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Abstract

The products of rumen microbial fermentations are considered essential for animal growth
and performance. Changes in these microbial communities can have major effects on animal
growth and performance. Saccharin-based artificial sweeteners can be included in livestock diets
to increase palatability and encourage feed intake. Despite the importance of the rumen microbial
fermentation, little or no research is available regarding how saccharin-based artificial sweeteners
affect rumen content and rumen epithelial microbial communities. The aim of this study was to
identify changes in both the rumen content and rumen epithelial microbial communities in
response to the supplementation of Sucram®, a sodium-saccharin-based sweetener (Pancosma
S.A./ADM Groups, Rolle, Switzerland) during standard, non-stress conditions using 16SrRNA

gene amplicon sequencing.

The rumen epithelial and rumen content microbiota of five Holstein-Friesian milking dairy
cattle were compared before (baseline, BL) and after a 28-day supplementation of Sucram®.
Illumina MiSeqg-based 16S rRNA gene sequencing was conducted, and community analysis
revealed significant changes in the abundance of specific phylotypes when comparing BL to
Sucram® experimental groups. Sucram® did not have a significant effect on overall rumen
microbial community structure between experimental groups. Statistically significant changes in
microbial community composition following Sucram® supplementation were observed most
consistently across a number of bacterial taxa in the rumen epithelium, while fewer changes were
seen in the rumen content. Predicted genomic potentials of several significantly different OTUs
were mined for genes related to feed efficiency and saccharin degradation. Operational taxonomic
units (OTUs) classified as Prevotella and Sharpea were significantly (p<0.05) increased in

samples supplemented with Sucram®, whereas a reduction in abundance was seen for OTUs
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classified as Treponema, Leptospiraceae, Ruminococcus and methanogenic archaea. This is the
first study to report an effect of Sucram® on ruminant microbial communities, suggesting possible
beneficial impacts of Sucram® on animal health and performance that may extend beyond

increasing feed palatability.

Introduction

Sucram® (Pancosma, S.A./ADM Groups, Rolle, Switzerland), is a sodium-saccharin-based
sweetener which has been approved for use in a range of livestock species including milking dairy
cattle. A number of recent publications have described the effect of Sucram® on growth
performance in cattle [1, 2], and suggest increases in average daily gain and feed intake during
stress conditions when feed is supplemented with Sucram®. The effects of artificial sweeteners
such as Sucram® on mammalian GI microbiomes have increasingly been studied over the last few
years as a possible mechanistic pathway by which these food additives may influence host
physiology. Several studies have described alterations in the microbiome caused by the inclusion
of artificial sweeteners in monogastric animals and humans [3-11]. However, little to no research
into if saccharin-based artificial sweeteners affect the GI microbiota of ruminants is currently

available.

The microbial communities in the gastrointestinal tract (GI) of mammals have profound
effects on health and performance. GI tract microbial communities of ruminants perform important
roles in host metabolism (i.e. cellulose degradation) [12] and are largely distinct from those found
in monogastric species. Rumen microbial fermentation provides key metabolic products for the

host animal such as short chain fatty acids (SCFA) and vitamins via the breakdown of cellulose,
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hemicellulose, pectin and other ingested feed [13, 14]. These microbial metabolic products are
absorbed directly by the host through the rumen epithelial tissue. More generally, the integrity of
the rumen epithelial tissue is essential for animal health and performance as a decrease in rumen
epithelial tissue integrity can result in inflammation and symptoms referred to as “leaky gut” [15,
16]. Modulation of the GI tract microbiome to improve ruminant livestock feed efficiency and
health is of great interest to livestock producers, and as antibiotics usage in the livestock industry
decreases, alternative feed additives, such as pre- and probiotics, are being explored. Artificial

sweeteners have not been examined in this context until now.

Rumen microorganisms have been characterized as two main groups; rumen epithelial
microorganisms and rumen content microorganisms [17-21]. Currently, there are very few studies
that focus on the rumen epithelium microbial communities and their potential effects on the host.
Rumen epithelial microorganisms are often considered less transient than their luminal
counterparts, suggesting a more stable community that possibly interacts with the host through a
variety of yet undiscovered ways [20]. As the rumen epithelium is a major site of nutrient exchange
between the rumen content and the animal host, the close proximity of the rumen epithelium
microbial communities to the host tissue suggests the rumen wall microbes may influence nutrient
exchange or signaling to the host [21, 22]. Additionally, the rumen epithelial microbial
communities may play an additional role in important metabolic functions such as nitrogen
metabolism, sulfate reduction, and oxygen scavenging [23]. Rumen content microbial
communities include the microorganisms attached to particulate matter and those who are
planktonic within the liquid phase of the rumen content. These microorganisms are known to be

integral for fiber-degradation and feed digestion [24, 25]. Each of these distinct groups are key to
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87  metabolic processes in the host, and the differences between the two should be considered when

88  conducting a rumen microbial analysis.

89 Until now, the effect of Sucram®, or that of any other sweetener-based food additive, on
90 rumen microbiota composition has not been analyzed. This study aimed to provide preliminary
91  data to determine changes in the rumen content and rumen epithelium bacterial communities, in
92  response to supplementation of Sucram® in dairy cows under standard, non-stressful, physiological
93  conditions. As a pilot study, targeting possible effects of Sucram® on microbial community
94  composition, we did not aim for identifying possible effects of Sucram® on feed intake or feed
95 efficiency. Given that the ruminant microbiome is critical to animal health and performance and
96 that there is very little general knowledge of microbial organisms inhabiting the rumen epithelium,
97  exploring the effects of Sucram® on ruminant microbial communities may lead to improved
98  understanding of the factors which influence feed efficiency and ultimately lead to better animal

99  health.

