

[image: image1]
Age Matters: Community Assembly in the Pig Fecal Microbiome in the First Month of Life












	 
	ORIGINAL RESEARCH
published: 11 March 2021
doi: 10.3389/fmicb.2021.564408





[image: image]

Age Matters: Community Assembly in the Pig Fecal Microbiome in the First Month of Life

Stephanie D. Jurburg1,2,3* and Alex Bossers2,4

1German Centre for Integrative Biodiversity Research iDiv (Halle/Jena/Leipzig), Leipzig, Germany

2Department of Infection Biology, Wageningen Bioveterinary Research, Lelystad, Netherlands

3Institute of Biology, Leipzig University, Leipzig, Germany

4Institute for Risk Assessment Sciences, Utrecht University, Utrecht, Netherlands

Edited by:
Dimitris G. Hatzinikolaou, National and Kapodistrian University of Athens, Greece

Reviewed by:
Héctor Argüello, University of Córdoba, Spain
Gwen Falony, Flanders Institute for Biotechnology, Belgium

*Correspondence: Stephanie D. Jurburg, s.d.jurburg@gmail.com

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

Received: 04 June 2020
Accepted: 22 February 2021
Published: 11 March 2021

Citation: Jurburg SD and Bossers A (2021) Age Matters: Community Assembly in the Pig Fecal Microbiome in the First Month of Life. Front. Microbiol. 12:564408. doi: 10.3389/fmicb.2021.564408

Despite the wealth of research into strategies for microbiome modulation, studies of microbiome management in pig hosts have found mixed results. A refined understanding of the patterns of microbiome assembly during the host’s early life, when management strategies are most commonly applied, is necessary for the development of successful management practices. Here, we study the development of the pig gut microbial community in a monitoring experiment, sampling the microbiome of pigs in a commercial farm intensively during the first month of life. We found that the community’s taxonomic richness increased linearly with host age. Furthermore, rapid changes across communities occurred in stages, and non-linear patterns in relative abundance were commonly observed among dominant taxa across host age, consistent with primary succession. Our results highlight the importance of understanding the patterns of microbiome assembly during host development, and identify successional stages as windows of opportunity for future research.
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INTRODUCTION

Recent advances in high throughput sequencing technologies have revealed that complex microbial communities are ubiquitous, and play an important role in the hosts they inhabit (Shreiner et al., 2015; van de Guchte et al., 2018). The assembly of gut microbial communities is essential to the development of all animals, from fish (Zhang et al., 2018; Lokesh et al., 2019), to primates, including humans (McKenney et al., 2015; Guittar et al., 2019). Altered patterns of community assembly in young hosts has been associated with dysbiosis (Neuman et al., 2018) and increased susceptibility to disease (Arruda et al., 2013). Conversely, microbiome management strategies are often most successful when applied in the earlier stages of community assembly in host microbiomes (Lin et al., 2018; Wan et al., 2019; Wang et al., 2019).

Domestic pigs (Sus scrofa) are important agricultural resources and animal models, and understanding how their gut microbiome develops after birth is of central importance to microbiome management strategies, which to date have found mixed success (Canibe et al., 2019). The gut microbiomes of pigs undergo extensive shifts between birth and weaning, a “developmental window” of approximately 1 month (Thompson et al., 2008) during which the host microbiome is more susceptible to external influences, including the environment (Tsai et al., 2018), host diet (Salcedo et al., 2016), and management strategies. During lactation, the pig gut microbiome increases in diversity and the microbial community changes rapidly (Frese et al., 2015).

In early life, host microbiomes are likely more dynamic due to the ongoing development of the host’s immune system, as well as due to priority effects. Priority effects occur when during the colonization of an environment, the order in which taxa arrive determines how taxa affect one another, thereby having a disproportionate influence on later community assembly (Sprockett et al., 2018). In the pig microbiome, stepwise changes in community composition have been previously demonstrated (Kim et al., 2011; Frese et al., 2015; Wang et al., 2019), however, during the first days of development, animal microbiomes can exhibit drastic changes within a daily scale (i.e., in chickens; Jurburg et al., 2019), and to date the daily fluctuations in the microbiome of newborn pigs has not been studied.

To improve the success of future microbiome management strategies, a refined understanding of the patterns of community assembly in the gut microbiome of developing pigs is necessary. Here, we sampled the fecal microbiomes of pigs at a range of ages, from birth to before weaning in order to describe community assembly in the pig gut microbiome. In line with previous findings, we hypothesized (1) that taxonomic richness (at the amplicon sequence variant, or ASV level) would increase linearly with host age, (2) that the microbiomes in hosts of the same age would exhibit similar composition, (3) that across host age, shifts in the gut microbiome would occur in stages, and (4) that the relative abundances of individual taxa would exhibit non-linear dynamics with host age, with some taxa dominating the community at certain stages and then disappearing from the microbiome.



