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Abstract
 Background 
Anthelmintic treatment is a risk factor for intestinal disease in the horse, known as colic. However the mechanisms involved in the onset of disease post anthelmintic treatment are unknown. The interaction between anthelmintic drugs and the gut microbiota may be associated with this observed increase in risk of colic. Little is known about the interaction between gut microbiota and anthelmintics and how treatment may alter microbiome function. The objectives of this study were: To characterise (1) faecal microbiota, (2) feed fermentation kinetics in vitro and (3) metabolic profiles following moxidectin administration to horses with very low (0 epg) adult strongyle burdens. Hypothesis: Moxidectin will not alter (1) faecal microbiota, (2) feed fermentation in vitro, or, (3) host metabolome. 
Results
Moxidectin increased the relative abundance of Deferribacter spp. and Spirochaetes spp. observed after 160 hours in moxidectin treated horses. Reduced in vitro fibre fermentation was observed 16 hours following moxidectin administration in vivo (P = 0.001), along with lower pH in the in vitro fermentations from the moxidectin treated group. Metabolic profiles from urine samples did not differ between the treatment groups. However metabolic profiles from in vitro fermentations differed between moxidectin and control groups 16 hours after treatment (R2 = 0.69, Q2Y = 0.48), and within the moxidectin group between 16 hours and 160 hours post moxidectin treatment (R2 = 0.79, Q2Y = 0.77). Metabolic profiles from in vitro fermentations and fermentation kinetics both indicated altered carbohydrate metabolism following in vivo treatment with moxidectin. 
Conclusions
These data suggest that in horses with low parasite burdens moxidectin had a small but measurable effect on both the community structure and the function of the gut microbiome. 
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Background
The hindgut of the horse is populated by bacteria that are sensitive to changes in the intestinal environment. There is currently limited understanding of the relationship and communication between intestinal parasites and the hindgut microbiome within the horse [1]. Within humans and animals there is some evidence that helminth-associated alterations of gut microbiota may lead to consequences for the host organism, both localised to the gut and systemically [2]. 
Anthelmintic administration, specifically macrocyclic lactones, have been identified as a risk factor for the onset of intestinal disease (colic) in horses, however the reasons behind this are unknown [3,4,5,6]. Anthelmintics remain an important part of parasite control however the interaction between parasites and the gut microbiome is potentially perturbed by anthelmintic treatment. This phenomenon was initially explored in horses by Goachet et al. [7] who reported a reduction in cellulolytic bacteria and caecal pH followed by an increase in Lactobacilli and Streptococci after treatment with moxidectin identified from bacterial counts from cannulated horses in vivo. These authors also studied the effect of ivermectin and benzimidazole on the horses’ hindgut ecosystem in the same study, finding moxidectin had the greatest effect on reducing caecal pH and cellulolytic bacterial counts compared to the other two anthelmintics. More recent studies have used bacterial community profiling of faecal microbiota in horses with cyathostomin burdens following ivermectin and benzimidazole treatments [8, 9, 10]. When benzimidazole was administered to horses there was little effect seen on the bacterial community profile or the faecal metabolome [10], this conflicts with the effects on pH and bacterial counts reported by Goachet et al. [7]. Peachey et al. [9] identified differences in bacterial community profiles between horses categorised as having high and low faecal egg counts (FEC) for cyathostomins and the effect of treatment with ivermectin. The presence of parasites (macrobiota) was found to have some effect on the bacterial community profile and the greatest effect on bacterial composition was observed in the high parasite burden group.  The same authors also identified that in horses with low strongyle burdens, faecal metabolites associated with carbohydrate metabolism increased following ivermectin treatment, however this was not quantified with an evaluation of functional fermentation. 
Previous studies in other mammals have reported conflicting findings on the effect of nematodes on the structure and function of the microbiome. A study in pigs identified that infection with Trichuris suis altered the composition of the intestinal microbiota and the metabolome of the luminal content [11]. In cattle, changes in the profile of ruminal microbiota did not alter the predicted metabolic output when using a shotgun metagenomics approach to profile the bacterial community and explore its function [12]. Thus, changes in the taxonomic profile of microbial communities do not necessarily reflect metabolomic changes or functional fermentation changes within the microbiome. Currently it is unknown whether anthelmintic alone, parasite presence, parasite death or a combination of these factors following anthelmintic treatment, are responsible for the onset of post-anthelmintic intestinal disease.