100

101  Materials and methods

102 Ethics statement

103 All animal procedures in this study were conducted under approval of the Animal Care and Use
104  Committee at lowa State University (ISU) (IACUC# 1-18-8670-B).
105

106  Animal trial

107 Five rumen fistulated, lactating Holstein-Friesian dairy cows housed at the Iowa State

108  University (ISU) dairy teaching farm were included in this trial. To study the effect of the artificial
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109  sweetener Sucram® C-150 (Pancosma S.A./ADM Groups, Rolle, Switzerland) on rumen content
110  and rumen epithelium microbial communities, each animal was sampled before (baseline, BL) and
111  after 28 days of Sucram® C-150 feeding. In this way, each animal acted as its own control (BL,
112 pre-exposure to Sucram® C-150) when analyzing potential effects of the compound on rumen
113  microbial communities. Animals were housed together under identical conditions at the ISU dairy
114  farm. All cows received the ISU dairy farm regular diet comprised of ground corn, soybeans,
115  cottonseed hulls, corn silage, baleage and alfalfa hay (53.8% dry matter (DM), 9.46% crude protein
116  (CP), and 13.91% neutral detergent fiber (NDF)). Details of the analysis and chemical composition
117  of the diet are given in Supplementary Table S1. The Sucram® experimental group cows were
118  given 2 grams of Sucram® suspended in 10 ml of 1x sterile phosphate buffered saline (PBS) (final
119  concentration: 0.2g/ml) per day and cow as per feeding protocols provided by Pancosma. The
120  Sucram® C-150 containing solution was added directly through the fistula to ensure all cows
121 consistently received the same amount of sweetener. Our main aim was to identify if the presence
122 of Sucram® has an influence or rumen microbial communities, and due to the administration
123 procedure of Sucram® through the fistula, any sensory stimuli (i.e. taste or smell) would be limited
124  in this experimental setup. Consequently, Sucram® would not have an effect on feed intake as it
125  wasn’t mixed with the feed by-passing any sensory stimuli. Thus, we did not measure feed intake,

126  average daily gain or milk yield in response to administration of Sucram® for this study.

127 Two sample types were taken for this trial: rumen content, and rumen epithelium biopsies,
128  taken from the dorsal part of the rumen wall, both collected directly through the fistula. Rumen
129  epithelium biopsies were collected using Chevalier Jackson forceps from three locations (separated
130  vertically by 10 cm) in the dorsal rumen sac and were combined to provide a more representative

131  sample of rumen wall microbial communities. Rumen epithelial biopsy samples were briefly rinsed
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132 in sterile 1x PBS, immediately snap frozen in liquid nitrogen on site and placed in sterile, 2 ml
133 screw-top centrifuge tubes. Approximately 12 ml of rumen content was collected in 15 ml sterile
134  conical tubes and frozen on site on dry ice immediately after retrieval. All samples were stored at

135  -80°C after collection.

136 Rumen epithelium and content samples were thawed, and genomic DNA was extracted
137  from approximately 0.1 grams of rumen epithelial sample and approx. 0.2 grams of rumen content
138  sample using the Qiagen DNeasy Powerlyzer Powersoil kit following the manufacturer’s
139  instructions. Mechanical cell lysis was performed using a Fischer Scientific Beadmill 24, and DNA

140  concentrations were determined using a Qubit 3 fluorometer (Invitrogen, Carlsbad, CA, USA).

141 After extraction, DNA concentrations were adjusted to 25 ng/ul and sent to the ISU DNA
142 facility for sequencing using the Illumina MiSeq platform (Illumina, San Diego, CA, USA).
143  Briefly, the genomic DNA from each sample was amplified using Platinum™ Taq DNA
144  Polymerase (Thermo Fisher Scientific, Waltham, MA, USA) with one replicate per sample using
145  universal 16S rRNA gene bacterial primers [515F (5'-GTGYCAGCMGCCGCGGTAA-3'; [26])
146  and 806R (5'-GGACTACNVGGGTWTCTAAT-3'; [27])] amplifying the variable region V4, as
147  previously described [28]. All samples underwent PCR with an initial denaturation step at 94°C
148  for 3 min, followed by 45 seconds of denaturing at 94°C, 20 seconds of annealing at 50°C, and 90
149  seconds of extension at 72°C. This was repeated for 35 total PCR cycles and finished with a 10
150  minute extension at 72°C. All the PCR products were then purified with the QIAquick 96 PCR
151  Purification Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. PCR bar-
152 coded amplicons were mixed at equal molar ratios and used for Illumina MiSeq paired-end
153  sequencing with 150 bp read length and cluster generation with 10% PhiX control DNA on an

154  Illumina MiSeq platform at the ISU DNA facility.


https://doi.org/10.1101/2020.05.22.110429
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.22.110429; this version posted May 22, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

155

156  Sequence analysis

157 Sequence analysis was done with Mothur V1.40.5 following the Mothur MiSeq Standard
158  Operating Procedure [28]. Barcode sequences, primers and low-quality sequences were trimmed
159  using a minimum average quality score of 35, with a sliding window size of 50 bp. Chimeric
160  sequences were removed with the “Chimera.uchime” command. For alignment and taxonomic
161  classification of operational taxonomic units (OTUs), the SILVA SSU NR reference database
162  (V132) provided by the mothur website was used. Sequences were clustered into OTUs with a
163  cutoff of 99% 16S rRNA gene similarity (=0.01 distance). As stated above, due to the clear
164  difference between rumen content and rumen epithelial microbial communities, rumen content

165 samples were analyzed separately from the rumen epithelial samples.

