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			The adaptation of Zulu (Nguni) sheep (Ovis aries) to environmental stress and survival under extensive conditions makes them uniquely important to rural Nguni farmers of South Africa. Here, the faecal bacterial community of five Zulu sheep populations managed under extensive conditions across summer and winter seasons was investigated in order to understand the influence of prevailing seasonal factors. Bacterial operational taxonomic units (OTUs)/species (at 97% 16S rRNA gene similarity) in Zulu sheep faeces were more diverse in winter than in summer at most (80%) sites and varied between seasons at specific sites. Firmicutes was the most abundant phyla in both summer and winter seasons, while the relative abundance of Actinobacteria reduced in 80% of sites from summer to winter. The genera (or family) such as Akkermansia, Eubacterium coprostanoligenes group, Intestinibacter, R-7 group (family Christensenellaceae), Ruminococcus, Ruminoclostridium, Treponema and UCG-005 (family Ruminococcaceae) were relatively more abundant and belonged to a ‘core microbiome’ of Zulu sheep faeces. Between seasons, Acinetobacter, Jeotgalicoccus, Methanobrevibacter, Phascolarctobacterium and Planomicrobium were differentially abundant. Overall, results suggest increased richness and diversity of bacteria from summer to winter which may be related to spatio-seasonal variations in grazing management, forage types and availability. This observation serves as baseline evidence, justifying further controlled studies investigating, amongst other factors, effects of forage type and availability across seasons on ruminal microbiota of Zulu sheep grazing in communally managed rangelands.

			Significance: 

			
					Spatio-seasonal dynamics in the bacterial community of Zulu sheep faeces suggest differences in forage type and availability across sites potentially influence faecal bacteria of Zulu sheep.

					The study provides a basis for further controlled studies investigating the influence of environmental factors on rumen and faecal microbiomes of Zulu sheep.
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			Introduction

			Zulu sheep (Ovis aries) are one of the oldest and most prominent indigenous Nguni sheep in KwaZulu-Natal Province, South Africa. These sheep play a major role in the livelihood of rural farmers, including being a source of meat, manure, hides and income as well as serving socio-cultural purposes.1,2 The Zulu sheep breed possesses traits for survival and adaptation to environmental stresses such as drought and animal diseases peculiar to the KwaZulu-Natal region of South Africa.3 The sheep are commonly grazed under extensive production on marginal ecological areas which are not suitable for crop cultivation.1,4 Moreover, animal production under extensive agriculture is notably influenced by several environmental conditions, which include changes in forage availability and weather patterns (or seasons).5-9 This necessitates the seasonal assessment of the nutritional requirements and health status of animals in pastures.

			Recent studies in ruminants indicate that the rumen microbiome varies with diet and host breed.10 According to McSweeney and Mackie11, ruminants and their gut-associated microbes have mutually co-evolved while adapting to climatic and botanic environments. The mutualistic contributions of rumen microbes include the breakdown of substrates (which the ruminant host cannot normally metabolise) and the synthesis of essential vitamins.12,13 Overall, rumen microbes contribute to the animal’s well-being by performing nutritional, physiological, immunity and protective functions.11,12,14

			Unfortunately, the composition and abundance of this functionally important gut microbial species can be altered by several factors, which include antibiotic use, age of the animal, geographical location, seasonal changes, feeding regimes, forage quality and the health of the host animal.15-17 Such factors may predispose increased faecal shedding of rumen microbiota, including some pathogenic species.18-20 For example, cold stress in animals5,6,9,17 could predispose the migration of microbial cells from the rumen to the lower tract6,21. Similarly, the faecal shedding of some bacterial species, including Escherichia coli and Listeria monocytogenes, has been correlated with an increase in temperature and antibiotic administration in dairy cows.19,22 Presently, there is little or no information on the faecal microbiota of indigenous Zulu sheep breeds grazing in their native environment. It is also unknown how seasonal factors influence microbial shedding in the faeces of Zulu sheep populations in communally managed pastures. Therefore, this pilot study aimed to investigate the spatial and seasonal variation in the faecal bacterial community of Zulu sheep grazing in pasture-based systems. This pilot study serves to present baseline data for further controlled studies investigating the effect of forage type and environmental conditions on the dynamics of the rumen and faecal bacteria of Zulu sheep.
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			Materials and methods

