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Abstract 39 

The impact of glycosidic linkage of seven rare and new-to-nature disaccharides on gut bacteria was 40 

assessed in vitro. The community shift of the inocula from four donors in response to 1% (w/v) 41 

disaccharide supplementation was captured by sequencing the 16S rRNA gene. A significant loss of 42 

bacterial alpha diversity, short lag time, low pH, and high total short-chain fatty acid displayed a faster 43 

fermentation of trehalose(Glc-α1,1α-Glc) and fibrulose(fructan, DP2-10). Bacteroides reduced in 44 

relative abundance under disaccharide supplementation suggesting a loss in complex carbohydrates 45 

metabolizing capacity. Fibrulose and L-arabinose glucoside(Glc-α1,3-L-Ara) significantly stimulated 46 

bifidobacteria but was suppressed with trehalose, ribose glucoside(Glc-α1,2-Rib), and 4’-47 

epitrehalose(Glc-α1,1α-Gal) supplementation. Albeit insignificant, bifidobacteria increased with 4’-48 

epikojibiose(Glc-α1,2-Gal), nigerose(Glc-α1,3-Glc), and kojibiose(Glc-α1,2-Glc). Prior conditioning of 49 

inoculum in kojibiose medium profoundly induced bifidobacteria by 44% and 55% upon reinoculation 50 

into kojibiose and fibrulose-supplemented media respectively. This study has demonstrated the 51 

importance of the disaccharide structure-function relationship in driving the gut bacterial community. 52 

Keywords: Disaccharides, glycosidic linkage, kojibiose, trehalose, fibrulose, gut microbiota, prebiotics 53 

 54 

1.1 Introduction 55 

Gut microbiota contributes to energy harvesting from diets, particularly in the host colon (Flint, 56 

Scott, Duncan, Louis, & Forano, 2012). The activity and assembly of the gut microbiota are strongly 57 

influenced by diet and especially by carbohydrates (Flint et al., 2012; Payling, Fraser, Loveday, Sims, Roy, 58 

& McNabb, 2020) whose influence can override the host genetics (Kashyap et al., 2013). High absorption 59 

and metabolism of digestible carbohydrates mostly occur in the small intestine. However, 60 

approximately 5-30% of digestible carbohydrates still end up in the colon (Di Rienzi & Britton, 2019). 61 

The levels of these carbohydrates such as mono- and disaccharides reaching the colon largely depend 62 

on the absorption capacity of the small intestine and can either be passive, slow, or poor (Flint et al., 63 

2012; Oku & Nakamura, 2000). A plethora of studies have reported on the impact of complex 64 

carbohydrates (i.e. dietary fibers) on gut microbiota (see extensive review (Flint et al., 2012)), but less 65 

on simple digestible carbohydrates. 66 

The interest in dietary fibers and non-digestible food ingredients is not without merit largely 67 

driven by the increasing scientific clarity on their prebiotic effects. Prebiotics are food ingredients that 68 

can selectively stimulate health-promoting microbial bacteria such as bifidobacteria and lactobacilli in 69 

the host gut (Davani-Davari et al., 2019). It is worth noting that the selective stimulation is not exclusive 70 

to lactobacilli and bifidobacteria as other indigenous health-promoting strains can as well be supported 71 

to exert antimicrobial effects, or to modulate host immune response and offer colonization resistance 72 

against pathogens (Davani-Davari et al., 2019; Jia, Li, Zhao, & Nicholson, 2008). To this end, the use of 73 
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non-digestible oligosaccharides including inulin, galactooligosaccharides, lactulose, and resistant starch 74 

as prebiotics is well documented (Guarino et al., 2020). However, the prebiotic potential of 75 

disaccharides though not well explored cannot be underestimated. Digestible carbohydrates as 76 

opposed to complex carbohydrates are more energy-efficient carbon sources for the microbiota 77 

(Di Rienzi et al., 2019) and are therefore essential for their rapid growth and survival (Townsend et al., 78 