166 To compare alpha diversity between experimental groups, reads were randomly
167  subsampled to accommodate the sample with the lowest number of reads across data sets (20,000
168  sequences for rumen content samples and 20,000 sequences for rumen epithelial samples).
169  Measurements of Chao species richness, Shannon Diversity, and Simpson evenness were taken to
170 compare community structures between experimental groups. The means of the experimental
171 group alpha diversity measures were compared using a pooled t-test assuming equal variance.
172 Because the analysis compared cattle rumen samples of the same type (rumen content/rumen
173 content or rumen epithelial/rumen epithelial) and because animals of the same group at the same
174  farm, the samples were assumed to be highly similar in nature. Therefore, Bray-Curtis was selected
175  as the dissimilarity coefficient because of its ability to compare closely related samples. After
176  dissimilarity coefficients were assigned to each sample, experimental groups were compared using

177  the analysis of similarity (ANOSIM) package provided by mothur.

8
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178 All plotting was completed using ggplot2, v2 3.1.1 graphing package [29, 30] in R 3.6.0.
179  Overall variation in bacterial communities was visualized using principle coordinate analysis
180 (PCoA). Canonical correlation analysis (CCA) was used to visualize the variation strictly due to
181  Sucram®. This information was generated with the Phyloseq (v1.28.0 [31]) and Vegan (v2.5-5,
182  [32]) packages using the shared and taxonomy file generated in mothur. Sequences were randomly
183  subsampled to 20,000 sequences and Bray-Curtis dissimilarity measures were used to generate

184  distances between samples for the PCoA and CCA plots.

185 Differences in individual OTUs were compared using Linear Discriminant Analysis (LDA)
186  Effect Size (LEfSe, [33]), identifying OTUs that most likely explain the greatest between-group
187  variation. LEfSe performs a Kruskall-Wallis test to analyze all OTUs, broadly selecting OTUs that
188  show the most variation between sample types. The retained features then undergo a pairwise
189  Wilcoxon test, removing any OTUs that do not differ in ranking. In the last step, a linear
190  discriminant analysis model is built from the retained OTUs to determine the effect sizes for each

191  feature. P-values of <0.05 were considered significant.

192

193  Predictions of microbial functional potential based on a rumen genome collection

194  We combined assembled draft genomes of rumen content organisms from three studies that used
195  both metagenome shotgun sequencing data[34], as well as whole genome sequencing of cultured
196  organisms [35] to create a rumen genome collection (RGC). We then compared the representative
197  16S rRNA gene sequences from the 100 most abundant OTUs in both the rumen content and rumen
198  epithelium datasets generated in this study to the RGC using BLAST+ [36], with a threshold of

199  97% sequence similarity. The taxonomic information from the RGC for each match was then
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200 appended to the taxonomic information provided by Silva and NCBI Blast. This was done to offer
201 additional, possibly more accurate taxonomic classification for these sequences, as well as provide
202  some information about the possible genetic potential of these OTUs. The genomes from the RGC
203  that matched the 16S rRNA gene sequences of the significant OTUs were then uploaded into
204  PATRIC (v3.6.3 [37]) and annotated. The genetic features of each genome identified in the
205 annotation were then mined for genes involved in feed efficiency and the degradation of saccharin
206  based on the work done by Shabat et al [38] and Deng et al [39]. Although the genes involved in
207  degradation of saccharin are not known, Deng et al predicted genes within the aromatic
208  hydrocarbon degradation and dissimilatory sulfate and sulfide oxidation pathways to be important

209  for saccharin degradation (Supplementary Table S2).

210

211  Data availability

212 The 16S rRNA gene sequences have been submitted to the NCBI Sequence Read Archive SRA

213 and are available under the BioProject ID PRINAS554894.

214

215 Results

216 Rumen content microbial communities

217 3,291 OTUs were generated from rumen content samples after quality control and removal
218  of OTUs representing less than 10 sequences from the 910,228 high quality sequences from 10
219 samples. The average sequencing depth per sample was 91,022 sequences with a standard
220  deviation of 32,011 sequences. 99.5% of the reads were bacterial and 0.5% were archaeal. The
221 3,291 OTUs were assigned to 20 phyla with Bacteroidetes, Proteobacteria and Firmicutes being