Multi-omics approaches are more likely to provide answers to microbiome questions, including the effect on normal gut function, than community profiling alone.  Multi-omics studies involve employing two or more differing ‘omics approaches e.g. a combination of metagenomics, transcriptomics, proteomics and metabolomics together in the same experiment to give a more holistic view of the structure and function of the microbiome [13]. Employing bacterial community profiling using the 16S rRNA gene, together with metabolomics provides information on bacterial community structure and the metabolic activity of those bacteria by evaluating the metabolites they produce. The relationship between bacterial diversity and metabolic profile has been explored in humans [14] showing a relationship between alpha diversity of microbiota and some specific metabolite concentrations e.g. hippurate. In horses bacterial metabolites including hippurate have been detected in urine and reduced excretion has been associated with altered metabolic activity within gut microbiota [15, 16]
Functional fermentation kinetics can be evaluated by using in vitro, batch culture systems [17]. The technique allows feed digestibility to be evaluated by measuring fermentation and dry matter disappearance using a culture inoculated with faeces. Mathematical modelling allows the calculation of kinetic rates of fermentation, the extent to which the substrate is degraded and the total fermentation, inferred by gas produced, during incubation. Combining omics’ approaches and fermentation kinetics allows for a systemic approach to evaluating microbiome structure and metabolic function alongside functional substrate digestion as a marker of digestive function.  
To the authors’ knowledge this is the first study to use a multi-omics approach to characterise functional fermentation characteristics with bacterial community profiling, metabolic pathway prediction and metabolic profiling following anthelmintic administration in horses to infer the metabolic effect of anthelmintic treatment on normal gut function. Therefore this is the first study to take a community structure and mechanistic functional approach to investigating the effects of anthelmintic on the horses’ hindgut ecosystem to identify if anthelmintic administration may increase the risk of post anthelmintic colic.
The aims of this study were three fold, to characterise (1) faecal microbiota, (2) feed fermentation kinetics in vitro and (3) metabolic profiles following moxidectin administration in horses with very low parasite burdens. We hypothesise that moxidectin treatment will not alter the faecal microbiome, metabolome nor feed fermentation kinetics. 
Results
Microbiota profiling
Total sequences within the data set were 4,034,103, the minimum number of sequences per sample was 37,883 and the maximum was 101,512. The mean number of sequences per sample was 62,070. (±14812.8) From this 5,746 unique operational taxonomic units (OTUs) were identified.  
There were no differences in alpha nor beta diversity indices between the two treatment groups over the sampling time points (Supplementary data S1 and S2). Moxidectin treatment had a small but measurable effect on the faecal microbial community profile of the moxidectin treatment group over the sampling time points. There were moderate changes in the relative abundance of five OTUs that were identified as differing in relative abundance between the two treatment groups at genera taxonomic level 16 hours following anthelmintic administration (Figure 1A). A decrease in relative abundance of Cyanobacteria (MN_24) in the control group at the 16 hour sampling point compared to the moxidectin treated group and control group at other time points (Supplementary data S3). An increase in relative abundance of Deferribacters (Mucispirillum) (Figure 1B) and of Spirochaetes (Treponema) (Supplementary data S3) were observed in the moxidectin group. Deferribacter spp. increased in relative abundance in samples from the moxidectin group from 40 -160 hours following administration, no Deferribacter spp. were identified in the baseline samples. No Deferribacter were identified in the control group of horses at any time point (Figure 1b). There was also an increase in relative abundance of Spirochaetes spp. in the moxidectin treated horses 160 hours after moxidectin administration compared to previous time points (Supplementary data S3). 
When predicting metabolic functions within the microbiome using the phylogenetic investigation of communities by reconstruction of unobserved states platform (PICRUSt) there were no differences detected between both moxidectin and control treatment groups (Supplementary data S4). 
Fermentation kinetics
The data obtained from the fermentation experiment fitted well to the France et al. [18] model (R2 > 0.993) allowing calculation of fermentation kinetics. Differences between the treatment groups over time in cumulative fermentation profiles, whereby fermentation was significantly lower at 16 hours after moxidectin administration compared to samples inoculated from non-treated controls (P = 0.001, Figure 2).  When considering the kinetics, the fractional rate of substrate degradation half way through fermentation and the total gas pool half way through fermentation were significantly lower in the moxidectin treated group (P < 0.001, Table 1) compared to the non-treated control group for the hay substrate. These changes in fermentation rate for hay were also reflected in the extent of substrate degradation which was lower in the moxidectin treated group (P < 0.001, Table 1). 
The pH of the fermentation inoculum differed between treatment groups and was lowest for the moxidectin  group in inoculum made from faeces collected at 16 hours (mean pH 7.45 ± 0.05) compared to inoculum from pre-treatment or 160 hours (mean pH 7.6 ± 0.05) (P = 0.004) (Figure 3). 
Metabolic phenotypes
Principal component analysis (PCA) and orthogonal projections to latent structures discriminate analysis (OPLS-DA) models built with the metabolic profiles gained from the urine samples did not identify any metabolic differences between the moxidectin and control treatment groups over the four time points (R2 = 0.3 and Q2Y = -0.22, supplementary data S5).  
