 4A). In the Cu group, there were 1,149 OTUs that were common to all time points samples, and only 78, 32, and 70 OTUs were identified in the Cu30, Cu60, and Cu90 samples, respectively (Figure 4B). During the whole 90-day experimental period, the number of unique OTUS in the control group increased gradually in the first 60 days, but decreased during the last 30 days. In contrast, the number of unique OTUS in the exposed group decreased gradually in the first 60 days, but increased during the last 30 days. These results are consistent with the findings of the Chao1 index. Therefore, through these evidences, we have concluded that Cu exposure might change the cecal microflora of chickens.
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FIGURE 4. Venn diagram showing the number of unique and shared OTUs (at 97% similarity) among control and Cu-treated cecal microbial communities of chickens. (A) The number of unique and shared OTUs was observed in control group among three sampling times. (B) The number of unique and shared OTUs was observed in the Cu-treated group three sampling times.




Composition Analysis of the Gut Microbiota at Various Taxonomic Levels

According to the results of species annotation, each group of bacterial communities ranked at the level of phylum and genus were selected to form a column accumulation map of relative abundance of species, in order to observe the effect of copper exposure on cecal microorganisms during the experiment. At the phylum level, 10 taxa with high abundance of each sample were counted (Figure 5A) (mean relative abundance > 0.5%). Bacteroidetes and Firmicutes were found to be the most abundant phylum from each group in this study, with relative abundance of 44.75 and 42.40%, respectively (Figure 5A). While found in lower relative abundance, the phyla Proteobacteria (4.16%), Tenericutes (2.05%), and Actinobacteria (1.52%) were overall well represented across the experimental groups. Other minor phyla, such as Verrucomicrobia (0.67%), Spirochaetes (0.36%), Synergistetes (0.27%), Cyanobacteria (0.20%), and SHA-109 (0.16%), were also identified. In addition, it was also found that the specific changes associated with CuSO4 exposure included a significant decrease in the relative abundance of Bacteroides in the Cu group on the 30th and 90th day compared with the CK group. Besides, phylum Firmicutes increased significantly on the 30th and 90th day, and had an increasing trend on the 60th day. Phylum Proteobacteria increased significantly on the 30th day, and Tenericutes increased significantly during the first 60-day period, and Actinobacteria increased significantly in the latter 60 days (Figure 5A and Supplementary Table 2). Consistent with the above results, compared with the middle 30-day period, the microflora of chickens exposed to CuSO4 changed more dramatically during the first 30-day period and the latter 30-day period.
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FIGURE 5. (A) Difference in the relative abundance of the bacterial major phyla between the CK and Cu groups during the experimental period (at days 30, 60, and 90). (B) Difference in the relative abundance of the major bacterial genera between the two groups during the experimental period (at days 30, 60, and 90).


At the genus level, 200 genera were identified from the two groups of chickens, and Bacteroidetes and Rikenellaceae_RC9_gut_group are the dominant genera of both the CK and Cu groups (Figure 5B). In addition, the relative abundance of Ruminococcaceae_UCG-014, Desulfovibrio, [Eubacterium]_coprostanoligenes_group, and Lactobacillus increased significantly after CuSO4 exposure for 30 days (Figure 5B and Supplementary Table 3). Compared with the CK group, the relative abundance of [Eubacterium]_coprostanoligenes_group and Olsenella increased significantly, and the relative abundance of the Ruminococcaceae_UCG-005 decreased significantly after 60 days of CuSO4 treatment. It is noticeable that at 90 days, the cecal microorganisms in the Cu group changed dramatically, and the relative abundance of the genus from Bacteroidetes, Firmicutes, and Actinobacteria phylum, such as Ruminococcaceae_UCG-014, Lachnoclostridium, Christensenellaceae_R-7_group, increased significantly.



Co-occurrence Network of Genera

To explore potential interactions between members of the intestinal bacterial community, SparCC network maps were drawn based on genus composition and were considered valuable only if the association between the different genera was strong and the Spearman correlation coefficient was greater than 0.5 in absolute value and q < 0.05 (Figure 6). Overall, the co-occurrence network in the Cu group exhibited greater complexity with different components and correlations compared with the control group. Specifically, the co-occurrence network of the control group contains 106 edges; the co-occurrence network of the copper group contains 114 edges. We then calculated the closeness of the different bacteria at the genus level in the co-occurrence network. In terms of the tight centrality of nodes in the bacterial network, the three most correlated genera in both groups were g__Lactobacillus, g__Ruminococcaceae_UCG-005, g__Desulfovibrio in the normal group, g__Synergistes, g__Sphaerochaeta, and g __Lactobacillus in the copper group.
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FIGURE 6. Co-occurrence network analysis of bacterial genera. Each network node represents a genus of bacteria. The connection width represents the relevant values that support this connection. The connection color shows correlation, red indicates positive interaction, and blue indicates negative interaction.




Predictive Functional Profiling of Microbial Communities

To further explore the functional changes in cecal microflora after CuSO4 exposure, the function of cecal microbial community was predicted and analyzed by PICRUSt. According to the annotated KEGG results, significant differences were observed between the control group and the CuSO4-treated group in the functional category of level 3, in which a strong separation was noted (Figure 7). On the 30th day after CuSO4 exposure, there were only six KEGG pathways, which showed significant changes between the CK30 and Cu30 groups. Figure 7A shows that compared with the CK30 group, the Cu30 group predicted higher gene abundance in the RIG-I-like receptor signaling pathway, basal transcription factors, bile secretion, and benzoate degradation, but lower predicted genes associated with pantothenate and CoA biosynthesis, and Phenylalanine, tyrosine, and tryptophan biosynthesis. At day 60, there were significant differences in more KEGG pathways between the two groups, a total of 22. The abundance of eight pathways such as nucleotide metabolism, RNA transport, bacterial motility proteins, and so on, in the CK60 group were upregulated, and the abundance of 14 pathways, such as polycyclic aromatic hydrocarbon degradation, biosynthesis of vancomycin group antibiotics, and ascorbate and aldarate metabolism were downregulated compared with those in the Cu60 group (Figure 7B). Finally, 90 days after CuSO4 exposure, the largest number of genomes met the inclusion criteria. A total of 71 KEGG pathways showed significant changes between the CK90 and Cu90 groups. Compared with the CK90 group, 36 pathways were upregulated, and 35 pathways were downregulated in the Cu90 group (Figure 7C). These pathway changes may be related to the prolonged exposure time to Cu.
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FIGURE 7. Functional analysis of microbial communities. KEGG categories predicted by PICRUSt (level 3) differentially represented between CK and Cu groups at day 30 (A), day 60 (B), and day 90 (C) during the experimental period. The statistical differences between the two groups at the same time point were conducted using a Welch’s t-test between the two groups; p-value < 0.01 was considered as statistical significant difference.




DISCUSSION

Earlier, related studies have shown that high copper may cause damage to the liver, kidney, glandular stomach, and reproductive system of chickens, but there is still a lack of studies on the effects of copper exposure on intestinal damage and intestinal microorganisms in chickens (Jackson et al., 1979; Oguz et al., 2010; Zhao et al., 2018). In this study, we focused on the change in microflora in the cecum of chicken under the subchronic Cu exposure, and further revealed how the structure and composition of intestinal microorganisms evolved. Our results showed that subchronic copper poisoning in chickens caused weight loss, intestinal morphological change, and intestinal flora balance disorder.

The findings of this study suggest that compared with the control groups, the body weight of CuSO4-exposed chickens were decreased in a time-dependent manner. Previous studies have found that copper use of more than 300 mg/kg will lead to growth inhibition, showing an adverse effect on body weight (Pesti and Bakalli, 1996; Shahzad et al., 2012; Hamdi et al., 2018). A large number of histological injuries were also found in our histological observations. The results showed that copper exposure destroyed the normal structure of chicken cecum, mucosa fell off, vacuoles appeared in the lamina propria, and inflammatory infiltration occurred in a time-dependent manner. Interestingly, Ruan et al. (2019) and Cheng et al. (2020) demonstrated that copper exposure could cause intestinal mucosal damage and metabolic disorders, which reduce the decomposition and absorption of nutrients, and eventually lead to weight loss. Therefore, the pathological damage of cecum may be one of the reasons for the weight loss of copper-exposed chickens.

The chicken intestinal tract is inhabited by a complex and dynamic population of microbial species. Once there is long-term excessive intake of heavy metals, it will not only lead to morphological damage but also cause the disorder of the structure and composition of intestinal flora, and even lead to host metabolic diseases (Kou et al., 2019). According to the α diversity analysis of 16S rDNA sequencing results, copper exposure increased the richness and diversity of cecal microflora at 30 and 90 days and decreased at 60 days (Figures 3A,B), and, this is supported by Venn diagram analysis (Figure 4). These results showed that copper exposure causes significant changes in microbial diversity in the chicken cecum. The previous study suggests that it may be due to the fact that some bacteria can tolerate higher levels of copper and grow in copper-contaminated environments. Meanwhile, it was found by NMDS that the change in intestinal microflora was obvious between the two groups, and it depended on the time of exposure to CuSO4 (Figure 3C). The UPGMA analysis showed that the OTUs of the CK group was clustered into one group according to phylogeny, while that of the Cu group was clustered into another group (Figure 3D). The above results suggest that copper sulfate can disturb the diversity and composition of cecal flora in a time-dependent manner, which is consistent with previous studies suggesting that heavy metals can change intestinal flora (Cheng et al., 2020; Zhou et al., 2020). In addition, it has been reported that disorders of intestinal microflora is related to a variety of diseases such as intestinal barrier permeability and inflammation (Karlsson et al., 2013; Thevaranjan et al., 2017; Zhang et al., 2018). Therefore, we speculate that copper exposure may cause intestinal flora imbalance, which may have adverse effects on the health of chickens.

Previous studies suggest that Bacteroidetes and Firmicutes are considered to be the most and second common phyla in the intestinal microflora of birds, which is similar to our results (Figure 5A and Supplementary Table 2; Wei et al., 2013; Zhou et al., 2020). The results also showed that compared with the CK group, the abundance of Proteobacteria was increased in the Cu group after CuSO4 exposure. Several studies have reported that the abundance of Proteobacteria increased significantly when the intestinal mucosa was damaged (Michail et al., 2012; Tyler et al., 2013). In addition, we also noticed that copper exposure significantly increased the amount of Tenericutes. It has been reported that the amount of Tenericuts in colonic contents increased after 60 days of fluoride treatment, which may be related to the impairment of intestinal barrier function (Fu et al., 2019). Therefore, the above results showed that after Cu exposure, the balance of intestinal microorganisms at the phylum level is disrupted and may have high correlation with the intestinal infection in chicken.

Moreover, this study also reveals the potential effects of copper exposure on the structure of intestinal bacteria at the genus level. According to the results of species annotation, we found that the dominant bacteria in chicken cecum were Bacteroides, Rikenellaceae_RC9_gut_group, Lachnoclostridium, Desulfovibrio, and olsenella (Figure 5B). This was slightly different from the results of previous studies (Wei et al., 2013). One possible explanation for these results is that different intestinal environments may affect the abundance and composition of intestinal microflora. In addition, according to the t-test analysis, we noticed that Desulfovibrio, Alistipes, and Anaerotruncus increased significantly after copper exposure in 13 significantly changed genera, which is noteworthy (Supplementary Table 3). Desulfovibrio is a common genus in animals and humans. Its abundance increase is often accompanied by diarrhea, weight loss, and loss of appetite, which may further lead to intestinal epithelial hyperplasia, abscess, and inflammatory infiltration (Williamson et al., 2018). Moreover, Lau et al. (2006) demonstrated that Anaerotruncus may cause intestinal infection and bacteremia in the body. In addition, previous studies have found that Alistipes is considered to be a potentially harmful bacteria that may have an inflammatory effect (Kong et al., 2019). Based on the above observations, the results suggested that these genera with increased abundance in the copper group may play a partial role in intestinal injury and further cause intestinal barrier damage and intestinal inflammation. Therefore, this may explain why the body weight of the Cu group was lower than that of the CK group at all-time points.

The biological and physiological functions of intestinal microflora can be defined in many aspects, such as diversity and taxonomic composition, in order to decipher the potential role of intestinal bacterial community (Liu et al., 2019). In the current experiment, the PICRUST algorithm is used to map the bacterial genetic path to the KEGG database for functional prediction. A deeper analysis discovered that copper sulfate may change the microbiome and metabolic spectrum of chickens in a time-dependent manner. Compared with the CK group, a wide range of pathways were significantly changed under the influence of subchronic copper poisoning in the Cu group, including multiple gene functional families, such as energy production and conversion, amino acid transport and metabolism, signal transduction mechanism, etc. The results also showed that compared with the CK group, the relative abundance of genes regarding amino acid metabolism is decreased, and carbohydrates and lipids are increased in the Cu group (Figure 7). Interestingly, previous studies had confirmed that bacterial functional pathways in inflammatory tissues of patients with ulcerative colitis were significantly changed, carbohydrate metabolism decreased, and lipid and amino acid metabolism increased (David et al., 2014). Therefore, this may explain the reason for the difference, which may be related to the host and CuSO4 exposure models used in the study. Likewise, it was worth noting that compared with the control group, the cecal microbial community in the copper group showed increased relative abundance of genes regarding bacterial toxin, apoptosis, Staphylococcus aureus infection, sporulation, nucleotide metabolism, and so on, and downregulation of lipoic acid and lipopolysaccharide biosynthesis in sulfur metabolism. This is consistent with previous studies and verified the morphological changes in the cecum in chickens (Zhou L. et al., 2019).



CONCLUDING REMARKS

In short, we found that subchronic copper exposure could lead to weight loss, pathological changes in cecal tissue, change the diversity, structure, and function of microbial community, and finally destroy the balance of intestinal microbial community in chickens. To sum up, our results may play a role in the effects of copper exposure on intestinal microorganisms in chickens.

Subchronic copper exposure disrupts the environmental homeostasis of intestinal microbes and alters the structure and balance of the microbial community (Jovel et al., 2016). Furthermore, alterations in intestinal flora may lead to changes in the intestinal environment such as acidity and alkalinity, intestinal infection, intestinal barrier permeability, and inflammation (Gong et al., 2008; Wei et al., 2013). Long-term effects can disrupt the normal structure of the chicken cecum, with loss of intestinal villi and metabolic disturbances, which may ultimately lead to weight loss (Shahzad et al., 2012; Ruan et al., 2019).



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, SRP199017.



ETHICS STATEMENT

The animal study was reviewed and approved by the Jiangxi Agricultural University, Nanchang, Jiangxi, China, license No. JXAULL-2016038.



AUTHOR CONTRIBUTIONS

CH, YS, CZ, LG, GLiu, YZ, GLi, GH, PL, and XG contributed to the conception of the review. CH, YS, PL, and XG drafted the manuscript. All authors reviewed and approved the manuscript.



FUNDING

This research was funded by the National Natural Science Foundation of China (31460679) and Key Projects of the Natural Science Foundation of Jiangxi (2017ACB20012).



ACKNOWLEDGMENTS

We thank the team members for their help in the clinical veterinary laboratory of the College of Animal Science and Technology of Jiangxi Agricultural University.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.739577/full#supplementary-material



REFERENCES

Berwanger, E., Vieira, S. L., Angel, C. R., Kindlein, L., Mayer, A. N., Ebbing, M. A., et al. (2018). Copper requirements of broiler breeder hens. Poult. Sci. 97, 2785–2797.

Bui, T. K., Do-Hong, L. C., Dao, T. S., and Hoang, T. C. (2016). Copper toxicity and the influence of water quality of Dongnai River and Mekong River waters on copper bioavailability and toxicity to three tropical species. Chemosphere 144, 872–878. doi: 10.1016/j.chemosphere.2015.09.058

Buschmann, J. (2013). OECD Guidelines for the Testing of Chemicals. Methods Mol. Biol. 947, 37–56.

Cheng, S., Mao, H., Ruan, Y., Wu, C., Xu, Z., Hu, G., et al. (2020). Copper Changes Intestinal Microbiota of the Cecum and Rectum in Female Mice by 16S rRNA Gene Sequencing. Biol. Trace Elem. Res. 193, 445–455. doi: 10.1007/s12011-019-01718-2

Council, S. N. (1995). Nutrient Requirements of Laboratory Animals. Washington: National Academies Press.

David, L. A., Maurice, C. F., Carmody, R. N., Gootenberg, D. B., Button, J. E., Wolfe, B. E., et al. (2014). Diet rapidly and reproducibly alters the human gut microbiome. Nature 505, 559–563. doi: 10.1038/nature12820

Fei, D., Zhao, H., Wang, Y., Liu, J., Mu, M., Guo, M., et al. (2019). The disturbance of autophagy and apoptosis in the gizzard caused by copper and/or arsenic are related to mitochondrial kinetics. Chemosphere 231, 1–9.

Frieden, E. (1986). Perspectives on copper biochemistry. Clin. Physiol. Biochem. 4, 11–19.

Fu, R., Niu, R., Li, R., Yue, B., Zhang, X., Cao, Q., et al. (2019). Fluoride-Induced Alteration in the Diversity and Composition of Bacterial Microbiota in Mice Colon. Biol. Trace Elem. Res. 196, 537–544. doi: 10.1007/s12011-019-01942-w

Gong, J., Yu, H., Liu, T., Gill, J. J., Chambers, J. R., Wheatcroft, R., et al. (2008). Effects of zinc bacitracin, bird age and access to range on bacterial microbiota in the ileum and caeca of broiler chickens. J. Appl. Microbiol. 104 1372–1382. doi: 10.1111/j.1365-2672.2007.03699.x

Hamdi, M., Solà, D., Franco, R., Durosoy, S., and Pérez, J. F. (2018). Including copper sulphate or dicopper oxide in the diet of broiler chickens affects performance and copper content in the liver. Anim. Feed Sci. Technol. 237, 89–97.

Jackson, N., Stevenson, M. H., and Kirkpatrick, G. M. (1979). Effects of the protracted feeding of copper sulphate-supplemented diets to laying, domestic fowl on egg production and on specific tissues, with special reference to mineral content. Br. J. Nutr. 42, 253–266. doi: 10.1079/bjn19790112

Jenkins, S. V., Robeson, M. S. II, Griffin, R. J., Quick, C. M., Siegel, E. R., Cannon, M. J., et al. (2019). Gastrointestinal Tract Dysbiosis Enhances Distal Tumor Progression through Suppression of Leukocyte Trafficking. Cancer Res. 79, 5999–6009. doi: 10.1158/0008-5472.CAN-18-4108

Jovel, J., Patterson, J., Wang, W., Hotte, N., O’Keefe, S., Mitchel, T., et al. (2016). Characterization of the Gut Microbiome Using 16S or Shotgun Metagenomics. Front. Microbiol. 7:459. doi: 10.3389/fmicb.2016.00459

Karlsson, F. H., Tremaroli, V., Nookaew, I., Bergstrom, G., Behre, C. J., Fagerberg, B., et al. (2013). Gut metagenome in European women with normal, impaired and diabetic glucose control. Nature 498, 99–103. doi: 10.1038/nature12198

Kong, C., Gao, R., Yan, X., Huang, L., and Qin, H. (2019). Probiotics improve gut microbiota dysbiosis in obese mice fed a high-fat or high-sucrose diet. Nutrition 60, 175–184.

Kou, H., Fu, Y., He, Y., Jiang, J., Gao, X., and Zhao, H. (2019). Chronic lead exposure induces histopathological damage, microbiota dysbiosis and immune disorder in the cecum of female Japanese quails (Coturnix japonica). Ecotoxicol. Environ. Saf. 183:109588. doi: 10.1016/j.ecoenv.2019.109588

Lau, S. K., Woo, P. C., Woo, G. K., Fung, A. M., Ngan, A. H., Song, Y., et al. (2006). Bacteraemia caused by Anaerotruncus colihominis and emended description of the species. J. Clin. Pathol. 59, 748–752. doi: 10.1136/jcp.2005.031773

Li, X., Brejnrod, A. D., Ernst, M., Rykaer, M., Herschend, J., Olsen, N. M. C., et al. (2019). Heavy metal exposure causes changes in the metabolic health-associated gut microbiome and metabolites. Environ. Int. 126, 454–467. doi: 10.1016/j.envint.2019.02.048

Liu, B., Lin, W., Chen, S., Xiang, T., Yang, Y., Yin, Y., et al. (2019). Gut Microbiota as a Subjective Measurement for Auxiliary Diagnosis of Insomnia Disorder. Front. Microbiol. 10:1770. doi: 10.3389/fmicb.2019.01770

Liu, Y., Li, Y., Liu, K., and Shen, J. (2014). Exposing to cadmium stress cause profound toxic effect on microbiota of the mice intestinal tract. PLoS One 9:e85323. doi: 10.1371/journal.pone.0085323

Macchione, I. G., Lopetuso, L. R., Ianiro, G., Napoli, M., Gibiino, G., Rizzatti, G., et al. (2019). Akkermansia muciniphila: key player in metabolic and gastrointestinal disorders. Eur. Rev. Med. Pharmacol. Sci. 23, 8075–8083. doi: 10.26355/eurrev_201909_19024

Michail, S., Durbin, M., Turner, D., Griffiths, A. M., Mack, D. R., Hyams, J., et al. (2012). Alterations in the gut microbiome of children with severe ulcerative colitis. Inflamm. Bowel Dis. 18, 1799–1808.

Mohd Shaufi, M. A., Sieo, C. C., Chong, C. W., Gan, H. M., and Ho, Y. W. (2015). Deciphering chicken gut microbial dynamics based on high-throughput 16S rRNA metagenomics analyses. Gut Pathog. 7:4. doi: 10.1186/s13099-015-0051-7

Oguz, E. O., Yuksel, H., Enli, Y., Tufan, A. C., and Turgut, G. (2010). The effects of copper sulfate on liver histology and biochemical parameters of term Ross broiler chicks. Biol. Trace Elem. Res. 133, 335–341. doi: 10.1007/s12011-009-8447-1

Pal, A. (2014). Copper toxicity induced hepatocerebral and neurodegenerative diseases: an urgent need for prognostic biomarkers. Neurotoxicology 40, 97–101. doi: 10.1016/j.neuro.2013.12.001

Patterson, J. A., and Burkholder, K. M. (2003). Application of prebiotics and probiotics in poultry production. Poult. Sci. 82, 627–631.

Pesti, G. M., and Bakalli, R. I. (1996). Studies on the feeding of cupric sulfate pentahydrate and cupric citrate to broiler chickens. Poult. Sci. 75, 1086–1091.

Ruan, Y., Wu, C., Guo, X., Xu, Z., Xing, C., Cao, H., et al. (2019). High Doses of Copper and Mercury Changed Cecal Microbiota in Female Mice. Biol. Trace Elem. Res. 189, 134–144. doi: 10.1007/s12011-018-1456-1

Shahzad, M. N., Javed, M. T., Shabir, S., Irfan, M., and Hussain, R. (2012). Effects of feeding urea and copper sulphate in different combinations on live body weight, carcass weight, percent weight to body weight of different organs and histopathological tissue changes in broilers. Exp. Toxicol. Pathol. 64, 141–147. doi: 10.1016/j.etp.2010.07.009

Son, J., Lee, Y. S., Kim, Y., Shin, K. I., Hyun, S., and Cho, K. (2016). Joint toxic action of binary metal mixtures of copper, manganese and nickel to Paronychiurus kimi (Collembola). Ecotoxicol. Environ. Saf. 132, 164–169. doi: 10.1016/j.ecoenv.2016.05.034

Thevaranjan, N., Puchta, A., Schulz, C., Naidoo, A., Szamosi, J. C., Verschoor, C. P., et al. (2017). Age-Associated Microbial Dysbiosis Promotes Intestinal Permeability, Systemic Inflammation, and Macrophage Dysfunction. Cell Host Microbe 21, 455–466.e4.

Tyler, A. D., Knox, N., Kabakchiev, B., Milgrom, R., Kirsch, R., Cohen, Z., et al. (2013). Characterization of the gut-associated microbiome in inflammatory pouch complications following ileal pouch-anal anastomosis. PLoS One 8:e66934. doi: 10.1371/journal.pone.0066934

Wei, S., Morrison, M., and Yu, Z. (2013). Bacterial census of poultry intestinal microbiome. Poult. Sci. 92, 671–683.

Williamson, A. J., Carlson, H. K., Kuehl, J. V., Huang, L. L., Iavarone, A. T., Deutschbauer, A., et al. (2018). Dissimilatory Sulfate Reduction Under High Pressure by Desulfovibrio alaskensis G20. Front. Microbiol. 9:1465. doi: 10.3389/fmicb.2018.01465

Wu, B., Cui, H., Peng, X., Pan, K., Fang, J., Zuo, Z., et al. (2014). Toxicological effects of dietary nickel chloride on intestinal microbiota. Ecotoxicol. Environ. Saf. 109, 70–76. doi: 10.1016/j.ecoenv.2014.08.002

Zhang, B., Lv, Z., Li, Z., Wang, W., Li, G., and Guo, Y. (2018). Dietary l-arginine Supplementation Alleviates the Intestinal Injury and Modulates the Gut Microbiota in Broiler Chickens Challenged by Clostridium perfringens. Front. Microbiol. 9:1716. doi: 10.3389/fmicb.2018.01716

Zhao, H., Wang, Y., Shao, Y., Liu, J., Liu, Y., and Xing, M. (2018). Deciphering the ionic homeostasis, oxidative stress, apoptosis, and autophagy in chicken intestine under copper(II) stress. Environ. Sci. Pollut. Res. Int. 25, 33172–33182. doi: 10.1007/s11356-018-3163-z

Zhao, X. J., Li, Z. P., Wang, J. H., Xing, X. M., Wang, Z. Y., Wang, L., et al. (2015). Effects of chelated Zn/Cu/Mn on redox status, immune responses and hoof health in lactating Holstein cows. J. Vet. Sci. 16, 439–446. doi: 10.4142/jvs.2015.16.4.439

Zhou, C., Xu, P., Huang, C., Liu, G., Chen, S., Hu, G., et al. (2019). Effects of subchronic exposure of mercuric chloride on intestinal histology and microbiota in the cecum of chicken. Ecotoxicol. Environ. Saf. 188:109920. doi: 10.1016/j.ecoenv.2019.109920

Zhou, L., Chen, C., Xie, J., Xu, C., Zhao, Q., Qin, J. G., et al. (2019). Intestinal bacterial signatures of the “cotton shrimp-like” disease explain the change of growth performance and immune responses in Pacific white shrimp (Litopenaeus vannamei). Fish Shellfish Immunol. 92, 629–636. doi: 10.1016/j.fsi.2019.06.054

Zhou, C., Xu, P., Huang, C., Liu, G., Chen, S., Hu, G., et al. (2020). Effects of subchronic exposure of mercuric chloride on intestinal histology and microbiota in the cecum of chicken. Ecotoxicol. Environ. Saf. 188:109920. doi: 10.1016/j.ecoenv.2019.109920

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Huang, Shi, Zhou, Guo, Liu, Zhuang, Li, Hu, Liu and Guo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 05 November 2021
doi: 10.3389/fmicb.2021.722901





[image: image]

The Dominating Role of Genetic Background in Shaping Gut Microbiota of Honeybee Queen Over Environmental Factors

Jiandong Yang1*†, Yun Zhong1†, Liqun Xu1, Bo Zeng1, Kang Lai2, Mingxian Yang1, Diyan Li1, Ye Zhao1, Mingwang Zhang1 and Debing Li1

1College of Animal Sciences and Technology, Sichuan Agricultural University, Chengdu, China

2Sichuan Province Apiculture Management Station, Chengdu, China

Edited by:
Wei Huang, Johns Hopkins University, United States

Reviewed by:
Xiaoli Bing, Nanjing Agricultural University, China
Guohua Xiao, Sanda University, China
Jiannong Xu, New Mexico State University, United States

*Correspondence: Jiandong Yang, yangjd@sicau.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Evolutionary and Genomic Microbiology, a section of the journal Frontiers in Microbiology

Received: 09 June 2021
Accepted: 29 September 2021
Published: 05 November 2021

Citation: Yang J, Zhong Y, Xu L, Zeng B, Lai K, Yang M, Li D, Zhao Y, Zhang M and Li D (2021) The Dominating Role of Genetic Background in Shaping Gut Microbiota of Honeybee Queen Over Environmental Factors. Front. Microbiol. 12:722901. doi: 10.3389/fmicb.2021.722901

A balanced, diverse gut microbiota is vital for animal health. The microbial population is shaped by multiple factors including genetic background and environment, but other determinants remain controversial. Numerous studies suggest that the dominant factor is genetic background while others emphasize the environmental factors. Here, we bred asexual hybridization queens (AHQs) of honeybees through nutritional crossbreeding (laid in Apis mellifera colony but bred in Apis cerana colony), sequenced their gut microbiome, and compared it with normally bred sister queens to determine the primary factor shaping the gut microbiota. Our results showed that the dominant genera in the gut microbiota of AHQs were Brevundimonas, Bombella, and Lactobacillus, and its microbial community was more related to A. mellifera queens. The AHQs had a moderate number of different bacterial species and diversity, but total bacterial numbers were low. There were more significant taxa identified in the comparison between AHQ and A. cerana queen according to LEfSe analysis results. The only genetic-specific taxon we figured out was Brevundimonas. The growth of core bacterial abundance showed different characteristics among different queen groups in the first week after emerging. Collectively, this study suggested that the genetic background played a more dominant role than environmental factors in shaping the gut microbiota of honeybee queen and the microbiota of midgut was more sensitive than that of rectum to this impact.
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INTRODUCTION

Diverse microbial communities colonize different host tissues, with the gut harboring the densest and most diverse range of species (Martinson et al., 2012). Researchers delve into the gut microbiota of animal newborns, which underlines the vital role of the gut microbiota for host’s health by maintaining intestinal homeostasis and barrier function, stimulating the development of the immune system, contributing to nutrient digestion, and protecting against pathogens (Sekirov et al., 2010; Maynard et al., 2012; Wopereis et al., 2014). Current evidence indicates that the gut microbiota of honeybees is pivotal to their health as it participates in metabolism and immunity, promotes development, and resists invasion by parasites and pathogens (Guo et al., 2015; Schwarz et al., 2016; Zheng et al., 2017; Wu et al., 2020). As a result, the functional role of the gut microbiota has drawn much attention worldwide. Besides function, research has been focused on identifying the dominant factors determining the diversity and richness of the gut microbiota. Data from a variety of animal subjects concur that there is a complex interaction between the microbial community and the host, but the primary determinants of the animal gut microbiota include the host’s genotype (Knowles et al., 2019; Korach-Rechtman et al., 2019), diet (David et al., 2014; Carmody et al., 2015; Sonnenburg et al., 2016; Griffin et al., 2017; Jones et al., 2017), season (Ludvigsen et al., 2015), host age (Martinson et al., 2012; Tarpy et al., 2015; Anderson et al., 2018), caste (Kapheim et al., 2015; Anderson et al., 2018), and environment (Amato et al., 2016; Ludvigsen et al., 2017; Ren et al., 2017). Multiple nature and nurture effects stemming from differences in host species can greatly influence the interactions between host and microorganism. Even within the same species, conclusions about the dominant influences can vary because of individual differences and the type of calculation methods used. We are only just beginning to understand the processes shaping the composition of host-associated microbial communities over evolutionary and ecological timescales (Foster et al., 2017).

Honeybees are necessary and valuable pollinators of most crops and wild plants, and their economic value in this sense far outweighs their usefulness as honey producers (Van der Sluijs and Vaage, 2016). Their intestinal organs are segmented, and the composition of the gut microbial community is relatively simple, making it an ideal social insect model for studying the impact of social behavior on the dynamics of the gut microbiota. The detailed taxonomic information about the gut microbiota composition of the honeybee (Apis mellifera) remained unavailable until high-throughput sequencing (16S amplicon sequencing) was developed and widely employed (Jeyaprakash et al., 2003). Numerous studies suggested that there was a conserved evolutionary pattern of the gut communities in all related corbiculate (pollen basket) bee species, which could insure they have a similar and relatively stable gut microbial community which mainly contained five core members and four non-core members (Martinson et al., 2011; Sabree et al., 2012; Kwong et al., 2017). These core members comprise a remarkably stable characteristic as they can be detected in the gut of every adult worker, whether in the same region or the same colony. Although there is great variability in the microbial population between each individual worker, these microbes could rarely be found in honeybee living environments, including pupae, frame, and hive (Engel and Moran, 2013; Powell et al., 2014). We believe that this phenomenon indicates that there may have been a strong mutual selection between the gut microbiota and the host during evolution, and the explanation for this phenomenon can be seen from the biological characteristics of the social lifestyle of honeybees (Kwong et al., 2017).