10
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222 the most abundant: representing 39%, 30% and 20% of all reads, respectively (Fig. 1). Within the
223 rumen content OTUs, OTU 1, classified as Ruminobacter RUG14687 with 100% sequence
224  similarity using the RGC and Succinivibrionaceae UCG-001 (88.98% sequence similarity, Silva
225  v132), was the most abundant and accounted for 25.6% of all reads and had a 100% sequence
226  similarity with OTU 1 of the rumen epithelium dataset. Among the 50 most abundant rumen
227  content OTUs, 27 OTUs were classified within the family Prevotellaceae, a family which
228  accounted for 32% of all reads from the rumen content data set. A list of the 50 most abundant
229  rumen content OTUs can be found in Supplementary Table S3. Highly abundant genera within the
230 rumen content include: Succinivibrionaceae UCG-001 (25.6%), Prevotella 1 (18.3%),

231 Treponema_2 (3.3%), Rikenella (2.1%) and Fibrobacter (1.8%) (Fig. 2).
232

233 Fig. 1. Relative abundance of rumen content (A) and rumen epithelium (B) microbial
234  communities on phylum level in response to Sucram® addition. Data are shown for baseline
235  (before) and after 28 days of Sucram® addition to the diet. Only the 10 most abundant phyla per

236 experimental group are shown.

237

238  Fig. 2. Relative abundance of rumen content (A) and rumen epithelium (B) microbial
239 communities on genus level in response to Sucram® addition. Data are shown for baseline
240  (before) and after 28 days of Sucram® addition to the diet. Only the 10 most abundant genera per

241  experimental group are shown.

242

11
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243 No significant differences were observed in microbial diversity (Shannon, P = 0.9), species
244  richness (Chao, P = 0.81) and microbial community evenness (Simpson, P = 0.73) when
245  comparing BL and Sucram® rumen content experimental groups (Supplementary Table S4). BL
246  and Sucram® bacterial communities of the rumen content were compared using ANOSIM, and no
247  significant differences between experimental groups were found (p = 0.527, R =-0.036). PCoA
248  plots generated with these data also provided no evidence of community clustering according to
249  experimental group and 10.5% of the total variation was due to experimental group (CCA, Fig. 3).
250  The lack of clustering and low amount of variation due to experimental group corroborates the

251  reported ANOSIM community comparison.

252 Significant differences in abundance of 11 OTUs were identified using LEfSe. However,
253  out of the 100 most abundant rumen content OTUs, none were found to be significantly different
254  in abundance between the experimental groups (Supplementary Table S5).

255

256  Fig. 3. Beta diversity of rumen microbial communities in response to Sucram® addition to
257  the diet. Principal coordinate analysis of rumen epithelium (A) and rumen content (C) samples.
258  Canonical coordinate analysis of rumen epithelium (B) and rumen content (D) microbial
259  communities in response to Sucram® addition. Data are shown for baseline (before) and after 28

260  days of Sucram® addition to the diet. All plots are based on Bray Curtis differences.

261

262  Rumen epithelium microbial communities

263 Overall, 6,511 OTUs were generated after quality control and removal of OTUs
264  representing less than 10 sequences from the 3.05 million high quality sequences obtained from

265 30 samples. The average number of sequences per sample was 101,742, with a standard deviation

12
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266  of 18,577 sequences. Most of the reads (97.7%) were bacterial, 2.3% were archaeal. From the
267 6,511 OTUs, 26 phyla were identified with Firmicutes, Bacteroidetes, and Proteobacteria being
268  the most abundant: representing 32%, 28%, and 21% of all reads, respectively (Fig. 1). The most
269 abundant OTU within the epithelial data set was identified as Ruminobacter RUG14687 with
270  100% sequence similarity using the RGC and Succinivibrionaceae UCG-001 (88.98% sequence
271 similarity, Silva v132), and accounted for 11.7 % of all reads from the epithelial data set. OTUs 2,
272 3, 4 and 5 were classified as Mogibacterium, Butyrivibrio, Campylobacter and Prevotella,
273 accounting for 3.0%, 1.7%, 1.7% and 1.4% of all epithelial reads, respectively. A list of the 50
274  most abundant rumen wall OTUs can be found in Supplementary Table S6. On genus level, the
275  most abundant genera of the rumen wall dataset include: Succinivibrionaceae UCG-001 (12%),
276  Prevotella 1 (8.7%), Butyrivibrio 2 (6.1%), Rikenella (4.2%), Treponema 2 (4%), and

277  Mogibacterium (3.7%) (Fig. 2).

278 When comparing BL and Sucram® epithelial experimental groups, we observed no
279  significant differences in diversity (Shannon, P = 0.64, species richness (Chao, P = 0.07) and
280 community evenness (Simpson, P =0.73) (Supplementary Table S7). Similar to the rumen content
281  dataset, no significant differences (p-value: 0.2, R-value: 0.025) were detected when comparing
282  entire bacterial communities of experimental groups using ANOSIM. This result was corroborated
283 by the lack of apparent clustering of experimental groups seen in the PCoA (Fig. 3). BL and
284  Sucram® samples cluster separately in CCA (Fig. 3); however, only 5.2% of the total variation was
285  due to experimental group.