			Study sites and sample collection

			The Zulu sheep populations sampled were from five communally managed rangeland-based production systems (extensive conditions) in KwaZulu-Natal Province of South Africa: Mooi River (MR), Msinga (MSI), Jozini (JOZ), KwaMthethwa (MTH) and the University of Zululand (UZ) (Figure 1). The size of the herd at all locations ranged from an estimated 55 to 120 sheep. These study sites are located at altitudes of 90 m to 1900 m above sea level. Annual rainfall for this area ranges from 600 mm to about 1400 mm, while temperature ranges from 16 °C to 25 °C in winter (June to August) and from 23 °C to 33 °C in summer (mid-October to February).23 Winter months are cold and dry, while summer months are warm and wet. The forage grasses at these sites include Hyperrhenia hirta (thatching grass), Pennisetum clandestinum (Kikuyu grass), Cynodon nlemfuensis (African Bermuda grass) and Panicum maximum (Guinea grass) (Table 1).
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			Figure 1:	Map of South Africa showing the geographical location of study sites.
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			Table 1:	Dominant grass species in the study locations in KwaZulu-Natal, South Africa

			
				
					
					
					
				
				
					
							
							Study area

						
							
							Dominant grass species

						
					

					
							
							Scientific name

						
							
							Common name

						
					

					
							
							University of Zululand

						
							
							Hyperrhenia hirta

						
							
							Thatching grass

						
					

					
							
							Pennisetum clandestinum

						
							
							Kikuyu grass

						
					

					
							
							KwaMthethwa

						
							
							Cynodon nlemfuensis

						
							
							African Bermuda grass

						
					

					
							
							Jozini

						
							
							Panicum maximum

						
							
							Guinea grass

						
					

					
							
							Pennisetum clandestinum

						
							
							Kikuyu grass

						
					

					
							
							Mooi River

						
							
							Pennisetum clandestinum

						
							
							Kikuyu grass

						
					

					
							
							Msinga

						
							
							Hyperrhenia hirta

						
							
							Thatching grass

						
					

				
			

			In each of the five sites, 20 healthy (based on physical inspection) adult sheep were randomly sampled (without respect to sex) in the summer (October/November) and winter (June/July) seasons of 2014 and 2015, respectively, amounting to a total of 200 samples. For each individual sheep, faecal samples were collected aseptically from the rectum and immediately placed on ice. All procedures performed on animals during sample collection were in accordance with the ethical standards of the UniZulu Research Ethics Committee (certificate number UZREC171110-030 PGM 2015/250). Samples were stored at -20 °C in the laboratory prior to genomic DNA extraction.
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			Extraction of genomic DNA

			Genomic DNA was extracted directly from approximately 150 mg of the faecal sample by using the ZR Fecal DNA MiniPrep Extraction kit (Zymo Research, Irvine, CA, USA) according to the instructions of the manufacturer. The integrity of DNA was verified by agarose gel electrophoresis while DNA concentration was determined using a NanoDrop Spectrophotometer (ND1000, NanoDrop Technologies Inc., Wilmington, DE, USA). DNA was stored at -20 °C prior to downstream analysis.

			16S rRNA gene library preparation

			The bacterial community in Zulu sheep faeces was analysed using high-throughput sequencing of the partial 16S rRNA gene (hypervariable region V3-V4) on the Illumina MiSeq sequencer (Illumina Inc., CA, USA). A partial 16S rRNA gene library was constructed by using universal primers 341F (forward) and 805R (reverse)24 as previously described25,26. Because an objective of this pilot study was to obtain an overview of the core bacterial population in each sampling location per season, all genomic DNA of samples from each location per season (sample size, n=20) were pooled in equal proportions (equimolar basis) prior to library preparation. Library preparation was then duplicated for each DNA pool. Following library preparation, a 2 x 300-bp paired-end sequencing run was performed on the Illumina MiSeq sequencer (Illumina Inc., CA, USA). The DNA extraction, library preparation and Illumina sequencing were performed at the Microbiology Group of the Unit for Environmental Sciences and Management, North-West University, Potchefstroom, South Africa.