Social behavior is a prominent feature of social animals, one of which is honeybee, and one of their social behaviors is mutual feeding. Newly emerged queens and workers are sterile (Martinson et al., 2012; Powell et al., 2014); they usually stay in hives for more than 1 week after emerging and were fed royal jelly by other nurse bees. Without contacting with the outside environment, their gut microbe can develop rapidly within 5 days. During these 5 days, the core members colonize rapidly and the microbial community gradually forms (Guo et al., 2015). Royal jelly, as the main food for newborns, may play an important intermediary role in the microbial transfer process when mutual feeding happened. Thus, as a social behavior, mutual feeding provides a stable pathway for the transfer of the gut microbiota between individuals and is of great significance for the early growth of core members to occupy key metabolic niches (Powell et al., 2014). This pattern of social transmission can also be found in other social living animals and humans (Marcobal and Sonnenburg, 2012). The reason why these gut core microbes plays irreplaceable roles in the host’s intestinal tract can be explained as that they occupy some vital metabolic niches, such as helping the host to digest pollen and nectar (Zheng et al., 2016), synthesizing hormones (Zheng et al., 2017), and regulating immune responses (Wu et al., 2020). However, recent studies suggest that some of the non-core microbiota may play important roles in caste development because they maintain a high relative abundance in the early developmental stages of the queen (Jeyaprakash et al., 2003; Corby-Harris et al., 2014b; Anderson et al., 2018); the mechanism remains to be characterized.

The Western honeybee, A. mellifera, and the eastern honeybee, Apis cerana, are the most widely raised honeybee species in China, bringing the most economic income to Chinese beekeepers compared to other bee species. These two bee species have unique biological characteristics and genetic backgrounds and also have excellent individual productive traits. They do have some shortcomings for beekeepers, however. For instance, the eastern bee produces less honey but has strong disease resistance and is easy to manage manually (Li et al., 2012), while the Italian bee is a high-yielder but more likely to be infected by pathogens and parasites (Guo et al., 2015) and requires more keeper management. It would be advantageous to create a bee variety with high yield, high disease resistance, easy feeding, and management to increase the profitability of beekeeping. Chinese researcher Ming Zhuang has created a hybrid bee with the advantages of both parents by transferring (Zhuang, 1985). This method of hybridization, which does not change the genetic background of the offspring, is a form of asexual reproduction called nutritional crossbreeding. Many additional attempts to produce hybrid bees by nutritional crossbreeding have been made by Chinese researchers, and their production and physiological indices have been measured. They saw some changes in morphology (Zeng et al., 2005a), but surprisingly they found that performance parameters such as birth weight (Zeng et al., 2005b) and mite resistance (Xie et al., 2008) of the offspring of the bees produced by nutritional crossbreeding were also improved. The crossbred queen (transferred from colony A to colony B) is an ideal model for identifying the dominant factors shaping the gut microbiota. The genetic background of the crossbred queens is consistent with that of the queens from colony A, while the living conditions and nutritional factors acquired are those of the queens from colony B.

Here, we use the asexual hybridization queen (AHQ) social-animal model to discover the dominant factors influencing the composition of the gut microbiota in the early development stage of honeybee queens, to explore the interaction between the gut microbiota and the host. This study may help to reveal how social living affects the gut microbiota and allow a deeper exploration of its relationship with the host during coevolution.



MATERIALS AND METHODS


Grouping of Queens and Nomenclature

Three groups of queens were involved in this study: (1) ACQs, usual A. cerana queens that were laid in an A. cerana colony and bred by an A. cerana nurse bee; (2) AMQs, usual A. mellifera queens that were laid in an A. mellifera colony (AMC) and bred by an A. mellifera nurse bee; and (3) AHQs, an asexual hybridization (nutritionally crossbred) of queens that were laid in an AMC, but fostered by an A. cerana nurse bee.



Experimental Design and Management

All the colonies used in this study were located at the affiliated apiculture base of the College of Animal Sciences and Technology, Sichuan Agricultural University, Chengdu, Sichuan, China. The experimental design is shown in Figure 1. Three robust A. mellifera colonies were selected to breed AMQs, 3 robust A. cerana queen-less colonies were chosen to breed ACQs, and 10 additional robust A. cerana colonies were used to organize the young A. cerana colonies (YACCs). We prepared and introduced 60 queen cells (30 for breeding AMQs, 30 for breeding AHQs) along with larvae for each AMC and 30 queen cells (all for breeding ACQs) for each A. cerana colony using artificial queen-breeding technology. The YACCs were organized on the sixth day after the queen cells were introduced successfully and completely. To organize the YACCs, the bee frames along with workers were taken from the 10 additional robust A. cerana colonies and placed one to one into each new sterilized hive, at a distance of 50 m away from the original colonies. Adult workers of recognition capability returned to their original hive leaving newly emerged nurse bees in the YACCs to foster the A. mellifera queens after they emerged from the queen cells. Once the YACCs were organized, half of the queen cells were transferred from AMCs to YACCs so that there were 30 queen cells along with queens in each experimental group. Each queen in a hive was checked every morning and marked to record age. In order to set up the opposite crossbreeding, we tried transferring A. cerana queen pupae to a young AMC to breed the other kind of crossbred queen but failed with an almost total lack of acceptance. This may be because A. mellifera workers have a greater ability to recognize and exclude different species than A. cerana. Thus, this reverse asexual hybridization group was not included in the study.
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FIGURE 1. Experimental design. The brief process of ACQs, AHQs, and AMQs included in this study is visualized in this schematic diagram. Experimental details are given in the “Materials and Methods” section. The other opposite crossbreeding (A. cerana into A. mellifera) was excluded from this study for lack of acceptance.


The core members of the gut microbe population of the workers were colonized by the fifth day after their host emerged; however, there have been only limited reports on the exact timing of the establishment of queens’ gut microbes (Guo et al., 2015). Queens usually flew out from the hive and mated with drones at the seventh day after emerging, when their tissues and organs were almost fully developed. Based on this knowledge, gut samples used for high-throughput sequencing were collected when queens were 5 days old while other samples for use real-timequantitative PCR (qPCR) were collected on the first, fourth, and seventh days to monitor the absolute abundance changes of the core members in the queens’ gut microbial community. Due to the high individual diversity of animals gut microbes, we used as many samples as possible for high-throughput sequencing to minimize the impact of such diversity on our conclusions.



DNA Extraction and qPCR

The queens were first euthanized with carbon dioxide and then pinned in a sterile dissecting plate. The gut tissues were collected by clamping the last part of the sternum with sterilized forceps, separating the midgut and rectum from the gut tissues, and placing them into 2.0-ml microfuge tubes. The gut tissues were immediately frozen in liquid nitrogen and transferred to −80°C until DNA extraction. The entire procedure was conducted under aseptic conditions, and all tools were sterilized. Total genomic DNA was extracted from the midgut and rectum using the TIANamp® Stool DNA Kit (Beijing Tiangen Biotech Ltd., Beijing, China) following the manufacturer’s instruction under sterile conditions as described by Powell et al. (2014). DNA purity was determined on a 1% agarose gel, and DNA was diluted to 1 ng/μl using sterile water. One rectal DNA sample was discarded due to the poor quality.

The 16S rRNA gene V3–V4 regions were amplified using universal primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (3′-GGACTACNNGGGTATCTAAT-5′) (Wang and Qian, 2009; Thijs et al., 2017) with the barcode. All PCR reactions were carried out with 15 μl of Phusion® High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, United States), 0.2 μM of forward and reverse primers, and about 10 ng of template DNA. Thermocycling was performed with an initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, elongation at 72°C for 30 s, and lastly, 72°C for 5 min. PCR amplification products were verified by electrophoresis on a 1% agarose gel. Equal volumes of 1× loading buffer containing SYBR Green (New England Biolabs) were mixed with PCR products in equidensity ratios and separated by electrophoresis on a 2% agarose gel for detection. Then, the PCR products were purified with the Qiagen gel extraction kit (Qiagen, Hilden, Germany).



Illumina Sequencing and Sequence Analysis

Sequencing libraries were generated using the TruSeq® DNA PCR-Free sample Preparation Kit (Illumina, San Diego, CA, United States) following the manufacturer’s recommendations, and index codes were added. The library quality was assessed on the Qubit 2.0 fluorometer (Thermo Scientific, Waltham, MA, United States) and Agilent Bioanalyzer 2100 system. The libraries were sequenced on an Illumina NovaSeq platform, and 250-bp paired-end reads were generated. Paired-end reads were assigned to samples based on their unique barcode and truncated by cutting off the barcode and primer sequence. All paired-end reads were merged using FLASH software (v1.2.7)1 (Magoč and Salzberg, 2011) and entered into QIIME 2 (v2019.7)2 (Bolyen et al., 2019) for downstream analysis including demultiplexing, pair joining, de-noising, and clustering. Amplicon sequence variants (ASVs) were defined based on 100% similarity clustering using the deblur (Amir et al., 2017) plugins in QIIME 2. Afterward, the representative sequences of each ASV were aligned and used to generate a phylogenetic tree as a reference for phylogenetic diversity analyses. Lastly, the 16S rRNA gene total length Silva database (v132_99_16S)3 was specifically retrained for V3–V4 regions and used to classify the representative sequences.



Absolute qPCR

Absolute qPCR was used to determine the variation in abundance of the core members of the queens’ gut microbiota. The primers used in this process are listed in Supplementary Table 1, and the initial template DNA concentrations were normalized between samples. For absolute qPCR, we first constructed standard samples for each species of bacteria. The corresponding 16S rRNA V3–V4 region sequences obtained by high-throughput sequencing were synthesized by Tsingke Biology Co., Ltd. (Chengdu, China) and cloned into the pMD® 19-T vector (Takara Biotechnology Co., Ltd., Dalian, China). The vectors were transduced into competent Escherichia coli DH-5α cells, aliquots were spread on agar plates, and single colonies were selected. After culturing, plasmids were extracted using the TIANprep Mini Plasmid Kit (Tiangen Biotech Co., Ltd., Beijing, China) following the product manual. The concentration of plasmids was measured, and the copy numbers were calculated according to relative plasmid quality. All plasmids containing the target fragments were diluted by 10-fold gradients (at least five gradients) for qPCR to monitor amplification efficiency and to generate standard curves (Supplementary Table 2).



Statistical Analysis

For ASV diversity analysis, we used our resampled ASV table at a depth of 12,000 without replacement as a basis. In α-diversity analysis, the richness and evenness of gut microbiota were assessed by calculating the numbers of different species and the Shannon index (Shannon, 1948), respectively. As for β-diversity, both the Bray–Curtis dissimilarity (Beals, 1984) and the unweighted UniFrac distance (Lozupone and Knight, 2005) were used to generate principal component analysis (PCA) plots. Because of the high similarity of the downstream analysis results based on the matrix calculated from the Bray–Curtis dissimilarity and the unweighted UniFrac distance, only the results based on Bray–Curtis dissimilarity were shown in our study (resultant figures based on unweighted UniFrac distance are shown in Supplementary Materials). The statistical analysis of both α-diversity and β-diversity between groups was performed in QIIME 2 with pairwise Kruskal–Wallis and permutational multivariate analysis of variance (PERMANOVA) tests (Zapala and Schork, 2006; Chen et al., 2012), respectively. Hierarchical clustering was performed with the UPGMA algorithm using the hclust package in R (v3.5.3) (R Core Team, 2015). The phylogenetic tree was constructed from ASVs using the method described by Callahan et al. (2016). Dendrograms were created using the package, ape (Paradis et al., 2004). A random forest classifier (RFC)-supervised learning algorithm was implemented in the randomForest package (Breiman, 2001) in R. Models were run using CSS-normalized ASV counts with 1,000 trees, and the OOB estimates of error rates were counted. The linear discriminant analysis (LDA) effect size (LEfSe) (Segata et al., 2011) was performed on the Galaxy/Hutab online platform4 based on the ASV table, and the LDA threshold was set at 3.6 between groups. Other statistical analyses were carried out in SPSS 23. The copy numbers of core microbial members were compared using ANOVA (analysis of variance).



RESULTS


Breeding Model Queens

We succeeded in producing 15 crossbred queens (AHQs) out of 31 attempts, and 16 ACQs and 16 A. mellifera queens (AMQs) were bred in the same place during the same period. Considering the high individual diversity of gut microbiota, all the queen samples were used for high-throughput sequencing except the necessary biological duplicates for qPCR. In summary, 20 midgut and 19 rectal gDNAs (one rectal gDNA sample was removed for failing to meet the quality requirements) were extracted from 20 queen samples (seven of ACQs, six of AHQs, and seven of AMQs) and used for sequencing library preparation, while another 27 midgut and 27 rectal gDNA extracted from 27 queen samples participated in qPCR. To verify the early colonization traits of bacteria in queens’ gut, the queen samples used for high-throughput sequencing were collected after the queens were fed by nurse bees for 5 days. The samples used for qPCR were collected when the queens were 1, 4, and 7 days of age to monitor the abundance variations of core members of queens’ gut microbiota. Notably, in order to get the reciprocal resultant data from the other kind of AHQ (laid in A. cerana colony but bred in the AMC), four times efforts have ended and we still failed with 0% acceptance of the reverse crossbreeding experiments.



Composition and Diversity of Queen’s Gut Microbiota

Overall, 3,220,523 sequences of the 16S rRNA gene were obtained, forming 1,861,700 ASVs. The number of sequences per sample ranged from 66,247 to 96,700, with an average of 82,578. Our sequencing results showed that the core members of the gut microbiota of queens were different from those of workers. The bacterial community of the three types of queens at the phylum level (Supplementary Figure 1) mainly consisted of Proteobacteria (72.0%) and Firmicutes (26.4%), accounting for over 98% of the total microbial composition. At the genus level (Figure 2A), only five taxa (relative abundance >1.0%) dominated the midgut and rectum bacterial community: Brevundimonas (45.0%), Lactobacillus (25.4%), Bombella (20.6%), Klebsiella (2.0%), and Escherichia–Shigella (1.2%). Notably, two of seven ACQ rectal samples were completely dominated by a single taxon, like Lactobacillus, while other two rectal samples were mainly dominated by Brevundimonas. We found that the composition of the rectum microbiota in ACQs showed two patterns, one dominated by Lactobacillus and the other by Brevundimonas. The observed ASV numbers (Figure 2B) and Shannon index (Figure 2C) were used to assess the richness and evenness, relatively. The number of taxa in the midgut or rectum of ACQs was higher than the other two groups, but the difference was only significant for the midgut (p < 0.01). As for the microbial evenness, the gut microbiota of the rectum and midgut in the AHQ group was in the middle level, and only the difference between AHQs with AMQs in the rectum was significant (p < 0.05).
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FIGURE 2. Gut microbiota composition and α-diversity analysis of ACQs, AHQs, and AMQs. (A) Bacterial relative abundance of midgut and rectum at the genus level. (B,C) The results of observed species and Shannon indexes of α-diversity analysis shown by boxplots colored in red for ACQs, violet for AHQs, and blue for AMQs. *p < 0.05 and **p < 0.01 represent the significance levels between groups calculated from the Kruskal–Wallis H test.




High Similarity of the Midgut Microbiota Between Asexual Hybridization Queens and Apis mellifera Queens

To explore the deeper connections of the gut microbial community of AHQs and other queens, multiple analyses were performed. After that, we found several evidences that could support the gut microbiota composition of AHQs which was more similar to that of AMQs. Firstly, the principal coordinate analysis (PCoA) plots based on Bray–Curtis dissimilarity showed that the AHQ midgut sample clustering had a stronger correlation with AMQs while the AHQ rectal sample clustering fell between ACQs and AMQs (Figure 3A). Similar patterns were observed in the PCoA plots based on unweighted UniFrac distances (Supplementary Figures 2A,B). Secondly, the topological structure of the UGPMA trees based on Bray–Curtis dissimilarity (Figures 3C,D) and unweighted UniFrac distances (Supplementary Figures 3A,B) showed that both in the midgut and rectum, most AHQs and AMQs clustered into one branch while ACQs appeared in another single branch; the only exception was the rectum topological structure based on unweighted UniFrac distances in which most AHQs were clustered with ACQs (Supplementary Figure 3B). Next, RFC models classified the midgut gut microbial communities from queens’ genetic background (AMQs + AHQs vs. ACQs) with great accuracy (95%) while the classification accuracy according to queens’ environment (AMQs vs. ACQs + AHQs) was poor (70%). Most definitively, LEfSe tests were employed to identify the taxa of significant differences among AHQs and other queens. Considering the relative simplicity of the composition of queens’ gut microbiota and the similarity of core members among different queen types, we initially adjusted the LDA threshold to a relatively high level of 4 to screen out the significant taxa among groups more strictly. As visualized in Figures 4A–D, significant differences in taxa between AHQs and the other two groups in the midgut and rectum were detected and varied greatly in number except the comparison between the AHQs vs. AMQs in the midgut, which showed no significant differences in taxon (Figure 4C). Even when the threshold was lowered to 3.6 (another commonly used threshold), there were still no significant differences in taxon.
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FIGURE 3. High microbiota similarities between AHQs and AMQs. (A,B) β-Diversities of bacterial communities are clustered using principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarity (results of unweighted UniFrac distance are shown in Supplementary Figures 2A,B). Each dot on the plot represents the entire microbiota of a gut tissue sample, and the dots were colored correspondingly. (C,D) The dendrograms rebuilt using the UPGMA method based on Bray–Curtis dissimilarity. Each topological branch is also colored the same as before.
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FIGURE 4. Genetic-specific and environmental-specific taxa filtrating through intergroup comparison. (A,B) The differentially abundant taxa of the midgut and rectum comparing ACQs (red) vs. AHQs (green) were identified using LEfSe analysis and displayed in color to detect the genetic-specific taxa. (C,D) The other comparison between AHQs (red) and AMQs (green) in the midgut and rectum was also performed to identify the environmental-specific taxa. Each circle diameter is proportional to the taxon abundance.


Collectively, these studies consistently revealed the high similarity between AHQs and AMQs, indicating that the queens’ genetic background played a more important role than environmental factors in shaping the midgut microbiota. Because AHQs and AMQs were laid by the same queen but bred in different colonies, they had the same genetic background but different nutritional and living environmental conditions. However, attributing all the factors determining the gut microbial composition to genetics would be unrealistic because environmental factors did play a part in the determination. For instance, we could not completely separate the AHQ cluster from the ACQ cluster from the midgut or rectum in the vertical axis of the PCoA plots based on Bray–Curtis dissimilarity (Figures 3A,B). Early feeding or other environmental factors could contribute to the establishment of the microbial community of AHQs.



Screening for Genetic-Specific Taxa

Based on the results of LEfSe analyses (Figure 4) and RFC models (Supplementary Figure 3), we tried to seek out the specific taxa of strongly genetic preference according to the following two requirements: firstly, either in midgut or rectum, the absolute abundances of these specific taxa must be significantly different between ACQs and AHQs, but not between AHQs and AMQs. This is because ACQs and AHQs only share the same nurturing conditions, but not the same genetic background. Secondly, to make our results more rigorous, these taxa must be identified simultaneously in both LEfSe analyses and RFC models (Supplementary Figure 3). Finally, there were seven taxa were identified from the midgut with high genetic preference. These genera included Romboutsia, Brevundimonas, Faecalibacterium, Anoxybacillus, Thermus, Agathobacter, and Ruminococcus2. All of these taxa had a higher abundance in ACQs except Brevundimonas in AHQs. As for rectum, only three taxa were figured to have a higher abundance in AHQs, all belonging to Enterobacteriaceae.

Consistent with the results of species composition and α-diversity analysis (Figures 2A–C), these findings all indicated that the development of the gut microbiota of AHQs resulted in lower diversity and dominance of several taxa, especially Brevundimonas. In our view, the high abundance of Brevundimonas can be explained in two ways. Firstly, Brevundimonas could have already colonized the advantageous metabolic niches in the early developmental stage of gut microbiota in AHQs, and its rapid proliferation kept it at high levels throughout the establishment of the gut microbiota community (high absolute and high relative abundance). The other explanation could be that it was not the rapid proliferation of Brevundimonas, but a slower growth rate of other bacteria, making the dominance of Brevundimonas.



Early Developmental Patterns of the Core Members

To explore the developmental patterns of the core members of queens’ gut microbiota in host early development, we used qPCR to measure the absolute abundance of total bacteria and of the seven main taxa (including three dominant taxa of queens and four core members of workers) in three groups of 1-, 4-, and 7-day-old queens (parameters of the resultant standard curve are listed in Supplementary Table 2). In general, specific bacteria exhibited different proliferation patterns among the different queens (Figure 5). The time at which the absolute abundance of specific bacteria reached the highest varied among different queens and in different gut sections. The total bacteria in the midgut of AMQs remained the highest throughout the host’s early development stage, followed by ACQs, and the total number of bacteria was the lowest in AHQs (p < 0.05). The total bacteria in the other two groups showed a decreased rate of proliferation, while bacteria in AMQs maintained a high growth rate. The situation in the rectum was reversed in 7-day-old queens. The bacteria in ACQs proliferated explosively from day 4 to day 7, when it reached the highest, surpassing the numbers in the AMQs (p < 0.05). Inexplicably, the number of total bacteria from AHQs remained at a low level during the early developmental stage and showed no growth trend. Changes in absolute abundance of Brevundimonas (genetic-specific taxon) in AHQs showed the same pattern of development as in AMQs: high abundance but slow growth rate in the midgut and consistently low abundance in the rectum. However, the other two dominant taxa (Lactobacillus kunkeei and Bombella) showed unique growth patterns, different from both AMQs and ACQs, and maintained low abundance levels throughout, which were consistent with the results of high-throughput sequencing. Lastly, relatively stable development patterns of the core members of workers were observed in the guts of queens while only a few species of bacteria had extremely high colonization in specific gut sections, like Bifidobacterium asteroides and Lactobacillus Firm4 and Firm5 in the rectum, indicating differences between core members in the gut microbiota of queens and workers.
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FIGURE 5. Changes of core members’ absolute abundance in queens’ early developmental stage (1, 4, and 7 days) measured as copies of the 16S rRNA gene. The columns of host groups were differently colored in red for ACQs, violet for AHQs, and blue for AMQs. Letters above confidence intervals (1 standard deviation) represent significance levels (Tukey’s HSD).




DISCUSSION

Overall, our high-throughput sequencing and absolute qPCR results suggest that the rate of core bacterial proliferation of the three groups of queens varied greatly at each time point. The core genera were Brevundimonas, Lactobacillus, and Bombella, and the major phyla were Proteobacteria and Firmicutes. These results differed from the results with adult A. mellifera queens in which the core members included L. Firm5 (51.3%), Parasaccharibacter apium (Bombella) (27.1%), and L. kunkeei (7.6%) (Anderson et al., 2018; Powell et al., 2018), especially for Brevundimonas, which were hardly ever reported. The reason for the difference may be attributed to the age of the queen at sampling as the gut changes with age. The gut microbiota of queens was dynamically changing, and that is why we focused on comparing the early establishment of core members between different queen types. It was worth noting that verifying the gut microbiota of adult and mated queens is equally valuable yet unsuitable for exploring the determinant of the gut microbiota of queens in their early development stage. Therefore, this study was only limited to the perspective of the study on the valuation of the gut microbial community in queens’ early stage.

Apis mellifera and A. cerana belong to the same genus, but they are quite different in morphology and anatomy (Li et al., 2012) and also in their gut microbiota. In our results, the composition of the gut microbiota of AHQs and AMQs was relatively stable and predictable while the relative abundance of certain taxa varied in each ACQ sample. In most AHQ and AMQ samples, the main microbial members accounted for more than 95% of the total, while the ACQ samples were variable. Interestingly, Brevundimonas, a non-core member of the gut microbiota of workers, was almost dominant in the gut microbiota of AHQ and AMQ samples and could also be detected in ACQ rectum samples. This suggests that the initial rectal microbial community of ACQ may have two types, one dominated by Lactobacillus and the other by Brevundimonas. In terms of microbial composition, the AMQ’s gut microbes were more likely to be the further developmental model of AHQ. In this model, the relative abundance of Brevundimonas decreased gradually with increasing age of the host while the proportion of other core members increased gradually. The composition of the gut microbiota changed from a single taxon predominating to one in which there were multiple core members dominating the totals. As a result, we speculated, the functional roles of the bacterial community gradually improved and interaction with the host increased. Based on the data available, we suggested that the composition of the gut microbial community was basically determined by the queens’ genetic background, while environmental factors influenced the rate of improvement of the gut microbial community. In our study, all non-genetic factors were generally combined as environmental factors. However, the environmental factors were actually composed of a variety of different elements. The weight of each factor should be taken into account when further studying the influence of the environment on the microbiota.

Unfortunately, our small sample size may be the major limitation to reach conclusions with high confidence. Although our sample number reached the bottom line of statistical significance, the differences of gut microbiota among organisms were prone to be amplified by a variety of uncertain factors, which further influenced our observations. Moreover, we also tried to transfer the A. cerana queen pupae to young AMC to breed the other kind of crossbred queen, which could give the other important reciprocal evidence to support our main conclusion robustly. Unfortunately, four times efforts have ended with 100% failure acceptance (all A. cerana fertilized eggs were cleaned out from A. mellifera hives), which may be because A. mellifera workers had a higher discriminability for other honeybee species than A. cerana workers, and these alien individuals were excluded completely as previous studies reported (Rinderer et al., 1985; Robinson, 1987; Ruttner, 1988). The strong rejection of A. mellifera to other bee species hinders the applications of crossbreeding, hoping that this hindrance can be removed in the future.

The gut of the honeybee consists of the midgut, ileum, and rectum. The midgut was the main organ for absorbing water and digesting sugars and other nutrients. There were very few bacteria in the midgut of honeybees, which may be because the midgut is unable to provide a stable venue for the establishment and proliferation of bacteria (Martinson et al., 2012; Corby-Harris et al., 2014a). In contrast, the highly anaerobic environment and the stable substrate supply gave the rectum region the greatest concentration of bacteria (Kapheim et al., 2015; Ludvigsen et al., 2015; Jones et al., 2017; Yun et al., 2018). However, our qPCR results showed that the absolute abundance of total bacteria in the midgut was higher overall than that in the rectum, which was contrary to former studies, yet the rate of growth of total rectal bacteria increased sharply between the fourth and seventh days. Together, these results implied that the rectal microbial community was in a rapid development phase and its abundance would soon exceed the microbiota in the midgut at one time point in the future. We found that detecting the significant taxa in the midgut was easier than in the rectum when we tried to screen out genetic-specific taxa, which was also supported by β-diversity analysis results. By comparing α-diversity, we found that both the microbial richness and the variation in evenness of the midgut were greater than in the rectum. In general, these results suggested that the developmental direction of gut microbiota in the midgut and rectum appeared different. The midgut was more likely to show the influence of genetic background during the early life stage of the queens.

In summary, our results from multiple analyses indicated that the genetic background played a more dominant role than environmental factors in shaping the microbiota of the midgut. Compared to the microbial community of the midgut, the rectal microbiota was more insensitive to the impact of genetic background during the early developmental stage of honeybee queens.
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Supplementary Figure 1 | The barplot of the composition of queens’ gut microbial community in phylum level.

Supplementary Figure 2 | (A) The principal co-ordinates analysis (PCoA) plot based on the unweighted UniFrac matrix of queens’ midgut microbiota. (B) The principal co-ordinates analysis (PCoA) plot based on the unweighted UniFrac matrix of queens’ rectum microbiota.

Supplementary Figure 3 | The dendrograms rebuilt using UPGMA method based on unweighted UniFrac distance.

Supplementary Figure 4 | The top 45 diverse taxa detected by RFC models.
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Malaria incidence has declined dramatically over the past decade and China was certified malaria-free in 2021. However, the presence of malaria in border areas and the importation of cases of malaria parasites are major challenges for the consolidation of the achievements made by China. Plasmodium vivax Duffy binding protein (PvDBP) performs a significant role in erythrocyte invasion, and is considered a promising P. vivax vaccine. However, the highly polymorphic region of PvDBP (PvDBP-II) impedes the development of blood-stage vaccine against P. vivax. In this study, we investigated the genetic diversity and natural selection of PvDBP-II among 124 P. vivax isolates collected from the China-Myanmar border (CMB) in Yunnan Province, China, during 2009–2011. To compare genetic diversity, natural selection, and population structure with CMB isolates, 85 pvdbp-II sequences of eastern Myanmar isolates were obtained from GenBank. In addition, global sequences of pvdbp-II were retrieved from GenBank to establish genetic differentiation relationships and networks with the CMB isolates. In total, 22 single nucleotide polymorphisms reflected in 20 non-synonymous and two synonymous mutations were identified. The overall nucleotide diversity of PvDBP-II from the 124 CMB isolates was 0.0059 with 21 haplotypes identified (Hd = 0.91). The high ratio of non-synonymous to synonymous mutations suggests that PvDBP-II had evolved under positive selection. Population structure analysis of the CMB and eastern Myanmar isolates were optimally grouped into five sub-populations (K = 5). Polymorphisms of PvDBP-II display that CMB isolates were genetically diverse. Mutation, recombination, and positive selection promote polymorphism of PvDBP-II of P. vivax population. Although low-level genetic differentiation in eastern Myanmar was identified along with the more effective malaria control measures, the complexity of population structure in malaria parasites has maintained. In conclusion, findings from this study advance knowledge of the understanding of the dynamic of P. vivax population, which will contribute to guiding the rational design of a PvDBP-II based vaccine.

Keywords: Plasmodium vivax, Duffy binding protein, genetic diversity, natural selection, China-Myanmar border


INTRODUCTION

Malaria, a common and life-threatening infectious disease, affects 2.29 billion people worldwide. Plasmodium vivax infected an estimated 5.3 million people in 2019, with most of the cases concentrated in Southeast Asia (WHO, 2020). The unique biology of P. vivax and repeated emergences of antimalarial resistance to vivax infections make this malaria parasite more difficult to control and eliminate than P. falciparum (Price et al., 2007). The Greater Mekong Subregion (GMS) in Southeast Asia has committed to achieve the goal of malaria elimination by 2030 (WHO, 2016). The member countries of GMS are Laos, Vietnam, Myanmar, Thailand, Cambodia, and China. Myanmar has the highest malaria burden in the GMS, with a major challenge for disease control and elimination, especially to neighboring countries such as China (Yunnan and Guangxi Provinces) and Thailand (Lo et al., 2017; Brashear et al., 2020). The China-Myanmar border (CMB) was once the area where the burden of malaria was highest in the world. In 2010, China has formulated the “Action plan of China malaria elimination (2010–2020)” and decided to accomplish the target of eliminating malaria across the country by 2020 (Feng et al., 2016). Malaria has substantially decreased over the past 10 years. Although China has been certified malaria-free in 2021, the country is still cautious about imported cases and malaria retransmission. In addition, malaria control in the CMB area is particularly a challenge owing to the high prevalence of malaria in Myanmar, resulting in continuous transmission and infection (Feng et al., 2020). Thus, cases of imported malaria pose a threat for sustainable malaria-free status within the borders of China. The development of an effective malaria vaccine is therefore a research priority for integrated malaria control. One of the main barriers for vaccine design is the antigenic diversity of candidate genes (Takala and Plowe, 2009) and it is essential to identify the determinants of antigenic variation in malaria-endemic areas. Meanwhile, with the progress in the implementation of malaria elimination measures, it is also reasonable to speculate whether there was a change in P. vivax population structure.