MATERIALS AND METHODS


Sample Collection

Samples were obtained from a Dutch farm during a single farrowing cycle in September 2018, under standard farm conditions (Supplementary Material 1). Sixty piglets farrowed from 12 sows were randomly selected for sampling out of a cohort of approximately 65 sows. Each piglet was sampled once at a single time point, and for each time point, piglets from different sows were sampled to avoid litter-based biases (Supplementary Data). All sows were previously administered Erysipelotrichia vaccines according to routine management procedures. The piglets included 29 female and 31 male individuals; 28 were of Great Yorkshire breed, and 32 were a crossbreed between Great Yorkshire and Dutch Landrace (Supplementary Data). During the sampling period, piglets were housed in a single pig barn within individual farrowing pens (250 × 165 cm). The pens had an iron-grid flooring, and an area with a heat lamp. Throughout the duration of the experiment, the piglets were lactating exclusively, and sows were supplied with standard lactation feed and water ad libitum (Supplementary Material 1).

On days 1–7, 10, 14, 21, 28, and 35 after farrowing, rectal swabs were collected from five piglets from different litters using dry swabs (Tubed Sterile Dryswab, MWE, United Kingdom). Samples were stored individually (−20°C) immediately after collection for further analyses.



DNA Extraction and 16S rRNA Gene Amplicon Sequencing

Prior to DNA extraction, each swab was immersed in 0.5 ml of PBS buffer for 15 min, and the solution was centrifuged for 5 min at 13,000 rpm. 1 ml of pellet was used for DNA extraction with the Qiagen QIAamp Fast DNA stool mini kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions, with an extra bead-beating step, and eluted in 50 μl. Extracts were checked on a 2200 Tapestation (Agilent Technologies Santa Clara, CA, United States).

Bacterial community composition in the developing pigs’ feces was assessed by sequencing the V3–4 hypervariable region of the 16S rRNA gene as in Jurburg et al. (2019). This section was first amplified by 25 cycles of PCR using the primers CVI_V3-forw CCTACGGGAGGCAGCAG and CVI_V4-rev GGACTACHVGGGTWTCT. PCR products were checked on a 2200 Tapestation, and sequencing was performed using paired-end 300 bp sequencing on a MiSeq sequencer (Illumina Inc., San Diego, CA, United States). Negative controls were used in each round of amplification to confirm the sterility of reagents, and a mock community bacterial community was included in the sequencing run as a control.



Sequence Processing and Statistical Analyses

Sequence processing and statistical analyses were performed in R 3.4.3 (R Core Team, 2014). The 16S rRNA gene sequencing reads were quality filtered, primer/adapter trimmed, error-corrected, dereplicated, chimera-checked, and merged using the dada2 package (v.1.4.0, Callahan et al., 2016) using standard parameters (trimLeft = 10; TruncLength = 240,210); reads were assigned with the SILVA v.132 classifier (Quast et al., 2012). Statistical analyses were performed with the phyloseq (McMurdie and Holmes, 2013) and vegan (Oksanen et al., 2007) R packages. The sequenced samples had a range of 3,321–13,550 reads per sample, and all samples were standardized to 3,221 reads per sample prior to analyses (rarefy_even_depth, seed = 1). The final dataset contained 193,260 reads and 1,813 different amplicon sequence variants (ASVs). Sequences are deposited in NCBI’s Sequence Read Archive (SRA) under BioProject accession number PRJNA594837.

Prior to linear regressions, the normality of richness data was confirmed with Shapiro–Wilk tests (p > 0.05). Taxonomic richness was calculated as the number of different ASVs per sample, and changes in richness over host age were fitted with a linear regression. One outlier sample from day 21 was excluded from this analysis following the assessment of q-q plots. The relative abundances of taxa at each age are reported throughout the study as mean±sd. Changes in community structure in the aging host microbiome (β-diversity), were assessed with a principal coordinates analysis (PCoA) of Bray–Curtis dissimilarities between samples at the ASV level. Clusters of samples with similar community compositions were first identified by performing Ward’s clustering of the Bray–Curtis distance matrix, and confirmed by performing adonis tests on the clusters. The influence of time as a categorical variable was quantified with a redundancy analysis, or RDA, using the rda function. The amount of turnover in community composition between two time points was measured as the pairwise Bray–Curtis dissimilarity between those two time points, and Wilcoxon tests were used to evaluate differences in turnover between non-consecutive host age comparisons, to ensure the independence of comparisons. To focus on taxa which exhibited large, consistent shifts over the period studied, we first selected genera for which an ANOVA of the effect of age on relative abundances was significant (p < 0.001), then standardized them according to their relative abundance patterns across ages as previously recommended (Shade et al., 2013), clustered using Euclidean distances and Ward’s method, and displayed in a heatmap.