286 When comparing individual OTUs using LEfSe, the abundances of 78 OTUs were
287  significantly different between experimental groups. Among the 100 most abundant OTUs, 20

288  OTUs were significantly different in abundance abundant between experimental groups, with 10

13
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289  OTUs found to be more abundant in the Sucram® experimental group and 10 OTUs that showed
290  higher abundance in BL samples (Fig. 4, Supplementary Table S8). The 10 OTUs found to be
291  more abundant in the Sucram® experimental group were classified as Prevotellaceae (OTUs 5, 11,
292 14, 33, 38, 80, 94), Sharpea (OTU 43) and Bacteroidales p-251-05 (OTU 50, an uncultured
293  member of the Bacteroidetes). The 10 OTUs more abundant in the BL samples were classified as
294  Methanomethylophilaceae (OTU 31, 61, 71), Methanobrevibacter (OTU 21), Desulfobulbus
295 (OTU 6, 34), Rikenellaceae RC9 gut group (OTU 26), Treponema (OTU 44), RBG-16-49-21
296 (OTU 47, a member of the Leptospiraceae family) and Bacteroidales F082 (OTU 53, an
297  uncultured member of the Bacteroidales).

298

299  Fig. 4. Relative abundance of significantly different OTUs between baseline and after 28 days
300 of Sucram® supplementation within the rumen epithelium microbial communities.
301  Significantly different OTUs were identified with LEfSe [33] and p-values lower than 0.05 were
302  considered significant. Only significant OTUs within the 100 most abundant OTUs are shown.

303  Error bars represent the standard error of the mean. See Supplementary Table S6 for more details.

304

305 Predictions of functional potential

306 Based on the 97% sequence similarity threshold mentioned above, 32 of the 100 most
307 abundant OTUs from the rumen content dataset had matches to sequences within the RGC.
308  Similarly, 29 of the 100 most abundant OTUs from the rumen epithelium dataset had matches to
309 sequences within the RGC. The associated taxonomy based on standard BLAST, the Silva
310 reference database and the information provided in the RGC can be found in Supplementary Tables

311  S3 and Sé6.
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312 BLASTn comparisons of all the representative sequences for all significantly different
313  OTUs (LEfSe) between experimental groups, including the significant, lowly abundant OTUs
314  beyond the 100 most abundant, 4 of 11 significant OTUs from the rumen content dataset and 19
315  of 78 significant OTUs from the rumen epithelium dataset had highly similar (>97%) matches to

316  the RGC. Results can be found in Supplementary Tables S5 and S8.

317 Several genes related to feed efficiency were identified in the annotated RGC genomes of
318 the significant OTUs, however, no clear trend was identified in either the rumen content or rumen
319  epithelium datasets (Supplementary Figures S1 and S2). Very few of the putative genes for
320  saccharin degradation that were suggested by Deng et al. [39] were identified in any of the
321  genomes analyzed, and those that were, were identified within both experimental groups. As
322  mentioned above, the lack of knowledge pertaining to genes involved in saccharin degradation

323 makes interpreting this data difficult, but does offer a unique opportunity for future research.

324 Within the rumen content set, genes involved in the lactate production pathway were
325 identified in organisms belonging to both the Sucram and baseline experimental groups. Genes
326 involved in propionate, valerate and isovalerate synthesis were only found in the Sucram
327  experimental group only, however, there was only a single rumen content baseline OTU (717) that
328  had a match within the RGC. A single gene involved in methanogenesis [E.C. 1.8.98.1] was found
329  in the genome matching OTU 717 as well, which was more abundant in the baseline experimental

330  group.

331 Within the rumen epithelium dataset, genes involved in the propionate and lactate
332 production pathways were identified in organisms belonging to both the Sucram and baseline
333  experimental groups. The aldehyde dehydrogenase (NAD™) [E.C. 1.2.1.3] within the valerate and

334  1isovalerate synthesis pathways was found in genomes related to organisms that were significantly
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335  more abundant in the Sucram experimental group. Butyrate kinase [E.C. 2.7.2.7], a key enzyme in
336  the synthesis of butyrate, was only found in a single genome matching OTU260 that was
337 significantly more abundant in the baseline experimental group. Genes involved in
338  methanogenesis were identified in genomes related to OTU21 which was classified as a

339  Methanobrevibacter sp. and was more abundant in the baseline experimental group.
340
341  Discussion

342 Before discussing the results and implications of this study, we want to highlight some of
343  the limitations. The main aim of our study was to identify if the presence of Sucram® has an
344  influence or rumen microbial communities. To ensure the additive was indeed present within the
345  rumen, Sucram® was administered directly through the fistula. Any sensory stimuli (i.e. taste or
346  smell) would be limited, as the sweetener was not added to the feed. Thus, as mentioned above,
347  we did not measure feed intake, average daily gain or milk yield in response to administration of

348  Sucram® for this study.

349 Despite the limitations, this is the first study to provide insight into the effect of saccharin-
350 based sweeteners such as Sucram® on rumen microbial communities present within the content as
351  well as on the rumen epithelium. Until now, the research conducted to identify the effects of
352 artificial sweeteners on mammalian gastrointestinal tract microbial communities has been
353  exclusively focused on monogastric animal models such a rats and pigs [4, 7, 40]. For example, a
354  recent study provided evidence that certain bacteria degrade saccharin-based artificial sweeteners,
355 indicating artificial sweeteners may not be non-caloric to the host if they are degraded to usable