Differences were present in the metabolic profiles of the fermentation samples following the fermentation of hay between the moxidectin group and control group 16 hours after moxidectin administration (R2 = 0.69, Q2Y = 0.48; Figure 5). When these metabolic differences were explored, samples from the moxidectin treatment fermentations had higher amounts of alanine and ethanol (Figure 4). When PCA and OPLS-DA models were built with samples from the control fermentations comparing metabolite profiles within treatment groups there were no metabolic differences identified between any of the time points (R2 = 0.8, Q2Y = -0.1). The OPLS-DA model built with metabolic profiles from samples from the fermentation of hay in microbial inoculum from the moxidectin treatment group identified differences between metabolite profiles between 16 hours and 160 hours after moxidectin administration, (R2 = 0.79, Q2Y = 0.77; Figure 5). Formate, maltose and ethanol were present in greater amounts in samples from fermentations inoculated with faecal samples collected 16 hours after moxidectin treatment compared to fermentations from the same animals collected 160 hours after moxidectin (Figure 5). The moxidectin treatment group had higher relative abundance of acetate, butyrate and propionate present in the fermentation samples inoculated with faeces from 160 hours after treatment. Details of metabolites and their predicted concentration can be found in Table 2. 
Discussion
The complexity of the relationship between macrobiota, microbiota and the mammalian host is an area that has recently received attention in the literature [19, 20] and more recently specifically in the horse [21] but remains poorly understood. Here we report that moxidectin treatment did moderately alter bacterial community profile and functional fermentation kinetics temporarily following treatment. The effects of these fermentation changes were also identified in the metabolic profiles of hay fermentation culture. 
Moxidectin had a small effect on the taxonomic community profile of faecal microbiota in our study; four OTUs were identified as being different in relative abundance in the faeces of horses dosed with moxidectin, however the effect on the spirochaetes spp. appears also to be influenced by time as a similar pattern is seen in the control group but at lower relative abundance. Kunz et al. [22] observed no changes at all in faecal microbiota profile following moxidectin and praziquantel administration, in contrast we observed some moderate taxonomic changes in our study. The sampling time points used by Kunz et al. [22] differed to those in our study, our changes in faecal microbiota were seen between 40 and 160 hours after moxidectin treatment. This exceeded the time points measured by Kunz et al. [22] which only extended to two days post dosing, this is one possible explanation for the differences in results between studies. Peachey et al. [8,9] reported that parasitism had a greater effect on microbiota composition than anthelmintic administration. In their study ivermectin was administered to groups of horses with low and higher FECs and they observed changes in OTUs over 14 days. No changes in alpha diversity were observed following anthelmintic treatment, a finding supported by our study. 
We observed a small increase in Deferribacter spp. (Figure 1B) between 40 and 160 hours after moxidectin treatment. In other vertebrates increases in Deferribacter spp. have been observed associated with parasitism in the caecum and colon [1,23]. Deferribacter spp. were not present in any of the control horse samples nor the moxidectin treated group at baseline. The increase in relative abundance of Deferribacteres was very small, however the horses used in our study had very low parasite burdens. In this instance any biological effect of the increase in relative abundance observed may have been negligible within the microbiome. It would be interesting to profile the relative abundance of this phyla in horses with moderate to high strongle burdens following moxidectin treatment, to see if there were a greater effect. While all of the horses in this study had no eggs seen in pre-screening FECs it is likely that they would have harbored pre-patent infections. A limitation of this study was a lack of a diagnostic to identify pre-patent infection which was not available at the time of this study. Pre-patent infection was evident from the visible excretion of cyathostomins from one of the horses the day following treatment. 
[bookmark: _Hlk37065578]Deferribacter spp. have previously been associated with inflammation in the gut and detected in humans and mice prior to the onset of colitis [24]. Recently Steurer et al. [25] reported an interaction between larvicidal anthelmintic treatment, cyathostomin expulsion from the mucosa and MUC2 gene expression in goblet cells following moxidectin treatment. These data lead us to speculate that an increase in the relative abundance of Deferribacter spp. was related to encysted cyathostomin larvae re-emerging into the gut lumen following treatment. 