RESULTS


Taxonomic Richness in the Developing Microbiome

Taxonomic richness in the piglet fecal microbiome increased logarithmically with age, from an average of 48.4 ± 15 ASVs on day-old piglets to 168.4 ± 20 ASVs in 35 day old pigs (Figure 1). Notably, richness nearly doubled between piglets sampled one and 2 days after birth to 92.6 ± 34 ASVs, and continued to increase with host age more gradually thereafter (Figure 1).
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FIGURE 1. Taxonomic richness in the fecal microbiomes of pigs across age. Taxonomic richness is calculated as the total number of observed ASVs per sample. Gray line is a linear regression line. The derived formula, R2 and significance value are displayed above. One outlier from day 21 was excluded from the regression, and is shown in gray.


During the period studied, the fecal microbiome exhibited major compositional changes with host age as well (Figure 2). In 1 day old pigs, the microbiome was dominated by Firmicutes (42.1 ± 11.1% of the community), specifically to the genera Clostridium sensu stricto (20.0 ± 5.8%) and Streptococcus (8.1 ± 6.7%), and Proteobacteria (48.9 ± 16.9%), predominantly from the genus Escherichia/Shigella (44.8 ± 17.3). In 35 day old hosts, Firmicutes were still dominant (56.5 ± 5.4%), but more diverse, with Lactobacillus (8.4 ± 6.4%) and Faecalibacterium (5.1 ± 4%) exhibiting high relative abundances. The relative abundance of Proteobacteria decreased to 5 ± 2.2 for the entire phylum in 35 day old pigs. In contrast, the relative abundance of Bacteroidetes increased from 2.1 ± 3.2% on 1 day old pigs to 31.5 ± 2.9% in 35 day old pigs, and at this time was dominated by Rikenellaceae (8.4 ± 3.2%) and Muribaculaceae (5.5 ± 2.7%, Figure 2 and Supplementary Figure 2).
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FIGURE 2. Core dynamic genera in the fecal microbiomes of pigs of different ages. The responses of 42 genera which exhibited consistent, significant changes over the period studied are displayed. For each taxon, the intensity of the blue color represents the proportion of total observations of that taxon across the whole dataset (Shade et al., 2013). These genera represent 54.2 ± 12.7% of the community, on average. Relative abundances were standardized by time, per genus, and genera were clustered according to the resulting temporal response patterns using Ward’s distance. Intensity of the blue color indicates the relative abundance of each taxon at each age group. Replicate samples are shown as columns within each age group. The lowest available classification of each genus is listed on the right, and phylum membership is indicated by the color bar on the right.


Surprisingly, several dominant taxa exhibited non-linear patterns with host age, increasing and decreasing in relative abundance across the 35 days of study (Figure 2). In particular, the phylum Fusobacteria (represented almost entirely by the genus Fusobacterium) was dominant in hosts between 2 and 4 days old (13.9 ± 6.5% of the community), but exhibited much lower relative abundances in pigs of all other ages (3.4 ± 4.1% of the community for all other samples). Similarly, the genus Lachnoclostridium (Firmicutes) exhibited higher relative abundances in hosts between 2 and 28 days old (6.3 ± 5.1% of the community), and were much lower in hosts that were 1 or 35 days old (0.1 ± 0.4%). Furthermore, we observed several taxa which were not dominant in the community, but occurred in all the animals of specific ages. In 1 day old hosts, Actinobacillus and Staphylococcus were present in all samples, but only represented 0.08 ± 0.5 and 0.1 ± 0.4 % of the community, respectively.