356  metabolic products [39]. Other studies focusing on the effect of Sucram® supplementation have
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357 reported changes in microbial communities in monogastric livestock. Daly et al. reported that
358  Sucram® alters the abundance of several bacterial phylotypes in porcine intestinal microbial
359  communities including Lactobacillus, Ruminoccocaceae and Veillonellaceae [41]. Additionally,
360 Kelly et al. provided evidence that the addition of Sucram® to the diet led to changes in the
361  diversity of mucosal bacteria within the small intestine in swine, specifically a decrease in
362  Campylobacter coli and an increase in members of the Helicobacteraceae family [3]. Additionally,
363  a reduction of Ruminococcus was documented in a study analyzing the effect of saccharin on
364 inflammatory molecules and gut dysbiosis in mice [40]. Although no significant differences were
365 found for OTUs classified as Lactobacillus, Veillonellaceae, Campylobacter or
366  Helicobacteraceae, the study reported in this manuscript observed a significant decrease in
367  Rumincoccaceae (OTU 106) similar to other recent studies in monogastric animals [40, 42]. These
368  studies and the study reported here demonstrate that Sucram® C-150 does have an effect on
369 ~mammalian gut microbial populations, but the changes in microbial community structure are

370 largely distinct between monogastric and ruminant species.

371 In the present report, we show that the addition of Sucram® did not induce significant
372 changes in overall species richness, evenness or diversity (Supplementary Tables S3 and S5), in
373  either rumen content or rumen epithelial microbial communities. This is somewhat unexpected,
374  considering the impact Sucram® supplementation had on highly abundant phylotypes, especially
375  the highly abundant OTUs within the rumen epithelium data set (Supplementary Table S6).
376  Although some members of the microbial communities have increased or decreased considerably
377  in abundance (i.e. Prevotellaceae, Desulfobulbaceae and methanogenic archaea), there were no
378  phylotypes that were completely diminished after the supplementation of Sucram®. This suggests

379  that supplementation of Sucram® does not have a major overall impact on the entire rumen
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380 microbial ecosystem, and is in contrast to observations reported in some monogastric animal
381  studies which reported significant community differences in microbial communities due to the
382  addition of saccharin-based sweeteners [4, 42]. It can be speculated that artificial sweeteners may
383  specifically influence bacteria that can metabolize saccharin-based artificial sweeteners, which
384 may also lead to secondary effects on rumen microbiota composition. As mentioned above,
385  degradation of saccharin has been described for a number of bacteria, but so far, only for those
386  obtained from environmental, non-animal samples [39]. This would also suggest that ruminant
387  microbial communities might metabolize these sweeteners differently than monogastric microbial
388  communities, although this requires verification in future studies.

389 Notably, the inclusion of Sucram® affected the microbial populations of the rumen
390 epithelium more strongly than those of the rumen content (Supplementary Table S6). Because it
391 s well established that the microbial communities of the rumen content and epithelium are largely
392  distinct, in both community composition and function, it is reasonable to assume that Sucram®
393  would not necessarily affect both communities to similar degrees and in comparable ways [17, 19,
394 20, 22,43, 44]. However, the functional mechanisms behind why the rumen epithelial community
395  appears more responsive to Sucram® supplementation remain unknown. Given the importance of
396  rumen epithelial microbial communities in key metabolic processes such as nutrient exchange (e.g.
397 urea, sulfate reduction, and oxygen scavenging) between rumen content and the host animal [23,
398  45], and the importance of these interactions on the integrity of the rumen epithelium barrier
399  function, this knowledge gap warrants future study.

400 We used the taxonomy generated based on NCBI BLAST, the Silva reference database and
401  information provided in the RGC to compare our results with previously published work on related

402  organisms. The consideration of differences between rumen epithelial experimental groups BL and
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403  Sucram® with regards to significantly different OTUs may narrow the focus for future research,
404  providing a list of potentially relevant organisms. Additionally, we can use previous research to
405 infer possible function of these organisms, leading to potential metabolic markers for future
406  research as well. However, functional prediction is not experimental proof of these pathways being
407  expressed, so they should only be considered hypothesis. The comparisons of the OTUs and our
408 interpretations of these results are listed below.

409 Two OTUs (6 and 34) with reduced abundance found in samples supplemented with
410  Sucram® were classified as potential sulfate-reducing bacteria (SRB) within the Desulfobulbus
411 genus and were related to Desulfobulbus oligotrophicus (sequence similarity >97% using NCBI
412  BLAST [46, 47]. SRB are commonly found within the gastrointestinal tract of ruminants [48] and
413  particularly at the rumen wall [44, 49] and are known to reduce SO3% to SO4% and H,S [50]. This
414  leads to the reduction of available metabolic hydrogen generated in cellulose and SCFA
415  metabolism [47, 51]. Removal of metabolic hydrogen is thought to reduce the synthesis of
416  methane, reducing the growth potential of methanogenic archaea [47, 50-52]. At the same time,
417  H,S is considered cytotoxic and linked with inflammation within the intestine [53, 54]. It is
418  therefore possible that a reduction of SRB could lead to increased methane production due to
419  reduced competition for hydrogen. As a consequence, this could also result in increased levels of
420 acetate and lactate, which could be used for milk production by the ruminant and reducing
421  inflammation in the rumen and intestinal lining.