Plasmodium vivax invasion depends on a specific receptor-ligand interaction between the parasite and host red blood cells. The P. vivax Duffy binding protein (PvDBP) binds to the corresponding receptor Duffy antigen receptor for chemokines (DARC) to form a tight junction that is vital for merozoite invasion. Therefore, PvDBP is increasingly becoming an attractive vaccine molecule against vivax malaria. It could induce strong acquired immune responses in subjects from vivax endemic areas, and more importantly, antibodies against the domain II of PvDBP (PvDBP-II) block the interaction with DARC that prevent merozoite invasion from human erythrocytes (Grimberg et al., 2007; Longley et al., 2017). The PvDBP is a 140-kDa protein characterized by a functionally conserved cysteine-rich region, divided into seven different regions (Wertheimer and Barnwell, 1989). The key erythrocyte binding sites of PvDBP are mapped to a 170-amino acid stretch with cysteine regions (C4–C7) (Chootong et al., 2010). The PvDBP-II is highly polymorphic compared to the rest of the region. Genetic analysis from different geographical P. vivax isolates demonstrated that this region is under positive selection, with polymorphic residues varying by geographic region (Ampudia et al., 1996; Xainli et al., 2000; Ju et al., 2013; Chootong et al., 2014; Almeida-de-Oliveira et al., 2020). Despite PvDBP-II presenting a promising vaccine antigenic, diversity may affect the immune recognition and host immune response which may reflect that polymorphisms of PvDBP-II help in immune evasion mechanism (Cole-Tobian and King, 2003). Knowledge of the antigenic variation and natural selection of PvDBP-II is practical significance to fully comprehend the epidemiology of potential vaccine candidates and develop new interventions. Therefore, understanding the nature of genetic polymorphism within PvDBP-II in isolates from different geographic regions is important for developing a broadly reactive DBP-II-based protective vaccine against vivax malaria.

In this study, we collected 124 P. vivax samples from the CMB area in Yunnan Province of China at different times to analyze genetic diversity, natural selection, and the dynamic change with the population structure of PvDBP-II in CMB isolates. In addition, the association between CMB and eastern Myanmar pvdbp-II sequences were compared.



MATERIALS AND METHODS


Ethics Statement

This study was conducted according to the principles expressed in the Declaration of Helsinki. Before blood collection, the study protocol and potential risks and benefits were explained to the participants, and written informed consent was obtained from each participant. Blood was collected following institutional ethical guidelines reviewed and approved by the Ethics Committee at the National Institute of Parasitic Diseases, Chinese Center for Disease Control and Prevention.



Blood Samples, DNA Extraction, and PCR Amplification

Blood samples were obtained from patients (who met the following inclusion criteria: aged from 18 to 65 years old and diagnosed positive for P. vivax infection by microscopic examination of blood smear) from the CMB area in Yunnan Province of China, during 2009–2011 (Figure 1). In total, we collected 124 P. vivax samples distributed as follows: 35 in 2009, 54 in 2010, and 35 in 2011. The QIAamp DNA mini kit (Qiagen, Germany) was used to extract genomic DNA as reported by previous methods (Chen et al., 2017). The pvdbp-II genes of CMB isolates were amplified by PCR using the following specific primers: pvdbp-II-F (5′-TGATAGTAAAACTGATAACGG-3′) and pvdbp-II-R (5′-TCTGATTTCCATTTTGACCAT-3′). The PCR reaction system was composed of 14 μl ddH2O, 5 × PrimeSTAR GXL buffer, 2.5 mM dNTP, 10 nM of each primer, 25 U/μl PrimerSTAR GXL Polymerase, and 2.5 μl genomic DNA. The cycling parameters for PCR amplification was performed using the following conditions: 98°C for 5 min, 35 cycles at 98°C for 10 s, 60°C for 15 s, 68°C 1.5 min, followed by extension at 68°C for 5 min. PCR products were examined by 1% agarose and sent to Beijing Genomics Institution (BGI, Shenzhen, China) for sequencing. The sequences have been deposited in the GenBank database under the accession numbers MZ765947-MZ766070.
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FIGURE 1. The map of P. vivax samples collection. Samples collection was made in Tengchong, marked in red rectangle (China-Myanmar border in Yunnan Province of China).




Genetic Diversity and Natural Selection of Polymorphic Region of PvDBP

To estimate genetic diversity and natural selection of PvDBP-II, the polymorphism between the CMB within-population isolates in 2009–2011 and eastern Myanmar (Laiza, Kachin State) P. vivax isolates in 2016 was compared. Sequences of the pvdbp-II from eastern Myanmar (n = 85, MN233489-MN233573) were obtained from GenBank (Hu et al., 2019). The pvdbp-II of Salvador I (DQ156512) was used as a reference sequence. Alignments of all sequences were performed using the CLUSTAL W method in MEGA 7.0 (Kumar et al., 2016). Genetic diversity of pvdbp-II was analyzed by using DnaSP 5.0 program (Rozas et al., 2003). Nucleotide diversity (π), number of haplotypes (H), haplotype diversity (Hd), number of segregating sites (S), and mean value of nucleotide differences (K) were calculated to analyze the genetic diversity of pvdbp-II. Neutrality of evolution was then detected by applying DnaSP 5.0 to calculate the rates of non-synonymous (dn) to synonymous (ds) mutations. If selective pressure is neutral, the expected value of the dn/ds is 1. However, if non-synonymous mutation is detrimental, the studied population is under purifying selection and the dn/ds is <1. If non-synonymous mutation is beneficial, the dn/ds > 1, and it is under positive selection. Significance was assessed by applying the Z-test using MEGA 7.0. In addition, Tajima’s D test was also performed to test neutrality with DnaSP. Tajima’s D test estimates the genetic variation within-population; namely, it calculates the number of segregating sites (θ) and the average number of nucleotide (π) differences estimated from pairwise comparison to test departures from the neutral theory of evolution, such as directional selection or balancing selection (Tajima, 1989).



Recombination and Linkage Disequilibrium of Polymorphic Region of PvDBP

The recombination parameter (R: which includes the effective population size and probability of recombination between adjacent nucleotides per generation) and the minimum number of recombination events (Rm) were determined using DnaSP.5.0. Recombination events were evaluated by using ZZ statistic and Rm. Linkage disequilibrium (LD) between different polymorphic sites was computed in terms of the R2 index using DnaSP for the PvDBP-II of CMB isolates. R2 for each pair of genetic polymorphisms was plotted on heatmap graphics using the “LD heatmap” package (Rozas et al., 2001; Shin et al., 2006). LD was evaluated using the Zns statistic which represents the average of R2 overall pairwise comparisons.



Genetic Differentiation, Haplotype Network, and Population Genetic Structure Analysis of Polymorphic Region of PvDBP

To estimate the degree of genetic differentiation of the pvdbp-II in global isolates, we download additional pvdbp-II sequences from GenBank, including Asia: India (FJ491142.1-FJ491241.1), Iran (EU860429.1-EU860435.1, KF791931.1-KF791925.1), and Thailand (EF379127.1-EF379132.1, EF368159.1-EF368164.1); Oceania: Papua New Guinea (AF289480-AF289483, AF289636-AF289647); Africa: Sudan (MG805621.1-MG805629.1); and South America: Brazil (EU812841.1-EU812845.1; EU812866.1-EU812873.1) (Cole-Tobian et al., 2002; Gosi et al., 2008; Babaeekhou et al., 2009; Sousa et al., 2010; Valizadeh et al., 2014; Hoque et al., 2018). All sequences were aligned and cut to 671 bp by MEGA7.0. Arlequin3.5 with analysis of molecular variance (AMOVA) was used to evaluate fixation (FST) (Excoffier and Lischer, 2010). To establish a genetic relationship among the CMB, eastern Myanmar, and other countries’ haplotypes of PvDBP-II, the haplotype network was analyzed using NETWORK ver. 102200 with the Median-Joining method (Bandelt et al., 1999). The software STRUCTURE (ver. 2.3.4) was used to determine the genetic structure of P. vivax population in the CMB and eastern Myanmar (Pritchard et al., 2000). The Bayesian method was used to identify the optimum number of clusters (K). The admixture model for values K = 3–9 was run, each with a burn-in period of 10,000 steps and then 100,000 Markov Chain Monte Carlo (MCMC) iterations. The best-fit number of grouping was evaluated using delta K (ΔK) in the STRUCTURE HARVESTER.




RESULTS


Haplotype Variation and Nucleotide Diversity of Polymorphic Region of PvDBP From Different P. vivax Isolates

A total of 124 samples from the CMB were successfully amplified and sequenced for the pvdbp-II (1077 bp) which corresponds to amino acid positions at 222–580 of the Salvador I reference (Figure 2A). The 124 CMB samples had 22 single nucleotide polymorphisms (SNPs) of which two and 20 were synonymous and non-synonymous (Table 1) polymorphic codons, respectively (nine occurred at the first base of the codon, five at the second, and eight at the third base of the codon), causing significant amino acid changes in protein level. Analysis of the deduced amino acid sequences classified them into 21 haplotypes (Haplotypes 1–21) with amino acid changes at 20 positions, in which all were dimorphic. Haplotype 4 was predominant (n = 27, 21.8%) among CMB isolates (Figure 2B).
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FIGURE 2. Sequence and polymorphism of PvDBP-II in P. vivax CMB isolates. (A) The structure of Plasmodium vivax Duffy binding protein. (B) The changes in amino acid sequences. Polymorphic amino acids are listed for each haplotype. Amino acid residues identical to those of the reference sequence, SaI I (DQ156512), are marked in yellow. The dimorphic amino acid changes are marked in blue. Total number of sequences for each haplotype is listed in right panel. (C) Frequencies of amino acid changes found in PvDBP-II among CMB and eastern Myanmar isolates.



TABLE 1. Genetic diversity and natural selection of pvdbp-II in China-Myanmar border and eastern Myanmar isolates.
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Nineteen of the 20 non-synonymous changes were previously identified, whereas the remaining one change (Q562H, 1.6%) was unique in CMB isolates, which was not hitherto reported. D834G (83.1%), L424I (71.8%), and W437R (68.6%) SNPs were the most frequent. Comparison of the amino variants observed in PvDBP-II revealed that CMB isolates had a similar pattern compared to eastern Myanmar isolates.

Although eastern Myanmar isolates showed similar amino changes compared to CMB isolates, six variants (F306L, S398T, T404R, P475A, Q486E, and Q562H) detected in the CMB isolates were not found in eastern Myanmar isolates (Figure 2C).

Analysis of polymorphism within the 124 pvdbp-II CMB isolates revealed lower nucleotide diversity (π = 0.0059) and higher haplotype diversity (Hd = 0.91) (Table 1). A sliding window plot of π with a window of 100 bp and step size of 25 bp revealed values for all CMB isolates ranging from 0.000 to 0.028. The highest peak of nucleotide diversity within the pvdbp-II of CMB isolates was between nucleotide positions 360 and 480. Nucleotide diversity of CMB isolates in 2009, 2010, and 2011 was 0.0060, 0.0056, and 0.0058, respectively, which collectively was a little higher than that of eastern Myanmar isolates (Figure 3A).
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FIGURE 3. Polymorphism and Tajima’s D tests of pvdbp-II sequences from CMB and eastern Myanmar isolates. (A) Sliding window plots of nucleotide diversity per site (π) comparing the level of genetic diversity at pvdbp-II. (B) Sliding window plots of Tajima’s D for pvdbp-II. Statistical significant sites are marked with red lines.




Natural Selection of Polymorphic Region of PvDBP From Different P. vivax Isolates

To determine whether natural selection contributed to the generation of diversity in pvdbp-II within the China-Myanmar P. vivax population, we calculated the rate of non-synonymous (dn) to synonymous (ds) mutations. The rate of non-synonymous to synonymous substitution (dn/ds) for PvDBP-II for all the 124 CMB isolates was 3.238 (with rates of 2.962, 3.4736, and 3.227 for isolates of 2009, 2010, and 2011, respectively), suggesting that a positive natural selection might occur in the PvDBP-II of CMB isolates. Furthermore, the overall Tajima’s D value for PvDBP-II was 1.2158 for all the 124 CMB isolates (with values of 0.9943, 1.5326, and 0.8230 for isolates of 2009, 2010, and 2011, respectively) (Table 1 and Figure 3B). In addition, by sliding the window to detect specific regions under selection, we confirmed that significant positive Tajima’s D values (P<0.05) were found in the 1,115–1,185 bp region from the CMB 2009 isolates and the 1,130–1,165 bp region from all the CMB isolates in 2009–2011. Such an informative result suggests a positive balancing selection for PvDBP-II in the CMB population. Moreover, eastern Myanmar isolates were also found under positive balancing selection.



Recombination

The recombination events (Rm) between adjacent polymorphic sites of the 124 CMB isolates was 7 (with values of 6, 5, and 7 for isolates of 2009, 2010, and 2011, respectively) (Table 2). In 124 CMB isolates, we found N375D/R378R, E385K/K386N, S398T/T404R, and L424I/W437R on high LD levels. The value of ZZ, Zns, and the decline of R2 with an increasing distance between the pairs of nucleotide sites suggest that intragenic recombination may also contribute to the diversity of PvDBP-II in CMB isolates (Figure 4).


TABLE 2. Linkage disequilibrium and recombination of pvdbp-II in China-Myanmar border and eastern Myanmar isolates.
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FIGURE 4. Linkage disequilibrium (LD) plot showing non-random association between nucleotide variants among 124 CMB P. vivax isolates at different polymorphic sites. (A) The significant LD sites detected by Fisher’s exact test are marked red pots and others are marked blue pots. The dashed line represents the regression. (B) R2 for each pair of genetic polymorphisms of CMB isolates.




Genetic Differentiation, Population Structure, and Clustering of Polymorphic Region of PvDBP Haplotypes

The level of genetic differentiation of pvdbp-II was estimated by FST values. In general, the value of FST (0.05–0.15) is poor differentiation, FST (0.15–0.25) is moderate differentiation, and FST >0.25 is great differentiation (Balloux and Lugon-Moulin, 2002). The CMB isolates, eastern Myanmar isolates, and Thailand isolates showed a poor genetic differentiation with the values of FST being 0.0296 and 0.0568, respectively. The high level of genetic differentiation was found between CMB isolates Sudan and Papua New Guinea (PNG) (the values of FST were 0.2517 and 0.4598, respectively) (Table 3).


TABLE 3. Estimation of genetic differentiation (Fst) of the pvdbp-II among other geographical populations.
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Collectively, a total of 50 haplotypes were identified from 260 pvdbp-II sequences of the CMB, eastern Myanmar, Sudan, Thailand, and PNG isolates, with 26 singleton haplotypes (observed only once). The haplotypes network could be roughly grouped into five major clusters and some small scattered groups (Figure 5A). Five major clusters based on geographical distribution were CMB isolates, Myanmar mix isolates, PNG isolates, Brazil isolates, and Sudan isolates. In the network analysis, the haplotype prevalence ranged from 0.38 to 12.69%. Haplotype 4 was shared among CMB, eastern Myanmar, and Thailand. Haplotype 7 and 11 were shared among CMB isolates and eastern Myanmar isolates with relatively high frequencies. H5 and 13 were shared with CMB and Thailand isolates. Whilst H1, H2, H3, H8, H10, H12, H15, H17, H18, H19, and H20 only existed in CMB isolates, H10 was the dominant haplotype.


[image: image]

FIGURE 5. STRUCTURE and Network analysis of PvDBP-II haplotypes. (A) The haplotype network shows the relationships among 50 haplotypes present in sequences of 260 isolates. (B) STRUCTURE analysis of the full set of variation loci from all isolates. Cluster for each isolate was assessed to an optimized cluster value of K = 5.


With regard to the population structure of the haplotype of pvdbp-II from the CMB and eastern Myanmar isolates, STRUCTURE analysis showed a clear distribution of haplotypes and demonstrated multiple sub-populations. The haplotypes were optimally grouped into five sub-populations (K = 5; Figure 5B). Three sub-populations of malaria parasites from CMB in 2009–2011 had admixed haplotypes which showed a similar distribution. Compared with CMB populations, the eastern Myanmar population was composed of four sub-populations and a significant decrease (P < 0.05) was noted in the K3 sub-population, while a significant increase (P < 0.05) was found in the proportion of the K1 sub-population (Figure 5B).




DISCUSSION

Due to vector species, host genetics, and environmental factors, P. vivax populations harbor different genetic diversities under different geographies (Arnott et al., 2012). The high level of diversity within Plasmodium antigens is a major challenge for effective malaria vaccines. Compared to merozoite surface proteins (MSPs) and circumsporozoite protein (CSP), PvDBP-II bears less polymorphism (Shen et al., 2015). Hence, PvDBP-II is considered as the primary fragment of candidate antigen for vaccine against malaria. Investigation on polymorphism and population structure of PvDBP-II may provide deeper criteria for the selection of vaccine candidates. In the present investigation, we analyzed the genetic diversity and molecular evolution of PvDBP-II in the CMB populations in Yunnan Province of China and compared them to that of eastern Myanmar populations. From the 124 CMB P. vivax isolates collected during 2009–2011, a total of 22 SNPs were divided into 21 distinct haplotypes. Overall, haplotype diversity (Hd) from CMB was 0.91, which showed similar diversity in isolates from other endemic areas such as Brazil, Myanmar, Thailand, and Sudan.

Based on amino acid variants, 22 polymorphic residues were detected in the CMB isolates. Besides one unique mutation (Q562H), the remaining mutations were previously reported from global P. vivax isolates. The seven most common mutations (K371E, D384G, R390H, N417K, L424I, W437R, and I503K) of PvDBP-II in global P. vivax populations were also found among CMB isolates. D384G (83.1%), L424I (71.8%), and W437R (68.6%) were the most prevalent polymorphic variants in CMB isolates. The frequency of SNPs obtained in this study was similar to that from Myanmar, Sudan, and Thailand, whereas it was smaller than that from PNG and Sri Lanka (Premaratne et al., 2011; Ju et al., 2012). Comparison of SNPs’ frequencies identified in this study to those from other areas where vivax malaria is endemic revealed that most observed SNPs in CMB isolates showed different frequencies than what has been previously reported. This information may reflect the intensity of malaria transmission in different areas and the diversity of PvDBP-II may vary by geographic area. Three residues, namely N417K, W437R, and I503K, forming an important discontinuous epitope in PvDBP-II, were described as the main target for binding inhibitory antibodies against erythrocyte binding (Chootong et al., 2010; McHenry et al., 2011). In this study, N417K (60.5%), W437R (68.6%), and I503K (49.2%) were detected and all the three variants were found simultaneously in 18 isolates. Such an informative finding suggests that single or combined sites polymorphisms affect the efficiency of PvDBP-II inhibitory antibodies against invasion and help the parasites evade host immune attacks. All these mutations might generate PvDBP-II-based vaccine-resistant parasite isolates.

The pattern of polymorphism observed in part of PvDBP-II revealed this region under positive balancing selection confirmed by Tajima’s D test. The direction of Tajima’s D is potentially informative of the population evolution. The positive Tajima’s D test of the evolutionary force on the populations indicated CMB population size reduction. Previous studies have found PvDBP-II under a strong selection. The high rates of non-synonymous to synonymous mutations reflected a positive selection promoting greater polymorphism, which may allow the evasion of host immune selection independently of the geographical distribution (Li et al., 2020). In this study, the rate of non-synonymous to synonymous mutations indicated that the PvDBP-II of CMB isolates was also under positive selection. Therefore, the high value of non-synonymous to synonymous mutations and positive Tajima’s D support the theory that an increase in polymorphisms within the pvdbp-II of CMB isolates results in escape of host immune attacks.

Intragenic recombination is an important factor for genetic diversity of P. vivax isolates, which could increase variation in the PvDBP-II. LD decreased as nucleotide distance increased, suggesting that recombination has been taking place in pvdbp-II among CMB isolates. Recombination was confirmed by using ZZ tests, which contributed to the diversity. Such an interpretation aligns onto similar findings from previous reports from other regions where P. vivax is endemic, such as Myanmar, Korea, and Sri Lanka. Despite P. vivax having high diversity, significant LD may reflect multispatial infections within a population. The relatively higher number of recombination events in the CMB than in eastern Myanmar isolates might reflect the existence of P. vivax infection in mixture populations. With the progress in control programmes for malaria elimination, the number of recombination events might correlate with a decrease in P. vivax transmission.

P. vivax has become the most dominant parasite in the GMS region. Better understanding of transmission dynamics and population structure is essential to develop appropriate interventions for malaria elimination (Li et al., 2020). Myanmar border malaria is a major source of disease transmission and infection in the CMB in Yunnan Province. It was introduced by the highly mobile human populations across the border. The low FST values were observed between CMB isolates, eastern Myanmar and Thailand isolates, reflecting human mobility which facilitated gene flow between parasite populations of GMS region. STRUCTURE and network analyses further confirmed the relationship between the CMB, Myanmar, and other populations for PvDBP-II. This study demonstrated that the proportion of parasite populations decreased significantly with the time and geographic location difference. Our results displayed a more complex population structure than that of GMS P. vivax population which was only composed of four clusters based on PvDBP-II (Hu et al., 2019). Importantly, eastern Myanmar isolates lacked the K3 sub-population that existed in CMB isolates, indicating that no P. vivax population was imported from CMB to Myanmar. In 2010, China initiated the “Action plan of China malaria elimination (2010–2020).” Fighting malaria in the CMB has been a remarkable success, with cases having declined significantly, moving from control stage to elimination stage (Hewitt et al., 2013). Hence, in 2016, there was no doubt that CMB isolates or CMB imported cases did not exist in eastern Myanmar. The haplotype network revealed that P. vivax populations were highly heterogenetic and dynamics of malaria transmission differed in different areas (Cui et al., 2012). Interestingly, the network analysis of PvDBP-II showed that most of the prevalent haplotypes were shared among CMB and Myanmar isolates. In addition, some haplotypes were unique in CMB isolates which may associate with the mutations and the change of population structure. Such a finding advanced our knowledge of the parasite population dynamics in this region for the rational design of effective interventions to block disease transmission.

Designing an effective vaccine against P. vivax requires antigens with limited genetic diversity. Although pvdbp-II of CMB isolates bear some diversity, it is noteworthy that the prevalent Haplotype 4 (12.7%) was shared with multiple populations, which may present an attractive point for vaccine development.



CONCLUSION

This investigation provided the description of genetic polymorphism and natural selection of pvdbp-II in the CMB of Yunnan Province during 2009–2011. Results indicated that PvDBP-II was genetically diverse in the CMB. Also, findings from this study further confirmed that mutations, natural selection, and recombination might increase and sustain evasion of host immunity. With the remarkable progress made in malaria control at the CMB, this population showed specific structure and temporal differentiation. These findings provide new insights into P. vivax population structure and evolution in the CMB, and more importantly, consolidate the basis for rational development of an effective blood-stage malaria vaccine based on antigen variation and dominant haplotype.
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The Cyclophyllidea comprises the most species-rich order of tapeworms (Platyhelminthes, Cestoda) and includes species with some of the most severe health impact on wildlife, livestock, and humans. We collected seven Cyclophyllidea specimens from rodents in Qinghai-Tibet Plateau (QTP) and its surrounding mountain systems, of which four specimens in QTP were unsequenced, representing “putative new species.” Their complete mitochondrial (mt) genomes were sequenced and annotated. Phylogenetic reconstruction of partial 28S rDNA, cox1 and nad1 datasets provided high bootstrap frequency support for the categorization of three “putative new species,” assigning each, respectively, to the genera Mesocestoides, Paranoplocephala, and Mosgovoyia, and revealing that some species and families in these three datasets, which contain 291 species from nine families, may require taxonomic revision. The partial 18S rDNA phylogeny of 29 species from Taeniidae provided high bootstrap frequency support for the categorization of the “putative new species” in the genus Hydatigera. Combined with the current investigation, the other three known Taeniidae species found in this study were Taenia caixuepengi, T. crassiceps, and Versteria mustelae and may be widely distributed in western China. Estimates of divergence time based on cox1 + nad1 fragment and mt protein-coding genes (PCGs) showed that the differentiation rate of Cyclophyllidea species was strongly associated with the rate of change in the biogeographic scenarios, likely caused by the uplift of the QTP; i.e., species differentiation of Cyclophyllidea might be driven by host-parasite co-evolution caused by the uplift of QTP. We propose an “out of QTP” hypothesis for the radiation of these cyclophyllidean tapeworms.

Keywords: Cyclophyllidea, phylogeny, species differentiation, biogeography, Qinghai-Tibet Plateau, rodents


INTRODUCTION

Cestoda is a class of parasitic worms in the flatworm phylum Platyhelminthes that parasitize the intestines of all major groups of vertebrates, including fish (Kuchta et al., 2020), reptiles (Yudhana et al., 2019), birds (Okulewicz, 2014), and mammals (Carlson et al., 2020), and cause severe, mild or no symptoms of infection. Their larvae usually achieve development in one or two intermediate hosts (Kuchta et al., 2020) and can cause severe symptoms and even death in animals and humans; species of Taenia and Echinococcus cause the highest health and economic impact.

To date, there are approximately 4,800 described species in the class Cestoda, belonging to 833 genera and 19 orders, of which the Cyclophyllidea is the most species-rich order in the class, with more than 3,100 valid species, distributed among 16 families (Sharma et al., 2016; Caira and Jensen, 2017; Kuchta et al., 2020). Each free-living metazoan species is considered to harbor at least one protozoan or metazoan parasite species (Poulin and Morand, 2004) with which they interact and usually co-evolve (Ebert and Fields, 2020). Parasites are probably one of the largest groups of undescribed organisms, as most are cryptic whether in their parasitic or free-living forms (Dobson et al., 2008; Larsen et al., 2017; Okamura et al., 2018; Carlson et al., 2020). It is estimated that there are a total of about 100,000–350,000 helminth species in vertebrates around the world, of which 85–95% are undiscovered or recorded to science (Carlson et al., 2020).

Many of the world’s biodiversity hotspots are located in large mountain systems, and their role in the evolutionary diversification of organisms is manifold (Hoorn et al., 2018; Rahbek et al., 2019a,b). The Qinghai-Tibet Plateau (QTP) and its surrounding mountain systems of the Eurasian continent, have yielded arguably the biggest and probably the most biologically diverse area of montane species (Päckert et al., 2020). In the past decade, several new Taeniidae species have been described from wild rodents on the QTP (Xiao et al., 2005; Wu et al., 2021). In terms of species diversity and sheer population sizes, rodents are perhaps the most important intermediate and definitive hosts of tapeworms, and are the most widely distributed and diverse group of mammals; about 43% of all species (Singla et al., 2008; Wu et al., 2018). Changes in climate and vegetation caused by the uplift of the QTP may have promoted local adaptations such as the evolution of cold- and hypoxic-tolerant rodent species, which in turn may have led to the co-evolution and radiation of their parasites (Wang et al., 2018; Wu et al., 2021). We hypothesize that there may be many undiscovered tapeworm species parasitizing the rodents in the QTP. Although the number of tapeworm species has been underestimated in general, some practices may lead to the erroneous proposal of new species (Carlson et al., 2020; Kuchta et al., 2020).

Morphological distinctions have been used for the description of many tapeworms, however, the homoplasy in morphology poses quite a challenge to infer their evolutionary lineage (Scholz et al., 2021), where morphological features may be significantly affected by different intermediate host sources (Lymbery, 1998). Many undescribed species may be genetically different but morphologically indistinguishable. The inability to distinguish such cryptic species affects accurate assessment of host range and estimates of total diversity (Carlson et al., 2020). The 28S and 18S nuclear ribosomal RNA genes (rDNA) are relatively conserved within species and are often used to differentiate different species (Wickström et al., 2005; Nakao et al., 2013; Scholz et al., 2021). The mitochondrial (mt) genome is largely haploid and uniparentally inherited, so their effective population size is four times smaller than that of the nuclear genome (Toews and Brelsford, 2012). Since the process of lineage sorting is inversely proportional to the effective population size, this means mitochondrial (mt) genomes will complete this process faster than nuclear genomes (Toews and Brelsford, 2012). Thus, the genetic nature of a mt genome makes it likely more sensitive than any single nuclear marker to distinguish closely related species and study their phylogenetic relationships (Lee et al., 2007).

Therefore, in this study, we sampled parasites in rodents from the QTP and its surrounding areas. In total, seven Cyclophyllidea specimens were collected and characterized using molecular tools. By comparing new (mitochondrial, nuclear 28SrDNA, 18S rDNA) with published homologs (GenBank) we found four isolates to be markedly different in DNA sequence thus likely representing ‘‘putative new species.’’ The complete mt genomes of these unknown taxa were sequenced and annotated, and their taxonomic status was analyzed and verified through phylogenetic reconstruction of five datasets containing a total of 320 species from 10 families. By combining evolutionary divergence time analyses of mt genes of classified cyclophyllideans in NCBI Taxonomy Database1 and the paleogeography of QTP, we thus speculate an “out of QTP” theory for cyclophyllideans.



MATERIALS AND METHODS


Sample Collection

Rodents were live-trapped in meadows in Tibet, Qinghai, Sichuan, Gansu and Xinjiang province or autonomous region of China in 2013 and from 2018 to 2020. Rodents were euthanized and dissected according to the Ethics Statement mentioned below, cysticerci and host livers were collected from the enterocoelia and thorax, and adults were extracted from the intestines. Detailed sample collection data and host identities are described in Supplementary Table 1. After detaching the lesions, parasite specimens and host livers were kept in 75% (v/v) ethanol for molecular identification.



DNA Isolation, Amplification, and Sequencing

DNA samples of hosts and parasites were extracted using Blood and Tissue Kit (Cat. No. 69504, Qiagen, Germany) as instructed by the manufacturer, and were amplified and sequenced for identification by conserved primers of cytb gene of small mammals (Fan et al., 2011) and cox1 gene of tapeworm (Bowles et al., 1992), respectively. By means of highly similar BLAST search in the nucleotide collection (nr/nt) database,2 four of the Cyclophyllidea specimens with less than 95% identity of the most similar cox1 sequence were identified as putatively unknown species (Xiao et al., 2005). The mt genomes of four of the putatively unknown specimens were sequenced and assembled according to the following procedure: firstly, the DNA of the four species was amplified and sequenced using primers published in Wu et al. (2021); missing fragments were amplified with newly designed primers using the program Oligo 6.0 with the method described in Wu et al. (2021), until entire circular mtDNAs were amplified and sequenced. A list of primers for each species can be found in Supplementary Table 2. The 18S and 28S rDNA fragments of these four species were also amplified and sequenced with conserved primers (Littlewood et al., 2000; Yan et al., 2013) for further species identification and phylogenetic analyses. Primers were synthesized by Tsingke Biotechnology (Xi’an, China). Standard 25 μl PCR protocol was used to amplify the DNA fragments. The PCR products were purified and sequenced according to protocols in Wu et al. (2021). SeqMan software was used to assemble the cytb gene sequences, 18S and 28S rDNA partial sequences and mt genomes (see Supplementary Table 3 for GenBank accession nos.).



Mitochondrial Genome Annotation

The four new mtDNAs were annotated preliminarily by Geseq3 with the reference of the most closely related species (Mesocestoides corti, Anoplocephala magna, Hydatigera krepkogorski, and Moniezia expansa) identified by the phylogenetic analyses in Figures 1, 2, whose mt genome annotations are available in GenBank. Putative tRNA genes were verified using ARWEN4 using default parameters (Laslett and Canbäck, 2008). The positions of their open reading frames (ORF) and rRNA genes were further checked and modified using SnapGene (v3.2.1) based on alignments with the reference of the most closely related species mentioned above. SnapGene (v3.2.1) was used to translate the protein-coding genes (PCGs) into their amino acid sequence with echinoderm/flatworm mitochondrial code (NCBI translation table 9) and to illustrate the annotated mt genomes.
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FIGURE 1. Maximum likelihood analyses of the four “putative new species” with other Cyclophyllidea species, except for Taeniidae, based on simplified 28S rDNA (A), cox1 (B) and nad1 (C) fragments. Alternating black and gray bands are used to classify different genera in the Taxonomy of NCBI, The Roman numerals to the right of the bands represent outgroup and different genus names (i.e., I: outgroup, II: Mesocestoididae, III: Catenotaeniidae, IV: Dipylidiidae, V: Anoplocephalidae, VI: Paruterinidae, VII: Gryporhynchidae, VIII: Dilepididae, IX: Hymenolepididae, X: Dipylidiidae). The ▲ after the species name represents “putative new species”. Bootstrap frequency support values are stated only for nodes where > 80%.
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FIGURE 2. Maximum likelihood analysis of 18S rDNA of family Taeniidae. The ▲ after the species name represents “putative new species.” The outgroup is the same as Figure 1. Bootstrap frequency support values are stated only for nodes where > 80%.