2019).  Evidence suggests that certain oligosaccharides, particularly those that have α1,2-, β1,2-, α1,3-, 79 

β1,4-, α1,6- glycosidic linkages tend to be prebiotic/bifidogenic (Sanz, Gibson, & Rastall, 2005) and have 80 

been demonstrated to selectively support the growth of lactobacilli and bifidobacteria (García-Cayuela 81 

et al., 2014). 82 

The characterization and/or commercialization of these putative prebiotics has been hampered 83 

by their limited availability in nature besides their high production cost. Some breakthrough 84 

technologies have nevertheless made it possible to produce rare disaccharides kojibiose and nigerose, 85 

as well as the new-to-nature disaccharides 4’-epitrehalose (hereafter epitrehalose), 4’-epikojibiose 86 

(hereafter epikojibiose), ribose glucoside, and L-arabinose glucoside among others.  The disaccharide 87 

epitrehalose is a trehalose analog in which one glucose has been substituted by galactose. Epikojibiose 88 

and ribose glucoside both are kojibiose analogs with galactose and ribose substituting glucose at the 89 

reducing end, respectively, while the L-arabinose glucoside is a nigerose analog with an L- arabinose at 90 

the reducing end. 91 

Based on the monomeric composition and linkage of the digestible carbohydrates, gut bacteria 92 

can metabolically respond by releasing carbohydrate-active enzymes (Sonnenburg, Sonnenburg, 93 

Manchester, Hansen, Chiang, & Gordon, 2006) to ferment sugars predominantly yielding short-chain 94 

fatty acids; acetate, butyrate, propionate, and intermediary organic acids; lactate, formate, and 95 

succinate (Robayo-Torres, Quezada-Calvillo, & Nichols, 2006). Apart from providing energy to the 96 

enterocytes, these acids are substrates for metabolic interactions between gut microbiota (Robayo-97 

Torres et al., 2006). Even though our diets consist of varied sources of dietary carbohydrates, it is not 98 

yet clear how intake of alternating dietary sugars can shape the gut community. This shift in a 99 

community can either be desirable or non-desirable by promoting the adaptation of commensals or 100 

pathogens, respectively (Di Rienzi et al., 2019). 101 

We have investigated in vitro the impact of composition and glycosidic linkage on prebiotic 102 

potency of the new-to-nature and rare disaccharides in comparison to fibrulose, a fructan of low degree 103 

of polymerization (DP 2–10). We have in addition tested the concept of switching disaccharide intake 104 

on the gut microbial community. 105 

 106 

 107 
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 108 

1.2 Materials and Methods 109 

1.2.1 Sugar substrates 110 

Six of the seven disaccharides used in this study (Figure S1) were synthesized at the center for synthetic 111 

biology of Ghent University. Briefly, kojibiose and nigerose were produced as previously described by 112 

Beerens et al. (Beerens et al., 2017) and Franseus et al. (Franceus et al., 2019) using the engineered 113 

BaSP variants L341I/Q345S or R135Y/D342G/Y344Q/Q345F, respectively. Their analogs (epikojibiose, L-114 

arabinose glucoside, and ribose glucoside) were biosynthesized using the stabilized Bifidobacterium 115 

adolescentis SP variant (BaSP_LNFI) as described by Dhaene et al. (Dhaene et al., 2022). For kojibiose 116 

1.8 M sucrose and 0.2 M of glucose was mixed together with the L341I/Q345S BaSP variant. Glucose 117 

isomerase was added for fructos-to-glucose recycling. For nigerose production 1.5 M of both sucrose 118 

and glucose was mixed with the R135Y/D342G/Y344Q/Q345F variant. For the analogues, 1 M sucrose 119 

and the acceptor sugar (1 M galactose, 1 M L-arabinose, and 1 M ribose) were mixed with the 120 

thermostability engineered BaSP variant, which acted as a transglycosidase to form the mentioned 121 

products. The reactions were allowed to react until maximal conversion, after which spray-dried baker’s 122 

yeast (Algist Bruggeman) was used to remove formed common sugars (e.g., maltose, glucose, fructose, 123 