422 In addition to the decrease of these potential SRB, a decrease in methanogenic archaea was
423 also observed. Supplementation of Sucram® reduced the abundance of OTUs 21, 31, 61 and 71
424  which were all classified as potential methane-producing archaea (Figure 4). OTU 21 matched a

425  genome from the RGC with 100% similarity and as expected, several of the genes involved in
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426  methanogenesis were identified. While this finding contradicts the hypothesis that SRBs directly
427  compete with methanogens as mentioned above, it should be noted that the study by Abram et al
428  [47] and the present study were conducted in two highly different ecosystems (waste water versus
429  rumen). Because methane production is energetically costly and therefore reduces feed efficiency
430  [52, 55-57], this decrease in methanogenic archaeal abundance suggests that a supplementation of
431  Sucram® may confer an overall benefit in feed efficiency to the host. Additionally, reduction in
432  methanogenic archaea could also reduce the generation and release of methane into the atmosphere
433 [52].

434 Sucram® supplementation also decreased the abundance of OTU 26, which was classified
435 as a member of the uncultivated Rikenellaceae RC9 gut group (Figure 4). There is little
436  information available for members of this family and their possible function in ruminants, although
437  they have been described in ruminants before [58]. It has been shown that some species that are
438  closely related to the Rikenellaceae family can tolerate bile salts and produce succinate from
439  glucose metabolism [59], but this may not be the case for the Rikenellaceae family specifically.
440 We also found that OTU 44, which was classified as Treponema, was significantly
441  decreased in samples supplemented with Sucram®. In previous literature, Treponema species have
442  often been associated with cellulolytic capabilities on the surface of plant material and are known
443  to contain genes allowing the degradation of pectin, xylan, cellulose and starch [60, 61]. When
444  grown in co-culture with other cellulose degraders (Ruminococcus albus and Fibrobacter
445  succinogenes), Treponema bryantii produced lactic and succinic acids from the byproducts of
446  cellulose degradation. However, the Treponema OTU found in this study (OTU 44) was <90%

447  similar to Treponema bryantii.
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448 The abundance of OTU 106, classified as Ruminococcus, was significantly decreased with
449  the supplementation of Sucram®. Members of the genus Ruminoccocus are well recognized as
450  cellulose degraders with the ability to produce butyrate from the fermentation of cellulose [62].
451  Ruminoccocus is linked to higher residual feed intake, suggesting lower feed efficiency in animals
452  that harbor these organisms in high abundance [63]. Although such animals may be less feed
453  efficient, producing butyrate is beneficial for the host as it positively stimulates the immune system
454  and increases tight junction strength [64]. As a pilot study, this trial did not record feed intake or
455  milk yield of the cows, so it is impossible to relate the reduction in Ruminococcus to feed efficiency
456  and animal health. Additional research testing the effect of Sucram® on Ruminoccocus species and
457  how it relates to overall animal efficiency is warranted.

458 In contrast to the decrease of different phylotypes, Sucram® supplementation led to an
459 increase in abundance of several rumen epithelium OTUs classified as bacteria known to aid in
460  digestibility. Several OTUs which were identified as potentially hemicellulolytic and proteolytic
461  (Prevotella, OTUs 5, 11, 14, 33, and 38) were found to be in higher abundance in samples
462  supplemented with Sucram® in comparison to baseline samples. Additionally, some OTUs were
463  related to bacteria known to produce SCFAs such as lactate, acetate, succinate and propionate
464  (Sharpea and Prevotella, OTUs 3, 11, 14, 33, 38 and 43) [65-67]. This suggests that cattle exposed
465 to Sucram® may be more efficiently degrading non-cellulose substrates, thereby potentially
466  increasing concentrations of certain SCFAs.

467 Prevotella is often considered the most abundant bacterial genus in ruminants [14, 68].
468 Indeed, Prevotella was the most abundant genus in both the rumen content and rumen wall
469  datasets. Prevotella species are often associated with plant-rich diets, and they are known to

470  produce a variety of SCFAs such as acetate, succinate, propionate, and valerate which are absorbed
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471  and utilized by the host animal [69].Three OTUs (5, 33 and 161) identified as Prevotella with
472  differing abundances between experimental groups were matched with the RGC, and genes related
473  to propionate (OTUs 5 and 33) and lactate (OTU 161) production were identified within the
474  matching genomes. Furthermore, cattle with greater abundance of Prevotella had lower residual
475  feed intake and higher feed efficiency [63]. Finally, the abundance of Prevotella has been
476  demonstrated to increase in goats fed higher levels of concentrate, a finding likely attributable to
477  Prevotella species’ ability to utilize starch for energy production [70]. In the present study, it may
478  be the case that Prevotella was capable of harnessing Sucram® as an energy source, thereby
479  promoting its growth. This warrants future research investigating the effect of Sucram® on
480  Prevotella species in regards to feed efficiency.

481 In this study, many highly abundant OTUs classified within the genus Prevotella, as well
482  as OTU 43 (classified as Sharpea azabuensis) were found to be in higher abundance in Sucram®-
483  supplemented samples (Figure 4). As previously stated, both Prevotella and Sharpea are known
484  SCFA producers. A recent amplicon sequencing study established a link between lactate-
485  producing bacteria, Sharpea azabuensis, and succinate and propionate-producing bacteria
486  Prevotella bryantii where it was discovered sheep with lower methane emissions had a higher
487  abundance of Sharpea and Prevotella. [56]. A follow-up study compared the metagenomes and
488  metatranscriptomes of rumen microbiota from sheep with either high or low methane yields,
489  further demonstrating that Sharpea reduces available metabolic hydrogen during SCFA synthesis
490  thereby reducing methane production, resulting in a higher feed efficiency [57]. This can be
491  connected to saccharin-based sweeteners such as Sucram® through work by Suez et al, who
492  identified increased expression of genes in glycogen degradation leading to increased production

493  of propionate and acetate in rodents fed saccharin sweeteners [4]. Additionally, the inclusion of
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494  Sucram® was shown to increase levels of lactate in the gastrointestinal lumen of pigs [41]. Bacteria
495  producing SCFAs are in direct competition with methanogenic archaea [51, 52, 71], which could
496  explain the reduction in methanogen abundance observed in this study. It can be hypothesized that
497  Sucram® might be able to modify the composition of the rumen microbiota in a way that decreases
498  methane production by promoting growth SCFA producing bacteria, leading to an increase in
499  livestock feed efficiency and productivity.