			Bioinformatic analyses

			Sequence reads were first de-multiplexed and trimmed of primers and barcode sequences by using the on-board MiSeq reporter software (Illumina Inc., CA, USA). Sequence quality was further assessed using Fastqc (Babraham Bioinformatics, UK; https://www.bioinformatics.babraham.ac.uk/index.html) prior to assembling paired reads and quality-filtering to remove sequences with ambiguous bases and spurious length by using PANDAseq software.27 Thereafter, assembled quality-filtered reads were clustered into operational taxonomic units (OTUs) at 97% 16S rRNA gene sequence similarity by using the closed-reference OTU picking script in Quantitative Insight into Microbial Ecology (QIIME) software (version 1.9)28 and by aligning against the Silvangs rRNA database (release 123)29. Similarly, the taxonomic assignment of OTUs was performed using the Silvangs rRNA database taxonomy. The OTU table was depleted of singletons and rarefied to a single depth before computing alpha and beta diversities in QIIME software. Alpha diversity indices computed included observed OTUs (richness), Chao1 and Shannon–Wiener index of diversity (H’). For beta diversity, Bray–Curtis dissimilarity distances between samples was computed using the vegan package (version 2.5.5)30 of R software (version 3.5.3)31 and subsequently subjected to principal coordinate analyses by using the ‘ape’ package (version 5.3)32. Additionally, a core microbiome analysis was performed in QIIME to determine the bacterial phylotypes which are present and relatively dominant in all faecal samples.
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			Statistical analysis

			Except otherwise stated, all statistical analyses were performed in R software. Alpha diversity indices were subjected to Wilcoxon rank-sum test for comparison between seasons and to Kruskal–Wallis H-test for comparisons across sites. Statistical tests for differences in bacterial community composition and structure amongst groups were performed by using a two-way (season x site) permutational multivariate analysis of variance (PERMANOVA) by using the ‘adonis ()’ function of the vegan package. Permutational test of homogeneity of multivariate dispersion (PERMDISP) was further used to test the difference in spread among groups. Before multivariate analysis, singletons and OTUs present in only one sample were eliminated by using the ‘dropsec ()’ function in the labdsv package (version 1.8.0).33 Multivariate analyses were performed on the log10-transformed relative proportion of each OTU within a sample by using the ‘decostand ()’ function in the labdsv package of R software. The log-transformation was of the order log10 (x) +1, where x > 0.34 Lastly, the linear discriminant analysis effect size (LEfSe)35 was used to determine differential abundant taxa between seasons as well as amongst sites. For LEfSe, default parameters (i.e. Wilcoxon rank-sum test or Kruskal–Wallis test p<0.05, linear discriminant analyses (LDA) >2.0) were used. The output from LEfSe was further visualised as an annotated cladogram using GraPhlAn.36

			Data accessibility

			Raw sequence reads obtained in this study are available in the Sequence Read Archive of the US National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/sra) under the BioProject accession number PRJNA356736.

			Henceforth, wherever applicable, abbreviated site names with ‘W’ appended at the end (e.g. MRW, MSIW, JOZW, MTW and UZW) denote winter samples, while abbreviated site names with ‘S’ appended at the end (e.g. MRS, MSIS, JOZS, MTS and UZS) denote summer samples. Duplicate samples have a ‘2’ added after ‘W’ or ‘S’. 
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			Results

			Spatio-seasonal comparison of alpha diversity OTUs in Zulu sheep faeces

			In total, 2 151 796 sequence reads were obtained after quality trimming and assignment of reads into OTUs. Following rarefaction (without replacement) of sequences at a depth of 11 700 sequences per sample, a total of 5530 OTUs (1385 OTUs unique to summer, 1379 OTUs unique to winter and 2766 shared OTUs) were obtained in all samples (data not shown). The richness, Chao1 richness estimation and Shannon–Wiener index of diversity for OTUs in faeces of each Zulu sheep population did not significantly differ between summer and winter (Wilcoxon rank-sum test, p>0.05) (Table 2). Similarly, differences in these alpha diversity measures were not significant (Kruskal–Wallis test, p>0.05) across sites during either summer or winter. However, higher OTU richness and diversity were observed in winter compared to summer in all but one (Msinga) location (Table 2). Overall, these results suggest that the faecal bacterial community of Zulu sheep is more diverse in winter, which may indicate increased shedding of bacteria in faeces during the winter season compared to the summer season. The non-significant (p>0.05) difference in Chao1 but significant differences in richness and Shannon–Wiener index of diversity between overall winter and summer faecal OTUs may be due to the lack of sufficient sub-sampling depth as revealed by the rarefaction curve of Figure 2. Thus, indications are that the observed richness and diversity of OTUs are underestimated.
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			Figure 2:	Rarefaction curve of bacterial diversity (operational taxonomic units) in Zulu sheep faeces across winter and summer. Rarefaction curve was constructed using the vegan package of R software.
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			Table 2:	Alpha diversity indices of faecal bacteria of Zulu sheep 

