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Abstract Aims: Improved knowledge of the bacterial community of the digestive tract is required to enhance the efficiency of digestion in herbivores. This work aimed to study spatial and temporal variations of the bacterial communities in the bovine digestive tract and their correlation with gut environmental parameters. Methods and Results: Rumen content and faeces of five cows were sampled for 3 weeks. In addition, reticulum content was sampled during the third week. Bacterial communities were assessed by studying capillary electrophoresis single-stranded conformation polymorphism (CE-SSCP) profiles of 16S rRNA genes. The bacterial community structure differed between the forestomach and faecal contents. The abundance of several operational taxonomic units changed from week to week. Bacterial community structure of the rumen was correlated to propionic acid and NH3–N concentrations. Conclusions: The bacterial community of the bovine digestive tract varied in space and time. Significance and Impact of the Study: The study of the bacterial communities of the digestive tract in herbivores should be widened from the rumen to the large intestine. The amplitude and origin of the temporal variation of the ruminal bacterial community need to be better understood to improve the control of the fermentative activity in herbivores.



Introduction Bacteria are present throughout the digestive tract of ruminants. They are predominant compared to other microbes in the forestomach, i.e. the rumen and the reticulum, and the large intestine. They are also present in other compartments, such the small intestine and the caecum, but in smaller numbers (Edwards et al. 2005). These ecosystems harbour a complex range of microbes living in an anaerobic and a reductive environment. The rumen contains 1010–11 bacteria, 109–10 phage particles, 108–9 protozoa, 107–9 archaea and 103–5 fungal zoospores per millilitre (Klieve and Swain 1993; Mackie et al. 1997). The microbial ecosystems in other parts of the ruminant



digestive tract are less well known, but Lin et al. (1997) showed that the relative abundance of bacteria, eucarya and archaea varied according to the digestive compartment. Indeed, in the goat digestive tract, bacterial rRNA accounts for 59% of the total rRNA present in the rumen, compared to 66% and 73% in the colon and caecum, respectively. The bacterial and protozoal communities play a key role in digestion, hydrolyzing plant cell walls and producing volatile fatty acids (VFA), ammonia and vitamins that are directly utilized by the ruminant (Fonty and Chaucheyras-Durand 2008). This microbial activity releases hydrogen which is used by the archaea to produce methane (Janssen and Kirs 2008). The three main currently
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known cellulolytic bacterial species are the Gram-negative Fibrobacter succinogenes and two species of Gram-positive bacteria, Ruminococcus albus and Ruminococcus flavefaciens (Krause et al. 2003). For several decades, numerous studies have been devoted to understanding the factors which influence the fermentative activity in the cow’s rumen (Allen 1997; Owens et al. 1998; Nagaraja and Titgemeyer 2007). New knowledge of the bacterial community itself is essential to advance the control of microbial digestion. This knowledge has recently increased with the development of molecular tools based on 16S rRNA gene heterogeneity (Deng et al. 2008). These techniques have revealed the extraordinary richness of bacterial species in the rumen, revealing many new species. In contrast, little is known about the factors that influence the bacterial richness. One generally distinguishes biotic factors, like interactions between microbial communities and their hosts, from abiotic factors like environmental parameters, such pH or redox potential. This study aimed to assess the spatial, temporal and inter-animal variations of bacterial communities residing in the bovine forestomach and large intestine. We studied both structure and diversity index of the bacterial communities and their correlation with gut environmental parameters. We used capillary electrophoresis singlestranded conformation polymorphism (CE-SSCP) generated by amplification of the V3 region of the 16S rRNA gene. It is a reproducible and high-resolution methodology which permits a rapid analysis of the whole bacterial community (King et al. 2005; Zinger et al. 2007). Materials and methods Experimental design Five nonlactating Prim Holstein cows fistulated in the rumen were kept indoors in individual pens. They were fed twice daily at 08.00 h and 17.00 h with a maintenance diet of 2 kg of hay, 2 kg of barley straw, 1 kg of ground corn and 0Æ08 kg of mineral supplement. They were adapted to this diet for 21 days before sampling to stabilize the digestive tract ecosystems at the beginning of