Phylogenetic Analyses and Sequence Identity

As ingroups for phylogenetic reconstruction, we combined mt genes and 18S or 28S rDNA sequenced in this study with those of other classified cyclophyllideans available in GenBank. Three species (Caryophyllaeus brachycollis, Anindobothrium anacolum, Spirometra erinaceieuropaei) of Eucestoda belonging to different orders were chosen as outgroups.

The 28S rDNA fragments of classified cyclophyllideans in NCBI Taxonomy Database are available for most families in GenBank except Taeniidae, while that of the 18S rDNA were only available for Taeniidae, so here the evolutionary trees of 28S and 18S rDNA fragments were constructed separately. Based on the results of the 28S rDNA phylogeny, a simplified 28S evolutionary tree was reconstructed without affecting the topological structure of the tree by removing the species in the same genus and clade. To complement and validate the inferred evolutionary relationship between Cyclophyllidea species, except the species of family Taeniidae, the phylogenies with cox1 and nad1 fragments were reconstructed.

In summary, 5 datasets containing 320 species in 10 families were assembled for phylogenetic analyses (see Supplementary Tables 4–8 for GenBank accession nos. and species, genera and families used in each dataset). Since the limited availability of data on different genes of the same species, we performed separate phylogenetic reconstruction for each dataset to cover more species. Datasets were aligned using MAFFT v7.487 with auto option (Katoh and Standley, 2013). The alignments were trimmed by using Trimal v1.2 under the automated1 option (Capella-Gutiérrez et al., 2009) to preserve the same sequence regions and exclude the ambiguously aligned sites. All phylogenetic trees were constructed with maximum likelihood (ML) inference using IQ-TREE v2.1.4 (Nguyen et al., 2015) with ultrafast bootstrap 1,000 replicates in Ubuntu 20.04.2 LTS operating system, where the best-fit models were automatically selected by ModelFinder (Supplementary Table 9; Kalyaanamoorthy et al., 2017) and the best number of threads were also selected under AUTO option (using the command line: iqtree -s alignment_file -m -MFP -bb 1000 -nt AUTO). All other parameters were set to their default values. The ML trees were then visualized on the IToL web server (Letunic and Bork, 2016).

The related species of the putatively unknown species were identified based on phylogenetic reconstruction, and the percentage identity of sequences in the 5 datasets between the putatively unknown species and their related species was calculated by BLAST (Supplementary Table 10).



Analysis of Divergence Times

Species divergence times were calculated using BEAST v2.6.2 (Bouckaert et al., 2014) based on two datasets without shared species: all available mt PCGs dataset of 54 species (Supplementary Table 11) and cox1 + nad1 fragments dataset of other classified 54 species (Supplementary Table 12). These two datasets were aligned and trimmed with MAFFT v7.487 and Trimal v1.2 as described above, and were partitioned according to different genes. Model selection of partitions was identified by Partition Finder v2.1.1 (Lanfear et al., 2012) with the set of “linked” branch lengths, “beast” models, “aicc” model selection, and “greedy” search. Partition schemes and substitution models can be found in Supplementary Table 9. The Strict Clock model was chosen to ignore the rate differences between the branches in the mode and the gamma category count was set to 4. Other settings, such as substitution rate and shape, in the site model were evaluated in the analysis. The Calibrated Yule model (Heled and Drummond, 2015) was used as the tree prior, as it is a simple model of speciation that is generally appropriate when considering sequences from different species. Time calibration was calibrated with the divergence date between T. saginata and T. asiatica (∼1.14 Mya) and divergence date between Schistosoma japonicum and S. mansoni (∼56.10 Mya), which agreed with reported fossil evidence from shark coprolites and previously estimated dates based on mt genes (Wang et al., 2016). Posterior probability estimates were sampled every 1,000 iterations over a total of 10,000,000 iterations per MCMC run. Other options were run on their default values. Tracer (v1.7.1) was used to summarize posterior probabilities. Trees were annotated via TreeAnnotator (v2.1.2) using a maximum clade credibility tree and median heights settings with 10% burn-in. The number of divergence nodes in every 2 Mya was summarized based on the evolutionary divergence time trees of two datasets, respectively.




RESULTS


Species Identification and Phylogenetic Relationships

The hosts of parasites were confirmed by BLAST searches (Supplementary Table 1; see Supplementary Table 3 for GenBank accession nos. of host cytb gene). Two of the parasite species were cysticerci and adult worms, each retrieved from the abdominal cavity and intestinal tract of two vole hosts (Neodon leucurus) collected from the same pasture location near the Shigatse City of Tibet Autonomous Region (Supplementary Table 1). Phylogenetic analyses shown in Supplementary Figure 1 and Figures 1A–C confirmed that these two species likely belong to the genera Mesocestoides and Paranoplocephala, and were labeled as Mesocestoides sp. RKZ08 and Paranoplocephala sp. RKZ13, respectively. The cysticerci collected from the liver of plateau pika (Ochotona curzoniae) from Xietongmen county of Tibet and zokors (Eospalax fontanierii) from Xiahe county of Gansu province were confirmed to be the same species by alignment of cox1 and 18S rDNA segments, which was in the monophyletic group of the genus Hydatigera in the phylogenetic trees (Figure 2), and was marked as Hydatigera sp. XHPW10. The final species was an adult tapeworm collected from the intestine of plateau pikas from Shiqu county, Sichuan province, and occurred within the genus Mosgovoyia (Supplementary Figure 1 and Figures 1A–C), and was thus named Mosgovoyia sp. SQ20. These four species were identified as newly sequenced and “putative new species” as their cox1 and nad1 sequences having less than 95% identity with available related taxa (Supplementary Table 10; Xiao et al., 2005). The degree of differentiation of their mt genes was higher than that of the nuclear genes 18S and 28S rDNA (Supplementary Table 10), reflecting their differentiation likely results from the so-called deep mitochondrial divergence (DMD, Zhang et al., 2019). In addition, three known cysticerci of Taeniidae, T. caixuepengi, T. crassiceps, and Versteria mustelae, were also identified in the present study (see Supplementary Table 13 for their cox1 fragments).



General Features of the Mitochondrial Genome of “Putative New Species”

The complete mt genomes of the four “putative new species” were 13,361 bp (GenBank ID: MW808979), 13,730 bp (GenBank ID: MW808980), 14,148 bp (GenBank ID: MW808981), and 13,776 bp (GenBank ID: MW808982) in length. Each of them contains two rRNA genes (rrnS and rrnL) and 12 protein-encoding genes (atp6, cytb, nad4L, cox1-3, and nad1-6), which are arrayed in the typical order of mt genomes of cestodes. They each contain the 22 typical tRNA genes set of cestodes, and share a common set of anticodons. The order of tRNA genes is roughly the same, except between nad6 and nad5 genes. Species Paranoplocephala sp. RKZ13 had a repeat sequence of trnL and trnR in the highly variable region between nad6 and nad5, suggesting that it had an insertion sequence in this region that made its mt genome longer than the other three species (Figure 3 and Table 1).
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FIGURE 3. The diagram of complete mitochondrial genome of Mesocestoides sp. RKZ08 (A), Paranoplocephala sp. RKZ13 (B), Hydatigera sp. XHPW10 (C), and Mosgovoyia sp. SQ20 (D). The protein-encoding genes are depicted in plum, the tRNAs are depicted in green, the rRNAs are depicted in light green and the non-coding mitochondrial regions (NCRs including LNR and SNR) are depicted in gray. The inferred gene boundaries of them are shown in Table 1.



TABLE 1. The list of mitochondrial genome annotation for four “putative new species”.
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Flatworms use a unique set of mt code for protein translation (Nakao et al., 2000; Telford et al., 2000). In addition to ATG, GTG was also used as an initiation codon in a small fraction of coding genes in their mt genomes. For the termination codon, all species used only TAA and TAG; TGA was not identified as a termination codon (Table 1).



Divergence Times Analysis

The divergence time based on the two datasets used for time calibration is consistent with previous genome-based analysis results (Figure 4; Wang et al., 2016). Three of the “putative new species,” Mesocestoides sp. RKZ08, Mosgovoyia sp. SQ20, and Hydatigera sp. XHPW10, might have originated from a similar phase in the late Miocene, while Paranoplocephala sp. RKZ13 diverged during the Pleistocene (Figure 4). By summarizing the number of divergent time nodes in the divergence time trees over time, it was found that the trees of mt PCGs and cox1 + nad1 produced similar differentiation rate trends: there was a slight acceleration of the evolutionary rate in the period 14–24 Mya, and a marked acceleration during the period 4–10 Mya (Figure 5). However, compared with cox1 + nad1, the differentiation rate of mt PCGs was faster in the 14–24 Mya but slower in 4–10 Mya, which may have been caused by the species bias used in both datasets.
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FIGURE 4. Divergence time construction of concatenated cox1 + nad1 gene (A) and 12 mt PCGs (B) of Cyclophyllidea species. The ▲ after the species name represents “putative new species”. The blue bar represents interval of 95% highest probability density. The time scale bars in different colors shows the extent of the Eocene, Oligocene, Miocene, Pliocene, and Pleistocene period.
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FIGURE 5. The number of divergent nodes in every 2 Mya over time based on the divergence time trees of Figure 4. The orange curve represents the change of divergence nodes number based on Figure 4A. The blue curve represents the change of divergence nodes number based on Figure 4B.





DISCUSSION

Given the rich diversity and the large rodent population in western China and the few published reports of tapeworms in rodents, except for Taeniidae (Xiao et al., 2005; Zhao et al., 2014; Wang et al., 2018; Zhang et al., 2018; Wu et al., 2021), the present knowledge of tapeworm biodiversity in rodents in western China suggests far greater biodiversity yet to be uncovered.

Here, the mt genes and 18S or 28S rDNA fragments of four (two larvae and two adults) unidentified Cyclophyllidea species differed from their related species (Supplementary Table 10). However, due to the specimen distortion and insufficient specimen encountered in this study, it is not clear whether they have been described morphologically. All four species showed apparent discordance percentage identity with the related species in their mtDNA and 18S or 28S rDNA, which is the common DMD pattern across the animal kingdom, and demonstrated in Echinococcus granulosus sensu stricto (Kinkar et al., 2017), possibly due to the parthenogenetic inheritance of mitochondria, gene flow and recombination in the nuclear genome (Toews and Brelsford, 2012).

The larvae Hydatigera sp. XHPW10 was found to live in the livers of both zokors from northeast of QTP and plateau pika from southwest of QTP (Supplementary Table 1). This adds to the recently described cysticerci species in plateau pika from Qinghai province (Wu et al., 2021). Here the T. caixuepengi larva was also found to be parasitic in plateau pikas from Xietongmen, Saga and Sa’gya county of Tibet and Qilian county of Qinghai (Supplementary Table 1), and so far, not found in other sympatric rodent species. Due to the absence of comparative studies, it is currently not clear if this species has preference only for plateau pikas as its intermediate host. The larvae of T. crassiceps and V. mustelae were, respectively, found in Jeminay and Xinyuan county of Xinjiang autonomous region (Supplementary Table 1), which were also distributed on the northeast QTP (Li et al., 2013; Zhao et al., 2014). Wide geographic distributions of identical species suggest that their endemic geographic range should be far beyond the available survey data. Except for Mesocestoides sp. RKZ08 identified in this study, the Me. litteratus is another species of the genus Mesocestoides reported in Qinghai and Heilongjiang provinces of China (Wang et al., 2006; Li et al., 2013). However, there is no previous record of Paranoplocephala spp. and Mosgovoyia spp. available in China except for Paranoplocephala sp. RKZ13 and Mosgovoyia sp. SQ20 found in this study.

Complete mt genomes of the four “putative new species” were sequenced and annotated, and the sequences were clearly different from all available mt genomes sequences; however, they were similar in length, gene order and composition as other cyclophyllideans with respect to rRNA, tRNA, and protein-encoding genes (Le et al., 2000; Jeon et al., 2005, 2007; Wu et al., 2021). Different arrangement of genes occurred in tRNA genes between nad5 and nad6 genes, but was consistent with their respective most relative species, matching the expectation that the arrangement of mt genes partly determines the genetic relationship of parasites (Gazi et al., 2016). Moreover, repeat copies of tRNA gene between the nad5 and nad6 genes in the mt genome of E. granulosus sequenced by third-generation sequencing have been reported (Kinkar et al., 2019). We also observed a repeat sequence of trnL and trnR genes between nad5 and nad6 genes of the Paranoplocephala sp. RKZ13 mt genome (Figure 3 and Table 1), which indicates that there may be hidden tRNA gene repeats in the mt genome of tapeworms that are hard to identify due to errors in PCR amplification and Sanger sequencing, techniques which often fail to recover repeat regions (Kinkar et al., 2019).

Genetic drift and adaptive differentiation between allopatric populations is responsible for most speciation amongst plants and animals (Turelli et al., 2001). For parasites, however, host association is a key driver in their evolution. Host switching among sympatric populations may lead to ecological isolation, so sympatric speciation of parasites is common (de Meeûs et al., 1998; Paul, 2002; Huyse et al., 2005; Wu et al., 2021). These two models of evolution are not in conflict: the adaptation of parasite to specific host is like the adaptation of animal to specific living environment; so, the evolution of the host, especially its immune system, may be viewed as equivalent to the change of the living environment for the parasite. The environmental and climatic changes caused by the uplift of the QTP are a major driving force for the evolution of associated biotas (Favre et al., 2015). Paleobotanical data suggest that the southeastern margin of the QTP was dominated by a warm and humid subtropical or tropical climate during the Miocene due to the influence of South Asian and East Asian monsoons (Sun and Wang, 2005; Jacques et al., 2011). Since the mid-Miocene, the significant rise of the Himalayas and the Tianshan Mountains, together with worldwide cooling, incurred dramatic changes in air circulation, leading to gradual aridification of the QTP and Central Asia (Miao et al., 2012; Favre et al., 2015). Finally, in the Late Miocene and Early Pliocene, QTP uplift resulted in the accumulation of global ice and the eventual disappearance of the Tethys Sea, which also contributed to the drying of Central Asia (Lu and Guo, 2013).

These timelines of climatic and environmental changes caused by the uplift of the QTP are highly consistent with the timelines of the differentiation rate of Cyclophyllidea species analyzed in this study (Figures 4, 5) and that of plateau pika analyzed in Wang et al. (2020). We speculated in this study that the differentiation of cyclophyllideans may have been driven by host evolution caused by the uplift of the QTP. During the tropical period of QTP, the optimum living environment created the biological diversity (Cai et al., 2020; Päckert et al., 2020), and the species of Cyclophyllidea gradually differentiated. With the rapid uplift of the QTP, the environment changed into a dry and cold climate (Lu and Guo, 2013), and species differentiation of Cyclophyllidea was accelerated by the rapid adaptive evolution of their hosts and geographical isolation caused by the radiation of hosts to the Palaearctic (Favre et al., 2015; Xing and Ree, 2017; Päckert et al., 2020). Finally, in the last 2 million years, Cyclophyllidea differentiation demonstrated an accelerated diversification based on cox1 + nad1 divergence tree (Figure 5), which may be related to the evolution and broad distribution of mammals in Eurasia and the associated population expansion and migration of hominids from Africa to Asia (Dennell, 2004; Rohland et al., 2005; Brugal and Croitor, 2007; Turner et al., 2008; Klein, 2009; Terefe et al., 2014; Wang et al., 2016). The Host-parasite Database of Natural History Museum (HPDNHM) found that most tapeworm were prevalent mainly in the Palaearctic,5 which is also consistent with the viewpoint that the order Cyclophyllidea originated from the QTP. The Nearctic is another major endemic area where Cyclophyllidea species may have spread over land Bridges across the Bering Strait. However, some species parasitizing birds and other economic and companion animals tend to show a global epidemic, which may be due to the long-distance migration of birds and the spread of human trade and activities.

Phylogenetic reconstruction reveals that some classifications of Cyclophyllidea species may need to be redefined. Closely related species of tapeworm parasites often have similar host specificities and life history (Scholz et al., 2021), a pattern common in the HPDNHM and in our evolutionary analyses, and may provide a basis for revising the classification of Cyclophyllidea species; for example, the family Hymenolepididae and Anoplocephalidae can be divided into multiple families (Figures 1A–C), and Thysanotaenia congolensis should be reclassified into family Davaineidae (Figures 1A,C). However, considering that there is still a large number of undiscovered species, which may provide better support for classification, the current classification status is likely to remain for some time.



CONCLUSION

In conclusion, this study expands the biodiversity of Cyclophyllidea in rodents in QTP and its surrounding mountain systems, and suggests an “out of QTP” hypothesis for the Cyclophyllidea, wherein species differentiation was driven by the uplift of the QTP. Although beyond the scope of this study to consider the evolutionary relationships and history of the whole cyclophyllideans, the species analyzed represent 10 of all 16 families, making this the most extensive study of the evolution of Cyclophyllidea order to date. Verifying the taxonomic revision and the “out of QTP” hypothesis requires more sampling and investigation, including data on a wider geographic and host range, and molecular studies uncovering patterns of host-parasite co-evolution.
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Microbial communities can be critical for many metazoans, which can lead to the observation of phylosymbiosis with phylogenetically related species sharing similar microbial communities. Most of the previous studies on phylosymbiosis were conducted across the host families or genera. However, it is unclear whether the phylosymbiosis signal is still prevalent at lower taxonomic levels. In this study, 54 individuals from six species of the fig wasp genus Ceratosolen (Hymenoptera: Agaonidae) collected from nine natural populations and their associated microbiota were investigated. The fig wasp species were morphologically identified and further determined by mitochondrial CO1 gene fragments and nuclear ITS2 sequences, and the V4 region of 16S rRNA gene was sequenced to analyze the bacterial communities. The results suggest a significant positive correlation between host genetic characteristics and microbial diversity characteristics, indicating the phylosymbiosis signal between the phylogeny of insect hosts and the associated microbiota in the lower classification level within a genus. Moreover, we found that the endosymbiotic Wolbachia carried by fig wasps led to a decrease in bacterial diversity of host-associated microbial communities. This study contributes to our understanding of the role of host phylogeny, as well as the role of endosymbionts in shaping the host-associated microbial community.

Keywords: insect, host-associated microbiota, holobiont, 16S rDNA, coevolution, Wolbachia


INTRODUCTION

Microbes play important roles in hosts’ biology. All insects are colonized by microbes, and the microbiota accounts for 1–10% of the insect’s biomass (Douglas, 2015). Bacterial symbionts have been accepted by biologists as considerable drivers of insect nutrition, protection, detoxification, behavior, reproduction, communication, and evolution (Douglas, 2015; Salcedo-Porras et al., 2020). Historically, research on symbiotic relationship between insects and microorganisms has focused mainly on insect hosts and their obligate bacterial symbionts, such as aphids and Buchnera aphidicola (Chong et al., 2019), whiteflies and Portiera aleyrodidarum (Santos-Garcia et al., 2020), psyllids and Carsonella ruddii (Thao et al., 2000), and mealybugs and Tremblaya princeps (Lopez-Madrigal et al., 2015), or focused on specific endosymbionts known to be widespread in arthropods, such as Wolbachia (Hertig and Wolbach, 1924) or Spiroplasma (Davis et al., 1972; Cisak et al., 2015). However, symbioses are formed by complex multi-part interactions, including interactions between the hosts and their resident microbiota as well as interactions within the microbial community. Under these circumstances, binary interactions between hosts and endosymbionts were broadened to multivariate interactions between hosts and all microbes of their associated microbial community, as they are so important to the hosts (Brinker et al., 2019). A host organism and its associated microbial community form an entity that is termed as holobiont, which is considered as a unit of selection in evolution (Rosenberg et al., 2007). This understanding clarifies the holobiont as a complex ecosystem in which the host and associated microbiota are closely linked.

A deluge of data has enabled unprecedented insights into the extensive taxonomic, genetic, and functional compositions of host-associated microbial communities (Lim and Bordenstein, 2020). However, our understanding of the interaction between microbiota and host is still relatively superficial due to quantitative limiting factors, such as incredibly diverse interactions between microbiota and host, and the technical limitations that plenty of microbes in vivo are difficult to be isolated and cultured in vitro (Lagier et al., 2018). It is generally considered that the host-associated microbiota can be shaped primarily by diets, environment, and host phylogeny (Kartzinel et al., 2019). In addition, interactions within microbiota can also shape the diversity and structure of insect bacterial communities (Guegan et al., 2018), in which the endosymbionts Wolbachia and Spiroplasma are widely studied. For example, parts of the native mosquito microbiota can impede vertical transmission of Wolbachia in Anopheles (Hughes et al., 2014). In Drosophila melanogaster, Spiroplasma reduced Wolbachia density but not vice versa (Goto et al., 2006), while in spider mite, Wolbachia dominated relative to Spiroplasma (Yang et al., 2020). These observations suggest exclusion or competition within microbiota. Unfortunately, data on microbial interactions are still scarce, and the mechanisms involved remain unclear.

In recent years, a new term phylosymbiosis has been proposed to describe the interaction between host and associated microbiota (Brucker and Bordenstein, 2013). According to the study of phylosymbiosis, host-associated microbial community relationships recapitulate the phylogeny of their hosts, indicating that the relationships of microbiota across host species maintain an ancestral signal of the host’s evolution (Brucker and Bordenstein, 2013). Therefore, host phylogeny can reflect or be reflected by microbial community structure. In other words, phylosymbiosis may reveal whether there is an interaction between host phylogeny and bacterial community. Coevolution, cospeciation, codiversification, or cocladogenesis may lead to phylosymbiosis, and this pattern may alternatively arise by antagonistic interactions and/or horizontal transmission of the microbiota due to the direct microbial transfer between related individuals (Lim and Bordenstein, 2020). To date, a great deal of phylosymbiosis systems have been explored, such as mammals (Groussin et al., 2017), omnivorous cockroaches (Tinker and Ottesen, 2020), widow spider (Dunaj et al., 2020), freshwater snails (Huot et al., 2019), coral reef fish (Chiarello et al., 2018), and their associated microbiota. However, the host taxa in these studies were mainly across orders, families, or genera. Due to the long-term differentiation and distant genetic relationship between hosts, their microbial communities are distinct. Therefore, the phylosymbiosis patterns are easily detected in the case of the studies described above. In the lower taxa, within a genus for instance, different species are phylogenetically closely related, and according to the studies of phylosymbiosis, the more closely related the taxa are, the more similar the compositions of their associated microbial communities are (Brucker and Bordenstein, 2012a,b; O’Brien et al., 2019). In a previous study, phylosymbiosis signals were observed in salamanders and frogs at the taxonomic levels of order, but were not observed within genera and species (Ellison et al., 2019). There are few studies on phylosymbiosis within genera, and even if there are, the subjects were mostly lab-fed organisms, such as Nasonia wasps (Brucker and Bordenstein, 2012a,2013), Drosophila flies, and Peromyscus deer mice (Brooks et al., 2016).

In this study, we collected fig pollinators (Hymenoptera: Agaonidae) to explore their microbiota and test whether a phylosymbiosis signal between insect hosts and their associated microbiota is prevalent among closely related species within a genus. Fig-pollinating wasps are the only pollinators of fig trees (Ficus, Moraceae) (Corner, 1958; Berg, 1989), and they spend almost their whole lives in fig fruits (syconia), which is a relatively closed and stable system. The larvae of fig pollinators only feed on the galled fig flowers (Janzen, 1979), so their diets are simple. The characteristic life histories and diets make the fig pollinators and their microbial community an excellent model to experimentally investigate evolutionary dynamics of host-microbiota interactions. In addition, endosymbiont Wolbachia is highly prevalent in fig pollinators (Chen et al., 2010), which allows us to investigate the effects of the endosymbiont Wolbachia, the phylogenetic relationship of fig wasp hosts, and the unique symbiotic environment provided by fig fruit on the host bacterial communities.

In this study, six fig pollinator species of the genus Ceratosolen and their microbial community were investigated. The mitochondrial cytochrome c oxidase subunit 1 (CO1) gene fragment and nuclear marker internal transcribed spacer 2 (ITS2) sequences were used to reconstruct the phylogenetic relationship of nine populations of the six species. The 16S ribosomal DNA amplicon sequencing was used to analyze the bacterial communities of these nine populations. We detected significant phylosymbiosis signal between the fig pollinators and their microbial communities. Our results also showed that Wolbachia was the dominant bacteria in the infection samples, and the fig wasps infected with Wolbachia had a lower bacterial diversity than those not infected. These results revealed the phylosymbiosis relationship between hosts and microbial communities in natural insect populations at a low taxon level, and the effect of the endosymbiotic Wolbachia on shaping host microbial communities.



MATERIALS AND METHODS


Sample Collection

Figs of Ficus semicordata, Ficus racemosa, Ficus tikoua, Ficus fistulosa, Ficus auriculata, and Ficus hispida, which are hosts of Ceratosolen gravelyi, Ceratosolen fusciceps, Ceratosolen sp., Ceratosolen hewitti, Ceratosolen emarginatus, and Ceratosolen solmsi, respectively, were collected from Yunnan, Hainan, Guangxi, Guizhou, and Guangdong provinces in China (Supplementary Table 1). The figs we collected were wiped with alcohol cotton balls before being placed in sterile plastic cups. Each fig was put in a plastic cup and reserved in a climate chamber (humidity 70%, 16:8 h/L: D, 25°C/25°C). We collected adult fig wasps as soon as we found them emerging from figs, and then collected every 5–10 min for about 5 h per fig. The wasps collected were put in ethanol and stored at −20°C refrigerator. We collected dozens or even hundreds of fig pollinators per fig, and then randomly selected the unwounded female individuals that do not lack appendages for the experiment. The fig wasps immersed in ethanol were identified and selected under stereozoom microscope (Motic SMZ-168), and the identification was confirmed by CO1 gene fragment and ITS2 sequences (as described below). Fig wasps of nine populations from six species were used in the following analysis, with six samples from each population.



DNA Extraction and PCR Amplification

Total genomic DNA from each fig wasp was extracted with DNeasy Blood and Tissue Kit (Qiagen, Germany) according to the protocol. Single fig pollinator was washed three times with sterile water before the extraction of genomic DNA. DNA concentration and purity were monitored on 1% agarose gels. According to the concentration, DNA was diluted to 1 ng/μl using sterile water and stored at −20°C refrigerator. The host CO1 gene was amplified by primers LCO1490 (5′-GGTCA ACAAATCATAAAGATATTGG-3′) and HCO2198 (5′-TAAA CTTCAGGGTGACCAAAAAATCA-3′) (Folmer et al., 1994). The nuclear marker ITS2 was amplified by four pairs of primers. Specifically, the ITS2 of C. gravelyi, C. emarginatus, and Ceratosolen sp. was amplified by primers 5.8s-Fc (5′-TGAACATCGACATTTYGAACGCACAT-3′) and 28S-D4-5R (5′-GTTACACACTCCTTAGCGGA-3′) (Cruaud et al., 2010). The ITS2 of C. solmsi_2 was amplified by primers Aed5.8F (5′-GTGAACTGCAGGACACATGAAC-3′) and AedAB28 (5′-ATATGCTTAAATTTAGGGGGT-3′) (Kjer et al., 1994; Brust et al., 1998). The ITS2 of C. solmsi_1 and C. fusciceps was amplified by primers designed based on C. solmsi genome (accession number: PRJNA277475), namely, ITS2-L11F (5′-TTTGCGCGTCAACTTGTGAA-3′) and ITS2-L11R (5′-TCG CCGCTACTGAGGAAATC-3′), and ITS2-L9F (5′-GCAGG ACACATGAACATCGAC-3′) and ITS2-L9R (5′-TCTCAA GCAACCCGACTCTG-3′), respectively. The ITS2 sequence of C. hewitti failed to be amplified using the primers described above. PCR reaction system included 5 ng DNA template, 2.0 μM each primer, 0.2 mM dNTPs, 1.25 U of EasyTaq® DNA Polymerase, and 1 × EasyTaq® Buffer (TransGen Biotech, Beijing, China), then sterile water was added to a total volume of 25 μl. The PCR conditions of CO1 consisted of 5 min at 94°C, 35 cycles of 94°C for 30 s, 51°C for 45 s, 72°C for 1 min, and 10 min at 72°C. The amplification of ITS2 followed the protocol outlined for CO1 above, but 40 cycles of amplification, an annealing temperature of 54°C, and an extension time of 2 min and 30 s were employed. Blank controls were set during DNA extraction and PCR amplification to exclude contamination. Finally, the PCR products were purified and sequenced by conventional Sanger sequencing (Sangon Biotech, Shanghai, China).



Detection of Wolbachia in Fig Wasps

The presence/absence of Wolbachia in a fig wasp was detected by a PCR-based assay with Wolbachia-specific primers. Three pairs of Wolbachia-specific primers including wsp81F (5′-TGGTCCAATAAGTGATGAAGAAAC-3′) and wsp691R (5′-AAAAATTAAACGCTACTCCA-3′) (Zhou et al., 1998), FtsZ-F (5′-TACTGACTGTTGGAGTTGTAACTAACGCGT-3′) and FtsZ-R (5′-TGCCAGTTGCAAGAACAGAAACTCTAACTC-3′) (Jeyaprakash and Hoy, 2000), and 16SwolF (5′-TTGTAGC CTGCTATGGTATAACT-3′) and 16SwolR (5′-GAATAGGTA TGATTTTCATGT-3′) (O’Neill et al., 1992) were used. Each fig wasp was individually diagnosed with Wolbachia. Amplifying conditions were the same as used in the CO1 gene except for the annealing temperature, which were 55, 55, and 47°C for wsp, ftsZ, and 16S rRNA gene, respectively. Blank control was set during PCR amplification, and sterile water of equal volume was used instead of template. Amplified fragments were revealed under UV light after migration on 1% agarose gel electrophoresis. A fig wasp was confirmed to be infected with Wolbachia only when all three genes were successfully amplified. Similarly, if none of the three genes could be amplified, the individual was considered not infected with Wolbachia.



Phylogenetic Reconstruction of Pollinators and Fig Trees

Phylogenetic reconstruction of insects was performed by combining CO1 fragments and ITS2 sequences. We obtained CO1 sequences for all 54 samples and 40 ITS2 sequences (at least one for each population except C. hewitti). The genetic distance over CO1 and ITS2 sequences between populations was estimated with MEGA7 (Tamura and Nei, 1993; Kumar et al., 2016). For phylogenetic trees, a fig pollinator species of Kradibia gibbosae was set as the outgroup and its mitochondrial sequence containing CO1 was downloaded from GenBank (accession number: MT947598.2). The ITS2 sequence of K. gibbosae was extracted from the genome (accession number: PRJNA641212). We combined CO1 and ITS2 sequences and used two methods to perform phylogenetic analysis in PhyloSuite v1.2.2 (Zhang et al., 2020). First, we made multiple sequence alignments with MAFFT v7.036 (Katoh et al., 2019). According to the Akaike Information Criterion (AICc), PartitionFinder2 (Lanfear et al., 2017) revealed GTR + G as the best evolutionary model for our data (Guindon et al., 2010; Lanfear et al., 2012). Maximum likelihood (ML) tree was constructed using IQ-TREE (Nguyen et al., 2015). Second, we constructed a Bayesian tree (Ronquist et al., 2012) under GTR + G model (Guindon et al., 2010; Lanfear et al., 2012). Phylogenetic trees were visualized with FigTree v1.4.41.