Community Structure and Community Turnover

Time explained 21.83% of the variance in community composition (RDA, p = 0.01). No effect of host breed, sex, or litter on the composition of the fecal microbiomes was found (Supplementary Table 1), and were thus excluded from further statistical models. Across the period studied, the microbial community underwent sequential shifts, with the fecal microbiome increasingly diverging from its original (i.e., 1 day old pigs) conformation with host age (Figure 3, top). Clustering analysis revealed four clusters of samples, which were driven by host age (Figure 3, bottom). Clusters were significantly different from each other (adonis; R2 = 0.089, p = 0.001; Figure 3), and were dominated by samples from 1-day, 2–4-day, 5–21-day, and 28–35-day-old hosts.
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FIGURE 3. Sequential shifts in the community structure of the fecal microbiomes of pigs after birth. A PCoA plot of Bray–Curtis distances between samples (top). Large circles represent the centroid of all samples belonging to pigs of the same age, and small circles indicate individual samples. Clustering of samples was confirmed with adonis (p = 0.001) and clusters are outlined with dotted lines. Ward’s clustering of Bray–Curtis distances (bottom). Clusters are indicated by branch color.


To assess turnover in the host’s fecal microbiome through aging, we looked at the pairwise dissimilarity in community composition between consecutive ages at both daily (days 1–7) and weekly (weeks 1–5) intervals. During the first week of the experiment, turnover was temporally stable (p > 0.05 for all Wilcoxon tests, Figure 4, left). At a weekly interval, however, turnover changed with host age (p < 0.01 for all Wilcoxon tests), exhibiting the highest mean turnover between 1 and 7 days of age and the lowest turnover between 7 and 14 days of age, increasing gradually thereafter (Figure 4, right).
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FIGURE 4. Turnover in community structure during primary succession. Pairwise Bray–Curtis distances in community structure between samples taken on consecutive days (top) or consecutive weeks (bottom). Differences in turnover between non-consecutive comparisons were assessed with Wilcoxon tests, and the p-values for each comparison are indicated. Comparisons for which p > 0.05 are labeled ns, or non-significant.




DISCUSSION

Host health, growth, behavior, and the resident bacterial community are tightly linked (Theriot and Young, 2015; Neuman et al., 2018; Guevarra et al., 2019). Animal microbiomes are most susceptible to change during the host’s early life (Thompson et al., 2008). However, the microbiome of young hosts develops in concert with the host’s physiology, and the assembly of the microbiome over time is rarely integrated into extant management strategies (Canibe et al., 2019; Guevarra et al., 2019). Here, we sampled the fecal microbiomes of pigs during the first month of life at a range of ages in order to (1) determine whether the microbiome increases in taxonomic complexity with host age, (2) determine whether shifts in microbiome composition after birth are consistent across animals, (3) resolve the timing of these shifts, and (4) identify the dominant taxa at each stage. We used the fecal microbiome as a proxy for the successional dynamics in the gastrointestinal tract of the pigs (Frese et al., 2015; Mach et al., 2015).


Patterns of Microbial Diversity in the Developing Pig Microbiome

We found that the fecal microbiomes of piglets undergo extensive changes during the first 48 h after birth. Microbial community diversity was nearly twice as high in 2-day old pigs as in 1-day old pigs. However, relative to 2 day old pigs, the diversity in 3 day old pigs was only 8.4% higher, on average. The rapid growth in microbial diversity in the pig microbiome has been previously documented (Kim et al., 2011; Frese et al., 2015), however, our findings show that most of this increase is logarithmic and happens during the first 2 days. Similar patterns have been found for the chicken microbiome after hatching (Jurburg et al., 2019; Kers et al., 2019).



Successional Stages in the Developing Pig Gut Microbiome

We found clear successional stages in the developing gut microbiome. Turnover in the community was highest during the first week of sampling, and decreased thereafter. This gradual stabilization of the microbial community has been previously observed in pigs, as well as in other animals (Thompson et al., 2008; Videnska et al., 2014; Costea et al., 2017; Zou et al., 2020), however, this is the first study to employ a daily sampling during the first week of life. Every sample was taken from a different animal, in order to exclude the disproportionate influence of specific individuals, and to better capture between-animal variability. Nevertheless, we detected consistent changes in community composition and community diversity across animals, with host age. These changes were independent of the sow or farrowing pen, suggesting that they resulted from the host’s development. Future studies to determine the universality of these successional patterns are necessary.

We focused on development before weaning, which is often targeted for management (Thompson et al., 2008). We therefore also excluded the influence of the dietary switch on the microbiome, but it is likely that weaning would have strongly affected the pig’s gastrointestinal microbiome thereafter (Lallès et al., 2007; Frese et al., 2015; Mach et al., 2015; Ke et al., 2019). We identified four stages: Stage 1 (day 1), Stage 2 (days 2–4), Stage 3 (days 5–21), and Stage 4 (days 28–35). Our sampling focused on ages of highest expected variation. The statistically significant clustering of samples from hosts of 5–21 days of age into a single group suggests that the stages we detected were not biased by this sampling scheme.