			
				
					
					
					
					
					
					
					
				
				
					
							
							Site

						
							
							Observed OTUs

						
							
							Chao1

						
							
							Shannon–Wiener Index (H’)

						
					

					
							
							Summer

						
							
							Winter

						
							
							Summer

						
							
							Winter

						
							
							Summer

						
							
							Winter

						
					

					
							
							JOZ

						
							
							1379±56a

						
							
							1451±53a

						
							
							2126±282a

						
							
							2151±106a

						
							
							8.50±0.00a

						
							
							8.83±0.04a

						
					

					
							
							MR

						
							
							1514±10a

						
							
							1594±15a

						
							
							2387±177a

						
							
							2446±4a

						
							
							8.91±0.00a

						
							
							9.00±0.04a

						
					

					
							
							MSI

						
							
							1220±30a

						
							
							1601±1a

						
							
							2101±37a

						
							
							2501±113a

						
							
							6.68±0.19a

						
							
							8.63±0.15a

						
					

					
							
							MTH

						
							
							1491±13a

						
							
							1424±1a

						
							
							2299±96a

						
							
							2218±20a

						
							
							8.86±0.02a

						
							
							8.80±0.06a

						
					

					
							
							UZ

						
							
							1468±11a

						
							
							1618±40a

						
							
							2279±71a

						
							
							2499±100a

						
							
							8.50±0.02a

						
							
							9.07±0.06a

						
					

					
							
							Average 

						
							
							1414±115b

						
							
							1537±90a

						
							
							2239±164a

						
							
							2363±169a

						
							
							8.29±0.87b

						
							
							8.87±0.18a

						
					

				
			

			OTU, operational taxonomic unit

			Values are mean±s.d. of duplicate determinations. Values for observed OTUs and Chao1 are rounded off to the nearest whole number. 

			Different superscript letters across rows for each alpha diversity index denote significantly different values (Wilcoxon rank-sum test, p>0.05). There are no differences in alpha diversity indices amongst sites during each season (Kruskal–Wallis, p>0.05).

		

	
		
			South African Journal of Science (Research Article)

			Faecal bacterial community of Zulu sheep

			The unweighted (absence/absence of taxa) and weighted (absence/absence and relative abundance of taxa) Bray–Curtis distance’s principal coordinates analysis (PCoA) plots of the OTUs distributions (at 97% 16S rRNA sequence similarity) shown in Figure 3 indicate that the bacterial community in Zulu sheep faeces at given sites differed between winter and summer seasons. Distinctively, the bacterial community composition (unweighted) and structure (weighted) of faeces in summer were very dissimilar from their winter counterparts in Msinga and Jozini sites (Figure 3a,b), suggesting that large differences exist in the type and abundance of bacteria shed in the Zulu sheep faeces between winter and summer. However, the close associations in the faecal bacterial community of Zulu sheep in Mooi River rangelands during winter and summer may suggest that prevailing environmental conditions in this location are similar across winter and summer seasons. 
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			Figure 3:	Principal coordinate analyses (PCoA) of Bray–Curtis distance matrix showing differences between summer and winter faecal bacterial communities of Zulu sheep: (a) unweighted and (b) weighted. Effects of interaction between season and site are significant (PERMANOVA p<0.001).
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			PERMANOVA of both unweighted and weighted Bray–Curtis dissimilarities between bacterial OTU diversity of Zulu sheep faeces show that effects of interaction between factors (site and season) are significant (p<0.001) for both unweighted and weighted Bray–Curtis dissimilarities between sample groups. However, a significant PERMDISP (p<0.001) result observed for individual effects suggests that differences between sites and seasons may be due to lack of homogeneity in spread within each sample group. Thus, the ‘location’ and ‘site’ effects on bacterial community composition and structure suggested by PERMANOVA may be due to other co-founding or random variables, including sampling and site-specific variations. This assumption is further supported by a PERMANOVA r-square value which indicates that the site × season interaction accounts for only 24.4% and 29.0% variations in the Zulu sheep faecal bacterial community composition (unweighted) and structure (weighted), respectively.