In order to elucidate the genetic relationships among various fig trees, a phylogenetic reconstruction based on three nuclear DNA markers, internal transcribed spacer (ITS), external transcribed spacer (ETS), and glyceraldehyde-3-phosphate dehydrogenase (G3pdh) was conducted. The sequences of three nuclear markers of the six species of fig trees corresponding to the six species of pollinators and the host of K. gibbosae (as outgroup) were obtained from NCBI, and the accession numbers were listed in Supplementary Table 2. The genetic distance over ITS-ETS-G3pdh sequences between fig trees was estimated with MEGA7 (Kimura, 1980; Kumar et al., 2016). The reconstruction process of ML (Nguyen et al., 2015) and Bayesian phylogenetic tree (Ronquist et al., 2012) was the same as described above, but under GTR + I + G, K81, TRN + I models or GTR + I + G, K80, F81 + I models for ITS, ETS, and G3pdh, respectively (Guindon et al., 2010; Lanfear et al., 2012, 2017). Then, the outgroup was removed and the phylogenetic tree was used for phylosymbiosis analysis.



Molecular Species Delimitation

We carried out four approaches for species delimitation in order to have more robust results, including Automatic Barcode Gap Discovery (ABGD) (Puillandre et al., 2012), which detects the barcode gap based on the user-defined boundaries for intraspecific variability, then sorts the sequences into hypothetical species with p-values; a Java program uses an explicit, determinate algorithm to define Molecular Operational Taxonomic Unit (jMOTU) (Jones et al., 2011), and clustering-based approaches, e.g., Generalized Mixed Yule Coalescent (GMYC) (Pons et al., 2006), which uses likelihood to identify species boundaries by detecting the transition point between the speciation process and intraspecific lineage coalescence, and Bayesian implementation of the Poisson Tree Processes model (bPTP) (Zhang et al., 2013), which assumes independent exponential distributions to model the branch lengths for speciation and for coalescence. The first two methods (ABGD and jMOTU) were based on genetic distances, and the latter two methods (GMYC and bPTP) were based on the inferred tree (Pons et al., 2006; Jones et al., 2011; Puillandre et al., 2012; Zhang et al., 2013). The ABGD analyses were performed at the web server2, with the following settings: relative gap width X = 1.0, K2P distance and intraspecific divergence (P) values range from 0.001 to 0.1, and other parameter values employed defaults. The bPTP analyses were conducted on the web server3 using rooted phylogenetic input tree attached to Supplementary Figure 1, and the following settings were employed: 100,000 MCMC generations, thinning interval of 100, and the first 10% were discarded as burn-in. GMYC delimits distinct genetic clusters by optimizing the set of modes defining the transitions between inter- and intraspecific processes; the analysis was conducted using BEAST 1.8.0 under a strict clock model and speciation with Birth-Death process model (Drummond et al., 2012); the runs consisted of 10 million generations sampled every 1,000 cycles, convergence was assessed by ESS values, and a burn-in with 25% was set to obtain an optimal consensus tree; we then used the obtained tree to analyze the data under the GMYC species delimitation approach in the software R v4.0.1 (R Core Team, 2021) with the package splits using the single-threshold method (Ezard et al., 2015). The jMOTU uses predefined thresholds to calculate the genetic differences within average sequence length. The results of the species delimitation were visualized via iTOL v64 (Letunic and Bork, 2021).



16S rDNA Library Preparation

The V4 region of the 16S rRNA gene was PCR-amplified at Novogene Bioinformatics Technology Co., Ltd. (Beijing, China) by specific primers (515F-806R) with the barcode following Kueneman et al. (2014). Each PCR reaction was carried out with 10 ng template DNA, 15 μl of Phusion® High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, United States), and 2 μM of forward and reverse primers. One thermal cycle consisted of initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, elongation at 72°C for 30 s, and finally 72°C for 5 min. Blank control was set during PCR amplification, and sterile water of equal volume was used instead of template.

Each sample was amplified, and the PCR products were tested for concentration using Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific, Cleveland, OH, United States). There was only one sequencing library per sample. Equal concentrations of each sample were pooled, and the pooled amplicons were cleaned using Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing libraries were generated using TruSeq® DNA PCR-Free Preparation Kit (Illumina, Inc., San Diego, CA, United States) following manufacturer’s protocols and index codes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific, Cleveland, OH, United States) and Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on Illumina NovaSeq6000 platform at the Novogene Bioinformatics Technology Co., Ltd. (Beijing, China) and 250 bp paired-end reads were obtained.



Sequence Processing

The 54 sequencing libraries we obtained ranged in size from 30.4 to 57.1 M, with an average of 44.6 M. Paired-end reads were assigned to samples based on their unique barcode and truncated by cutting off the barcode and primer sequence. Paired-end reads were merged into a single sequence using Fast Length Adjustment of Short Reads (FLASH) v1.2.7, and the splicing sequences were called raw tags (Magoč and Salzberg, 2011). Then, raw tags were filtered and pre-processed in Qualitative Insights into Microbial Ecology (QIIME) v1.9.1 (Caporaso et al., 2010b; Bokulich et al., 2013). During this process, QIIME’s default quality-control parameters were used. The tags were compared with the Silva132 database using UCHIME algorithm to detect chimera sequences, and then all chimera sequences were removed (Edgar et al., 2011; Haas et al., 2011).

Sequence analyses were performed by Uparse v7.0.1001. Sequences with ≥ 97% similarity were assigned to the same operational taxonomic unit (OTU) (Edgar, 2013). Representative sequence for each OTU was screened for further annotation. The Silva132 database was used based on Mothur algorithm to annotate taxonomic information for each unique OTU (Quast et al., 2013).



Data Analysis

The sequence number of the sample with the least sequences was used as the standard for normalization to obtain OTUs abundance information. Subsequent analyses of alpha diversity and beta diversity were all performed basing on this output normalized data.

The rarefaction curves, Venn diagram, and heat map of the top 20 classes in bacterial abundance were carried out in R v4.0.1 software (R Core Team, 2021). Then, we inferred phylogenies of the top 20 genera in bacterial abundance of fig wasp by FastTree (Price et al., 2009) based on the sequence alignments of Greengenes database (DeSantis et al., 2006) and PyNAST (Caporaso et al., 2010a) software, and the bacterial abundance information was added.

Observed species, Chao1, ACE, Shannon, Simpson, and PD whole tree were calculated for all samples as measures of alpha diversity. All these indices in our samples were obtained by QIIME v1.9.1 and visualized with R v4.0.1 software (Caporaso et al., 2010b; R Core Team, 2021). One-way ANOVA was performed to test the difference of alpha diversity indices among host populations using SPSS v24. Spearman method was used to examine the correlations between the proportion of Wolbachia and the Shannon, Simpson indices and performed by ggpubr package (Kassambara, 2020) in R v4.0.1 software (R Core Team, 2021) and functions in the package that comes with R itself. The significance of differences in alpha diversity indices between group Wolbachia-infected and non-infected was evaluated by t-test, and t-test was carried out in R v4.0.1 software (R Core Team, 2021). Before the t-test, function qqplot in car package (Fox and Weisberg, 2019) and function bartlett.test of R v4.0.1 (R Core Team, 2021) software were used for the test of normal distribution and variance homogeneity. The sample sizes of group W+ and W− were 36 and 18, respectively; the sample size of C. solmsi_1 or C. solmsi_2 was six. When two variables have equal variances, the two sample t-test was used; otherwise, the Welch two sample t-test was used (R Core Team, 2021).

Beta diversity was calculated based on weighted and unweighted Unifrac, Bray–Curtis, and binary Jaccard distances in QIIME v1.9.1 (Caporaso et al., 2010b). Non-Metric Multi-Dimensional Scaling (NMDS) analysis was performed to visualize complex, multidimensional data. In this study, NMDS analyses based on Bray–Curtis and weighted Unifrac were displayed by vegan package in R v4.0.1 software (Oksanen et al., 2020; R Core Team, 2021). In order to determine whether the inter-population differences were significantly different from those intra-population and to evaluate whether the grouping was meaningful, the significance test of inter-population differences using Analysis of Similarity (ANOSIM) based on the Bray–Curtis distance value was calculated. At the same time, Multi-Response Permutation Procedure (MRPP) parametric test based on Bray–Curtis was used to analyze whether there is significant difference in microbial community structure between populations. Both ANOSIM and MRPP conducted by vegan package in R v4.0.1 software (Oksanen et al., 2020; R Core Team, 2021). Unweighted Pair-group Method with Arithmetic Means (UPGMA) Clustering was performed as a type of hierarchical clustering method to interpret the distance matrix using average linkage and was conducted by QIIME v1.9.1 (Caporaso et al., 2010b).

The phylosymbiosis was validated using both matrix and topological comparisons. Mantel test was used to analyze the correlation between the genetic distance of fig pollinators or fig trees and the microbial beta diversity distance matrices with the ade4 package in R v4.0.1 software (Dray and Dufour, 2007; R Core Team, 2021). In addition to the Mantel test, the Robinson–Foulds (Robinson and Foulds, 1981) and Matching Cluster (Bogdanowicz and Giaro, 2013) congruency analysis between the phylogenetic tree of pollinators or fig trees and microbial UPGMA cluster tree was carried out according to Brooks’ Python script (Brooks et al., 2016) and the TreeCmp program (Bogdanowicz et al., 2012). Statistical significance was evaluated by determining the probability of 100,000 randomized bifurcating dendrogram topologies with the same leaf nodes as the phylogenetic tree yielding equivalent or more congruent phylosymbiotic patterns than the microbiome dendrogram (Brooks et al., 2016). Normalized Robinson–Foulds (nRF) and normalized Matching Cluster (nMC) scores range from 0 (complete congruence) to 1.0 (complete incongruence) (Brooks et al., 2016).




RESULTS


The Phylogeny of Insects and Wolbachia Infection

After constructing the host phylogenetic tree by ML and Bayesian methods, we found that the same dendrogram was obtained from the two methods, and the phylogenetic relationship of all the species was well defined by CO1 genes combined with ITS2 sequences (Supplementary Figure 1). All the 54 samples were separated into nine clades, supported by a confidence value ranging from 56 to 100 (Figure 1A). Each of C. gravelyi, C. emarginatus, and C. solmsi had two clades. All conspecific individuals from the same population were clustered into one clade (Figure 1A and Supplementary Table 1).
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FIGURE 1. Host phylogeny and molecular species delimitation. (A) Phylogenies of Ceratosolen by ML method based on CO1 gene fragments and ITS2 sequences. (B) According to four methods of ABGD, jMOTU, bPTP, and GYMC, all the samples were defined as nine clades. Species delimitation results are shown in the outer circles. At the tip of the branch, the magenta pentagram indicates Wolbachia-infected, and the blue pentagram indicates uninfected. Fig wasp species are abbreviated as follows: Cgra, Ceratosolen gravelyi; Cfus, Ceratosolen fusciceps; Ctik, Ceratosolen sp.; Chew, Ceratosolen hewitti; Cema, Ceratosolen emarginatus; Csol, Ceratosolen solmsi; Kgib, Kradibia gibbosae.


Based on the approaches of ABGD, jMOTU, bPTP, and GYMC, all the samples were defined as nine clades, which was consistent with the results obtained from phylogenetic analysis (Figure 1). C. gravelyi, C. emarginatus, and C. solmsi were separated into two clades, although we did not find the morphological differences.

All the fig wasp individuals of C. gravelyi_1, C. gravelyi_2, C. emarginatus_1, C. emarginatus_2, Ceratosolen sp., and C. solmsi_1 were positive for Wolbachia infection (W+ group). No Wolbachia was detected using specific primers in the individuals from C. fusciceps, C. hewitti, and C. solmsi_2 (W− group) (Figure 1B).



Overall Microbial Community Compositions of the Fig Pollinators

Overall, 54 samples were successfully examined. Bacterial communities’ compositions were studied using the Illumina NovaSeq6000 platform. The filtered, high-quality sequence database obtained was 3,478,098 sequences, which were classified into 13,331 unique OTUs by a cutoff of 97% sequence similarity. Rarefaction analysis was performed at a threshold of 3% sequences dissimilarity for all samples. The great majority of the samples reached an asymptote level, indicating that our sampling efforts were sufficient to obtain an accurate estimate of OTU richness (Supplementary Figure 2).

The Venn diagram showed the unique and shared core OTUs among the populations. Of the total 13,331 OTUs obtained, 259 OTUs were shared by nine populations (Figure 2A). The proportions of shared OTUs in populations of W− group were lower than that of W+ group. Correspondingly, the populations in W− group had more specific OTUs than the populations in W+ group. In particular, the specific OTUs of C. solmsi in the W− group were almost 17 times higher than that in the W+ group (Figure 2B). A similar trend was also shown in the heat map of the top 20 classes in bacterial abundance, with more hot areas in the populations of W− group (Figure 2C).
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FIGURE 2. Venn diagram and heat map. (A) Venn diagram based on all nine population. (B) Venn diagram between Wolbachia infected and uninfected group of C. solmsi. (C) Heat map of the top 20 classes in bacterial abundance. Three populations in bold are free of Wolbachia (W–), while the other six populations are infected with Wolbachia (W+).


In total, 12,763 (95.74%) OTUs were annotated based on Silva132 database. Approximately 95.75, 72.86, 61.20, 51.38, 29.80, and 8.12% of the OTUs were annotated at the level of phylum, class, order, family, genus, and species, respectively. Overall, 79 different phyla were detected. At the phylum level, the composition of bacteria was similar in all Ceratosolen samples, with Proteobacteria being the predominant phylum for all the populations except for C. solmsi_2 (Figure 3A). The subsequent dominant phyla were Firmicutes and Bacteroidetes. In the case of C. solmsi_2, Deinococcus-Thermus was dominant and followed by Proteobacteria, Firmicutes, and Bacteroidetes. At the class level, the populations from the W+ group were dominated by Alphaproteobacteria, while the populations from the W− group except for C. solmsi_2 were dominated by Gammaproteobacteria (Figure 3B). At the genus level, the dominant genus identified was Wolbachia for the Wolbachia-infected populations (Supplementary Figure 3), at a prevalence of 20.3–96.4%. By contrast, the dominant genus in C. fuscipes, C. hewitti, or C. solmosi_2 was totally different. It was Acinetobacter, Citrobacter, or Thermus, respectively. Surprisingly, almost half of the sequences could not be identified at the level of genera in C. hewitti.
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FIGURE 3. Microbial community composition. Relative abundance of bacteria at the level of phylum (A) and class (B) in nine populations of fig wasp. Three populations in bold are free of Wolbachia (W–), while the other six populations are infected with Wolbachia (W+).


In our study, a total of nine unique OTUs were classified as Wolbachia. In detail, OTU1 (93.5%) and OTU8 (6.2%) had higher abundance and totally accounted for 99.7% of OTUs classified as Wolbachia in W+ group. In C. gravelyi_1, OTU1 and OTU8 accounted for 86.8 and 13.0% of OTUs classified as Wolbachia, respectively. Similarly, OTU1 and OTU8 accounted for 83.3 and 16.3% of OTUs classified as Wolbachia in C. gravelyi_2. As for the other four W+ populations, OTU1 accounted for more than 98.9% of the OTUs classified as Wolbachia.



Similarity of Bacterial Communities Within and Between Fig Pollinator Species

We calculated and compared alpha diversity indices of the fig wasp microbiota composition at the OTU level, and the variations of microbiota between and within various populations were shown in Table 1. Among all the populations, C. hewitti had the highest bacterial richness indices, while C. solmsi_1 had the lowest. C. solmsi_2 had the greatest variability.


TABLE 1. Alpha diversity indices and percentages of shared OTUs among populations.
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The NMDS analysis was performed on the bacterial compositions of nine populations of fig wasps. The global differences in microbial community compositions were clearly visualized in the NMDS plots based on Bray–Curtis and weighted UniFrac distance metrics (Figure 4). The individuals of the same population clustered together. ANOSIM revealed that each population harbored a unique bacterial community composition (P < 0.05, R > 0) (Supplementary Table 3). Consistently, MRPP analysis confirmed the significant differences in bacterial community composition among various populations (P < 0.05, A > 0) (Supplementary Table 3).
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FIGURE 4. Microbial community structure. NMDS ordinations of fig wasp microbiota based on Bray–Curtis (stress = 0.152) (A) and weighted Unifrac (stress = 0.127) dissimilarity matrices (B) on OTU level. Each dot represents a sample. Fig wasps from the same populations are colored uniformly. Three populations that are not infected with Wolbachia are labeled W–, while the other six populations are infected. Ellipses = 80% confidence intervals.


In addition, the distribution of Wolbachia-infected samples was relatively concentrated in NMDS analysis, which should be caused by the high abundance of Wolbachia (Figure 4). The populations from W+ group were concentrated, and close to each other (Figure 4). The populations from W− group were scattered, and the bacterial community structures were quite different from each other. On the whole, the W− group was deviated from the W+ group.



Effects of Wolbachia on the Microbial Communities

Spearman’s rank correlation analyses showed that the proportion of Wolbachia was significantly negatively correlated with the Shannon (r = − 0.72, P < 0.001) and Simpson (r = −0.94, P < 0.001) indices across all W+ samples (Figures 5A,B). For samples not infected with Wolbachia (W− group, the relative abundance of Wolbachia was close to zero), the effect of Wolbachia on the diversity of microbial communities was not counted. When the analysis was carried out by population, the populations that were not infected with Wolbachia tended to have a more diverse microbial community compared with the populations that were infected, and with the presence of Wolbachia and the increase in relative abundance, a significant negative correlation between the relative abundance of Wolbachia and diversity index was also observed at the population level (Figures 5C,D). We also examined whether there were significant differences in the diversity index of the microbiota between the Wolbachia-infected and uninfected samples. The Shannon and Simpson indices of group W+ and W−, C. solmsi_1, and C. solmsi_2 conformed to the normal distribution; the Simpson indices of group W+ and W− (P = 0.1858) and C. solmsi_1 and C. solmsi_2 (P = 0.0849) had equal variances, while the Shannon indices of group W+ and W− (P = 0.0007) and C. solmsi_1 and C. solmsi_2 (P = 0.0011) did not have equal variances. According to the t-test, there were significant differences between W+ and W− groups in Shannon (P = 0.016) and Simpson (P = 0.006) indices. However, there was no significant difference between C. solmsi_1 and C. solmsi_2 in Shannon (P = 0.75) and Simpson (P = 0.38) indices.
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FIGURE 5. Effects of Wolbachia on the microbial communities. Relationships between the proportions of Wolbachia and the Shannon indices (A) and Simpson indices (B) of microbial community in samples from group W+. Relationships between the proportions of Wolbachia and the Shannon indices (C) or Simpson indices (D) of microbial community in nine populations. R values and P-values of Spearman’s rank correlation are provided.




Phylosymbiosis Between Fig Pollinators or Fig Trees and Microbiota

To examine whether the Ceratosolen fig wasp phylogeny and their bacterial communities followed patterns of phylosymbiosis, we used both matrix comparisons and topological comparisons to quantify the signal of phylosymbiosis. Based on the genetic matrix of insect hosts and the beta diversity distance matrices, Mantel tests showed significant patterns of phylosymbiosis as measured by Bray–Curtis (r = 0.61, P = 0.008), weighted Unifrac (r = 0.73, P = 0.003), and unweighted Unifrac (r = 0.55, P = 0.005) distance metrics, while no significant pattern as measured by binary Jaccard (r = 0.42, P = 0.066) distance metric. Both the Robinson–Foulds and matching cluster metrics were used to detect phylosymbiosis between the microbiota dendrogram and their hosts’ phylogenetic tree. We observed significant phylosymbiosis signals with Bray–Curtis distances, although the microbiota dendrogram and their hosts’ phylogenetic tree were not completely congruent. More specifically, we found statistically significant congruence between fig wasp phylogeny and microbiota dendrograms using normalized Robinson–Foulds (nRF = 0.5, P = 0.006) and the matching cluster method (nMC = 0.23, P = 0.0002) (Figure 6A).
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FIGURE 6. Phylosymbiosis test between the phylogeny of pollinators (A) or fig trees (B) and microbiota dendrogram. The phylogeny of pollinators was based on CO1 and ITS2 sequences by ML method. The phylogeny of fig trees was based on ITS, ETS, and G3pdh genes by Bayesian method. For the convenience of comparison, the names of pollinators were used instead of the names of fig trees in the phylogenetic tree. Microbiota composition dendrogram was generated by the Bray–Curtis matrix. The nRF and nMC scores range from 0.0 (complete congruence) to 1.0 (complete incongruence). Solid lines connect species whose position is concordant between the phylogeny of pollinators or fig trees and microbiota dendrogram.


In order to determine whether the phylogeny of fig tree has an effect on the microbiota of fig pollinators, we examined whether there were phylosymbiotic signals between the fig trees and microbiota of fig pollinators based on both matrix comparisons and topological comparisons. Mantel tests showed no significant patterns of phylosymbiosis as measured by Bray–Curtis (r = 0.22, P = 0.15), weighted Unifrac (r = 0.19, P = 0.18), unweighted Unifrac (r = 0.14, P = 0.32), and binary Jaccard (r = 0.19, P = 0.26) distance metrics. Topological comparisons also showed that there were no significant phylosymbiotic signals between the fig pollinators’ microbiota and the fig trees (nRF = 0.67, P = 0.30; nMC = 0.58, P = 0.31), although four of the six species shared the same topological location (Figure 6B).




DISCUSSION

In this study, we use the fig pollinators of the genus Ceratosolen to explore the effects of the phylogenetic relationship of fig wasp hosts, the endosymbiont Wolbachia, and the unique symbiotic environment provided by fig fruit on the host bacterial communities. Our results show significant phylosymbiosis signals between fig pollinators and their microbiota, regardless of matrix comparisons or topological comparisons. In the analysis of phylosymbiosis, we detect statistically significant congruence between fig wasp phylogeny and microbiota dendrogram, either using the Robinson–Foulds (RF) metric or the modified matching cluster (MC) method which better accounts for sections of subtree congruence (Robinson and Foulds, 1981; Bogdanowicz and Giaro, 2013). These results indicate that the microbial communities of fig wasps in genus Ceratosolen are not formed randomly, but have a certain correlation with the host phylogeny.

Phylosymbiosis means the consistent relationship between hosts’ phylogeny and their microbial community structures. Due to that the fig pollinators spend most of their lives in the enclosed environment provided by fig fruits, and their food source is provided steadily by the ovaries of female flowers, they are much less likely to be disturbed by external environment than those living freely in open environment. Under this circumstance, the closely related fig pollinators species within the same genus are speculated to have similar microbial community structure. However, our study shows that the microbial community structures are distinguishable among the Ceratosolen species. The differences in microbial compositions can reflect the phylogeny of the hosts, suggesting that host phylogeny plays a non-negligible role in shaping host-associated microbial communities. From another perspective, the microbial community may play a promoting/delaying role in host speciation. Hosts are better adapted to their native microbiota than to foreign ones (Brooks et al., 2016; Parker et al., 2018). For instance, transplanting interspecific microbial communities in Peromyscus deer mice significantly decreased their ability to digest food, and Nasonia wasps that received transplants of microbial communities from different wasp species had lower survival rate than those given their own microbiota (Brooks et al., 2016). In Nasonia parasitoid wasps, the microbiome shifts in hybrids, as a rare Proteus bacteria become dominant, so the larval hybrids then catastrophically succumb to bacterium-assisted lethality and reproductive isolation between the species (Cross et al., 2021). All these data showed that host characteristics could regulate microbial communities, and changes in the microbial communities were involved in host hybridization lethality, which reflected a mutually restrictive coevolutionary relationship between the hosts and associated microbiota. Therefore, the phylosymbiosis signals found in the Ceratosolen fig pollinators, on the one hand, indicate that different species of fig wasps have formed their own stable microbial communities during the process of systematic differentiation, and on the other hand, they also imply that the microbial community may play an important role in the speciation of closely related fig pollinators.

Although these fig pollinators we used have a close relationship within the same genus, and the symbiotic environment and food sources provided by various fig fruits are similar, the particular symbiosis environment provided by fig fruits may have played an important role in shaping the different microbial communities of these closely related pollinators. The fig pollinators used in this study are associated to six different fig tree species. The fruits seem similar, but we cannot completely conclude that the fruits of different fig species provide the same source of nutrients for the fig pollinators living within them. Therefore, we cannot rule out the influence of diets on the bacterial community of these fig pollinators. There are few reports on bacterial communities associated with plant reproductive organs. Akduman et al. (2018) isolated and cultured bacteria of figs from Ficus mauritiana (La Re’union), Ficus racemosa (Vietnam), and Ficus sycomorus (South Africa), and isolated strains belonging to four bacterial phyla, Proteobacteria, Firmicutes, Bacteriodetes, and Actinobacteria. In our study, the bacterial communities of fig pollinators are mainly distributed in Proteobacteria, Firmicutes, and Bacteriodetes (Figure 3A), which is similar to the gut microbiota of other insects, such as Nasonia wasps, mosquitoes, and Drosophila flies (Brooks et al., 2016). Up to now, there are no studies that clearly explain the consistent relationship between figs and fig pollinators. However, there is a report that fungal communities in syconia and on pollinating wasps were similar (Martinson et al., 2012). Another study has shown that host phylogeny shapes the foliar endophytic fungal assemblages of Ficus (Liu et al., 2019). Fig pollinators only feed on fig fruits (Janzen, 1979) and carry the microbiota of their environment which is dictated by the evolution of the fig trees, but the fig trees do not show a phylosymbiotic pattern with the microbiota inside the pollinators (Figure 6B), thus do not fully dictate the evolution of the association wasp-microbiota. As have been shown in herbivorous rodents, although diet and geography had an impact on the structure of the natural microbiota, the effects of host phylogeny were stronger for both wild and captive animals (Weinstein et al., 2021), indicating that host genetic background is the most significant predictor of microbiota composition and stability than geography and diet in woodrats. At the same time, the enclosed living environment provided by fruits also naturally provides an opportunity for ecological space isolation for different fig pollinators to a large extent. In addition, sampling time or locations of different populations are diverse, which also provides an isolated environment in time or space. Therefore, the differences in nutritional conditions between populations and the temporal and spatial isolation may have played an important role in shaping the microbial community structures of these fig pollinators. The study of phylosymbiosis between fig pollinators and their associated microbiota would be more convincing when wasps are collected at the same site to avoid covariation, such as environmental (temperature, humidity, and so on), and under more strictly controlled conditions such as sex or nutritional variables that may introduce distortions in the analysis of the microbial community. However, the distinguishability of microbial communities caused by these factors should be a random separation pattern between populations, and the successful detection of phylosymbiosis signals indicates that the microbial community structures of fig pollinators may be mainly associated to the host phylogeny.

Our study provides the first thorough characterization of microbiota in fig wasps. Six of nine fig pollinator populations were infected with the intracellular symbiotic Wolbachia. Wolbachia as the dominant genera identified accounted for 61.96% of the whole bacterial community in the infected fig wasp populations, which was concordant with that Wolbachia was the dominant genus in Hymenoptera (Yun et al., 2014). Some Wolbachia-infected beetles and terrestrial isopods also showed high abundance of Wolbachia (Dittmer et al., 2014, 2016; Parker et al., 2020). The high abundance of Wolbachia in multiple hosts reminds us that endosymbionts are considerable factors shaping microbial diversity in the hosts. Despite Wolbachia have a widespread distribution in insects, little is known about how Wolbachia interacts directly with other bacteria within hosts. Our results suggest that Wolbachia can have a negative effect on the bacterial diversity of the fig pollinators. We find that the populations of W+ group have a relatively high proportion of core OTUs, which is consistent with that the relative abundance of Wolbachia is significantly negatively correlated with the diversity indices across all populations. These results indicate that infection with Wolbachia can lead to a decrease in the bacterial diversity of fig wasps. In natural Drosophila populations, it was also showed that the microbiota composition varied significantly with the relative abundance of Wolbachia (Fromont et al., 2019). Other similar results have been found in the small brown planthopper that Wolbachia infection, for instance, appears to play a greater role in shaping the microbial community structure than abiotic factors, resulting in a sharp decline in the diversity and abundance of host bacterial taxa (Duan et al., 2020). These studies suggest that Wolbachia does have an impact on the bacterial diversity of insect hosts and the underlying mechanism deserves investigation.

In this study, C. gravelyi, C. emarginatus, and C. solmsi are discovered to have cryptic species based on distinct mitochondrial derived DNA barcode CO1, nuclear DNA marker ITS2 sequences, and indistinguishable morphological characteristics. We here thus explore the underlying reasons from the perspective of collection locations and microbiota community. First, C. emarginatus_1 and C. emarginatus_2 were collected from Guangxi and Hainan provinces, respectively, and both collection sites are about 400 km apart and separated by the Qiongzhou Strait. C. solmsi_1 and C. solmsi_2 were collected from Guangdong and Hainan provinces, respectively, and both collection sites are about 500 km apart and separated by the Qiongzhou Strait as well. Therefore, geographical isolation may be related to the differentiation between both pairs of cryptic species. Second, in the composition of microbiota, C. solmsi_1 is infected with Wolbachia, while C. solmsi_2 is not, and NMDS analysis can distinguish the microbial communities of C. solmsi_1 and C. solmsi_2 well. As intracellular symbiotic bacteria that widely infect insect species and can perform reproductive manipulation on the hosts (Hertig and Wolbach, 1924; Hilgenboecker et al., 2008; Werren et al., 2008), Wolbachia has been predicted to be the internal driving force for reproductive isolation (Bordenstein et al., 2001), which may also be the putative reason for the differentiation of the cryptic species of the C. solmsi. Besides, in the species of C. gravelyi, although both populations of C. gravelyi_1 and C. gravelyi_2 were collected from the Xishuangbanna Tropical Botanical Garden (Yunnan Province, China), C. gravelyi_1 has more unique microbial strains in terms of the proportion of the core OTUs of the microbial community. As for bacterial abundance, C. gravelyi_1 and C. gravelyi_2 have significant difference (t-test, P < 0.05, the same below) only in the phylum of Bacteroidetes, while between C. emarginatus_1 and C. emarginatus_2, and between C. solmsi_1 and C. solmsi_2, there are significant differences in Proteobacteria and some other bacterial phyla. Among the core bacteria (Supplementary Table 4), we find significant differences in the abundance of the order of Pseudomonadales and the genus of Acinetobacter between each of the three pairs of cryptic species. Many bacteria belonging to Acinetobacter are nosocomial pathogens (Bergogne-Bérézin and Towner, 1996), but their physiological roles in insects are still unclear. Changes in the abundance of core microbiota may affect host fitness and thus contribute to their evolutionary divergence (Rosenberg et al., 2010). Therefore, besides the geographical isolation, the intracellular symbiotic Wolbachia or other microbial components may also play a role in the divergence of the cryptic species of the three fig pollinator species.

Interestingly, our high-throughput 16S rDNA microbial community profiles reveal that these fig pollinators may have been infected with a variety of intracellular symbiotic bacteria in their evolutionary history. In our survey of Wolbachia infection in the fig pollinators, the individual was considered to be uninfected if all three pairs of Wolbachia-specific primers failed to amplify Wolbachia-specific gene. In the final results, the OTUs classified as Wolbachia are also observed as a rare microbial community member in the W− populations, including C. fusciceps (2.9%), C. hewitti (3.6%), and C. solmsi_2 (0.2%). While in the six W+ populations, Wolbachia is detected at high abundance with relative abundance ranging from 20.3 to 96.4%. Due to that few OTUs belonging to Wolbachia were found in W− group, we speculate that these samples may contain footprints of historic Wolbachia infections that mostly have been lost, or these samples acquired a small amount of Wolbachia through horizontal transmission recently. In addition to Wolbachia, reads of some other intracellular symbiotic bacteria, such as Buchnera, Spiroplasma, Arsenophonus, Blattabacterium, Rickettsiella, Serratia, and Candidatus Fritschea, have also been detected in our samples, even though the relative sequence abundances of these bacteria are all lower than 0.01%. Excluding the possibility of contamination, these findings can provide evidences for the existence of multiple intracellular symbionts in the fig pollinators. Another very surprising finding is the phylum of Deinococcus-thermus, which has an abundance as high as 22.9 and 58.6% in C. solmsi_1 and C. solmsi_2, respectively, but the abundance in other populations is extremely low. Deinococcus-Thermus is considered as extremophiles bacteria (Griffiths and Gupta, 2007) and can be found in the gut of insects (Yun et al., 2014). It needs more work to explore why such a high proportion of Deinococcus-Thermus is present in the C. solmsi samples.