…) and unreacted monosaccharide acceptors. Consequently, an anion-exchange step was applied to 124 

remove anions and finally the disaccharides were purified by preparative liquid chromatography 125 

(prepLC). Details can be found in the respective papers. The epitrehalose was synthesized from 126 

trehalose, galactose and inorganic phosphate with the use of a trehalose phosphorylase as described 127 

by Chen et al. (Chen, Desmet, Van der Borght, Lin, & Soetaert, 2012)  In short, 200 mM of trehalose, 128 

400 mM galactose and 30 mM phosphate buffer (pH 7.0) were incubated with trehalose phosphorylase 129 

originating from Thermoanaerobacter brockii (2 g.L-1) at 60 °C for 72 h. The disaccharides were also 130 

recovered through enzymatic degradation and/or yeast treatment followed by subsequent preparative 131 

liquid chromatography as described earlier (Franceus et al., 2019). The evaluation of purities was also 132 

conducted using high-performance anion-exchange chromatography (HPAEC, Dionex ICS-3000, Thermo 133 

Scientific) and was as: epikojibiose (94%), kojibiose monohydrate (99%), L-arabinose glucoside (97%), 134 

nigerose (87%), ribose glucoside (98%), and epitrehalose (77%). Detailed NMR-based structural 135 

confirmation and purity analysis can be consulted in the respective publications describing the initial 136 

production of the rare disaccharides  (Beerens et al., 2017; Dhaene et al., 2022; Franceus et al., 2019). 137 

Trehalose dihydrate (99%) and fibrulose (oligofructose DP=2-10) were kind donations from Cargill 138 

(Cargill R&D Centre Europe BV, Belgium, and Cosucra (Belgium), respectively.   139 

1.2.2 Preparation of fecal slurry, inoculation, and incubation  140 

Ethical approval for working with human fecal material was given by the ethical committee of Ghent 141 

University (BE6702018363). Fecal slurries from four healthy donors who did not use antibiotics in the 142 
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preceding 3 months were prepared as described by De Paepe et al. (De Paepe, Verspreet, Courtin, & 143 

Van de Wiele, 2020). Before inoculation, the fecal slurry was washed twice with pre-reduced phosphate-144 

buffered saline (PBS, pH 6.8) by centrifugation at 3000 x g for 5 minutes to remove the carryover 145 

nutrients. Inoculation was made to a final concentration of 1% (w/v) fecal material in Hungate tubes 146 

containing a carbon-limited medium (Table S1) supplemented with 1% (w/v) disaccharide or fibrulose. 147 

Medium without any disaccharide was used as a control. Upon inoculation, the Hungate tubes were 148 

immediately flushed with N2 gas for 20 cycles to create an anaerobic condition and then incubated at 149 

37oC in an orbital shaker at 120 rpm (KS 4000 i control, IKA, Staufen, Germany). The course of 150 

fermentation was monitored over 24 h with sampling at 0, 1, 2, 3, 4, 6, 12, and 24 h (Figure S2). 151 

1.2.3 Impact of conditioning and re-exposure to disaccharides or fibrulose on the bacterial community  152 

To test the concept of the influence of alternating sugar intake on microbial community and metabolic 153 

function, we selected epitrehalose with (galactose substitute) and the kojibiose analog containing ribose 154 

since they displayed recalcitrant behavior based on long lag time and pH. Besides, kojibiose was included 155 

and their prebiotic properties were benchmarked against fibrulose, a commercial prebiotic. We first 156 

conditioned the microbial community of D4 in the sugar-supplemented media for 24 h. This is the 157 

shortest time in humans that has been reported to have a diet-induced shift in the microbial community 158 