Within the moxidectin treatment group fermentations, metabolites associated with increased acidity (Formate) were detected in greater relative abundance 16 hours following treatment (Figure 5 and Figure 6). Metabolic profiles between the moxidectin and control treatment groups at 16 hours following moxidectin differed in metabolites associated with lactate and metabolic alterations that are known to reduce pH. The metabolites that increased in relative abundance were part of the mixed acids fermentative pathway. Formate is known to increase in abundance in anaerobic environments where the pH is <6.5. The increase in relative abundance in the metabolites detected are all associated with the fermentation of non-structural carbohydrates, this supports the findings of Peachey et al. [9] where altered carbohydrate metabolism was observed following ivermectin administration in horses with low strongyle burdens.  Our metabolomic findings also support the changes in fermentation kinetics we observed 16 hours following moxidectin treatment whereby the rate of fermentation, extent of substrate degradation and total substrate fermentation were reduced following moxidectin administration compared to control animals. The pH readings from faecal inoculums, made from faeces collected 16 hours after moxidectin treatment, were lower than those recorded at 160 hours after treatment.  It is therefore plausible that in the moxidectin group, a reduction in pH in the in vitro system following treatment led to an alteration in the cellulolytic bacterial population leading to reduced fermentation. Goachet et al. [7] demonstrated a significant reduction in cellulolytic bacteria in the equid colon one day following moxidectin administration. These authors concluded that moxidectin administration could disturb parietal carbohydrate degradation due to the observed reduction in cellulolytic bacteria. The findings of Goachet et al. [7] support our lower fractional rate of hay degradation demonstrated in our fermentation kinetics following moxidectin treatment.  However, a significant change in the cellulolytic bacterial population was not detected in vivo following moxidectin administration. Differences between fibre fermentation rates in vitro and faecal bacterial community composition of cellulolytic bacteria in vivo could be due to the closed batch culture in vitro system, or it is plausible that changes in vivo were subtle and therefore not numerically significant where considering cellulolytic OTUs but collectively the effect was great enough to alter the function in vitro. Peachey et al. [9] reported that the metabolic phenotype of horses with low cyathostomin burdens following anthelmintic treatment with ivermectin showed an increase in metabolites from carbohydrate metabolism. Our findings would support this finding in that alanine, formate, maltose and ethanol, all products of non-structural carbohydrate fermentation, were detected in increased relative abundance in the hay (structural carbohydrate) fermentation samples. Given the horses were fed a fibre-only diet and there was no starch in the fermentation system, we infer that the moxidectin, or the effect of moxidectin on any strongyle burden, altered carbohydrate metabolism in the faecal inoculum.  Peachey et al. [9] concluded that anthelmintic might influence carbohydrate metabolism, detected by faecal metabolites, in horses with low parasite burdens. Our findings support this and suggest that observed changes in carbohydrate metabolism appear to have a negative effect on fibre fermentation.    
When considering the pH readings from the in vitro system, all readings were > 6.2 pH and therefore unlikely to reflect major shifts in the bacterial population. The pH readings in our experiment were taken at the end of  fermentation, therefore may not reflect the pH of the culture media between 10-50 hours when differences in fermentation were observed. This is a limitation of the closed batch culture in vitro system as demonstrated by Biddle et al. [26] who identified when monitoring pH in the in vitro gas production system that the lowest pH values were recorded after 24 hours of fermentation. However, by the end of fermentation (50 hours) pH appeared to be buffered in the system and had returned to the baseline level. More recently the same pH effect (dropping and then buffering to near baseline) in the gas production system was observed by Moore-Colyer et al. [27]. The in vitro gas production system contains highly buffered media and thus it is likely that this played a role in pH buffering over time. Furthermore, the mean pH of the faeces used to make the initial inoculum was lower than that of the fermentation after 70 hours also suggesting a buffering effect of the media. Therefore, the pH values from the fermentations in vitro may not represent true in vivo values but suggest proportional changes between groups. There was some variability within the pH values over time. The pH was lowest in the moxidectin treated horses 16 hours after treatment, suggesting a causal relationship with moxidectin. 
The Spirochaetes are one bacterial phyla within microbiota that play  a role in acetate production. We did not observe any reductions in relative abundance of this phylum following moxidectin treatment in this group of horses in vivo, however an alteration in acetate was observed in vitro 16 hours following moxidectin treatment in vivo.  We did however observe an increase in Spirochaetes 160 hours following moxidectin administration when acetate production appeared to return to normal. Spirochaetes only make up a small proportion of the horses hindgut microbiota in vivo. Leng et al. [28] reported that in their in vitro model they did not successfully culture Spirochaetes and that overall the relative abundance of acetate in vitro was lower than the relative abundance of acetate from in vivo samples collected from intestinal content of horses used to inoculate the model. Collectively the findings of Leng et al. [28] suggest a causal relationship between this phyla and acetate production in vitro. The finding of Leng et al. [28] and the findings from our present study collectively may go some way towards explaining the reduction in fermentation following treatment.
The studies of Goachet et al. [7] were reliant on bacterial counts to identify changes in bacterial composition following anthelmintic administration. They reported differences in bacterial composition of caecal fluid from horses treated with moxidectin.  Similar findings were not reported in our study. It may be that changes associated with anthelmintic administration are of small magnitude and cannot be detected from faecal samples using the techniques we employed.
The findings in our study and those reported by Peachey et al. [8,9] suggest that the presence of cyathostomins in the hindgut ecosystem has more of an effect on microbiota composition than anthelmintic treatment. Walshe et al. [21] recently reported changes in microbiota of horses harboring cyathostomins and diagnosed pre-patent infections when dosed with moxidectin or fenbendazole. These authors conclude that an anthelmintic treatment effect on bacterial composition could not be ruled out by their study. The findings from our study, from Peachey et al. [8,9] and Walshe et al. [21] suggest that it is macrobiota that influence microbiota composition rather than a direct anthelmintic effect.  