			Taxonomic diversity of relatively abundant and core phylotypes of Zulu sheep faecal bacteria

			Most of the OTUs were taxonomically assigned to 21 phyla (Figure 4). In Figure 4, the relative abundance of phyla in Zulu sheep faeces differs among sites and between seasons. Firmicutes was the most abundant phylum of the faeces in summer (64.96±5.32%) and winter (64.52±9.36%) (Figure 4). 
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			Figure 4:	Relative abundance of bacterial phyla of Zulu sheep in summer and winter.
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			The phylum Bacteroidetes was the second most abundant phylum in winter at all sites, and in summer at all but the Msinga site, where Actinobacteria was the second most abundant phylum (Figure 4). Other phyla that constituted at least 1% relative abundance of the Zulu sheep faecal bacteria in both summer and winter included Proteobacteria, Spirochaetae and Verrucomicrobia. On average, the Firmicutes: Bacteroidetes ratio was approximately 4:1 (64.96±5.32%: 15.39±8.29%) in summer and 2:1 (64.52±9.36%: 26.02±8.74%) in winter. From summer to winter (the chronological order of sample collection), the Actinobacteria phylum population generally reduced in the faeces of Zulu sheep in a majority (80%) of the sites (Figure 4). 

			At the family taxa level, Ruminococcaceae was the most abundant in summer (29.95±10.03%) and winter (33.77±3.50%) (Table 3). Other families, which constituted at least 5% relative abundance of OTUs in either summer or winter included Bacteroideceae, Christensenellaceae, Lachinospiraceae, Micrococcaceae, Peptostreptococcaceae, Plano­cocca­ceae, Prevotellaceae and Rikenellaceae (Table 3). Across locations, Rumminococcaceae was the most abundant family in the faeces of Zulu sheep in the winter. However, in the summer, Rumminococcaceae was the most abundant in only four of the five study sites; in the remaining one location (Msinga), Planococcaceae was the most abundant family (data not shown).

			The relative abundance of OTUs at the genera taxa level (family names are provided where OTUs are unclassified at genus taxa level) which constituted at least 1% maximum relative abundance in all study sites are shown in the heat map of Figure 5. Summarily, species of the genera (or family) such as R-7 group (family: Christensenellaceae), UCG-005 (family: Ruminococcaceae) and Intestinibacter were amongst the relatively more abundant genera across samples (Figure 5). In addition to the aforementioned relatively more abundant phylotypes, a core microbiome analysis (OTUs present in all samples) revealed that a majority of the phylotypes presented in Figure 5, including Akkermansia, Alistipes, Bacteroides, Eubacterium coprostanoligenes group, NK4A136 group (family: Lachnospiraceae), Phocaeicola, RC9 gut group (family: Rikenellaceae), Ruminoclostridium, Ruminococcus, UCG-003 (family: Prevotellaceae), UCG-004 (family: Prevotellaceae), UCG-010 (family: Ruminococcaceae), UCG-013 (family: Ruminococcaceae) and Treponema (Figure 5) constitute the ‘core microbiome’ of Zulu sheep faeces.
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			Table 3:	Relative abundance of phylotypes at family taxonomic level

			
				
					
					
					
					
				
				
					
							
							Summer

						
							
							Winter

						
					

					
							
							Families

						
							
							Relative abundance (%)

						
							
							Families

						
							
							Relative abundance (%)

						
					

					
							
							Ruminococcaceae

						
							
							29.95±10.03

						
							
							Ruminococcaceae

						
							
							33.77±3.50

						
					

					
							
							Christensenellaceae

						
							
							8.67±2.69

						
							
							Christensenellaceae

						
							
							8.73±1.64

						
					

					
							
							Peptostreptococcaceae

						
							
							7.03±2.37

						
							
							Peptostreptococcaceae

						
							
							8.62±4.70

						
					

					
							
							Lachnospiraceae

						
							
							6.26±1.54

						
							
							Rikenellaceae

						
							
							8.51±2.89

						
					

					
							
							Micrococcaceae

						
							
							6.06±9.36

						
							
							Lachnospiraceae

						
							
							7.28±1.87

						
					

					
							