(David et al., 2014). Re-exposure was accomplished by inoculating the 24 h conditioned inoculum into 159 

the medium supplemented with epitrehalose, ribose glucoside, kojibiose, and fibrulose for a further 24 160 

h incubation (Figure S2). 161 

1.2.4 pH, gases, and short-chain fatty acid analysis 162 

Gas production was analyzed by measuring the headspace pressure and the composition using gas 163 

chromatography fitted with a thermal conductivity detector. Next, the pH of the spent medium was 164 

measured using a pH meter (Consort SP28X, Turnhout, Belgium). To quantify the levels of short-chain 165 

fatty acids and lactic acid generated, 1.5 mL medium was filtered and analyzed accordingly on 930 166 

compact IC flex Ion exchange chromatography (Metrohm, Switzerland) fitted with a Metrosep Organic 167 

acid 250/7.8 column and a Metrosep Organic acids Guard/4.6 guard column. The flow rate of 1 mM 168 

H2SO4 eluent was set at 0.8  mL/min.  169 

1.2.5 Cell count based on flow cytometry 170 

Microbial biomass during the 24 h course of incubation was determined using a benchtop Accuri C6+ 171 

cytometer (BD Biosciences, Belgium) as described by Van Nevel et al. (Van Nevel, Koetzsch, 172 

Weilenmann, Boon, & Hammes, 2013). Filtered (0.22 µm) pre-reduced phosphate-buffered saline (PBS, 173 

pH 7.2) was used to serially dilute cells to 104 times to get an even rate between 500 and 2000 per 174 

second. Samples were stained with 1:100 diluted Sybr Green Propidium Iodide (Thermo Scientific, 175 

Waltham, USA) to a final concentration of 1%. Finally, the plate was incubated at 37°C for 13 minutes. 176 

Cell counts were determined at fast speed with blue laser at 488 nm and bandpass filters on the FL-1 177 
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(533/30 nm) and FL-3 (670 nm LP). The intact and damaged cell counts were acquired by gating cell 178 

density plots to capture the events corresponding to the SYBR green and propidium iodide labeled cells. 179 

For the actual counts, the exported cell densities were corrected for the dilution factor. Microbial 180 

community shift during disaccharide incubation 181 

During disaccharide and fibrulose fermentation, the changes in pH and organic acid became 182 

clearer at 12 h of incubation hence we sequenced these samples to decipher early microbial 183 

community shift in response to disaccharides and fibrulose. 184 

1.2.6 FastPrep DNA extraction, library preparation, and high-throughput partial 16S rRNA gene sequencing (at 185 

2x300 bp read length) 186 

The luminal suspension of 250 µL was transferred into tubes, pelletized at 13000 x g for 10 187 

minutes, and stored at -20oC until DNA extraction. The DNA extraction and quality control and 188 

sequencing were performed as earlier described (Onyango, De Clercq, Beerens, Van Camp, Desmet, & 189 

Van de Wiele, 2020). Briefly, hypervariable V3-V4 regions of the 16S rRNA gene libraries were prepared 190 

using primers 341F (5’-CCTACGGGNGGCWGCAG-3’) and 785R (5’-GACTACHVGGGTATCTAAKCC-3’). The 191 

libraries were sequenced on an Illumina MiSeq platform using 2 × 300 paired-end mode (Illumina, 192 

Hayward, California). Demultiplexed paired reads were analyzed using the DADA2 bioinformatic pipeline 193 

(Callahan, McMurdie, Rosen, Han, Johnson, & Holmes, 2016) within R (v 4.1.3) (R Core Team, 2019). 194 

Based on the calculated error rates, dereplicated reads were quality filtered before removal of chimeras 195 

from constructed sequence table using removeBimeraDenovo function. Taxonomic classification and 196 

assignment were based on a naive Bayesian classifier against the Silva v138 database at the genus level 197 