CONCLUSION

In this study, a phylosymbiosis signal was found between fig wasps of genus Ceratosolen and their microbial community, which help us to view the role of host phylogeny in shaping microbial community structure from a fundamental perspective. The presence of Wolbachia led to a decrease in host microbial diversity, and Wolbachia seemed to be the dominant species in the infected hosts. Our studies demonstrated that host phylogeny and the presence of endosymbiotic Wolbachia were the driving factors of bacterial community structure in Ceratosolen fig wasps. Collectively, the tripartite interactions of host, symbionts, and microbiota shape the dynamic stability of the holobiont ecosystem in fig wasps.
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Understanding how Mycobacterium tuberculosis has evolved into a professional pathogen is helpful in studying its pathogenesis and for designing vaccines. We investigated how the evolutionary adaptation of M. smegmatis mc251 to an important clinical stressor H2O2 allows bacteria to undergo coordinated genetic mutations, resulting in increased pathogenicity. Whole-genome sequencing identified a mutation site in the fur gene, which caused increased expression of katG. Using a Wayne dormancy model, mc251 showed a growth advantage over its parental strain mc2155 in recovering from dormancy under anaerobic conditions. Meanwhile, the high level of KatG in mc251 was accompanied by a low level of ATP, which meant that mc251 is at a low respiratory level. Additionally, the redox-related protein Rv1996 showed different phenotypes in different specific redox states in M. smegmatis mc2155 and mc251, M. bovis BCG, and M. tuberculosis mc27000. In conclusion, our study shows that the same gene presents different phenotypes under different physiological conditions. This may partly explain why M. smegmatis and M. tuberculosis have similar virulence factors and signaling transduction systems such as two-component systems and sigma factors, but due to the different redox states in the corresponding bacteria, M. smegmatis is a nonpathogen, while M. tuberculosis is a pathogen. As mc251 overcomes its shortcomings of rapid removal, it can potentially be developed as a vaccine vector.
Keywords: mycobacterial pathogenicity, KatG, Fur, H2O2 resistant, TB
INTRODUCTION
Tuberculosis (TB) is caused by the pathogen Mycobacterium tuberculosis and remains a public health threat, resulting in 1.4 million deaths in 2020 (WHO, 2021). The prevalence of multidrug-resistant M. tuberculosis and the rising cases of co-infection with HIV increase this health concern. The World Health Organization (WHO) has estimated that a quarter of the world’s population is infected with M. tuberculosis (WHO, 2021). This latent state may be extended as long as the life of the infected host, but unfortunately, the reactive rate is approximately 5–10% of infected individuals (Flynn and Chan, 2001). TB is treated with chemotherapy, and the latent state of mycobacteria prolongs the time of treatment, which is one of the causes for the development of mycobacterial resistance.
As one of the world’s most successful human pathogens, M. tuberculosis has evolved elegant strategies to escape the immune defensive system of the host. For example, D’Arcy et al. observed that M. tuberculosis-containing phagosomes do not fuse with the lysosome inside infected macrophages (Brown et al., 1969; Armstrong and Hart, 1971). Several studies have indicated that M. tuberculosis being an intracellular pathogen is partially due to its ability to survive and persist in macrophages, in hostile environments with oxidative stress, in low pH, and under starvation and other stresses (Cohen et al., 2018; Nauseef, 2019). When M. tuberculosis infects macrophages, mycobacteria must overcome exogenous reactive oxygen species (ROS), a classical innate defense mechanism against infection (Pieters, 2008). In addition, during latency, M. tuberculosis continues to be exposed to oxidative stress, and thus, the accumulation of mutations caused by oxidative DNA damage is predicted as a potential risk for resistance to antibiotics (Ford et al., 2011). Clinical investigation has shown that cells from TB patients produce less ROS than those of healthy individuals (Jaswal et al., 1992; Kumar et al., 1995). In addition, ROS can also be associated with the treatment of TB (Piccaro et al., 2014; Hu et al., 2021). To avoid ROS attack, an evolved detoxified system is essential for M. tuberculosis survival, persistence, and subsequent reactivation (Piccaro et al., 2014).
As a mycobacterial model of M. tuberculosis, M. smegmatis has contributed to understanding the functions of mycobacteria (Aldridge et al., 2012; Kieser et al., 2015; Gray et al., 2016). The essential genes in M. tuberculosis have a corresponding ortholog gene in M. smegmatis (Dragset et al., 2019; Judd et al., 2021). M. smegmatis mc2155 and M. tuberculosis H37Rv share 2547 mutually orthologous genes (Dragset et al., 2019). At least under certain conditions, M. tuberculosis and M. smegmatis have similar growth mechanisms. The assumed virulence factors identified in M. tuberculosis such as PhoPR and DosR/S/T (Gonzalo-Asensio et al., 2014; Mehra et al., 2015) are also present in M. smegmatis. However, compared to virulent M. tuberculosis, M. smegmatis is a nonpathogenic mycobacterium. M. tuberculosis can persist in the infected host, while the host can quickly remove M. smegmatis (Anes et al., 2003; Anes et al., 2006). Considering that M. tuberculosis with high resistance to hydrogen peroxide (H2O2) persists in the lungs, while M. smegmatis with lower resistance to H2O2 exists in the soil, we hypothesized that the redox state of M. tuberculosis and M. smegmatis may adapt to the corresponding redox environment. The differences between the two bacteria are due to their corresponding degree of resistance to H2O2. To test this hypothesis, we selected a series of H2O2-resistant mutant strains using a clinically important stressor H2O2 and identified the highly H2O2-resistant mycobacterial strain mc251 (Li et al., 2014b). Compared to the wild-type M. smegmatis mc2155 strain, the minimum inhibitory concentration (MIC) of H2O2 was more than 80-fold higher, while the MIC of mc251 to H2O2 was 3.125 mM, similar to that of M. bovis BCG (0.625 mM) (Li et al., 2014a) and M. tuberculosis (0.625 mM), while that of mc2155 was 0.039 mM (Li et al., 2014b). mc251 exhibited a slow growth rate similar to M. tuberculosis.
In this study, we first showed that H2O2-resistant mc251 had a growth advantage both in mice and macrophages compared with wild-type mc2155, which indicated that the higher resistance to H2O2 of mycobacteria is related to higher virulence. Similar to M. tuberculosis that can survive under hypoxia in the lungs and resuscitate under appropriate conditions, mc251 presented a growth advantage to recover from dormancy using the Wayne dormancy model. Furthermore, we showed that Fur mutant carrying the A28V point mutation dysregulated katG levels, which was the main cause for resistance to H2O2 and low levels of ATP. Additionally, the redox-related protein Rv1996, responsible for regulating gene expression, exhibited different phenotypes associated with isoniazid susceptibility in M. smegmatis mc2155 and mc251, M. bovis BCG, and M. tuberculosis mc27000. Thus, the same protein presents different phenotypes under different physiological conditions. Our results suggest that the difference in the corresponding redox status causes the difference in pathogenicity between M. tuberculosis and M. smegmatis.
RESULTS
The Mycobacterium tuberculosis-Like M. smegmatis Mutant Strain mc251 Displayed Improved Virulence
Previous studies showed that M. smegmatis with the gain of H2O2 resistance, named mc251, improves growth fitness in mycobacteria under stress (Table 1) (Li et al., 2014a; Li et al., 2014b). Prior to selecting H2O2-adapted mycobacterial mutants, we first measured the MIC of wild-type mc2155 to H2O2, which was 0.039 mM. We used 0.0293 mM H2O2 for the initial screening, which was lower than the MIC of mc2155 to H2O2 (Table 1). The whole process was performed as follows: cultures were started from glycerol-frozen stocks and grown to log phase (OD600 of 0.6–0.8). Then, the culture was diluted 1,000 times and grown under 0.0293 mM H2O2 until the OD600 reached logarithmic (log) phase. Cultures were then further diluted 1:1,000, and an additional 0.0293 mM of H2O2 was added to the culture. This process was repeated until the H2O2 concentrations reached 0.4395 mM. In further rounds of culture, H2O2 was added in steps of 0.0879 mM instead of 0.0293 mM until a concentration of 1.5 mM was reached (Supplementary Figure S1; Supplementary Table S1). The actual MIC of H2O2 of the mutant strain, named mc251, selected at 1.5 mM, was 3.125 mM. In a previous study, the mutated mycobacterial strain, mc251, evolved into an M. tuberculosis-like strain that presented slow growth and improved growth fitness under stress (Li et al., 2014b), which H2O2 resistance in mycobacteria linked to virulence. Previous studies including ours have associated isoniazid (INH) with H2O2 resistance (Timmins and Deretic, 2006; Hu et al., 2021). The MIC of isoniazid (INH) for mc251 was dramatically reduced to ∼1% of the MIC for mc2155 (Table 1). To test our hypothesis that the H2O2-resistant strain mc251 would be more persistent in the host than its parental strain mc2155, we performed non-invasive intranasal infections, which can induce respiratory mucosal immune responses and is a promising way of vaccination for respiratory infection diseases. As shown in Figure 1A, intranasal infection of C57BL/6 mice with ∼1 × 107/50 μl and bacterial colony-forming units (CFUs) were counted 1 day after infection. Compared to mc2155 with the percentage of survival in the infected lung of 0.03653 ± 0.01462% (n = 3), the mc251 strain with that of 0.7153 ± 0.2597% (n = 3) had a significantly higher survival percentage (p = 0.0451) (Figure 1B). After infection with live mycobacteria, the bacilli enter alveolar macrophages (AMΦs) and persist within them. To exclude the possibility that the higher CFUs were caused by the larger number of infected bacilli being captured by AMΦs, macrophage-killing assays were explored using the THP-1 cell line. The survival percentage of mutant mc251 is 0.3158 ± 0.1502 (n = 9), while the survival of wild-type mc2155 was 0.01921 ± 0.01223 (n = 6) (p = 0.0003) (Figure 1C). These results indicated that mc251 exhibited enhanced virulence.
TABLE 1 | List of bacteria in this study.
[image: Table 1][image: Figure 1]FIGURE 1 | M. smegmatis mc251 displayed improved virulence in mice and THP-1 cells. (A) The schematic diagram of the mice infection. C57BL/6 mice were intranasally infected as described in Materials and Methods with ∼1 × 107/50 μl of M. smegmatis mc2155 or mc251. At the 3rd day after infection, the whole lung homogenates were plated to determine bacterial numbers. (B) The H2O2-resistant mutant strain mc251 has a significantly higher bacterial load in the infected lung. The lung burdens 3 days after infection with mc2155 (black circles) or mc251 (black squares) were measured, and the survival percentage was calculated as described in Materials and Methods. Each group consisted of three mice. *p < 0.05. (C) The H2O2-resistant mutant strain mc251 has a survival advantage over wild-type mc2155 in the macrophage-like cell line THP-1. THP-1 cells were infected with mc2155 (black circles) or mc251 (black squares) at a multiplicity of infection of 1 h after infection, THP-1 cell lysates were collected, and the intracellular bacilli were measured, and the survival percentage was calculated as described in Materials and Methods. Each group consisted of nine repeats. ***p < 0.001.
Mutant fur Altered the Intracellular Redox State and Was Conductive to Latency and Resuscitation via Modulation of KatG Levels
M. tuberculosis has evolved to survive in hypoxic conditions. Over more than 100 years of research, M. tuberculosis has been confirmed to be an obligate aerobic bacterium that cannot replicate under hypoxic conditions. However, M. tuberculosis has incredible survivability in long-term anaerobic environments. Evidence suggests that M. tuberculosis has the ability to reduce the respiratory system to low levels and maintain vitality (Loebel et al., 1933). Due to respiratory depression, ATP is maintained at low levels, which guarantees minimal metabolic activity to ensure membrane integrity under hypoxic conditions. We first compared the survival of mc251 and mc2155 strains under hypoxic conditions. We established a Wayne dormancy model (Wayne and Hayes, 1996), consisting of mycobacterial strain cultures grown in the 7H9 medium to an OD600 of 1.0, which were then transferred to anaerobic tubes containing 1 × 106 cells/ml with a headspace ratio of the culture system of 0.5. Methylene blue (1.5 mg/L) was added as an indicator of oxygen status. The OD600 and CFUs at different indicated times and the color transition time were measured. The indicator of mc251 had become colorless on the 6th day (141 h); on the contrary, the indicator of mc2155 was still in blue at this time (Figure 2A). For mc2155, the indicator became colorless in about 8 days (189 h), indicating that it has entered an anaerobic state. The mc251 entered the anaerobic state faster in the later stages, and the number of viable bacteria in the anaerobic state was significantly higher than mc2155 (Figures 2B,C).
[image: Figure 2]FIGURE 2 | Survival in hypoxic environments and resuscitation of M. smegmatis mc2 155 and mc251. (A) The oxygen tension indicator methylene blue of mc251 culture (left) changes to colorless on day 6, while the indicator of mc2155 culture (right) stays blue in the Wayne dormancy model. The cultures were initially inoculated in anaerobic tubes at an OD600 of 0.01 with a headspace ratio of 0.5. The cultures were stirred at 120 rpm. Methylene blue (1.5 mg/L) was used as an oxygen tension indicator. Methylene blue changes from blue to colorless under reducing conditions. Data present results of three biological replicates. Growth rates of strains mc2155 (navy blue) and mc251 (brown) were measured by measuring the OD600 (B) and by determination of CFUs (C) after plating on 7H10. Data are presented as the mean ± standard deviation of three independent replicates. **p < 0.01. (D) The H2O2-resistant mutant strain mc251 shows a growth advantage of recovering from dormancy in an anaerobic state over mc2155. After the indicator methylene blue in the culture of the Wayne dormancy model became colorless, cultures of mc2155 (navy blue) or mc251 (brown) were collected and reinoculated into 7H9 combined with the heart infusion medium at an OD600 of 0.01 and aerobic shaken at 200 rpm. The CFUs were determined 20 h after inoculation. Data are presented as the mean ± standard deviation of three independent replicates. ****p < 0.0001.
For the activation experiment, bacteria cultured in the anaerobic conditions were collected and diluted to 1 × 106 cells/ml in 7H9 and the brain–heart infusion medium and were then grown under aerobic conditions. The three independent mc251 clones were set, and each clone set up three replicates, all of which were grown better than the three independent clones of mc2155 (Figure 2D). Thus, mc251 had the growth advantage of recovering from the dormancy of the anaerobic state over mc2155. We also measured the intracellular ATP levels of mc251 and mc2155. As expected, the abundance of ATP in mc251 (0.1885 ± 0.0481 μM/mg) was lower than that of mc2155 (0.8138 ± 0.1324 μM/mg) (Figure 3B).
[image: Figure 3]FIGURE 3 | ATP content in mc251 is similar to that in pMV261-katG/mc2155. (A) The detection of ATP content in mc2155, ΔkatG, and pMV261-katG/mc2155. The cultures of mc2155 (navy blue), pMV261-katG/mc2155 (brown), and ∆katG (olive drab) at an OD600 of 0.8 were collected. ATP levels were measured in relative light unit (RLU) using a Cytation 3 Cell Imaging Multi-Mode Reader. The corresponding ATP concentrations were calculated according to the ATP standard curve and further converted to μM/mg protein. Data are presented as the mean ± standard deviation of three independent replicates. ***p < 0.001. (B) The intracellular ATP content of mc251 and mc2155. The cultures of mc2155 (navy blue) or mc251 (brown) at an OD600 of 0.8 were collected. ATP levels were measured in relative light unit (RLU) using a Cytation 3 Cell Imaging Multi-Mode Reader. The corresponding ATP concentrations were calculated according to the ATP standard curve and further converted to μM/mg protein. Data are presented as the mean ± standard deviation of three independent replicates. **p < 0.01.
We previously performed whole-genome sequencing to compare differences in mc2155 and mc251 at the genome level. Whole-genome sequencing revealed that there were 29 single-nucleotide polymorphisms (SNPs) in mc251. All 29 SNPs were cloned, and each was transformed into mc2155 strains, and only the fur (msmeg_3460), located upstream of msmeg_3461, encoding KatG (Figure 4A), could restore the resistance phenotype of H2O2 (Li et al., 2014b). The fur-encoded protein Fur negatively regulated katG expression (Pym et al., 2001). The A28V Fur mutation (mFur) in mc251 may also affect the expression of katG. To verify this hypothesis, we examined the binding of mFur to the target DNA (the promoter region of the fur) using electrophoretic mobility shift assays (EMSAs). Compared to wild-type Fur protein, EMSA showed that mFur decreased DNA binding (Figure 4B), which resulted in the katG transcription dysregulation by mFur. In addition, the RNA of mc2155 and mc251 was extracted and quantified. The results showed that compared to the mc2155 strain, the expression of the catalase–peroxidase (KatG) encoding gene katG of the mc251 strain was significantly upregulated to ∼61.82-fold that of the wild-type strain. Taken together, mFur increases the KatG protein level in mc251. KatG is a dual enzyme for catalase and peroxidase, which hydrolyzes ROS (Ng et al., 2004). Thus, the mc251 may maintain ATP at lower levels through KatG, compared to mc2155 levels; that is, the abundance of KatG may affect the mycobacterial redox state and, thus, change the susceptibility to H2O2. We then constructed the ΔkatG (mc2155 with knockout katG) and pMV261-katG/mc2155 (mc2155 with overexpression of katG) strains, and their respective ATP content was tested. As shown in Figure 3A, the KatG level negatively correlated with the ATP level. Furthermore, we constructed the specific site mutant of the fur gene (mfur) in wild-type mc2155 causing an amino acid change of A28V of Fur (Figures 5A,B) by using recombination protein gp61 from Che9c mycobacteriophage (van Kessel et al., 2008), to construct mc2155-mfur (Table 1). As we expected, the Fur mutation at A28V induced high resistance to H2O2 with the MIC of H2O2 in mc2155-mfur being 0.64 mM. We showed that the point mutation of fur dysregulation of katG expression is a major factor leading to the phenotype H2O2 resistance.
[image: Figure 4]FIGURE 4 | A28V Fur mutant protein decreased DNA binding to the fur promoter. (A) Genetic organization of the fur-katG and the schematic diagram of Fur negative regulation of katG (upper panel). Genetic organization of the mfur-katG and the schematic diagram of mFur resulted in derepression of katG with increasing katG mRNA (bottom panel). The red line indicates the fur promoter DNA fragment. (B) Electrophoretic mobility shift assays (EMSAs) of the binding of Fur/mFur protein to the fur promoter DNA fragment. Purified MSMEG_2415 protein (2415), irrelated to Fur, expressed in E. coli, was run in the first lane of a 4–20% polyacrylamide gel. Gel shift caused by Fur (lane 2) and mFur (lane 3) is shown. The image shown is representative of at least three experiments.
[image: Figure 5]FIGURE 5 | Generation of a point mutation furA28V in fur on the chromosome in M. smegmatis. (A) Strategies for recombineering. The site-directed mutagenesis of fur was obtained using Phage Che9c gp61-mediated recombination. Plasmids pJV62-hygs express Che9c gene product gp61, to facilitate single-stranded DNA carrying the point mutation recombination. The clones carrying the mutated site were selected on 7H9 with HygR and KanR. (B) The sequencing result of a point mutation in fur. Sanger sequencing showed the nuclear acid point mutation site c/t, resulting in the protein switch from A to V at site 28th.
The Same Protein Performs Different Functions in Different Redox States
As a successful human pathogen, M. tuberculosis has unique respiration properties. M. tuberculosis excretes alkaline supernatants, which is in contrast to other strains that excrete acidic supernatants (Merrill, 1930). The difference between secreted compounds with different acid–base properties suggested that M. tuberculosis has a distinctive redox state. As shown in Table 2, the comparative genomic analysis shows that PhoPR and DosR/S/T, identified as virulence factors of M. tuberculosis, are present in M. smegmatis. The signaling transduction systems such as the two-component systems and the sigma factors of M. tuberculosis are homologous in M. smegmatis (Table 3). Different phenotypes might be due to different redox states. Thus, we considered that the same redox-regulated related protein might perform different functions in different redox states. To test this hypothesis, we examined the biological function of a universal stress protein Rv1996 that increases the expression of KatG, in various mycobacterial strains (Hu et al., 2015). Both previous studies and our studies have linked isoniazid action with redox states, and H2O2 resistance is negatively correlated with INH susceptibility in mycobacteria (Bhaskar et al., 2014; Hu et al., 2015; Vilcheze et al., 2017). We used INH as a chemical probe for monitoring mycobacterial redox states and measured the MICs of INH to the corresponding mycobacterial strains (Figure 6). As predicted, the MICs of INH differed across the tested mycobacterial strains: the MIC of INH in pMV261-rv1996/mc27000 was equal to that of pMV261/mc27000; the MIC of INH in pMV261-rv1996/BCG was lower than that in pMV261/BCG; the MIC of INH in pMV261-rv1996/mc251 was equal to that of pMV261/mc251; and in mc2155, the opposite results were observed with the MIC of INH in pMV261-rv1996/mc2155 being lower than that of INH in pMV261/mc2155 (Figure 6).
TABLE 2 | Conservation of M. tuberculosis H37Rv TCSS in M. smegmatis.
[image: Table 2]TABLE 3 | Sigma factor genes in mycobacteria.
[image: Table 3][image: Figure 6]FIGURE 6 | Comparison of isoniazid susceptibility in different mycobacterial strains harboring pMV261-rv1996 and the corresponding control strain harboring pMV261.The minimum inhibitory concentrations (MICs) of isoniazid were determined by inoculating each bacterial strain in 7H9 containing serially isoniazid (INH). The values of MIC were recorded. 261 present pMV261. Rv1996 present pMV261-rv1996. The image represents the results of three independent repeats.
DISCUSSION
Understanding how M. tuberculosis evolved into a professional pathogen is of benefit to the study of its pathogenesis and design of vaccines. The combination of experimental evolution and whole-genome sequencing provides a powerful method for identifying adaptive mutations and elucidating the specific genotype–phenotype relationship (Elena and Lenski, 2003; Lenski, 2017). Historically, the most successful example of continuous selective cultures is M. bovis BCG, the only anti-TB vaccine, which was attenuated after 13 years of continuous in vitro passages of M. bovis BCG. We previously used a similar adaptive evolution strategy to select H2O2-resistant M. smegmatis strains by using a clinically key stressor H2O2 (Li et al., 2014b). Preliminary results showed that the mc251 strain was highly resistant to H2O2 and had greater susceptibility to INH, compared to mc2155. The mc251 phenotype showed an M. tuberculosis-like M. smegmatis phenotype. Altogether, the mutant M. smegmatis mc251 exhibited higher virulence.
The whole-genome sequencing showed the presence of gene mutations in fur, and the mutant Fur resulted in katG levels (Figure 4B). In the Wayne dormancy model, mc251 shows a growth advantage of recovering from dormancy under anaerobic conditions over mc2155 (Figure 2B). In parallel, a high level of katG in mc251 is accompanied by lower ATP levels, which implied mc251 exhibited at a lower level of respiration (Figure 3B). Moreover, we showed that a redox-related protein Rv1996 exhibits a different phenotype under different specific redox states in M. smegmatis mc2155 and mc251, M. bovis BCG, and M. tuberculosis mc27000 (Figure 6). This study indicated that the same genotype presents different phenotypes under different physiological conditions. We at least partially explain why M. smegmatis and M. tuberculosis have similar virulent factors, including a two-component system and sigma factors (Tables 2, 3), but M. smegmatis is a nonpathogen and M. tuberculosis is a pathogen.
M. tuberculosis is a successful human pathogen. It is considered to be derived from the environment (Gutierrez et al., 2005; Wolfe et al., 2007) and has adapted to the immune environment of the human body through long-term evolution. Its successfully established infection is partially attributed to its survival capacity and persistence in macrophages (Podinovskaia et al., 2013). To defend against mycobacterial infection, the host produces ROS, as an important innate defense mechanism. Consequently, M. tuberculosis has evolved a hierarchy and unique antioxidant function and maintains a low level of respiration, manifested by slow growth and persistence in the host. In contrast, M. smegmatis is present in the soil, which is a totally different environment from the host (Zhang and Furman, 2021). In Table 2, we show that M. tuberculosis and M. smegmatis have similar genotypes; however, they show different phenotypes, in terms of INH susceptibility, H2O2 resistance, and virulence. We believe that this striking difference is due to H2O2 resistance. The selected resistance to H2O2 of mc251 shows improved virulence in both the macrophage-killing assay and in an animal model (Figure 1). In fact, several studies have shown that abiotic stress can improve the virulence phenotype of bacterial pathogens (Sundberg et al., 2014; Li et al., 2021). Our study also supports the sit-and-wait hypothesis (Wang et al., 2017), that is, bacterial environmental abiotic stress and virulence evolution. In addition, this study also suggests that we can use mc251 as a model strain, replacing mc2155, to study the regulation of redox homeostasis of M. tuberculosis.
We previously sequenced the whole genome of mc251 strain (Li et al., 2014a) and identified 29 SNPs, compared to mc251. Confirmed with our previous study (Li et al., 2014b), we found that only the fur gene can partially complement the resistant phenotype. This suggested that the fur mutation facilitated elevated H2O2 resistance, although it was not entirely responsible for the high resistance observed in mc251. We also mutated the fur in wild-type mc2155 by genome editing and produced a phenotype similar to mc251, which is highly resistant to H2O2 (Table 1). Large-scale whole-genome sequencing studies on the evolutionary history of tuberculosis also show that key tract mutations at the transcription site will have a critical impact on the particular phenotype (Gagneux, 2018). For example, the change of PhoP in BCG allows infection with bovine pathogenic bacteria capable of infecting humans (Gonzalo-Asensio et al., 2014; Broset et al., 2015). This study reminds us that when designing vaccines, greater attention should be paid to regulators, which may be more efficient targets. M. smegmatis is an effective vaccine for TB and HIV (Sweeney et al., 2011; Kim et al., 2017). The disadvantage of M. smegmatis as a vaccine vector is its transient infection and difficulty to establish a persistent infection and produce adaptive immunity. The M. tuberculosis-like mutant M. smegmatis mc251 may be developed as a vaccine vector.
By comparing the survival of mc2155 and mc251 in the Wayne dormancy animal model, we also found that low respiratory levels are beneficial for survival under anaerobic conditions and resurrection (Figure 2). In the future, we plan to use these strains to compare physiological indicators such as NADH/NAD+, NADPH/NADP+, and ATP, to further understand the mechanisms underlying M. tuberculosis resurrection. This study provides insight into H2O2-resistant mechanisms in mycobacteria and has important implications for linking mycobacteria redox capacity and persistence infection in mice.
MATERIALS AND METHODS
Strains and Growth Conditions
The H2O2-resistant Mycobacterium smegmatis strain mc251 was screened in the Mi lab (Li et al., 2014b). Mycobacterium tuberculosis ΔpanCD (named mc27000) (Sambandamurthy et al., 2002) was kindly gifted by J Deng. The M. smegmatis wild-type mc2155, mutant strain mc251, M. bovis BCG Pasteur, and M. tuberculosis mc27000 were cultured in Middlebrook 7H9 (Becton Diskinson Sparks, MD, United States) supplemented with ADS (10% albumin, dextrose, and saline), 0.05% Tween 80 (Sigma, St. Louis, MO, United States), and 0.5% glycerol (Beijing Modern Eastern Fine Chemical Co., Ltd., Beijing, China) for liquid culture and Middlebrook 7H10 (Becton Diskinson Sparks, MD, United States) supplemented with ADS for bacterial colony culture. The colony-forming units (CFUs) of mycobacterial strains were determined by plating serial dilutions of cultures on Middlebrook 7H10 agar plates and incubating at 37°C in an atmosphere of 5% CO2 for the indicated time. For mc27000 culture, panthothenate (24 mg/L) was added. When required, kanamycin (25 mg/L, Amresco, United States) and hygromycin (50 mg/L, Sigma, United States) were added. All bacterial strains used in this study are listed in Table 1.
Determination of MIC to Isoniazid and H2O2
The susceptibility of isoniazid (INH) or H2O2 of mycobacteria was evaluated using the modified broth microdilution method (Franzblau et al., 1998). In brief, INH or H2O2 was serial diluted using the 7H9 medium. The diluted fold was 1.25- or 2-fold, when required. Then, 40 μl of diluted INH or H2O2 was mixed with 40 μl of mycobacterial suspension with 1 × 107 cells/ml in each well of 96-well microtiter plates and then incubated at 37°C for the indicated days. As an indicator, 0.02% resazurin was added to individual samples, and the color switches from blue to pink were recorded after 4 h. All the experiments were performed in triplicate. The abundance of the cultures was measured using a microplate reader (FLUOstar OPTIMA, BMG Labtech). A difference of two serial dilutions or more indicated a significant difference in the INH or H2O2 susceptibility of bacterial strains.
Mice Infection
Female pathogen-free C57BL/6 mice (aged 6–8 weeks) were purchased from Vital River (Beijing, China). For the intranasal infection of M. smegmatis, mice were anesthetized by intraperitoneal injection of pentobarbital sodium (60 mg/kg), and ∼107 CFU/50 µl PBS of mc251 or mc2155 was introduced dropwise through the nostril of each mouse. The bacterial burden throughout the infection was monitored by collecting whole lung tissue at the indicated times after the mice were euthanized, and serial dilutions were then plated on 7H10 agar plates. The dose of infection was confirmed on day one after infection by plating whole lung homogenates from three mice on 7H10 agar. The percentage of survival was calculated as (CFUs after infection/CFUs before infection) × 100%.
Macrophage-Killing Assay
Human-derived cell line THP-1 (ATCC TIB-202) was cultured in RPMI medium with 10% fetal bovine serum (FBS, GIBCO, United States). THP-1 cells were activated with 100 ng/ml phorbo-12-myristate-13-acetate (PMA, Sigma, United States) overnight. Infection was carried out at a multiplicity of infection (MOI) of 10 for 1 h at 37°C and 5% CO2 atmosphere. The infected THP-1 cells were washed with RPMI 3 times and then chased for 1 h. The cells with intracellular bacilli were then washed and lysed in sterile cold PBST (PBS with 0.05% Tween 20). Lysates were then vortexed, diluted, and plated on 7H10 agar plates as previously described (Chan et al., 1992). The percentage of survival was calculated as (CFUs after infection/CFUs before infection) × 100%.
Wayne Dormancy Model and Dormancy Exit
Mycobacterial strains were cultured under hypoxic conditions as described by Wayne and Hayes (Wayne and Hayes, 1996). In brief, cultures were initiated at an OD600 of ∼0.01 (1 × 106) and incubated in anaerobic tubes with sealed caps. The headspace ratio of the cultures was 0.5. The cultures were stirred using an 8 mm Teflon stir bar (Fisher Scientific, United States) at 200 rpm. Methylene blue (1.5 mg/L) was used as an oxygen tension indicator. It changes in color from blue to colorless under low oxygen tension. The color transition time was recorded. All experiments were performed in triplicate. Growth was monitored by measuring the OD600 and by determination of CFUs after plating on 7H10.
The indicator methylene blue in the culture became colorless, indicating that the bacteria entered anaerobic conditions. Then, after collecting the bacteria in the anaerobic tube, they were washed with the culture medium or PBS three times and resuspended in a culture medium (7H9 and brain–heart infusion medium), the concentration was adjusted to the same amount of OD600 (OD600 of ∼1.0) and diluted for the CFU count, 1:100 or 1:50 into a fresh culture medium was shaken at 37°C, to monitor the status of the bacteria, and the OD600 was measured. Three independent mycobacterial strain clones were set, and each clone set up three replicates.
Measurement of Intracellular ATP
The ATP Assay Kit was purchased from Beyotime Biotechnology (Beijing, China). The intracellular ATP assay was performed following the protocol provided by the manufacturer. In brief, the sample measurements were prepared as follows: cultures of indicated mycobacteria were obtained to an OD600 of 0.8. Bacteria were collected by low-temperature centrifugation at the maximum speed, and the pellet was washed with precooled PBS buffer 3 times. A 300 μl volume of ATP detection lysate and 0.5 ml volume of glass beads were added for cell lysis. The lysate obtained was centrifuged at low temperature for 5 min, and the supernatant was placed on ice for later use. The preparation of the standard solution of gradient concentration ATP was performed as follows: the ATP standard solution was serially diluted into 7 concentrations of 10, 3.333, 1.111, 0.37, 0.1234, 0.04115, and 0.01371 μM and stored on ice for later use. The preparation of the working solution for the detection of ATP was performed as follows: an appropriate amount of ATP detection reagent was prepared according to the number of samples, and then, a 90% final volume of ATP detection reagent diluent was added. The prepared working fluid was placed on ice for further use. The determination of the ATP level was performed as follows: 1) the prepared ATP detection working solution was dispensed into 1.5 ml centrifuge tubes, 100 μl per tube, and was allowed to incubate at room temperature for 5 min to allow full reaction of the ATP in the centrifuge tube; 2) during the test, 20 μl of each sample (standard or total protein sample) was added to a 1.5 ml centrifuge tube containing 100 μl of ATP detection working solution and was mixed quickly with a pipette and incubated for 2 s to complete the reaction before using a Cytation 3 Cell Imaging Multi-Mode Reader to determine the relative light unit (RLU); 3) a standard curve was constructed to measure and determine the concentration of the sample by converting the RLU into an ATP concentration; and 4) in order to eliminate the error caused by the difference in the amount of protein during sample preparation, the BCA protein concentration determination kit produced by Beyotime Biotechnology (Beijing, China) was used to determine the protein concentration in the sample. The ATP concentration was converted to μM/mg protein.
Electrophoretic Mobility Shift Assay
The coding regions of fur and mfur were amplified from mc2155 and mc251 genomic DNA and cloned into the Escherichia coli expression vector pET23b (+) (Novagen, Madison, WI, United States) in-frame fused with a C-terminal His6-tag sequence to construct the plasmids pET23b-fur and pET23b-mfur. The final constructs were transformed into BL21 (DE3) for expression, and recombinant Fur/mFur proteins were purified using Ni-NTA agarose (Qiagen, California, United States). The proteins were induced by the addition of 1 mM IPTG at 16°C for 12 h. Protein purification was performed as described previously (Li et al., 2014c). The protocols of the recombinant protein purification are available on request. The recombinant protein MSMEG_2415 was purified as described previously (Li et al., 2014c) and used as a negative control for EMSA, while MSMEG_2415 is irrelated to Fur. The DNA fragment containing the promoter region of fur for gel shift experiments was amplified by PCR with specific primers (forward: 5′-CGT​TGG​AAA​ACA​ACC​ATT​GCA​AG-3′, reverse: 5′-CAT​CCG​CAG​TTG​GGC​TTC​GAA​C-3′). Binding reaction mixtures in 20 μl of binding buffer (20 mM Tris HCl pH 8.0, 1 mM dithiothreitol (DTT), 50 mM KCl, and 5 mM MgCl2) containing 0.15 pmol of the DNA fragment were incubated with purified Fur/mFur protein (0.5 nmol) for 30 min at 30°C. Reaction mixtures were loaded on a 4–20% polyacrylamide gel containing 0.5 × TBE. Gels were run at 70 V at 4°C for 3 h. The gel was stained with Good-view and photographed for the image.
Generation of the katG Knockout and KatG Overexpression Strains
The knockout katG strain was constructed using mycobacteriophage-based specialized transduction (Bardarov et al., 2002; Li et al., 2014c). The upstream and downstream sequences of katG were amplified from M. smegmatis genome DNA. The knockout vector was constructed using phAE159 (Hsu and Jacobs, unpublished data). The mycobacteriophage used for knockout was obtained using MaxPlax packaging extract (Epicentre Biotechnologies, Madison, WI, United States), and a katG knockout strain was obtained by phage transduction, named ∆katG. The KatG overexpression strain was constructed using pMV261 to yield pMV261-katG, and the constructed plasmid was electroporated into mc2155, yielding pMV261-katG/mc2155. The detailed information for construction of all the mycobacterial strains and primers for plasmid construction is available on request.
Generation of Fur Point Mutation on the Chromosome in M. smegmatis
The single-strand (ss) DNA oligonucleotides used for recombineering were ordered from Genewiz (Suzhou, China). The site-directed mutagenesis of fur was obtained using Phage Che9c gp61-mediated recombination (van Kessel et al., 2008). The detailed information on primers for construction of the fur mycobacterial strain (named mc2155-mfur) is available on request. The coding region containing fur point mutation in the genome (encoding mFur) was amplified and sequenced by Genewiz (Suzhou, China).
Generation of the rv1996 Overexpression Mycobacterial Strains
The rv1996 gene was amplified and constructed and cloned into pMV261 to yield pMV261-rv1996. The constructed pMV261-rv1996 plasmid was transformed into mycobacterial strains, M. smegmatis mc2155 and mc251, M. bovis BCG Pasteur, and M. tuberculosis mc27000, and the corresponding strains, named pMV261-rv1996/mc2155, pMV261-rv1996/mc251, pMV261-rv1996/BCG, and pMV261-rv1996/mc27000. The empty vector pMV261 was transformed into the corresponding mycobacterial strains, named pMV261/mc2155, pMV261/mc251, pMV261/BCG, and pMV261/mc27000.
Statistical Analysis
Each experiment was carried out at least twice with three–nine mice or samples per group. The CFUs and OD600 were analyzed using an unpaired t-test (Version 8.0 for Windows GraphPad Software). The ATP content was analyzed using ANOVA tests (Version 8.0 for Windows GraphPad Software). ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05.
Animal Ethics
This study was performed in strict accordance with the recommendations of the Ethics Committee established in the Guide for the Care and Use of Laboratory Animals of the Institute of Microbiology, Chinese Academy of Sciences (IMCAS). The protocol was approved by the Committee on the Ethics of Animal Experiments of the IMCAS. The mice were bred under specific pathogen-free conditions at the IMCAS laboratory animal facility. All animal experiments were conducted under isoflurane anesthesia, and all efforts were made to minimize suffering.
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Supplementary Figure S1 | Evolutionary selection of H2O2-resistant mutations in M. smegmatis Cultures were started from glycerol-frozen stocks and grown to log phase (OD600 of 0.6 - 0.8). Then the cultures were diluted 1:1000 into 5 ml of 7H9 media containing 10% ADS. Hydrogen peroxide (H2O2) was then added to a concentration of 0.0293 mM and cultures were grown until the OD600 reached log phase. Cultures were then further diluted 1:1000 and an additional 0.0293 mM of H2O2 was added to the culture. This process was repeated until the H2O2 concentration reached 0.4395 mM. In further rounds of culture, H2O2was added in steps of 0.0879 mM, instead of 0.0293 mM until an H2O2 concentration of 1.5 mM was reached. To ensure that the H2O2-resistant phenotype was caused by a chromosomal mutation, selected cultures were sub-cultured for 10 passages and then streaked on plates to obtain single colonies. The distinctive single colonies were then inoculated in liquid culture and actual MIC of H2O2 was determined.
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Hypervirulent Klebsiella pneumoniae (hvKP) is an evolving infectious pathogen associated with high mortality. The convergence of hypervirulence and multidrug resistance further challenges the clinical treatment options for K. pneumoniae infections. The QseBC two-component system (TCS) is a component of quorum-sensing regulatory cascade and functions as a global regulator of biofilm growth, bacterial motility, and virulence in Escherichia coli. However, the functional mechanisms of QseBC in hvKP have not been reported, and we aim to examine the role of QseBC in regulating virulence in hvKP strain ATCC43816. The CRISPR-Cas9 system was used to construct qseB, qseC, and qseBC knockout in ATCC43816. No significant alterations in the growth and antibiotic susceptibility were detected between wild-type and mutants. The deletion of qseC led to an increase of biofilm formation, resistance to serum killing, and high mortality in the G. mellonella model. RNAseq differential gene expression analysis exhibited that gene-associated biofilm formation (glgC, glgP, glgA, gcvA, bcsA, ydaM, paaF, ptsG), bacterial type VI secretion system (virB4, virB6, virB10, vgrG, hcp), and biosynthesis of siderophore (entC, entD, entE) were significantly upregulated in comparison with the wild-type control. In addition, qseB, ygiW (encode OB-family protein), and AraC family transcriptional regulator IT767_23090 genes showed highest expressions in the absence of QseC, which might be related to increased virulence. The study provided new insights into the functional importance of QseBC in regulating the virulence of hvKP.
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INTRODUCTION