							Rikenellaceae

						
							
							4.59±2.05

						
							
							Prevotellaceae

						
							
							5.92±2.30

						
					

					
							
							Verrucomicrobiaceae

						
							
							3.97±1.84

						
							
							Bacteroidaceae

						
							
							5.48±1.27

						
					

					
							
							Planococcaceae

						
							
							3.86±6.09

						
							
							Verrucomicrobiaceae

						
							
							3.27±0.96

						
					

					
							
							Bacteroidaceae

						
							
							3.82±1.97

						
							
							Erysipelotrichaceae

						
							
							2.23±0.96

						
					

					
							
							Prevotellaceae

						
							
							3.68±2.27

						
							
							Spirochaetaceae

						
							
							1.79±0.73

						
					

					
							
							Corynebacteriaceae

						
							
							2.64±3.84

						
							
							Family XIII

						
							
							1.64±0.55

						
					

					
							
							Erysipelotrichaceae

						
							
							2.26±1.03

						
							
							S24-7 group (order: Bacteroidales)

						
							
							1.47±0.84

						
					

					
							
							Family XIII

						
							
							2.16±0.64

						
							
							Incertae sedis (order: Bacteroidales)

						
							
							1.37±0.51

						
					

					
							
							Staphylococcaceae

						
							
							1.91±3.72

						
							
							p-2534-18B5 gut group

						
							
							1.22±0.41

						
					

					
							
							Spirochaetaceae

						
							
							1.58±1.10

						
							
							Others (families with <1% relative abundance)

						
							
							8.71±0.00

						
					

					
							
							Coriobacteriaceae

						
							
							1.01±0.30

						
							
							
					

					
							
							Others (families with <1% relative abundance)

						
							
							10.56±0.00
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			Figure 5:	Heat map showing genera with at least 1% maximum relative abundance in at least one sample. Cluster dendrogram is based on average linkage hierarchical clustering of the Bray–Curtis distances of operational taxonomic units at genus taxa level. Average abundance value of the duplicate sample libraries was used. Family taxonomic classification is provided in parenthesis where genus taxonomic names are potentially ambiguous.
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			Spatio-seasonal differential abundance of faecal bacteria

			The discriminant analyses revealed that a majority (75%) of the bacteria phylotypes which were discriminatory (Wilcoxon rank-sum test, p<0.05, LDA>2.0) between seasonal faecal bacterial communities of Zulu sheep were uncultured (Figure 6). The phylotypes (classifiable at the genus taxonomic rank) Acinetobacter, Jeotgalicoccus, Methanobrevibacter and Planomicrobium were differentially more abundant in summer than in winter (Figure 6), whereas Phascolarctobacterium was differentially more abundant in winter than summer (Figure 6). Across sites, a total of 99 features (or phylotypes) were discriminative (Kruskal–Wallis, p<0.05, LDA>2.0) across all taxonomic ranks (Figure 7). These phylotypes potentially drive the differences observed among the faecal bacterial community of Zulu sheep populations in multivariate space (Figure 3). In particular, Bacillus and Domibacillus were differentially most abundant in Jozina while Atopobium, Fibrobacter and Saccharofermentans were differentially most abundant in Mooi River. Similarly, Alloprevotella, Atopostipes, Intestinibacter, Methanosphaera, Olsenella, Peptoclostridium and Succiniclastium were differentially most abundant in Msinga, Alistipes and Bacteroides in KwaMthethwa, while Acetitomaculum, Cellulosilyticum, Enteractinococcus, Fastidiosipila, Flaviflexus, Kandleria, Oligella and Turicibacter were differentially most abundant in the faeces of the Zulu sheep population located at University of Zululand (Figure 7).
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			Figure 6:	Differentially abundant bacterial phylotypes of Zulu sheep faeces between summer and winter. Rings (from inside out) 1,2,3,4,5 and 6 are the domain, phylum, class, order, family and genus taxonomic ranks, respectively. Only features with a linear discriminatory analysis value > 2.0 are shown.
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			Figure 7:	Differentially abundant bacterial phylotypes of Zulu sheep faeces across sites. Rings (from inside out) 1, 2, 3, 4, 5 and 6 are the domain, phylum, class, order, family and genus taxonomic ranks, respectively. Only features with a linear discriminatory analysis value > 2.0 are shown.
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			Discussion

			The dynamics of the faecal microbiota community diversity of ruminants may be driven by several factors including variations in feeding operation, geographical availability and type of forage.18,19,22 In this study, high-throughput sequencing of the bacterial 16S rRNA gene was used to elucidate the faecal bacterial community dynamics of Zulu sheep populations during winter and summer seasons. Furthermore, the study provided an insight into the potential of Zulu sheep faeces to serve as a source of potential pathogens around grazing environments. 