Shifts between stages were associated with the gradual appearance of certain taxa: the shift between Stage 1 and Stage 2 was characterized by a decrease in the relative abundance of the populations of Clostridium sensu stricto and Escherichia/Shigella, and the increase in the relative abundances of Fusobacterium, Lachnospiraceae, Lachnoclostridum, and Lactobacillus, as well as members of the phylum Bacteroides. Interestingly, the increased prevalence of Fusobacterium has been associated with colorectal cancer (Kelly et al., 2018), malnutrition (Alou et al., 2019), and impaired immune recovery in humans (Lee et al., 2018), and dysbiosis in suckling pigs (Huang et al., 2019). In our study, however, Fusobacterium gradually decreased with host age in the absence of treatment, and was no longer dominant in 21-day-old hosts. Conversely, Lachnospiraceae has been associated with the suppression of Clostridium difficile infections (Reeves et al., 2012).

The shift between Stage 2 and Stage 3 was characterized by the decrease in Fusobacterium and Clostridium sensu stricto, the transient further increase in the relative abundance of Lactobacillus, and the appearance of Rikenellaceae, and Treponema. These three taxa have been observed to increase in response to feed supplements or prebiotics (Dicksved et al., 2015; Fan et al., 2017; Roselli et al., 2017). Finally, the shift between Stage 3 and Stage 4 was characterized by the dominance of generally beneficial gut microbes Lachnospiraceae, Lactobacillus, and Rikenellaceae, as well as increases in several members of the family Ruminococcaceae.

The sampling of pigs at daily age intervals provided deeper insights into the successional patterns exhibited by the fecal microbiome of piglets, from birth to weaning. Our results highlight the need to consider temporal dynamics into microbiome management frameworks. We observed non-linear dynamics in several taxa including Fusobacterium, Peptostreptococcus, Parabacteroides, and Eisenbergiella, which have been associated with gut dysbiosis (Wang et al., 2012; Bao et al., 2018; Huang et al., 2019). By the end of the experiment, however, these taxa’s relative abundances had dramatically decreased or become undetectable. Previous studies have similarly found Fusobacterium in pigs to decrease in relative abundance naturally after 25 days (Ke et al., 2019). Without sufficient temporal samples, these non-linear patterns may be perceived as linear increases or decreases, or may be missed entirely. During periods of dominance, these taxa reached abundances above 1% of the community for several or all of the animals, suggesting that their role in the succession is important and may play a role on the outcome of management regimes.



Leveraging Successional Dynamics as Windows of Opportunity for Management

The experimental setup employed in this study (i.e., sampling different animals in each age group) reveals, first, that successional dynamics occur similarly across animals of a single farming system, regardless of the identity of the parent or the immediate environment (i.e., farrowing pen). This suggests that management applied at a single time point will target the microbiomes of all animals at the same successional stage, at least within a single farming system. Further studies across more diverse farming systems are necessary to determine the generalizability of these successional stages. Secondly, each successional stage is characterized by the dominance of a specific taxon or group of taxa. This highlights the need to integrate knowledge of successional dynamics into the development of microbiome management frameworks, and consider which successional stage is the target for modification through management. Because specific taxa are present at each stage, the success of management is likely time-dependent. Thirdly, bacterial taxa which have been associated with negative physiological outcomes are present in healthy hosts at different developmental stages, adding further nuance to research into the development of microbiome management strategies.

Our study underscores the need to explicitly consider time as a key factor modulating the outcome of microbiome management strategies We propose that successional stages identified here may serve as windows of opportunity for management (Figure 5). Managing the microbiomes of organisms at the same successional stage will likely yield less variable and more reliable outcomes. In contrast, targeting different successional stages for management will likely result in different outcomes, some of which may be more desirable, providing avenues for improving microbiome management practices. Future research should focus on determining the universality of the successional stages presented here, and on measuring the differential effect of applying management to each developmental window.
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FIGURE 5. Proposed framework for evaluating windows of opportunity for management in developing animals. In a first step, the successional dynamics in the developing animal are assessed over time, to determine the timing of successional stages (left). Microbial communities in each successional stage are represented as a circle, and each shape represents a different microbial taxon. Newly dominant taxa for each stage are highlighted in gray. In a second step management is applied at each successional stage, followed by a period of recovery, and monitoring of the resulting long-term microbiome (right). To assign value or desirability to each outcome and the best timing for management, the animal’s health, and productivity (e.g., feed conversion efficiency) can be measured.
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