experiment. The animals were cared for in accordance with the guidelines for animal research of the French Ministry of Agriculture (Anon 1988). Samples were collected once a week, on the same day, for three consecutive weeks (Fig. 1). To study the bacterial community of the large intestine, faeces were collected immediately after their excretion. During the first week, ventral rumen and faeces samples were collected 3 h after the morning meal. During the second week, ventral rumen samples were collected, before the meal and 3 h and 6 h after the morning meal, whereas faeces samples were collected once, 3 h after morning meal. During the third week, ventral and dorsal rumen samples, reticulum and faeces samples were collected 3 h after the morning meal. A total of 50 samples were collected and filtered (1Æ6 mm) before storage at )20C until analysis. The samples taken to determine concentrations of NH3–N, and VFA were collected each week in the liquid phase of the ventral rumen content, 3 h after the morning meal, and stored at )20C in a 2% (w ⁄ v) mercuric chloride solution. Determination of environmental parameters Concentrations of VFA were determined by Playne’s (1985) method by automated gas separation (5890A; Hewlett Packard, Avondale, PA, USA). NH3–N concentrations were determined by a colorimetric method as previously described by Hach et al. (1987). Ventral ruminal pH and redox potential were measured ex vivo as described by Marden et al. (2005), the day following sampling. The measurements of pH and redox potential were carried out with a glass electrode (combined electrode DG SC; Metrohm, Herisau, Switzerland) and a platinum electrode (Pt SC with Ag ⁄ AgCl as reference; Metrohm). The redox potential measurements were corrected by adding the potential of the reference hydrogen electrode: +199 mV. DNA extraction and PCR amplification Total DNA was extracted and purified with QIAamp DNA Stool Mini kit (Qiagen Ltd, West Sussex, UK)
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Ventral rumen at t3 Faeces at t3 Dorsal rumen at t3 Reticulum at t3



Figure 1 Scheme of the experimental design. t0, t3, t6 stand for before meal, 3 h and 6 h after the meal, respectively.
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directly from approx. 0Æ2 g of sample corresponding to 227 ± 173 ng ll)1. The V3 region of the 16S rRNA genes of bacterial species, corresponding to a 205 -bp fragment in Escherichia coli (position 329–534), was used as a diversity marker by performing PCR, using the primers W49 5¢-ACGGTCCAGACTCCTACGGG-3¢ and 6FAM-labeled W34 5¢-TTACCGCGGCGTGCTGGCAC-3¢ (Delbe`s et al. 1998; Zumstein et al. 2000). PCR was carried out in 50 ll reaction mixtures containing 5 ll 10· buffer, 0Æ2 lmol l)1 of each primer, 200 lmol l)1 of each dNTP, 0Æ25 U PFU Ultra II Fusion HS DNA polymerase (Stratagene), 25 lg bovine serum albumin (New England Biolabs) and 1 ll of 200· diluted DNA extract. The temperature programme consisted of 2 min at 95C, 30 cycles with 30 s at 94C, 30 s at 61C, 30 s at 72C followed by a final extension at 72C for 3 min. PCR products were checked for appropriate size by 1% agarose gel electrophoresis. Capillary electrophoresis single-stranded conformation polymorphism Briefly, CE-SSCP is a capillary electrophoretic method based on heterogeneity of single-stranded ribotype secondary structure providing different mobility through a gel. An internal standard using a different fluorochrome 6-carboxy-X-rhodamine (ROX; Applied BiosystemsHD400) was analysed simultaneously. The SSCP mix contained 1 ll of PCR product, 7Æ8 ll of deionized formamid (Genescan; Applied Biosystems) and 0Æ2 ll of the internal standard ROX. Mix was denatured at 95C for 5 min and placed in ice before loading. CE-SSCP was performed on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems) using a 36 -cm-long capillary and a 7Æ2% nondenaturing polymer consisted of 80% CAP polymer (Applied Biosystems), 10% glycerol and 10% 10· TBE Buffer (Applied Biosystems). Electrophoresis was performed at 25C for 3500 s at 15 KV and produced chromatograms containing both sample and internal standard signals. Bacterial communities were spread out in about 1200 scans. Co-migration events of PCR products belonging to different bacterial species could occur during capillary electrophoresis, resulting in a single peak in the CE-SSCP profile (Loisel et al. 2006; Zinger et al. 2007). Therefore, one should remember that a single peak could correspond to an operational taxonomic unit (OTU) assemblage rather than a single OTU. CE-SSCP data processing was computed with safum software, ver. 4.4, running on Matlab ver. 6.0 (Zemb et al. 2007). CE-SSCP profiles were aligned together using pairwise alignment of their internal standard with the same reference internal standard. Total areas under CE-SSCP profiles were normalized to one producing
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relative abundance data. Alignment and normalization guaranteed reliable comparison between samples. Diversity index and structure of communities Estimating a diversity index consists of summarizing a complex community represented by a molecular fingerprint pattern in a single value by taking into account the number of species (number of peaks) and their relative abundance (area under each peak). Simpson’s diversity index gives the probability of two individuals randomly taken from an infinitely large community belonging to the same species (Simpson 1949). It is heavily weighted towards the most abundant species and thus is better suited to patterns of molecular fingerprints where only principal OTUs are plotted as peaks. It is estimated as the negative logarithm of the Simpson index named D¢ (Rosenzweig 1995); Haegeman et al., personal communication). The lowest value of D¢ is obtained when the profile contains only one peak and the highest value of D¢ when the profile contains many overlapping peaks of equal abundance. Thus, in a CE-SSCP profile, D¢ will decrease when the abundance of a few peaks increases and will increase when the areas of the highest peaks are replaced by a lot of minor peaks. The community structure of an ecosystem was defined as the list of species and their relative abundance in the community (Begon et al. 1996). It has been shown that the migration of ribotypes within the CE-SSCP capillary is highly reproducible (Zinger et al. 2007). Therefore, the comparison of the peak sizes for each scan of the profile shows which OTUs appear, disappear or change in abundance. Consequently, in our article, the study of the structure of bacterial communities refers to the fine analysis of the size of the various peaks throughout the profiles. Statistical analyses of environmental parameters and diversity index All statistical analyses were carried out using R ver. 2.6.1 (R Development Core Team 2007). anova was performed for diversity index (D¢) using the following variables as fixed effects: individual cow (five levels), sample type (four levels: ventral rumen, dorsal rumen or reticulum contents and faeces), sampling week (three levels) and sampling hour after meal (three levels). For environmental variables (pH and redox potential at 3 h after the meal, VFA and NH3–N concentrations), the statistical model included individual cow and sampling week as fixed effects. All possible interactions between previously cited factors were also tested. Tukey’s Honestly Significant Differences post hoc tests (Tukey’s HSD) were performed.
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Correlations between diversity index as dependent variable and environmental variables as independent variables were explored using General Linear Model (GLM) to calculate Pearson’s R2. Statistical analyses of the structure of the bacterial communities We calculated the pairwise Euclidean distances of the 50 CE-SSCP profiles. To explore this distance matrix, nonmetric MultiDimensional Scaling (nMDS) was performed using 10 000 random starts. Basically, nMDS is a twodimensional display where each CE-SSCP profile is represented by a single point. They are plotted to respect as much as possible the Euclidian distances between each pair of profiles. The degree to which the display matched the underlying distances was assessed by using Kruskal stress, a maximum threshold value of 0Æ1 gives little risk of misinterpretation (Clarke and Warwick 2001). Analysis of similarity (anosim) was performed on the distance matrix using 10 000 Monte Carlo permutations. Global anosim was performed to test the fixed effects of individual cow, sampling site, sampling week and sampling hour after the meal. Pairwise anosim was used to determine which level differed within a significant fixed effect. The factor tested was considered to be not significant if P > 0Æ05, whatever the value of anosim R. The factor tested was considered to be significant when P < 0Æ05 and anosim R > 0Æ25. The value of anosim R indicates the degree of similarity between the groups (R > 0Æ75, well-separated groups; 0Æ50 < R < 0Æ75, separated but overlapping groups; 0Æ25 < R < 0Æ50, separated but strongly overlapping groups; (Ramette 2007)). An iterative Mann–Whitney test on the 1200 scans of the profile revealed which OTUs differed between two distinct communities. Relationships between bacterial communities and environmental parameters Relationships between bacterial communities and environmental variables were tested with a multivariate 50–50 F test followed by a rotation test with 10 000 permutations to assess significance (Langsrud 2002, 2005). The 1200 scans of CE-SSCP profiles were treated as dependent variables and the environmental variables (pH and redox potential at 3 h after the meal, VFA and NH3–N) as independent variables. This multivariate GLM test is particularly suited to molecular fingerprint data as it is nonparametric, effective for collinear variables, unaffected by the order of the independent variables (type II) and it allows the possibility of having more variables than observations. 4