The effects of helminths and anthelmintic treatment on gut microbiota may differ with parasite and with host species. In humans, Cooper et al. [29] reported that Trichuris trichiura burden and treatment with ivermectin did not alter the composition of faecal microbiota compared to untreated parasite free controls. However, alterations in the microbiota composition and the metabolome of pigs infected with T. suis were observed by Li et al. [11]. Further work in goats identified that Haemonchous contortus significantly altered the ruminal microbiota composition compared to uninfected controls [30]. A recent review by Jenkins et al. [20] suggests that in ruminants host microbiota can be found within GI tract of parasitic nematodes. It has been suggested that ruminal microbiota may play a role in the fitness and survival of the parasite [20]. This further supports the notion that it is the parasite rather than the anthelmintic that alters the microbiota composition.  
Clark et al. [31] identified that whilst strongyle burdens did not appear to alter faecal microbiota diversity or community profile in horses, changes in microbiota diversity and OTU abundances did occur at the time of strongyle egg excretion. These authors also predicted differences in metabolic pathways around the time of strongyle egg excretion using PICRUSt. The findings of Clark et al. [31] suggest changes in microbiota and metabolic pathways within the microbiome associated with helminth presence. Peachey et al. [8] concluded that in the presence of cyathostomins (> 100 epg), alterations to bacterial community profile may alter the host immune response to allow cyathostomin survival. Recently Walshe et al. [21] reported that in horses with positive FEC (~ 400 epg) and positive encysted cyathostomin ELISA, when treated with fenbendazole or moxidectin, led to altered bacterial community profile in faeces. Bacterial composition changes returned to baseline within 14 days of treatment. The authors also reported an increase in inflammatory biomarkers. They concluded that anthelmintic treatment, leading to cyathostomin death, was most likely to have caused temporary disturbance to the hindgut ecosystem leading to changes in bacterial community profile and an increase in inflammatory biomarkers, but could not rule out the influence of anthelmintic. Taken together, the findings of Walshe et al. [21], Peachey et al. [9] and our own findings suggest that changes in microbiota associated with macrobiota may be associated with parasite death following anthelmintic treatment. 
One of the inherent problems with comparing microbial profiling studies is differences in methodological approaches. Different bacterial DNA extraction methods have been used by different groups followed by different bioinformatics pipelines all of which make it difficult to directly compare findings.  The findings of the aforementioned studies collectively suggest this is an area that requires further investigation. 
In our study no differences in predicted metabolic pathways were observed between treatment groups when using PICRUSt. It may be that very low levels of parasitism and anthelmintic treatment do not alter metabolic pathways. It has also been reported that where there are limited differences in OTUs between groups detected by bacterial community profiling, PICRUSt is unlikely to detect changes in the predicted metabolic pathways [32]. There are also limitations in using 16S rRNA sequences to predict metabolic function, especially where structure can change but function does not alter [12]. While these predictive tools can be useful, whole genome sequencing is a more reliable method to determine metabolic pathways. 
While we identified changes in the metabolic profiles using in vitro fermentations we did not observe any changes in host urinary metabolic profiles. Urine was selected as the primary biofluid for metabolomics informed by the works of Escalona et al. [15]. Escalona et al. [15] recommend urine for equid metabolomics as this biofluid yielded the greatest metabolic profiles when compared to faeces and serum. For our study design faeces may have been a more appropriate biofluid for metabonomic analysis as we were more interested in the intestinal/faecal environment. 
In vitro models may not exactly reflect a microbial ecosystem in vivo but can be representative of that of the horses’ hindgut [28]. The in vitro gas production method has been identified as a suitable dynamic estimate of feed fermentation to predict the feed digestion pattern in vivo [17,33]. While in vitro models might not provide an exact representation of the gut environment, our in vitro findings should be indicative of an in vivo response to moxidectin treatment.
In the last decade ‘omics studies have significantly increased the ability to characterize bacterial community profiles of unculturable bacteria. However bacterial composition does not necessarily reflect metabolic function [12]. Therefore charactering bacterial community presence alone does not provide meaningful functional data [34]. Metabolic profiling does provide a much greater insight into bacterial metabolism, however this can be a more powerful when using a multi-omics approach. Multi-omics approaches, provide a more holistic view of both structure and metabolic function. In ruminant studies Newbold and Ramos-Morales [34] predict a revival of batch culture work alongside ‘omics approaches to increase understanding of gut microbe structure and function.  By including functional fermentation in our study and analyzing the metabolic profile of that substrate, thus taking a culture-omics approach, we have considered both in vivo data and modelled in vitro the effects of anthelmintic treatment on hindgut feed fermentation in horses. The holistic approach employed within our current study could also be used to investigate the effects of macrobiota within the gut microbiome at the time of anthelmintic administration. 
There are some limitations to this study that should be recognized when interpreting the results. The feed fermentation element was conducted on a sub sample of donor horses from the main experiment (n=7), this was due to practicality of sample collection, experiment set up and gas reading times. Furthermore in the pre-treatment fermentation experiment fermentation ceased earlier than the post treatment sampling time points, however the profile and kinetics of both treatment groups at this time point were comparable to the following time points. The fermentation samples that underwent metabonomic analysis were from a small sample group and this may explain the lack of difference in the predicted concentrations of the differing metabolites detected. In our study we used faeces as a proxy to represent the horses’ hindgut, however this does not necessarily reflect all regions of the hindgut [35, 36]. Faeces are commonly used as a non-invasive way to represent the hindgut ecosystem [37] and thus deemed a suitable proxy for our experiment. Notwithstanding these limitations, we believe these data do provide a meaningful insight into the effects on moxidectin treatment on the equine faecal microbiome. 