(97% identity). Although species-level assignment based on short reads (250 bp) can be ambiguous, an 198 

exact matching at species level where possible at 100% identity using species alignment database Silva 199 

V138 (Quast et al., 2013) was done (Table S3). Where species resolution was not possible, further 200 

classification via the RDP SeqMatch web tool (Cole et al., 2014) (version 3, accessed in March 2021) was 201 

made by restricting the search to type strains, near full-length and good quality sequences. Amplicon 202 

sequence variants (ASVs) of each sample with counts were generated. Using the Phyloseq package (v 203 

1.40.0) (McMurdie & Holmes, 2013), the dataset was further filtered to only consider the ASVs with an 204 

abundance of at least 1% across all samples for subsequent analysis. 205 

1.3 Data analysis  206 

All the statistical analyses were performed in R. Based on the Richards model growth curves were 207 

modeled to obtain growth parameters including growth rate (h-1), and lag time (h). The input data were 208 

the cell counts determined by the flow cytometry (Candry et al., 2018). All formal hypothesis tests were 209 

conducted and considered significant at p<0.05. A phyloseq package was used to compute relative 210 

abundances at the genus level and the results of the top 20 genera were plotted. Shannon diversity 211 

index was computed to determine the alpha diversity of bacteria within the donors and sugars during 212 
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the incubation. The taxonomic β-diversity was also calculated based on Bray-Curtis distance to explore 213 

the community structure between sugars and donors and their association with the treatment variables 214 

then plotted on a constrained ordination plot. The significance of the association was tested using the 215 

Adonis function in the vegan library based on 999 permutations following permutational multivariate 216 

analysis of variance (PERMANOVA) (Oksanen et al., 2015).  217 

Detecting differentially abundant genera between disaccharides/fibrulose and control  218 

Based on Wald tests, DESeq2 (v 1.28.1) analysis (Love, Huber, & Anders, 2014) was used to make a 219 

pairwise comparison between disaccharides/fibrulose and control. Bacterial genera with a log2 fold 220 

change absolute value above 1.5 and a false discovery rate (FDR) less than 0.05 as determined by 221 

Benjamini–Hochberg (BH) correction for multiple hypothesis testing were judged to be differentially 222 

abundant (Love et al., 2014). The design incorporated the sugar and donor factors. We also applied an 223 

empirical Bayes shrinkage correction for low counts. For graphical display, EnhancedVolcano plot 224 

package (v 1.7.16) was used to generate volcano plots showing the -log10 (adjusted p-value) as a 225 

function of the log2FoldChange while annotating the most pronounced ASVs (Blighe K, 2018). 226 

1.4 Data availability 227 

The supporting data for this study has been provided within this article and its Supplementary 228 

Information file. Raw sequencing data and the associated metadata have been deposited to NCBI 229 

Sequence Read Archive under accession PRJNA856717. 230 

1.5 Results and Discussions 231 

In vitro incubation was used to characterize the impact of glycosidic linkage of disaccharides on the 232 

bacterial community and metabolites of the gut bacteria from four healthy donors. To benchmark their 233 

prebiotic potential, we included a well-established and commercially available prebiotic soluble fiber 234 

fructan (fibrulose) of a low degree of polymerization (DP 2-10).  235 

1.5.1 Gut microbiota exhibited a faster metabolism with fibrulose and trehalose 236 

The estimated lag times based on flow cytometric cell counts ranged from 3.4±2.8 h for fibrulose to 237 

19.9±1.7 h for the control medium. Notably, gut bacteria required the longest lag time with epitrehalose 238 

(9.5±27.0 h) among the disaccharides followed by ribose glucoside, L-Arabinose glucoside and 239 

epikojibiose (Table S2). Gut bacteria also exhibited a faster growth rate in trehalose-supplemented 240 

medium (0.9±0.2 h-1) as opposed to other substrates that were < 0.3 h-1. The drop in pH (Figure 1A) with 241 

fibrulose and trehalose was faster, indicating a rapid utilization by the in vivo derived gut bacteria. For 242 

epitrehalose, a delayed drop in pH was observed and only became apparent after 12 h of incubation 243 