Hypervirulent Klebsiella pneumoniae (hvKP) is a gram-negative opportunistic pathogen that has become a worldwide concern due to increasing cases of life-threatening infections in healthy individuals (Harada et al., 2019; Russo and Marr, 2019; Zafar et al., 2019). HvKP is such an invasive strain in part because of its virulence factors that protect it from immunological responses to survive. These virulence factors include capsule, siderophore, fimbriae, biofilm, but the mechanisms of hypervirulence are not fully defined (Choby et al., 2020; Zhu et al., 2021).

Two-component systems (TCS) are dominant bacterial signal-transduction systems (Groisman, 2016). Quorum sensing is a ubiquitous chemical communication process that bacteria use to response to environmental cues (Abisado et al., 2018). The QseBC two-component system is associated with quorum sensing and functions as a regulator of virulence in a wide range of species (Weigel and Demuth, 2016). QseC, a membrane-bound sensor kinase, senses signals (epinephrine/norepinephrine/autoinducer-3) and phosphorylates the response regulator QseB to control the virulence of enterohemorrhagic Escherichia coli (EHEC) (Sperandio et al., 2002; Clarke et al., 2006). Activation of QseBC results in enhanced motility and upregulation of flagellar genes in Salmonella Typhimurium (Bearson and Bearson, 2008). The qseC mutant is attenuated for virulence in rabbits (EHEC) and piglets (S. Typhimurium) (Merighi et al., 2009). Likewise, this function of QseBC had been reported in rare species, such as Edwardsiella tarda, Aggregatibacter actinomycetemcomitans, Aeromonas hydrophila. Disruption of qseB and qseC exhibited impaired flagellar motilities as well as in vivo competitive abilities of Edwardsiella tarda (Wang et al., 2011). In the oral pathogen Aggregatibacter actinomycetemcomitans, activation of QseBC by autoinducer-2 (AI-2) resulted in increased biofilm growth (Novak et al., 2010). Moreover, Khajanchi et al. (2012) found that the decrease in virulence of Aeromonas hydrophilaΔqseB were associated with reduced production of protease and cytotoxic enterotoxin. However, the regulon and function of QseBC in hvKP is currently unknown. In order to explore the role of QseBC in, qseB and qseC single and double knock-out mutants of the hvKP strain ATCC43816 were constructed and studied.



MATERIALS AND METHODS


Bacterial Strains, Plasmids, Primers and Growth Conditions

Strains, plasmids and primers used in this study are listed in Supplementary Table 1. The ST439 K2 hypervirulent K. pneumoniae ATCC43816 was obtained from the American Type Culture Collection (ATCC). E. coli DH5α and K. pneumoniae strains were grown aerobically in lysogeny broth (LB) medium (1% tryptone, 0.5% yeast, 1%NaCl). Strains with temperature-sensitive plasmid pCasKP and L-arabinose-inducible expression plasmid pBAD24 were grown at 30°C and in the presence of 0.2% arabinose, respectively. Selective antibiotics were added at the following concentrations: rifampicin 100 μg/ml, apramycin 30 μg/ml, and ampicillin 100 μg/ml.



Construction of the qseB, qseC, qseBC Mutants

The hvKP ATCC43816 qseB, qseC, and qseBC mutants were constructed using the CRISPR/Cas9 mediated genome-editing system (Wang et al., 2018). The plasmid pCasKP was electroporated into ATCC43816, followed by selection on agar containing 30 μg/ml apramycin and PCR confirmation. The 20-nt base-pairing region (N20) of an sgRNA was designed through the online web server.1 Primers HindIII-QseB/QseC-N20-For and XbaI-gRNA-Rev were used to amplify the sgRNA fragment from plasmid pSGKP-Rif. The PCR product was subsequently ligated into HindIII and XbaI digested pSGKP-Rif to construct the final pSGKP-Rif with targeted sgRNA (pSGKP-QseB/QseC-N20). We utilized the linear homologous DNA fragment as the repair templates. The linear double-stranded DNA (dsDNA) and the pSGKP-QseB/QseC-N20 plasmid were co-transformed into the L-arabinose-induced pCasKP-positive ATCC43816 to generate the qseB, qseC, and qseBC deletions. The cultures were plated on LB agar plates containing 30 μg/ml apramycin and 100 μg/ml rifampicin, and the mutants were confirmed in selected colonies by both PCR and sequencing.



Complementation of the qseC Mutant

The qseC gene was amplified from the chromosomal DNA of ATCC43816 using primers QseC-C-For and QseC-C-Rev. The PCR products were then assembled into the multiple cloning site (MCS) of vector pBAD24 using the ClonExpress ® Ultra One Step Cloning Kit (Vazyme Biotech Co., Ltd., China). The recombinant plasmid pBAD24-qseC was transformed into E. coli DH5α, and then primers pBAD24-For and pBAD24-Rev were used to confirm positive colonies on LB agar with 100 μg/ml ampicillin. The qseC mutant was transformed with the pBAD24-qseC plasmid and named as ΔqseC-pCqseC. ATCC43816 and ΔqseC carrying the empty vector pBAD24 were used as control.



Bacterial Growth Curves

Growth curves of ATCC43816, ΔqseB, ΔqseC, ΔqseBC, ATCC43816-pBAD24, ΔqseC-pBAD24, and ΔqseC-pCqseC were determined by subculturing in LB medium and growth. Briefly, overnight cultures of ATCC43816 and mutants were diluted 1:100 in 20 ml of fresh LB broth and grown at 37°C with shaking at 250 rpm. The cell density was detected per hour by OD600 measurements. The experiment was conducted with three independent cultures.



Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was performed using a BD Phoenix™ 100 Automated Microbiology System. Results were interpreted according to the Clinical and Laboratory Standards Institute (CLSI M100, 30th edition) breakpoints.



Biofilm Formation Assay

Biofilm formation was estimated by crystal violet (CV) assay as previously described (Khajanchi et al., 2012; Fu et al., 2018). ATCC43816, ΔqseB, ΔqseC, ΔqseBC, ATCC43816-pBAD24, ΔqseC-pBAD24, and ΔqseC-pCqseC were grown overnight in LB broth and then sub-cultured 1:100 into fresh LB, and grown for 6 h; 20 μl of culture was transferred to a 96-cell polystyrene microtiter plate containing 180 μl brain heart infusion (BHI). Afterward, the plate was incubated at 37°C for 36 h. The medium was then decanted and planktonic cells were washed off gently with sterile water. Adhered biofilms were stained for 30 min at room temperature with 250 μl 1% CV (Beyotime, China), and the purple area was dissolved with 33% glacial acetic acid. Finally, biofilm quantification was measured by using microtiter plate reader (TECAN Infinite M200 Pro NanoQuant) at a wavelength of 595 nm. Absorbance data were obtained from three replicate experiments. In addition, we performed the above procedure by using plastic centrifuge tubes to visualize results of biofilm formation.



Serum Killing Assay

Overnight cultures of ATCC43816, ΔqseB, ΔqseC, ΔqseBC, ATCC43816-pBAD24, ΔqseC-pBAD24, and ΔqseC-pCqseC grown in LB were sub-cultured 1:100 and grown to late exponential phase; 250 μl bacteria (105CFU/ml) were incubated with 750 μl serum for 2 h. Samples were serially diluted and plated onto LB agar, and counted colonies were incubated overnight.


Galleria mellonella Killing Assay

G. mellonella larvae were purchased from Tianjin Huiyude Biotech Company, Tianjin, China. Each group included 40 larvae, and bacterial inoculum (105CFU/larva) was administered as 10 μl injection into the left proleg. Saline inoculated larvae were included as negative control. Larvae were incubated at 37°C, in the dark, and scored every 24 h for survival or death (no response to stimulation recorded as dead). The killing assays were performed in triplicate using three different batches of G. mellonella larvae.




RNA Sequencing and Differential Expression Analysis

The RNA-sequencing was performed by Shanghai Majorbio Bio-pharm Technology Co., Ltd. Total RNA was extracted from the late-exponentially growing ATCC43816, ΔqseB, ΔqseC, and ΔqseBC using TRIzol ® Reagent (Invitrogen) followed by genomic DNA removal using DNase (Takara). RNAseq libraries were prepared according TruSeq™ RNA sample preparation Kit from Illumina (San Diego, CA, United States). The ribosomal RNA (rRNA) was removed using Ribo-Zero Magnetic Kit (epicenter). Paired-end RNA sequencing was performed with the Illumina HiSeq × TEN (2 × 150 bp read length).

The data were analyzed with the free online platform of Majorbio Cloud Platform.2 Raw sequencing reads were trimmed and filtered for high quality reads before being mapped to ATCC43816 genomes (Accession: PRJNA675363) using Bowtie2.3 RSEM4 was used to quantify expression levels of genes and transcripts. Differentially expressed genes (DEGs) were identified using DESeq2 packages5. The differential expression was considered as statistically significant if p < 0.05 and |log2(fold change)| > 2. KEGG and GO enrichment was conducted using KOBAS 2.06 and Goatools.7



Total RNA Isolation, cDNA Generation and Real-Time PCR Processing

Overnight culture of ATCC43816, ΔqseB, ΔqseC, ΔqseBC, ATCC43816-pBAD24, ΔqseC-pBAD24, and ΔqseC-pCqseC were diluted 1:100 in LB media and grown for 6 h to late exponential phase. Cells were collected and treated with Trizol (Sigma) to extract total RNA, followed by DNase treatment as above. The transcript levels of genes were tested by quantitative reverse-transcription PCR (qRT-PCR). HiScript III RT SuperMix kit and Taq Pro Universal SYBR qPCR Master Mix kit (Vazyme Biotech Co., Ltd., China) was used according to the manufacturer’s instructions. Differences in gene expression were normalized with the expression of 16S rRNA and calculated by the 2–ΔΔCt method. All of the qRT-PCR assays were repeated at least three times.



Statistical Analyses

The Student t-test was used to detect the differences between groups in the experiments. Survival curves were assessed by log-rank rest. p < 0.05 was considered statistically significant.



Data Availability

The raw sequencing files in this study are available at the NCBI Sequence Read Archive (SRA) under BioProject PRJNA784457.




RESULTS


Deletion of qseB, qseC, and qseBC Did Not Affect the Growth and Antimicrobial Susceptibility

To investigate the roles of QseBC in hvKP, ΔqseB, ΔqseC, and ΔqseBC were constructed by CRISPR/Cas9-mediated genome editing. The correct mutants were confirmed by PCR and Sanger sequencing. The colony morphologies of the three mutants on LB agar plates were similar to that of the wild-type. The growth curves of three mutants in LB broth over a period of 24 h were also similar to that of the wild-type strain (Figure 1). Antimicrobial susceptibility testing showed that ATCC43816, ΔqseB, ΔqseC, and ΔqseBC were susceptible to all tested antibacterial drugs. There was no significant difference of the minimum inhibitory concentration (MIC) values in ATCC43816, ΔqseB, ΔqseC, and ΔqseBC against 18 antibiotics examined (Supplementary Table 2). These results indicated that deletion of qseB, qseC, and qseBC did not affect growth and antimicrobial susceptibility of hvKP ATCC43816.
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FIGURE 1. (A) The growth rates of ATCC43816, ΔqseB, ΔqseC and ΔqseBC were similar by measuring the optical density (OD600) at per hour over a period of 24 h. (B) Growth curves of ATCC43816-pBAD24, ΔqseC-pBAD24 and the complement strain ΔqseC-pCqseC.




Deletion of qseC Increased Biofilm Formation

That QseBC regulated biofilm formation had been reported in E. coli (Sharma and Casey, 2014; Gou et al., 2019). Here, the CV staining assay was applied to examine whether QseBC affected biofilm formation in hvKP ATCC43816. As shown in Figure 2, ΔqseC formed a significantly increased, solid-surface-associated biofilm in the polystyrene plate, with about a twofold increase in the CV staining when compared with the biofilm formed by ATCC43816. Compensation of qseC partially decreased the biofilm formation (Figures 3B,C). Since growth was not altered after qseC-deletion (Figure 1), the biofilm changes were not a result of growth differences. However, ΔqseB and ΔqseBC produced a similar level of biofilms to that from the wild-type strain. These data suggested to us that QseC negatively controlled biofilm formation in hvKP ATCC43816.


[image: image]

FIGURE 2. (A) Detection of biofilm formed by ATCC43816, ΔqseB, ΔqseC and ΔqseBC. Image of biofilm stained with 1% CV and adhered on plastic centrifuge tubes. (B) Biofilm were stained with 1% CV and washed with sterile water. The extracted color was dissolved with 33% glacial acetic acid and measured at OD595. Asterisks (****) represent statistically significant differences in biofilm formation between ATCC43816 and its qseCmutant (P < 0.0001, t test). (C) Image of biofilm formed by ATCC43816-pBAD24, ΔqseC-pBAD24 and the complement strain ΔqseC-pCqseC. Biofilm were stained with 1% CV, washed with sterile water and then dissolved with 33% glacial acetic acid. (D) The extracted color was measured at OD595 to show biofilm production. Asterisks (****) represent statistically significant differences in biofilm formation between ATCC43816-pBAD24 and ΔqseC-pBAD24/ΔqseC-pCqseC (P < 0.0001, t test). The biofilm formation of ΔqseC-pCqseC was significantly lower compared with that of ΔqseC-pBAD24 (P = 0.0366, t test).
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FIGURE 3. (A) Effect of human serum on ATCC43816, ΔqseB, ΔqseC and ΔqseBC. The bacteria were mixed with serum from healthy human volunteers for 2 hours. ΔqseC had significantly higher resistance when compared to control ATCC43816 (P = 0.0438, two tailed unpaired t test). (B) Effect of human serum on ATCC43816-pBAD24, ΔqseC-pBAD24 and the complement strain ΔqseC-pCqseC. ΔqseC-pBAD24 had significantly higher resistance when compared to control ATCC43816-pBAD24 (P = 0.0327, two tailed unpaired t test).




Deletion of qseC Increased Serum Resistance of ATCC43816

Serum killing assay was used to study serum resistance in the wild-type and mutants in vitro. Viable counts of both wild-type strain and mutants were > 100% throughout the time period, suggesting that they all had a high level of defense against serum bactericidal activity (Figure 3A). A significant difference was identified between ATCC43816 and ΔqseC. After 2 h of incubation, the mean survival count of ΔqseC showed 3.02 × 105 CFU/ml and exhibited ∼3 times higher than that of ATCC43816 and complemented strain ΔqseC-pCqseC (Figure 3B), while serum-resistant levels of ΔqseB and ΔqseBC had no significant difference with that of ATCC43816 in serum killing assay.



Deletion of qseC Increased in vivo Virulence of ATCC43816

The Galleria mellonella infection model has been suggested to be a valid method for evaluating K. pneumoniae pathogenicity (Insua et al., 2013). To examine the influence of QseBC on in vivo virulence of hvKP ATCC43816, the G. mellonella killing assay was then performed. The qseB and qseBC mutants remained as viable as ATCC43816 in experimentally infected G. mellonella. After 72 h of infection, the survival rate of ΔqseC was about less than 20%. By contrast, the survival rate of ATCC43816, qseB, and qseBC mutants was about 40%, which was significantly higher than that of the ΔqseC (Figure 4A). As shown in Figure 4B, the survival rate was significantly increased in ΔqseC-pCqseC relative to ΔqseC. These data demonstrated that ΔqseC had relatively higher in vivo virulence in comparison to the wild-type strain.
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FIGURE 4. (A) Larvae survival of ATCC43816, ΔqseB, ΔqseC and ΔqseBC. Galleria mellonella were injected with 105 CFU wild-type and mutants (40 larvae per group). The survival of G. mellonella infected with ΔqseC was significantly lower compared with that of the wild-type group (P = 0.0012, Log-rank test). (B) Larvae survival of ATCC43816-pBAD24, ΔqseC-pBAD24 and the complement strain ΔqseC-pCqseC. The survival of G. mellonella infected with ΔqseC-pCqseC was significantly higher than that of ΔqseC-pBAD24 (P = 0.0040, Log-rank test).




Profiling Gene Expression of ΔqseB, ΔqseC, and ΔqseBC

To explore possible transcriptomic contributions of QseBC to virulence in hvKP ATCC43816, we examined the gene expression profiles of the late-exponentially growing ATCC43816, ΔqseB, ΔqseC, and ΔqseBC. We identified differentially expressed genes (DEGs) by comparing the RNA-sequencing data with the control strain ATCC43816. DEGs were identified by adjusted p < 0.05 and |log2(fold change)| > 2. Compared to the wild-type strain, the number of DEGs in ΔqseB, ΔqseC, and ΔqseBC groups was 58 (49 upregulated and 9 downregulated genes), 216 (186 upregulated and 30 downregulated genes), and 193 (171 upregulated and 22 downregulated genes), respectively (Supplementary Tables 3–5). In our analysis, we detected 12 DEGs that were shared by ΔqseB and ΔqseC, 13 DEGs shared by ΔqseB and ΔqseBC, 54 DEGs shared by ΔqseC and ΔqseBC, and 21 DEGs shared by all three mutants (Figure 5A). Notably, among the 129 DEGs unique to ΔqseC, IT767_23090 (AraC family transcriptional regulator family) and ygiW showed the highest expression levels (up to 300-fold increase). Compared with ATCC43816, ΔqseC apparently had a significantly high-expression of the qseB gene. The gene expressions of selected genes were confirmed by qRT-PCR and the qRT-PCR showed similar results as the RNA-seq analysis (Figures 6, 7A). The transcript levels of qseB, ygiW, and araC were restored in ΔqseC-pCqseC (Figure 7B).
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FIGURE 5. Analysis of total RNA sequencing. (A) The Venn diagram shows the overlapped DEGs numbers across ΔqseB, ΔqseC and ΔqseBC. (B) Significantly enriched GO terms of DGEs in the qseCmutant. (C) Significantly enriched KEGG pathways of DEGs in the qseCmutant.
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FIGURE 6. Expression of genes qseB, qseC in ATCC43816, ΔqseB, ΔqseC and ΔqseBC. Cultures of the wild-type and mutants were grown in LB medium to late-exponential phase, and expressions of genes qseC, qseB were measured by qRT-PCR and normalized to the expression in the wild-type strain. Data were mean ± standard deviation of three replicates. Significant expression differences between the wild-type andmutants were determined using two-way ANOVA, ****P < 0.0001.
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FIGURE 7. (A) Expression of genes qseB, ygiW, IT767_23090 in ATCC43816 and ΔqseC. Cultures of ATCC43816 and ΔqseC were grown in LB medium to late-exponential phase, and expressions of genes qseB, ygiW, IT767_23090 were measured by qRT-PCR and normalized to the expression in the wild-type strain. Data were mean ± standard deviation of three replicates. Significant expression differences between the wild-type and qseCmutant were determined using t test. ****P < 0.0001. (B) Expression of genes qseB, ygiW, IT767_23090 in ATCC43816-pBAD24, ΔqseC-pBAD24 and the complement strain ΔqseC-pCqseC. Data were mean ± standard deviation of three replicates. Significant expression differences between the wild-type and qseCmutant were determined using t test. *P < 0.05, ***P < 0.001, ****P < 0.0001.


The 216 DEGs of ΔqseC group were performed by Gene Ontology (GO) enrichment analysis. Twenty significantly enriched GO terms from three categories (biological process, cellular component, and molecular function) were shown in Figure 5B. Most DEGs were enriched in two GO terms of cellular component, integral component of membrane and plasma membrane. In addition, DGEs were also subject to KEGG pathway enrichment analysis. Cellular community, signal transduction, membrane transport, energy metabolism, carbohydrate metabolism, and amino acid metabolism were significantly enriched in KEGG pathways (Figure 5C). Among the cellular community pathway, genes associated biofilm formation (glgC, glgP, glgA, gcvA, bcsA, ydaM, paaF, ptsG) in ΔqseC were significantly up-regulated as comparison with the control, which is consistent with the increased biofilm production described above. Moreover, several up-regulated DEGs in pathway involved in virulence, including the bacterial secretion system (virB4, virB6, virB10, vgrG, hcp) and biosynthesis of the siderophore group (entC, entD, entE), were identified. The upregulation of these genes may be associated with the increased virulence observed in the in vivo and in vitro models, which deserve further studies.




DISCUSSION

In this study, we investigated the effect of QseBC on the pathogenic bacteria virulence and biofilm formation in hvKp strain ATCC43816. The results showed that qseC-deletion increased serum resistance in the serum killing assay, but ΔqseB and ΔqseBC showed no significant difference compared with the wild-type strain. The results suggested that ΔqseC could increase serum resistance and possibly enhances the virulence of hvKP. In order to further test this hypothesis, we conducted the in vivo G. mellonella killing assay. The results showed that there was a significantly higher virulence of the qseC mutant strain when compared to the control ATCC43816. The results of biofilm formation testing also showed that there was a significantly increased biofilm production in ΔqseC, while the levels of biofilm production in ΔqseB and ΔqseBC mutants were similar to those from the wild-type strain. These data suggested that the QseC negatively controlled biofilm formation in hvKP ATCC43816, and ΔqseC, but not ΔqseB and ΔqseBC, had higher serum resistance and in vivo virulence in the G. mellonella model. Several previous studies have demonstrated that QseC has a regulatory function on the motility, biofilm formation, and virulence in some other pathogens. For example, Yang et al. (2014) found that motility was diminished and biofilm formation was decreased in an E. coli qseC mutant. However, our study found that QseC is negatively correlated with the virulence in ATCC43816. Our result appears to be contradicted with the results for E. coli, and an explanation is the TCS QseBC system may behave differently among different species.

In order to further explore the mechanism how QseC negatively regulate the virulence, transcriptional profiling was implemented. The RNA-seq results suggested that in ΔqseC, the gene associated with biofilm formation (glgC, glgP, glgA, gcvA, bcsA, ydaM, paaF, ptsG), bacterial type VI secretion system (virB4, virB6, virB10, vgrG, hcp), and biosynthesis of siderophore (entC, entD, entE) were significantly up-regulated in comparison to the control. It is worth noting that deletion of qseC resulted in the highest overexpression of ygiW and qseB. In the oral pathogen Aggregatibacter actinomycetemcomitans, the qseBC genes are co-expressed with ygiW, and the transcription of ygiW-qseBC operon is directed by the promoter in upstream region of ygiW that contains QseB binding sites (Juárez-Rodríguez et al., 2013, 2014). However, analysis of the ATCC43816 genome (accession no. CP009208) showed that ygiW was transcribed from the opposite strand as qseBC (Weigel and Demuth, 2016), which also suggested that the gene expression regulation for qseBC may be different in A. actinomycetemcomitans and K. pneumoniae. In the absence of the sensor protein QseC, QseB regulator cannot receive the signal of automatic phosphorylation. Therefore, the expression of qseB is supposed to be downregulated due to the lack of autophosphorylation signals from QseC. However, in our study, the expression of qseB was significantly upregulated by approximately four times, indicating that QseB could accept autophosphorylation signals from other sources. For example, Guckes et al. (2013) reported that in uropathogenic E. coli, polymyxin resistance (Pmr) sensor kinase PmrB could active QseB in the absence of QseC. Interestingly, ΔqseB and ΔqseBC have similar levels of biofilm formation, serum resistance, and G. mellonella killing effects to those from the wild-type strain. We therefore hypothesized that in the presence of both QseB and QseC, QseC works as sensor and receives signal, and transfers the phosphate groups to the intracellular response regulator QseB. The phosphorylated QseB directly regulates the expression of iron carrier-related genes, and other virulence-related genes, leading to the changes of bacterial virulence and biofilm formation. In the absence of QseC, QseB could compensatorily receive phosphate groups from other sensor kinase, while the compensatory pathway may be inhibited in the normal condition. When qseB was knocked out (both in ΔqseB and ΔqseBC), the qseB regulatory pathway was interrupted, and ΔqseB and ΔqseBC behaved similarly in the in vivo and in vitro models.