Part of the rationale behind this study was to further explore anthelmintic administration as a risk factor for colic [5]. Our findings and those of others [4,5,9,22] suggest that macrocyclic lactones, which have been associated with colic onset, are unlikely to be responsible for significant changes in microbiota composition. However, our findings do identify some transient functional metabolic changes that occurred following moxidectin treatment. Taken together with recent findings from other groups, our work adds further weight to the hypothesis that changes in the hindgut microbiome following anthelmintic treatment in horses may be associated with parasite death rather than with anthelmintic treatment per se. 
Conclusions 
The findings from this study suggest that treatment of horses with very low parasite burdens with oral moxidectin results in a small but measurable effect on the microbiota composition. Temporary functional changes in the faecal microbiome were also observed. These findings warrant further investigation in horses with a larger parasite burdens, with particular focus on the effects of parasite death on the composition and metabolic function of the microbiome and its role in intestinal disease in horses.
Methods
Study population
A group of 17 polo ponies in Gloucestershire were recruited. Horses comprised mares (n=11) and geldings (n=6), mean age 12 ± 3.5 years. Breeds represented were Thoroughbreds (n=4), Thoroughbred cross Argentinian polo pony (n=8), Argentinian polo pony (n=4) and Argentinian polo pony cross Quarter horse (n=1). Horses were on pasture turnout from September 2015 – April 2016, during this time horses were not exercised and received no concentrate feeds. Grazing was supplemented with haylage ad libitum from January to April 2016. 
Parasite management
Routine parasite management for this group was identified by the owners as orally administered moxidectin (Equest, Zoetis, UK) three times annually at 0.4 mg/kg of bodyweight as recommended by the manufacturer, this regimen had remained the same over the past three years. Pre-intervention faecal egg counts (FEC) were conducted on all horses on three occasions during September 2015, January and February 2016 using a modified McMaster technique of Coles et al. [38] as described by Daniels and Proudman [39]. For all screening tests no nematode eggs were seen and no anthelmintic treatment was given between September 2015 and the start of the trial in March 2016. All horses were in good health and had good body condition, with no history of parasitic disease. Based upon average animal age, management regimen and FEC results all study subjects were categorised as low risk for parasitism, with presumed low adult strongyle burden. 
Study design and sampling
Sampling took place during March 2016. Horses were randomly assigned to treatment groups using a sampling function in R 3.3.2; moxidectin group (n = 9, seven mares and two geldings mean age 12 ± 4.5 years) and a control group (n = 8, five mares and three geldings mean age 13 ± 2.2 years). 
From each treatment group a sub-population of horses was randomly assigned for feed fermentation kinetics, moxidectin group (n = 4) and control group (n=3). Sample size estimates for bacterial community profiling were based upon previous profiling studies [21,39] gave 95 % power to detect 25 % change in bacterial community profile between treatment groups. For the in vitro fermentations our sample gave 80 % power and 95 % confidence to detect a two-fold difference in fermentation kinetics between treatment groups when calculated using G*Power (Version 3.9.1.2) [40].  Sampling time points, informed by previously reported excretion times for moxidectin [41], were: prior to treatment (0), then 16, 40 and 160 hours post treatment. 
Free catch freshly voided faecal and urine samples were collected from all horses at all-time points. These samples were placed immediately on ice for transport to the laboratory, samples were frozen at -80 °C within 2 hours of collection. Faecal and urine samples were collected from 6 am at each of the sampling time points. Faeces for bacterial community profiling were sampled at random from the whole faecal pile avoiding faeces that had been in contact with the external environment e.g. soil. Faecal samples were collected into 50 mL plastic tubes (Fisher Scientific, Loughborough, UK).Separate faecal samples, collected at the same time, for fermentation kinetics were placed into pre-warmed thermos flasks directly after voiding. These samples were transported in an insulated container and placed in an incubator at 37 °C on arrival at the laboratory. Inoculation of the gas production system occurred within four hours of faecal collection, flasks were placed in an incubator within three hours of faecal voiding.
 Anthelmintic treatment
Horses in the moxidectin treatment group were dosed with moxidectin at approximately 4pm in the afternoon of day 0 after pre-treatment samples were collected. Prior to dosing horses in the moxidectin treatment group had their weight estimated using a commercial weight tape. Due to known inaccuracies of this method [42], treatment weights were rounded up ≥ 50 kg. Moxidectin (Equest, Zoetis, UK) 18.92 mg/g was administered orally using the dosing device provided at as per the manufacturer’s instructions at 0.4 mg/kg of bodyweight. None of the horses demonstrated any signs of colic when observed over 24 hours following moxidectin administration. Faecal consistency and feed intake also remained normal for these animals following treatment. However, one of the moxidectin treated horses was observed excreting cyathstomins the day following treatment. 