			The observed higher faecal bacterial OTU richness and diversity in the winter compared to the summer in a majority (except KwaMthethwa) of the study sites suggest increased faecal shedding of Zulu sheep gut microbes during the winter season. Some studies have shown that cold stress may predispose the increased shedding of rumen bacteria.21,37,38 The observed higher OTU richness and diversity in winter may be predisposed by variation in diet across summer and winter. A previous study by Shanks et al.18 on the faecal microbiome of cattle fed in feedlots with different feeds – forage, processed grain and unprocessed grains – suggested that feeding operations or feed type were predictors of the faecal microbiome of cattle compared to the geographical location of the feedlot. Similarly, Callaway et al.39 reported that the inclusion of dried distiller grains in cattle feeds reduced faecal bacterial diversity in comparison to that in cattle which were fed a basal feedlot diet. These studies essentially show that a link exists between diet and the faecal microbiome of ruminants.

			In rangelands such as in the current study, forage type and availability vary along seasonal lines. Between summer and winter, Zulu sheep feed on a variety of feed types, which subsequently predisposes variations in the population numbers of bacterial flora associated with the gut and faeces.39,40 For example, feed types have been suggested to increase the levels of certain bacteria in the faeces of cattle.40 Indeed, in the summer season, these regions are usually characterised by adequate agronomic conditions, which favour the growth of forage (grass) species on which the animals graze. It has been reported that the availability of grass species during the summer months influences the animals’ preference for forage types. Such preferences include grazing on grass species in the summer to grazing on dry grasses and browsing on trees and shrubs in the dry winter months.41,42 However, the observed non-significant differences in the bacterial richness and diversity in faeces of most Zulu sheep populations between winter and summer suggest that any potential differences in feed type and availability between seasons are not determinants of the faecal bacterial richness and diversity of Zulu sheep. Nevertheless, the non-significant differences may also be due to the small sample number, pooling of samples in the present pilot study as well as the limitations of next-generation sequencing technology employed in the present study (discussed later).

			In multivariate space, differences in bacterial community composition and structure were significantly influenced by an interaction amongst sites and between seasons. Possibly, the differences observed in the faecal bacterial community composition and structure across seasons, particularly in the Msinga Zulu sheep population may be due to the influence of seasonal variation in feed type and availability. Elsewhere, faecal microbial community composition of adult beef cattle was more shaped by feeding operations than by geographical location.18 However, Durso et al.43 observed a variation in the faecal bacterial communities of beef cattle which could not be linked to the influence of diet or weather. Further large-scale studies are required to validate the observations made in this study as well as to confirm factors which predispose the large variation (in multivariate space) between the summer and winter faecal bacterial community composition and structure observed in Msinga.18 In addition, because this study involved sheep breeds under extensive animal management, several co-founding variables – including environmental parameters, management practices, forage types and availability – render explanations for the faecal bacterial community diversity dynamics inconclusive. Further studies are required to determine the specific contribution and extent to which each of these factors influence the faecal bacterial community dynamics of Zulu sheep. Such further studies will assume a similar approach to that of recent investigations on the faecal microbiome of some ruminants.44,45
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			Firmicutes and Bacteroidetes phyla dominated the bacterial composition of Zulu sheep in both summer and winter seasons. Similar observations have been reported in previous microbiological studies of the faeces of ruminants, including beef and dairy cattle18,39,45,46 as well as sheep and goats44,47. In contrast, the high relative abundance of Actinobacteria in the faecal microbiome of Zulu sheep in the Msinga location is a rather surprising observation when compared to other sites (or populations), to its (Msinga population) winter faecal microbiome, and to other published studies.18,39,43,44,46,47 The disparity may suggest a stack contrast in prevailing conditions between winter and summer in Msinga, and from those of other sites. The relatively high composition of OTUs belonging to Actinobacteria phyla most likely account for the large bacterial community variation observed in multivariate space between summer samples from Msinga and those of its winter samples as well as those from other sites (Figure 3). 