We also analyzed the differential gene expressions between ΔqseB, ΔqseC, ΔqseBC. IT767_23090, belonging to AraC family transcriptional regulator family, was upregulated by 305-fold. In Bacillus subtilis, the AraC family transcriptional regulatory protein PrkC is used to phosphorylate proteins in the metabolic pathway (Libby et al., 2015). In Vibrio cholerae, AraC family transcribed regulated protein ToxT promotes virulence by activating cholera toxin and coordinately regulating the expression of fimbriae (Thomson et al., 2015). The AraC family transcribed regulatory protein RarA leads to multiple drug resistance by regulating the expression of active efflux aggregation in K. pneumoniae (Jiménez-Castellanos et al., 2016). The study by Chen et al. (2015) showed that the AraC family transcription regulator protein RSP increases the expression of Staphylococcus aureus virulence by upregulating the accessory gene regulator (Agr) controlled toxins phenol-soluble modules (PSMs) and alpha-toxin. As such, we suspected that ΔqseC may in part work through upregulating the AraC family transcriptional regulator IT767_23090 to confer to higher virulence in hvKP ATCC43816. However, further studies are needed to determine the role of IT767_23090 in the increased virulence in ΔqseC.

In summary, our data showed that ΔqseC leads to the high expression of qseB, ygiW, IT767_23090, and genes associated biofilm formation, bacterial type VI secretion system, and biosynthesis of siderophore, which might contribute to the increased of virulence and biofilm formation. This research provides new insights into the role of QseBC in biofilm formation and virulence of hvKP ATCC43816.
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Gut microbial communities of animals play key roles in host evolution, while the relationship between gut microbiota and host evolution in Tibetan birds remains unknown. Herein, we sequenced the gut microbiota of 67 wild birds of seven species dwelling in the Tibetan wetlands. We found an obvious species-specific structure of gut microbiota among these plateau birds whose habitats were overlapped. Different from plateau mammals, there was no strict synergy between the hierarchical tree of gut microbial community and species phylogeny. In brown-headed gulls (Larus brunnicephalus) as an example, the structure of gut microbiota differed in different habitats, and the relative abundance of bacteria, such as Lactobacillus, Streptococcus, Paracoccus, Lachnospiraceae, and Vibrio, significantly correlated with altitude. Finally, we found various pathogenic bacteria in the birds of these plateau wetlands, and the interspecific differences were related to their diet and living environments.
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INTRODUCTION

Previous studies have revealed that gut microbiota plays crucial roles in many physiological processes of vertebrates, including intestinal morphology, digestive functions, and immune health (Backhed et al., 2005). McFall-Ngai et al. (2013) proposed that animals and microbes could be co-evolving together. For example, in African ape species, the dissimilarity between gut microbial communities is correlated with the evolutionary distance between the host species (Moeller et al., 2014). Studies on eight small mammal species distributed in the Qinghai-Tibet Plateau (QTP) and Inner Mongolia grassland show that the gut microbial composition is associated with the host phylogeny (Li et al., 2017).

Birds are a group of warm-blooded vertebrates that show strong adaptability to the environmental changes and are characterized by complex life history and diversified feeding habits and migration patterns (Kohl, 2012). Previous work has revealed that the taxonomic composition of a bird’s microbiome differs with the host species (Waite and Taylor, 2014; Hird et al., 2015), and a high variation has also been observed within the species (Hird et al., 2014). One study on woodlarks (Lullula arborea) and skylarks (Alauda arvensis) shows that niche environment plays a stronger role in shaping the composition of bird gut microbiota than phylogeny (Veelen et al., 2017). The Tibetan Plateau is well known for its extreme environmental conditions, such as extreme cold, strong UV light, and low oxygen levels, which pose a challenge to the survival and reproduction of birds. Although there are intensive studies on the evolutionary history and adaptation of birds in QTP (Qu et al., 2013, 2020, 2021; Zhu et al., 2018), little is known about the gut microbial ecology of such high-plateau birds and the relationship between host phylogeny and gut microbiota.

In the present study, we selected seven species of birds that are commonly encountered in the plateau wetlands of north Tibet during the breeding season. Bar-headed goose (Anser indicus), ruddy shelduck (Tadorna ferruginea), and brown-headed gull (Larus brunnicephalus) are commonly found in large areas of Northwest China, Mongolia, Kazakhstan, and Russia (Liu and Chen, 2021), while they are the dominant species in plenty of water bodies located in north Tibet during the summer season. The common redshank (Tringa totanus) and lesser sand plover (Charadrius mongolus) are two waders of smaller body size often found in shallow water bodies, such as lake coasts and riversides. The hill pigeon (Columba rupestris) inhabits relatively drier environments and rests on rock reefs, whereas the plain-backed snowfinch (Pyrgilauda blanfordi) dwells on highland meadows and lakeside grasslands. These species belong to four avian orders (Anseriformes, Charaderiiformes, Columbiformes, and Passeriformes), representing the various and typical ecological groups of birds inhabiting high-altitude wetlands of north Tibet. Therefore, we studied the gut microbiota of these target species to evaluate the characteristics of the gut microbiota and assess the relationship between host phylogeny and gut microbiota. In this context, we propose to get clues from the gut microbiome that facilitate the adaptation of wild birds to high altitudes.



MATERIALS AND METHODS


Sample Collection

As most of the birds migrate to distant places to escape from extremely harsh conditions during the winters, we carried out field trips and sampling work from 20 July to 15 August, 2021, the time corresponding to the late breeding season of birds in the north Tibet. We found that all these species except for plain-backed snowfinch perched and always moved in flocks. We observed the bird flock for more than 30 min, identified the species, and counted their number by viewing through 8 × 42 binoculars and a 25 × 60 spotting scope. Then, fresh fecal samples were collected from the spots where the flocks rested. We captured the plain-backed snowfinch using mist nets. The trapped birds were removed into clean bird bags independently for 2 h. Then the fecal samples were collected, and the birds were released after the morphology measurements using a clipper. The samples were placed in 2-ml sterilized storage tubes and stored in liquid nitrogen immediately. After the field trip, the samples were immersed in dried ice during transportation and later stored in a lab freezer at −80°C.



16S rRNA Gene Sequencing Analysis

The DNA was extracted from the fecal samples by using the QIAamp DNA stool Mini Kit from Qiagen (Germany), according to the manufacturer’s instructions. The 16S rRNA gene, comprising V3 and V4 regions, was amplified by PCR using composite-specific bacterial primers (338F 5′-ACTCCTACGGG AGGCAGCA-3′; 806R 5′-GGACTACHVGGGTWTCTAAT-3′). High-throughput pyrosequencing of the PCR products was performed on an Illumina MiSeq platform. The raw paired-end reads from the original DNA fragments were merged using FLASH32 and assigned to each sample according to the unique barcodes. For the bioinformatics analysis, high-quality reads were performed, and all the effective reads from each sample were clustered into operational taxonomic units (OTUs) based on 97% sequence similarity according to UCLUST33. For alpha diversity analysis, we rarified the OTUs to several metrics, including the Shannon index. For beta diversity analysis, principal coordinate analysis (PCoA) was performed using Bray–Curtis and weighted UniFrac distance matrices. The method of unweighted pair group method with arithmetic mean (UPGMA) was used to establish the phylogenetic trees for bacteria and judge the differences between the samples. The LDA effect size (LEfSe) analysis was performed for the quantitative analysis of biomarkers within each group. Briefly, LEfSe analysis, LDA threshold of > 3, used the non-parametric factorial Kruskal–Wallis (KW) sum rank test.



Host Phylogeny Extraction and Statistical Analysis

TimeTree1 was used to build a phylogenetic tree with a timeline for these seven species of birds (Hedges et al., 2006; Kumar et al., 2017). TimeTree is a public knowledge base that provides information on the evolutionary timescale of life. Data from thousands of published studies are assembled into a searchable tree of life scaled to time. All prinicpal coordinate analysis (PCoA) were based on Bray–Curtis and weighted UniFrac distances using evenly sampled OTU abundances. Significance for PCoA (β-diversity) analyses was checked using PERMANOVA. The Bray–Curtis dissimilarity metrics were compared with the distance matrix of the host branch length using Mantel’s test to test the correlation between the host phylogeny and gut microbiota. The microbial tree was built by UPGMA based on all the samples collected from seven species of birds. The correlation between microbiome and environmental factors was analyzed by Spearman correlation. Differences between groups were statistically analyzed using KW test with a level of P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001).




RESULTS

We sequenced the V3 and V4 regions of bacterial 16S rRNA genes of 67 fecal samples from seven species of birds: bar-headed goose (Anser indicus), brown-headed gull (Larus brunnicephalus), ruddy shelduck (Tadorna ferruginea), lesser sand plover (Charadrius mongolus), common redshank (Tringa totanus), hill pigeon (Columba rupestris), and plain-backed snowfinch (Pyrgilauda blanfordi). The sampling work was carried out at five localities of the Tibet Autonomous Region in summer of 2021, and the regions from west to east were as follows: GJX, GZXDC, NMX, SLC, BGX, NMC, and LKZX (Supplementary Tables 1, 2 and Figure 1A). In PCoA analysis, the gut microbial assemblages were clustered by Bray–Curtis and weighted UniFrac distance matrices (PERMANOVA, P < 0.05, Figure 1B and Supplementary Figure 1A). Microbial composition among groups overlapped across most host species at the phylum level, but differences were observed among Firmicutes, Bacteroidetes, Cyanobacteria, and Proteobacteria (Figure 1C). For instance, Proteobacteria were abundant in bar-headed goose and ruddy shelduck, Bacteroidetes were abundant in lesser sand plover, and Cyanobacteria were abundant in common redshank (Figure 1C). At the genus level, the microbiota of brown-headed gull was mainly dominated by Breznakia, Cetobacterium, Vibrio, Alkalibacterium, and Halomonas. Rickettsiella was higher in common redshank, Lactobacillus and Enterococcus were higher in hill pigeons, and Acinetobacter and Exiguobacterium were predominant in bar-headed goose (Figure 1D). The results of PICRUSt revealed higher stability in functions, in general, with respect to the variability seen at the taxonomic level. The LEfSe analysis showed statistically significant differences in the lipid metabolism, energy metabolism, metabolism of co-factors, and vitamins at level 2 in the KEGG hierarchy (Supplementary Figure 1B). The Mantel test between the distance metrics of host genes and Bray–Curtis dissimilarity showed that there was no significant overall correlation between host phylogeny and gut microbiota (r = 0.1018, P = 0.2). Our data showed incomplete concordance between host phylogeny and gut microbial communities in the Tibetan wetland birds (Figures 1E,F). At the genus level, we also observed several common potentially pathogenic bacteria, including Erysipelatoclostridium, Escherichia-Shigella, Helicobacter, Nodosilinea_PCC-7104, Staphylococcus, and Vibrio. Erysipelatoclostridium accounted for a relatively high proportion of bacteria, particularly in bar-headed gooses. Helicobacter was found to be abundant in hill pigeons (Figure 1G).
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FIGURE 1. Gut microbial diversity of birds and phylogenetic tree based on variations in complete mitochondrial gene sequences and composition of the gut microbiome. (A) Sampling location and photo record of habitats. (B) PCoA plots of Bray–Curtis distance for 67 birds. (C) Result of gut microbiota in seven species of birds at the phylum level. (D) Heat map of the microbial composition of seven species of birds at the genus level. (E) Host phylogeny based on mitochondrial genes. (F) Gut microbiome phylogeny based on Bray–Curtis dissimilarity. Branches of the same color represent the same species. The closer the samples, the shorter the branch length, indicating that the species composition of the two samples is more similar. (G) Differences in the abundance of pathogens among different species.


To further explore the impact of habitat differences, we compared the gut microbiota diversity of brown-headed gulls inhabiting five geographical regions. Alpha diversity was higher in the SLC and NMC (Figure 2A). In PCoA analysis, most of the gut microbial assemblages clustered by locality (PERMANOVA, P = 0.001, Figure 2B and Supplementary Figure 1C). There were differences in the proportion of Firmicutes, Cyanobacteria, and Proteobacteria among the five localities (Supplementary Figure 1D). UPGMA clustering showed that microbial clustering was not entirely consistent within the localities, which may be attributed to individual dispersal due to migration (Supplementary Figure 1E). Microbial composition was closely related to habitat, for example, Bacteroidetes and Proteobacteria were positively correlated with altitude, while Firmicutes were negatively correlated with altitude (Figure 2D). Lactobacillus, Streptococcus, Paracoccus, and Lachnospiraceae populations were negatively correlated with altitude, while Vibrio was positively correlated with altitude (Figure 2C and Supplementary Table 3). To explore the impact of bird species on microbial diversity, we compared the four water species (bar-headed goose, brown-headed gull, ruddy shelduck, and common redshank) distributed in the same habitat, BGX. The results of PCoA showed that although the birds lived in the same area, significant differences in the gut microbiota were observed among the species (PERMANOVA, P < 0.001, Figure 2E and Supplementary Figure 1F). The microbial composition and proportion were also different at the genus level (Supplementary Figure 1G).
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FIGURE 2. Gut microbial diversity of brown-headed gulls from five habitats and gut microbial diversity of four species of birds in BGX. (A) The Shannon index. (B) PCoA plots of Bray–Curtis distance. (C) Correlation between three phyla and altitude (Spearman). (D) Heat map of correlation between microbial composition and altitude at the genus level. (E) PCoA plots of Bray–Curtis distance of four species in BGX. Data indicate mean ± SEM values. *P < 0.05 and ***P < 0.001.




DISCUSSION

This is the first study to investigate the composition and diversity of the gut microbiota in the wild birds dominating high-plateau regions and determine the relationship between host phylogeny and their gut microbiota. Our results indicate that the impact of environmental factors on the gut microbiota of plateau birds would be the main factor rather than phylogeny. Therefore, we should carefully interpret the information about gut microbiota while inferring the evolution of plateau birds.


Features of Gut Microbiota of Plateau Birds

The results of our study indicate that the gut microbiota of the plateau birds is dominated by Firmicutes, Cyanobacteria, and Proteobacteria. The characteristic feature of Firmicutes is the synthesis of short-chain fatty acids (SCFAs), which are found to be higher in other plateau endemic animals, like plateau yaks (Bos mutus) (Zhang et al., 2016) and plateau pika (Ochotona curzoniae) (Li et al., 2016). Higher SCFA content can satisfy the physiological or energy demands of the host in cold and hypoxic high-altitude environments. Although living in the same extreme environments of the Qinghai-Tibet Plateau, the seven species of birds show differences in the composition of the microbiota. The different levels of gut microbial diversity between the host species may be partly explained by the differences in diet quality. For example, bar-headed goose and ruddy shelduck mainly feed on invertebrates and plants, while the hill pigeon and plain-backed snowfinch feed on seeds and insects. Although bar-headed goose and ruddy shelduck have similar gut microbiota and diet, the synthetic pathways related to functional adaptation might be different. For instance, bar-headed geese have more gut bacteria related to amino acid metabolism and lipid metabolism, while the proportion of bacteria involved in energy, co-factor, and vitamin metabolism is higher in ruddy shelduck. This finding reflects the species specificity of gut microbiota and ecological niche differentiation between the two species. The common redshank and lesser sand plover are two small-sized waders often found together in shallow water bodies. Their habitats and feeding habits are similar, but the structure of gut microbiota is not similar. Bacteroidetes are abundant in lesser sand plover, while Cyanobacteria are abundant in common redshank. We also noticed that different birds harbor different types of potentially pathogenic microbiota. We observed that the feces of bar-headed goose contains a large proportion of Erysipelatoclostridium, which may be due to the pollution of the water in which they live or contact with the pathogenic bacteria in water. Hill pigeons usually live closely with humans, so they carry more number of Escherichia-Shigella and Helicobacter species in their feces. Therefore, harboring and transmission of potentially pathogenic bacteria by the wild birds of the plateau is a topic that is worthy of further study in the future.



Relationship Between Host Species Phylogeny and Their Gut Microbiota

Previous studies on mammals show that various internal and external factors influence the composition and diversity of the gut microbiota, including host phylogeny, gut morphology, diet, physiological status, geography, and body weight (Ley et al., 2006, 2008; Santacruz et al., 2010; Linnenbrink et al., 2013). Therefore, co-evolution between host and microbial lineages has played a key role in the adaptation of mammals to their diverse lifestyles. Most mammalian microbiomes are strongly correlated with host phylogeny (Ley et al., 2008). Findings in other vertebrates also showed that closely related lineages harbor more similar gut microbiota than distantly related lineages (Ochman et al., 2010; Sanders et al., 2014). As for plateau animals, for example, Pika species, the host relationship affects the structure of the gut microbiota apparently, showing a significant overall correlation between host phylogeny and gut microbiota (Li et al., 2017). However, in birds, only a few studies have found a correlation between the gut microbiome and host phylogeny. For example, studies on four waterbird species in Israel, great cormorant (Phalacrocorax carbo), little egret (Egretta garzetta) black-crowned night heron (Nycticorax nycticorax), and black-headed gull (Larus ridibundus), suggest a correlation between the host phylogeny and their intestinal microbial community hierarchical tree, thus displaying phylosymbiosis (Laviad-Shitrit et al., 2019). A study including 491 species of birds showed a weak correlation between host factors and microbiome composition, while most of their intestinal bacteria exhibited no host specificity (Song et al., 2020). Our results show that the phylogeny of birds does not influence their intestinal microbial community hierarchical tree in Tibet wetlands, which is inconsistent with the existing research on plateau mammals and may reflect a unique feature of high-plateau birds.



Altitude Affects the Composition of Gut Microbiota

Previous research has shown that the avian microbiomes have relatively low stability (Song et al., 2020; Bodawatta et al., 2021) and high malleability to environmental and dietary changes (Bodawatta et al., 2021). Similarly, our results show that brown-headed gulls from different localities have different intestinal microbial structures and that the gut microbiome of these birds inhabiting the same habitat is more similar. The study on woodlarks and skylarks has also shown that sharing an ecological niche among hosts (either species or individuals) leads to the convergence of their microbiota (Veelen et al., 2017). Through correlation analysis, we found that altitude is the main factor that affects the proportion of key bacteria. With an increase in altitude, the proportion of Firmicutes, including Lactobacillus and Lachnospiraceae, in brown-headed gulls decreases. Lactobacillus play major roles in the SCFAs (Borda-Molina et al., 2018), food digestion, and energy conversion. Lachnospiraceae include obligate anaerobic bacteria that affect the host health by producing short-chain fatty acids, participating in bile acid metabolism, and promoting colonization resistance to intestinal pathogens (Sorbara et al., 2020; Xu et al., 2021). Therefore, our results imply that low-altitude brown-headed gulls may rely on the relative abundance of Lactobacillus and Streptococcus to adapt to the complex food and pathogen-rich environment. At higher altitudes, the proportion of Bacteroidetes and Proteobacteria is increased, including Vibrio and Paracoccus, which may be attributed to the weakening of immune function, suggesting that the gut microbiome may be involved in regulating the immune functions of high-altitude birds (Qu et al., 2013). However, microbial clustering is not completely consistent with geographical separation, which suggests that there might be some individual migrants and shared microbiome across different localities in brown-headed gulls.




CONCLUSION

Although the composition of microbiomes is different among species, our results show that the gut microbial community is not in line with the phylogenetic relationship in Tibet wetland birds. Environmental factors, such as altitude, are the key factors that affect the gut microbiota of plateau birds. Our results provide a new idea for exploring the relationship between gut microbiota and the evolution and adaptability of high-plateau animals, and suggest that one should be cautious while taking into account the gut microbiota to infer the evolution pattern in plateau birds.
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Gene M. tuberculosis rv# Mtb Msm References

RegX3-SenX3 Rv0491-Rv0490 + + James et al. (2012); Parish et al. (2003b); Rifat and Karakousis (2014)
HK1-HK2-TerA Rv0600c-Rv0801c-Rv0602¢ N = Shrivastava and Das (2007)

PhoP-PhoR Rv0757-Rv0758 + + Walters et al. (2006)

Narl-NarS Rv0844c-Rv0845¢c + + Schnell et al. (2008)

PrrA-PrB Rv0903c-Rv0902¢ + + Arora et al. (2021); Nowak et al. (2006)

MprA-MprB Rv0981-Rv0982 * *: He and Zahrt (2005); Sureka et al. (2007)

KdpD-KdpE Rv1028c-Rv1027¢ * +* Parish et al. (2003a); Steyn et al. (2003)

TrcR-TrcS Rv1032c-Rv1034c + + Haydel et al. (2002)

MtrA-MtrB Rv3245¢-Rv3247¢ + + Fol et al. (2006); Li et al. (2010); Plocinska et al. (2012)
Torx-TerY Rv3765c-Rv3764c + + Bhattacharya et al. (2010)

PdtaS-PdtaR Rv3220c-Rv1626 +* + Boshoff et al. (2004); Shrivastava and Das (2007)

Msm, Mycobacterium smegmatis; Mtb, Mycobacterium tuberculosis CDC1551. +Genes encoding the sensor kinase and the response regulator are present and geneticall linked.
~Genes encodiing bath the sensor kinase and the response regulator are absent. *Genes encoding the two sensor kinases have been fused, and the gene encoding this fused sensor
kinasae i genatically inked to the response requigtor.
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SigB (0®) Rv2710
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SigE(e®) Rvi221
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MRPP ANOSIM PERMANOVA
r p r p r p
OTUs 0.6037 0.001 0.9042 0.001 8.3007 0.001

function genes 0.3827 0.001 0.5728 0.001

Significant differences (P < 0.05) are indicated in bold.

10.5800  0.001
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Phyla Protopine Allocryptopine Sanguinarine Chelerythrine
F P R p R p r p

Acidobacteria —0.243 0.253 0.171 0.423 —-0.241 0.257 —0.151 0.482
Actinobacteria —0.036 0.867 0.337 0.108 —0.531 0.008 —0.424 0.039
AD3 0.144 0.503 0.411 0.046 0.067 0.756 0.080 0.710
Armatimonadetes 0.163 0.446 0.192 0.368 0.089 0.681 0.145 0.500
Bacteroidetes 0.137 0.525 0.378 0.069 —0.316 0.133 —0.332 0.113
Chlamydiae —0.010 0.962 0.293 0.165 —0.281 0.184 —0.266 0.209
Chlorobi 0.122 0.571 0.607 0.002 —0.151 0.480 0.077 0.722
Chloroflexi 0.348 0.096 0.621 0.001 0.198 0.354 0.296 0.160
Cyanobacteria —0.256 0.227 —0.256 0227 —0.288 0.173 —0.302 0.152
Euryarchaeota —0.095 0.658 0.051 0.814 —-0.187 0.381 —0.114 0.595
FBP 0.227 0.286 0.437 0.033 —0.104 0.628 —0.103 0.632
Firmicutes —0.763 0.000 —0.713 0.000 —0.370 0.075 —0.267 0.207
Fusobacteria 0.219 0.303 0.263 0.214 0.126 0.557 0.144 0.502
Gemmatimonadetes —0.035 0.872 0.180 0.401 0.031 0.886 0.050 0.815
Nitrospirae 0.105 0.624 0.256 0.227 0.030 0.888 0.106 0.624
oD1 0.151 0.482 0.316 0.132 —0.151 0.480 —0.121 0.575
Planctomycetes —0.111 0.605 0.049 0.820 —0.321 0.126 —0.265 0.211
Proteobacteria 0.051 0.813 —0.225 0.289 0.608 0.002 0.577 0.003
SR1 0.286 0.175 0.226 0.288 0.166 0.437 0.166 0.439
Tenericutes —0.481 0.017 —0.544 0.007 —0.685 0.000 —0.659 0.000
Thermi 0.283 0.180 —0.173 0.419 0.000 0.998 —0.231 0.277
T™M6 —0.083 0.699 0.302 0.151 0.178 0.404 0.321 0.126
™7 —0.129 0.548 —0.002 0.995 —0.495 0.014 —0.418 0.042
Verrucomicrobia —0.035 0.871 0.296 0.160 —0.251 0.237 —0.090 0.675
WPS-2 0.151 0.482 0.316 0.132 —0.151 0.480 —0.121 0.575

Significant differences (P < 0.05) are indicated in bold.
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PMV261-1v1996/
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PMV261/mc?51
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pMV261/BCG
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pMV261/mc27000
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mc?7000

N/A: not avaiable.

Genotype or relevant
characteristics

Mycobacterium smegmatis

Highly H,0,-resistant Mycobacterium tuberculosis-ike Mycobacterium
smegmatis

Mycobacterium smegmatis AkatG::hyg”™
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Mycobacterium smegmatis mFur at the T28A site

Mycobacterium smegmatis harboring pMv261 Kan®
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Kan

Mycobacterium bovis BCG Pasteur harboring pMV261, Kan®
Mycobacterium bovis BCG Pasteur harboring pMV261-v1996, Kan®
Mycobacterium tuberculosis ApanCD harboring pMV261, Kan™
Mycobacterium tuberculosis ApanCD harboring pMV261-rv1996, Kan*

Source or references

Snapper et al. (1990)
Lietal. (2014a); Lietal. (2014b)

This study
This study
This study
This study
This study

This study
This study

This study
This study
This study
This study
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CMB, China-Myanmar border; n, number of samples; S, number of segregating sites; v, the total number of mutations; H, number of haplotypes; Hd, haplotype diversity;
7, nucleotide diversity; k, the average of nucleotide differences,; dn, the rates of non-synonymous substitutions; ds, the rates of synonymous substitutions.
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CMB, China-Myanmar border; Rm, minimum number of recombination events.
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Richness estimates

Diversity estimates

Core microbiota

Population Observed species Chao 1 ACE Shannon Simpson PD whole tree  Shared OTUs (%)
C. hewitti 2613 + 9757 2994 + 10322 3236 + 10612 5.44 + 2.642 0.742 + 0.292% 230.8 +70.52 18.54
Ceratosolen sp. 2059 + 748? 2681 + 8342 2940 + 8912 3.94 +1.342 0.567 & 0.160b¢ 187.1 + 36.92¢ 44.35
C. fusciceps 1239 + 3252 1420 + 3492 1536 + 3642 4.38 4+ 1.257 0.777 £ 0.1192 195.2 + 57.43b¢ 32.05
C. emarginatus_2 1901 =+ 769%° 2233 + 8367 2454 + 8912 391+ 1102 0.640 = 0.0842° 198.4 + 35.8% 34.12
C. emarginatus_1 1017 =+ 34430 1290 + 46430 1473 + 567 2.73 +0.612 0.564 + 0.146P¢ 142.6 + 53.0%d 49.62
C. gravelyi_1 1033 =+ 42720 1211 + 468%° 1340 =+ 4902 2.414+1.10? 0.456 + 0.137° 95.8 +24.89 42.95
C. gravelyi_2 728 + 48620 858 + 55620 949 + 603 2.66 + 0.822 0.577 + 0.109P° 92.3 +27.69 56.67
C. solmsi_2 1280 + 11158 1412 + 123320 1503 &+ 13148 4.30 + 2.662 0.722 + 0.215% 160.1 4 69.1b¢ 10.49
C. solmsi_1 456 + 47° 497 + 50° 521 + 510 3.93 + 0.422 0.809 + 0.0912 101.2 +£28.79 66.58

The values of alpha diversity indices are expressed as mean + SD. One-way ANOVA was used to compare the differences of alpha diversity indices among populations.

Significant differences are indicated by different letters (P < 0.05) in the same column.
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Genes Positions of nucleotide sequences (bp) Initiation and termination codons Anticodons

RKZ08 RKZ13 XHPW10 SQ20 RKZ08 RKZ13 XHPW10 SQ20
tmG 1-67 1-62 1-67 1-63 TCC
cox3 73-717 68-712 70-714 65-715 ATG/TAA ATG/TAA ATG/TAA ATG/TAG
trnH 726-794 713-783 716-784 709-778 GTG
cytb 798-1892 787-1881 787-1,854 782-1876 ATG/TAG GTG/TAG ATG/TAG GTG/TAG
nad4lL 1,895-2,155 1,884-2,144 1,877-2,137 1,892-2,152 GTG/TAG ATG/TAA GTG/TAG ATG/TAA
nad4 2,116-3,372 2,111-3,358 2,104-3,354 2,113-3,366 GTG/TAA GTG/TAG GTG/TAA GTG/TAG
tmQ 3,373-3,435 3,3569-3,426 3,366-3,417 3,367-3,428 TTG
trnF 3,434-3,499 3,425-3,488 3,4156-3,479 3,427-3,490 GAA
trnM 3,495-3,662 3,485-3,651 3,475-3,642 3,489-3,654 CAT
atp6 3,568-4,080 3,657-4,063 3,651-4,069 3,668-4,073 ATG/TAA ATG/TAA ATG/TAG ATG/TAG
nad2 4,103-4,978 4,073-4,948 4,076-4,966 4,083-4,964 ATG/TAG ATG/TAG ATG/TAG ATG/TAA
trnV 4,983-5,047 4,951-5,014 4,967-5,030 4,978-5,041 TAC
trnA 5,048-5,115 5,014-5,077 5,036-5,103 5,040-5,106 TGC
trnD 5,121-5,187 5,082-5,142 5,108-5,171 5,106-5,166 GTC
nad1 5,192-6,079 5,145-6,035 5,176-6,069 5,170-6,060 ATG/TAA ATG/TAG ATG/TAG ATG/TAG
trnN 6,095-6,160 6,041-6,109 6,070-6,137 6,066-6,131 GTT
trnP. 6,163-6,226 6,117-6,180 6,145-6,207 6,137-6,200 TGG
trnl 6,227-6,290 6,180-6,245 6,206-6,269 6,200-6,264 GAT
trnK 6,294-6,358 6,244-6,308 6,274-6,336 6,275-6,337 CTT
nad3 6,362-6,709 6,310-6,657 6,334-6,681 6,342-6,689 ATG/TAA ATG/TAG GTG/TAG ATG/TAA
trnS 6,718-6,776 6,656-6,714 6,680-6,738 6,692-6,751 GCT
trnW 6,780-6,845 6,715-6,776 6,746-6,809 6,756-6,818 TCA
cox1 6,851-8,449 6,774-8,342 6,810-8,462 6,816-8,408 ATG/TAA ATG/TAG ATG/TAG ATG/TAA
tmT 8,456-8,518 8,365-8,429 8,427-8,490 8,395-8,458 TGT
rmL 8,5619-9,488 8,430-9,393 8,491-9,452 8,459-9,431
tnC 9,489-9,654 9,394-9,450 9,4563-9,511 9,432-9,496 GCA
msS 9,6656-10,282 9,4561-10,187 9,612-10,232 9,497-10,232
cox2 10,283-10,861 10,188-10,760 10,233-10,859 10,233-10,808 ATG/TAA ATG/TAA ATG/TAA ATG/TAA
trnE 10,864-10,932 10,771-10,837 10,816-10,883 10,813-10,877 TTC
nad6 10,933-11,394 10,842-11,300 10,884-11,336 10,881-11,348 ATG/TAG GTG/TAG GTG/TAG ATG/TAA
trnY 11,403-11,467 11,862-11,928 11,339-11,402 11,340-11,408 GTA
SNR 11,468-11,689 11,301-11,632 11,472-11,526 11,404-11,585
trnL 11,757-11,824 11,633-11,698 11,410-11,471 11,667-11,728 TAG
trnL* 11,705-11,768 CAA
trnR* 11,782-11,838 ACG
tmS 11,690-11,755 11,927-11,999 11,627-11,593 11,686-11,647 TGA
trnL 11,863-11,925 12,046-12,111 11,602-11,663 11,751-11,813 TAA
tmR 11,926-11,979 12,124-12,180 11,674-11,731 11,830-11,888 ACG
nads 11,984-13,564 12,181-13,762 11,735-13,297 11,889-13,457 ATG/TAA ATG/TAA ATG/TAG ATG/TAA
LNR 13,665-13,730 13,753-14,148 13,298-13,361 13,458-13,776

*Stands for the gene in repeat region.
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