500 Additionally, to identify genes that may have implications on feed efficiency which
501  Sucram® differentially influences, we mined known rumen genomes that matched some of the 16S
502 rRNA genes from this study with more than 97% sequence similarity for genes that may have
503 implications on both feed efficiency and saccharin degradation. 36% and 24% of all significant
504 OTUs for the rumen content and rumen epithelium respectively, had 16S rRNA gene sequences
505 matches to the RGC. The results of this analytical method did offer additional supportive
506 information for statements made above, such as confirming the presence of genes involved in
507 lactate and propionate production in Sharpea azabuensis and Prevotella sp. genomes, genes
508 involved in methane production in Methanobrevibacter sp. genomes, etc. It also provided
509 potentially new implications for future research, such as implicating Sharpea azabuensis possible
510 involvement in valerate and isovalerate production. Finally, it may offer functional predictions for
511  previously uncultured organisms important to this study by matching 16S rRNA genes with rumen
512  reference genomes assembled in a number of recent studies [34, 35].

513 Comparisons of OTUs using the RGC as a reference are a prediction of genetic potential.
514 Using these predictions to suggest function should only be viewed as a hypothesis until
515 experimentally tested. However, as seen in [72, 73], genomic prediction based on 16S rRNA gene

516  sequence similarity can be useful in identifying gene or metabolic targets in future studies. And,
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517  as the research into rumen bacterial communities and their function progresses, the usefulness of
518 such habitat-specific reference databases such as the RGC should increase. Identifying and
519 including genes important in cellulose degradation, SCFA synthesis, vitamin synthesis, nitrogen
520 cycling, and other metabolically important processes for ruminants would improve predictions of
521 genomic potential and detection of pathways relevant to the experimental treatment. Genes
522  involved in saccharin degradation and utilization are wholly absent from the literature as well,
523  which could have implications on animal health and performance.

524
525  Conclusion

526 This pilot study demonstrated that the rumen microbial community remains largely stable
527  in response to the inclusion of Sucram®, with only a few significant changes in abundance of
528 certain microbial phylotypes. A prediction of the important phylotypes’ genetic potential identified
529 the presence of key genes related to feed efficiency. The differences observed in response to
530  Sucram® supplementation were most profound in the rumen epithelial microbial communities,
531  which could have important implications for the integrity of the rumen epithelium to serve as a
532  barrier preventing inflammation and infiltration of pathogens. OTUs decreased after Sucram®
533  supplementation were linked to methane production and reduced feed efficiency, whereas OTUs
534  increased following Sucram® supplementation were associated with propionate and lactate
535  production potential and increased feed efficiency. Therefore, supplementation with Sucram® may
536  foster a microbial community that decreases available metabolic hydrogen for methane generation
537 and produces SCFAs important for ruminant performance. This in turn may lead to more efficient
538 ruminant livestock with lower methane emission. However, we also want to highlight the

539  preliminary nature of the current pilot study and the need for future validations of our findings. In

24


https://doi.org/10.1101/2020.05.22.110429
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.22.110429; this version posted May 22, 2020. The copyright holder for this preprint (which

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

conclusion, this pilot study suggests that the supplementation of saccharin-based sweeteners such
as Sucram® causes novel and potentially beneficial effects on ruminant health and performance
other than increased palatability, possibly driven by changes in the rumen microbiota especially

the microbial communities of the lesser-studied rumen epithelium.
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Supporting information captions

Supplementary Table S1: Dietary composition

Supplementary Table S2: Genes related to feed efficiency and saccharin degradation. Genes
related to feed efficiency were based on Shabat et al. 2016, genes suggested to be involved in

saccharin degradation are based on Deng et al. 2019.

Supplementary Table S3: The 50 most abundant OTUs within rumen content samples

Supplementary Table S4: Chao species richness, Shannon and non-parametric Shannon
Diversity, and Simpson evenness comparisons between Sucram and baseline experimental

groups within the rumen content samples.

Supplementary Table S5: Significantly different rumen content OTUs between Sucram and

baseline determined with LEf{Se.

Supplementary Table S6: The 50 most abundant OTUs within rumen epithelial samples

Supplementary Table S7: Chao species richness, Shannon and non-parametric Shannon
Diversity, and Simpson evenness comparisons between Sucram and baseline experimental

groups within the rumen epithelium samples.

Supplementary Table S8: Significantly different rumen epithelium OTUs between Sucram and

baseline determined with LEfSe.

Supplementary Figure S1. Predicted genetic potential of rumen content organisms that
significantly differ in abundance between experimental groups, using matching published

genomes.
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