(Figure 1A, B) revealing the importance of the galactose moiety in slowing epitrehalose fermentation. 244 

These results suggest that gut microbiota have higher efficiency in metabolizing the glucosidic linkages 245 

particularly of trehalose α1,1α- in comparison to the α1,2- and α1,3- linkages of kojibiose and nigerose 246 

respectively. In agreement with these findings, bacteria from both oral and gut have been shown to 247 
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have high efficiency in trehalose fermentation (Farag et al., 2020). Using brush border enzymes of rat 248 

origin and incubation with human intestinal Caco-2 cells, we recently showed that epikojibiose, ribose 249 

glucoside and L- arabinose glucoside exhibit a reduced digestibility and a limited impact on energy 250 

metabolism (Dhaene et al., 2022). Similarly, Hodoniczky and colleagues had previously demonstrated a 251 

partial resistance of α1,2- and α1,3- linked glucobioses; kojibiose and nigerose, respectively to both 252 

human and rat brush border enzymes when compared to trehalose (α1,1α) (Hodoniczky, Morris, & Rae, 253 

2012). Therefore, a substantial amount of ingested nigerose and kojibiose and their analogs can escape 254 

the upper digestive tract for colonic microbial fermentation. These findings have given insight into the 255 

importance of structure rather than molecular weight in determining disaccharide digestibility. Despite 256 

the low purities of epitrehalose (77%) and nigerose (87%), this study has given an insight into their 257 

digestive profiles. Since the contaminants in epitrehalose and nigerose were mainly glucose and 258 

trehalose which may even have a faster fermentation profile (Figure 1A), their high purity might thus 259 

result in a slower hydrolysis and fermentation. Additional analysis is thus required to confirm this 260 

hypothesis. Consistent with the observed changes in pH, a significant amount of total acids (SCFAs, lactic 261 

and formic acid) was generated from each substrate over the control (p<0.05) (Figure 1C, Figure S3A). 262 

The differences were apparent after 6 h of incubation but were more pronounced after 12 h. At 12 h 263 

(Figure 1C, Figure S3B), we observed significantly high (p<0.05) total acid with all the substrates 264 

(14.6±10.3 mM - 46.9±8.0 mM) except with epitrehalose (14.6±10.3 mM) in comparison to control 265 

(4.7±2.3 mM) further revealing its recalcitrant behavior. Similarly, a high (p<0.05) amount of acetic acid 266 

was produced with all substrates except with kojibiose and trehalose (Figure 1C, Figure S3C). For formic 267 

acid, epitrehalose (3.7±4.9 mM) and fibrulose (2.3±1.7 mM) produced similar levels when compared to 268 

control (0.5±0.1 mM) (Figure 1C, Figure S3D) while levels generated from the rest of the disaccharides 269 

were higher (p<0.05). Despite a noticeable time-dependent increase in propionic (Figure S3E) and 270 

butyric acids (Figure S3F), the amounts formed were low with all the substrate amended incubations 271 

(Figure 1C). With regards to donors, there was no donor-dependent influence on both the profile and 272 

total SCFAs except for the high (p<0.05) propionic acid that was generated by D2 microbiota (Figure S4). 273 

Acetate synthesis is a widespread metabolic function in the human gut microbiota and can be 274 

synthesized via the oxidative decarboxylation of pyruvate during carbohydrate fermentation (Duncan, 275 

Louis, & Flint, 2004). This can explain the observed acetate dominance in the sugar/fibrulose 276 

fermentation despite the marked differences in microbial community during the sugar incubation. 277 

Moreover, the short incubation time might have ensured limited cross-feeding to yield propionate and 278 

butyrate (Flint et al., 2012).   279 

1.5.2 Community shift is donor-dependent 280 

The α and β diversity of gut microbiota were computed to examine microbial community structure. 281 