Profiling of faecal microbiota
DNA was extracted from 200 mg of each faecal sample collected and from two blank samples, where the extraction was conducted without faeces to eliminate OTU contamination from within the extraction kit. The PSP® Spin Stool DNA Kit (Stratec Molecular, Germany) was used following the manufacturer’s instructions. Pre-sequencing, aliquots of extracted DNA were amplified with universal primers for the V4 and V5 regions of the 16S rRNA gene using forward  U515F (5’-GTGYCAGCMGCCGCGGTA) and reverse U927R (5’-CCCGYCAATTCMTTTRAGT) primers [43]. Amplicons were purified using 0.8 volumes of Ampure XP magnetic beads (Beckman Coulter, High Wycombe, UK). Each sample was then tagged with a unique pair of indices and the sequencing primer, using Nextera XT v2 Index kits (Illumina, Cambridge, UK), and 2x KAPA HiFi HotStart ReadyMix (Roche, UK) using the following cycling conditions: 95 °C for 3 min; 10 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s; followed by 72 °C for 5 min. Index-tagged amplicons were purified using 0.8 volumes of Ampure XP magnetic beads (Beckman Coulter, High Wycombe, UK). The concentration of each sample was measured using the fluorescence-based Quantifluor assay (Promega, Southampton, UK). Concentrations were normalized before pooling all samples, each of which would be subsequently identified by its unique index combination. Sequencing was performed on an Illumina MiSeq with 2 × 300 base reads according to the manufacturer’s instructions (Illumina, Cambridge. UK) by the Animal and Plant Health Agency. Bioinformatics were conducted using the QIIME pipeline (Version 1.8.0) [44]. Sequences were demultiplexed and chimeric reads filtered out. Sequences were clustered and assigned to operational taxonomic units (OTUs) of 97% similarity using USEARCH [45]. Low quality reads, those with low abundance were removed from the table. A representative sequence from each OTU cluster was aligned to the Greengenes database (Version 13.8) [46] using PyNAST [44]. FastTree [47] was then used to create a maximum likelihood phylogenetic tree. Taxonomic assignment of OTU representatives was conducted using the Ribosomal Database Project (RDP) classifier (Version 2.2) [48] informed by the Greengenes reference database. The OTU table was not rarefied [49]. Rarefaction analysis and calculation of diversity indices were conducted using QIIME, alpha diversity was calculated using Chao 1 index and Observed species index. Beta diversity was calculated using the weighted-UniFrac method [50]. The OTU table was then summarised at taxonomic levels and used for further downstream analysis. The “phylogenetic investigation of communities by reconstruction of unobserved states” (PICRUSt) platform was used to predict the metabolic pathways from the OTU table [51]. Linear discriminant analysis effect size (LEfSe) [52] was used to identify differentially abundant OTUs from the OTU tables at phyla, order and family taxonomic levels. Kyto encyclopaedia of genes and genome (KEGG) orthologs [53] from the predicted metabolic profile between treatment groups and time points were also analysed using LEfSe.
Fermentation kinetics
To evaluate feed fermentation the in vitro gas production method was employed. This method has been widely used to simulate in vitro fermentation in horses after being validated for use with equid faeces by Lowman et al. [17].  Prior to faecal sample collection, Timothy hay was dried in a force drawn oven at 60 ⁰C for 24 hours then milled to 1 mm particles (Fritsch, Pulversette 19, Germany). One gram of hay (dry matter) was placed into pre-labelled 125 ml serum bottles as substrate for in vitro fermentation. The chemical composition of the hay can be found in table 3. Bottle replicates were run in triplicate for each horse with two blank bottles per horse, containing no substrate (Figure 6). In total the experiment comprised 140 culture bottles. 
Table 3 Chemical composition of the Timothy hay used as the substrate for in vitro gas production.
	Component
	g/kg

	
	

	Dry matter
	930

	Crude Protein
	90

	Neutral Detergent Fibre
	739.5

	Acid Detergent Fibre 
	454.4

	Non-Structural Carbohydrate
	175.9

	Fat
	0.2

	Ash
	110

	Estimated DE
	7.78 Mj/Kg



Culture media were prepared as described by Theodorou et al. [54]. The mean pH of faeces, measured as described by Müller et al. [55], that were used to create the inoculum was pH 6.8 (±0.18). Faecal inoculum was prepared using a 1:5 ratio of faeces to Van Soest media while being flushed with CO2. The mixture was passed through a muslin cloth to collect the liquid, this was repeated separately for each donor animal. Bottles were inoculated and adjusted to ambient pressure (zero reading on the pressure transducer display) and then incubated at 39°C as described by Lowman et al. [56]. 