Results Environmental parameters of the ventral rumen Ventral rumen content was relatively acid (pH = 6Æ5 ± 0Æ1) and reductive (redox potential = )173 ± 32 mV). Acetic acid, propionic acid, butyric acid and NH3–N concentrations were 53Æ6 ± 8Æ4 mmol l)1, 11Æ2 ± 1Æ9 mmol l)1, 5Æ0 ± 0Æ7 mmol l)1 and 93Æ7 ± 20Æ7 mg l)1, respectively. All parameters measured in the ventral rumen, apart from redox potential, varied between animals (P < 0Æ05, data not shown). However, environmental parameters did not change between sampling weeks. No interaction was found between the effects of individuals and sampling weeks (data not shown). Effect of individual cow on bacterial communities In the ventral rumen, the structure of the bacterial communities did not differ between individual cows (Table 1). Likewise, the diversity index of the bacterial communities did not differ between individual cows (Table 2). These findings meant that variability in the diversity index and in the structure of bacterial communities in the ventral rumen did not depend on the cow concerned. Comparison of the bacterial communities residing at different sites of the digestive tract The bacterial communities differed between sampling sites (anosim R = 0Æ49, P < 0Æ001; Table 1). The structure of the bacterial communities differed greatly Table 1 Effects of individual animal, week and hour after meal in the ventral rumen and effect of sampling site on the structure of bacterial communities using ANOSIM
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Site of sampling Ventral rumen vs faeces Dorsal rumen vs faeces Reticulum vs faeces Ventral rumen vs dorsal rumen Ventral rumen vs reticulum Reticulum vs dorsal rumen Sampling week in the ventral rumen Week 1 vs week 2 Week 1 vs week 3 Week 2 vs week 3 Sampling hour after meal Individual cow in the ventral rumen
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