			At the family taxa level, the majority of the OTUs belonged to the family Ruminococcaceae. The prevalence of bacteria belonging to the family Ruminococcaceae is not surprising considering the vast literature reporting their presence in ruminant stomach chambers48-50 as well as in faeces18,43,50. The abundance of Ruminococcaceae in ruminant faeces has been linked to carbohydrate-rich diets.10,51 It has been suggested that Ruminococcaceae, along with other families in the Zulu sheep faeces such as Lachinospiraceae and Prevotellaceae, predominantly contribute to ruminal biohydrogenation and breakdown of complex polysaccharides through the secretion of cellulolytic and hemicellulolytic enzymes.52-54 At the genus level, several genera, including Ruminococcus, Ruminoclostridium, Treponema, Akkermansia and Eubacterium coprostanoligenes were relatively abundant (≥1% maximum relative abundance) and present in all Zulu sheep faeces analysed. The presence of these species in all Zulu sheep faeces suggests that they constitute a ‘core microbiome’ of Zulu sheep faeces. Likewise, the presence of a core microbiome has been reported in previous faecal microbiome studies.18,44 These core genera largely belong to the families highlighted earlier and are therefore involved in the degradation of a wide range of organic matter, including forage feeds and complex polysaccharides.10,12,51 

			Season-wide and site-wide differential abundance analyses were performed to identify species which statistically varied in relative abundance between summer and winter as well as between sites. Such differential species are likely sensitive to the prevailing seasonal or site effect on Zulu sheep metabolism. For example, studies have shown that faecal shedding of pathogenic microbes may be correlated with temperature.19,22 Orpin et al.48 reported that the differences in forage type, feeding duration and rate as well as the flow rate of digesta through the rumen between summer and winter seasons may influence the ruminal microflora in Svalbard reindeer (Rangifer tarandus platyrhynchus). Deductively, such differences may also occur in summer and winter faeces of ruminants. More importantly, the differential shedding of these species may reflect conditions in the rumen39 which could have implications for animal production, particularly in terms of forage digestibility, feed nutrient utilisation and animal performance.13,55 
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			More importantly, Zulu sheep faeces may serve as a source of pathogenic species in the vicinity in which they graze. In the present study, some abundant and differentially abundant phylotypes across season or site included genera of which some species are known human pathogens. Such genera include Enterococcus, Treponema and Peptoclostridium. Further studies utilising quantitative polymerase chain reaction (qPCR) of specific gene loci are required to detect and quantify the levels of potentially pathogenic species that may be present in Zulu sheep faeces. In addition, the isolation and characterisation of some of the differentially abundant bacteria may provide insights into their function and potential utilisation as bioindicators of ruminant health as well as for evaluating potential risks associated with Zulu sheep grazing on the environment. 

			The unavailability of detailed information on the prevailing management practices as well as feed type and quantities available to the Zulu sheep populations during the seasons constitute some of the limitations of this study. Such information is important in order to aid the understanding of possible factors driving the faecal bacteria dynamics across sites and season. As no approach is without limitations, the varying copy numbers of the 16S rRNA gene marker, the low-resolution of the next-generation sequencing approach to detect metabolically active but less dominant species, PCR bias, the inability to identify bacteria to species levels and the possibility of the sequence count rarefaction step to distort the true ecological diversity of a given environment56,57 are additional limitations of the study. Indeed, these limitations may influence the abundance estimates and richness of bacterial phylotypes reported. Nevertheless, the approach (next-generation sequencing of the 16S rRNA gene) is widely considered to be a robust and rapid method for profiling the bacterial community of any environment at a high-throughput scale.

			In conclusion, the faecal bacterial community of Zulu sheep varied along spatio-seasonal lines, thereby suggesting differences in animal management practices and feed type, amongst other factors, across seasons and between locations. The faecal bacterial dynamics of specific species between seasons point towards similar dynamics in the bacterial communities along the stomach chambers of Zulu sheep. Further large-scale and controlled studies are required to investigate the effect of seasonal factors, including forage type and availability, as well as other management practices on the rumen bacterial community of Zulu sheep grazing in communally managed rangelands. Such studies will be important for maximising animal production through improving the digestibility of forage in the sheep rumen across seasonal lines.
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