Increase in pressure of each bottle, reflecting fermentation, were measured using the manual pressure transducer technique of Theodorou et al. [54] at 4 hourly intervals up to 74 hours post inoculation. When pressure was no longer increasing the experiment was stopped and remaining contents of each bottle were filtered using pre-weighed Whatman No.1 filter papers. Samples of inoculum were taken for pH measurement and then frozen at -80 °C for metabonomic analysis. Filter papers were oven dried at 60 ⁰C until a constant weight was reached, then weighed to calculate loss of dry matter of substrate.  
Gas volume readings were corrected for pressure using linear regression bias correction to allow for any manufacturer differences in the headspace of the bottles, then any background fermentation seen in the blank bottles was subtracted from the reading [54]. A maximum likelihood program [57] was used to fit curves to the cumulative gas profiles using the France et al. [18] model. Gas readings from 0-74 hours and kinetic parameters such as fermentation rate, extent of substrate degradation and gas pool during fermentation were calculated using the France et al. [18] model. Data were analysed using a parallel curve regression analysis and Fishers LSD post hoc test between treatments and time points to determine differences. Analysis of kinetics were via regression and Fishers LSD was used post hoc (Genstat 18th ed, VSNi).
Metabolic profiling
Metabolic profiles were measured by 1H NMR spectroscopy for urine and hay fermentation samples. Samples were diluted using a phosphate buffer as described by Escalona et al. [15]. Once prepared, 500 µl of sample was pipetted into NMR tubes before loading into a 600 MHz Bruker NMR spectrometer (Bruker, Durham, UK) equipped with a cryo-probe. For each of the urine and hay fermentation samples one-dimensional 1H NMR spectra were acquired with water peak suppression using a standard pulse sequence. For each sample, 8 dummy scans were followed by 32 scans and collected in 64K data point. A spectral width of 20 ppm was used for all sample types. All spectra were automatically phased, baseline corrected, and calibrated using the TSP singlet at δ 0.0 in Topspin (Bruker). 
[bookmark: _GoBack]Spectra were imported in Matlab (Mathworks, 2014 edition) and analysed with in-house scripts. Spectra were initially aligned and normalized using a probabilistic quotient approach. Principal Component Analysis (PCA) was initially used to identify differences in the metabolic profiles between and within treatment groups and time points. Orthogonal Projections to Latent-Structures-Discriminate Analysis (OPLS-DA) models were constructed to identify group specific metabolic changes. Only models with a good predictive ability (Q2Y > 0.4) and metabolite relative abundance differences (R2 > 0.5) [58] are reported. Models also underwent permutation testing (1,000 permutations) to assess the validity of the model and ensure over-fitting was not occurring [59].  The Benjamini -and Hochberg [60] method for reducing false discoveries arising from multiple testing was used to identify metabolites statistically significant between groups (P< 0.10). 
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Figure Legends
Figure 1 (A) LEfSe plot of OTUs differing in relative abundance between the moxidectin treated horses at 160 hours post treatment (160M) and in the control group at 16 hours post treatment (16C) at genera taxonomic level. (B) Relative abundance of Deferribacter spp. in moxidectin (M) and control (C) groups at phyla prior to and following treatment.
Figure 2 Stacked cumulative gas production curves for hay for both moxidectin and control groups prior to and 16, 40 and 160 hours after moxidectin treatment.  *Indicate significant differences between time points within the moxidectin group (p = 0.001). Error bars represent standard error. 
Figure 3 The pH of the fermentation inoculum of faeces from the horses in the moxidectin and control groups over all sampling points (0 – 160 hrs).  The pH of the fermentations were significantly lower (p = 0.004) following inoculation with faeces from moxidectin treated horses 16 hours (*) after treatment compared to controls.
Figure 4 The correlation coefficient plot from the OPLS-DA model built with the metabolic profiles of samples from the fermentations of faeces collected 16 hours after moxidectin administration (R2 = 0.69, Q2Y = 0.48).

Figure 5 Correlation coefficient plot from the OPLS-DA  model built with data from the fermentation inoculums of faeces collected at 16 hours and 160 hours from the horses treated with moxidectin (R2 = 0.79, Q2Y = 0.77).
Table 1 Kinetic profiles from the in vitro gas production of hay comparing the moxidectin treated group with the control group at each of the four sampling time points.

Table 2 Summary of OPLS-DA models, metabolites, resonances, concentrations and functions. Resonance key s; singlet, d; doublet, t; triplet, q; quartet.  Metabolites referenced to Human Metabolome Database (HMDB).
Figure 6. Experimental design of fermentation experiment, repeated at each sampling time point. 
S1 Alpha diversity indices, Chao1 and Obs all for both treatment groups over the four sampling points. 
S2 PCoA plots of weighted unifrac beta diversity between the treatment and control groups over the four sampling points. There was no difference between the treatment groups or time points (P >0.05). 
S3 Relative abundance of differing OTUs, Cyanobacteria and Spirochetes, between groups over the sampling time points.
 S4 Area plot of KEGG orthologs from both treatment groups over the four sampling time points, there were no differences in predicated metabolic pathways between the groups over any of these time points.  
S5 Scores plot for urine sample metabolites for both moxidectin and control groups at each of the sampling time points, treatment did not alter metabolic profile.
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