Based on alpha diversity (Figure 2A) fibrulose and trehalose demonstrated a similar but lower (p<0.05) 282 
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diversity index in comparison to control, inoculum, and the rest of the disaccharides. As for the donors, 283 

D3 (Figure 2B) exhibited the lowest diversity (p<0.05) than D1, D2, and D4. The coordination of Bray-284 

Curtis distance (beta diversity) on the PCoA plot (Figure 2C) revealed a donor-dependent community 285 

clustering. Three separate clusters emerged which brought D2 and D4 together in one cluster and D1 286 

and D3 in two more separate clusters. There was no clear separation between carbohydrate substrates. 287 

A beta dispersion in vegan was used to first test the homogeneity of dispersion among 288 

disaccharide/fibrulose and donors. It showed a similarity in bacterial communities among the 289 

disaccharide/fibrulose and the donors (p>0.05). Adonis test in vegan confirmed that the community 290 

structure between the donors was significantly different (p<0.05) but not the variation between the 291 

disaccharides/fibrulose. 292 

The loss of alpha diversity in donor D3 (p<0.05) (Figure 2B) as compared to D1, D2, and D4 was 293 

marked by the dominance (p<0.05) of Klebsiella (ASV3) (57%) followed by Lachnospiraceae UCG-004 294 

(ASV16) (15%) and a reduced Parabacteriodes (ASV5) (0.2%) (Figure 3, Table S4). D2 and D4 displayed a 295 

comparable microbial profile by sharing the most dominant genera. The results showed that 296 

Escherichia-Shigella (ASV1) was most abundant (p<0.05) in donor D4 (39%) and D2 (27%) when 297 

compared to donors D1 and D3. Bacteroides was also relatively more abundant (p<0.05) in D2 (30%) 298 

and D4 (27%) than in D1 and D3. D1 conversely displayed a dissimilar profile in which Coprobacillus 299 

(ASV12) (18%), and Streptococcus (ASV14) (15%) were the two most dominant genera. These results 300 

clearly demonstrate donor variability in sugar fermentation. 301 

1.5.3 The disaccharide-dependent shift in bacterial community during sugar fermentation 302 

Driven by donors D2 and D4, Escherichia-Shigella (ASV1) was enriched in all the in vitro incubations but 303 

was more pronounced with trehalose (34%) (Table S4). Driven by D3, it was also observed that Klebsiella 304 

(ASV3) which was identified as K. granulomatis/pneumoniae from less than 1% rose in relative 305 

abundance with and without (5%) substrate supplementation. It accounted for the second most 306 

dominant genus with trehalose (20%) but was less favored with fibrulose and epitrehalose. Based on 307 

D1, we also noted that only trehalose (19%) and fibrulose (13%) stimulated Streptococcus (ASV14) 308 

represented by S. sinensis/salivarius/vestibularis/porcorum (Table S4). From 3% in the inoculum, 309 

Bifidobacterium (ASV4) (33%) was stimulated with fibrulose to become the most dominant genus (Figure 310 

3, Table S5). Notably, Bifidobacterium (ASV4) represented by B. adolescentis/faecale/stercoris also 311 

increased (p<0.05) with L-arabinose glucoside (8%), nigerose, and epikojibiose both at 6% when 312 

compared to control (Figure 4)  displaying their bifidogenic potential. However, a small percentage (1%) 313 

increase in relative abundance was recorded with kojibiose. Contrastingly, bifidobacteria 314 

(Bifidobacterium (ASV4)) decreased in ribose glucoside, epitrehalose, and trehalose supplemented 315 

medium (Figure 3, Table S5) which demonstrated their poor bifidogenic properties.   316 



10 

 

Consistent with our finding, Sanz and coauthors reported that disaccharides with a β1,6- (gentiobiose) 317 

and 1,1-glycosidic linkage (αβ-trehalose and ββ-trehalose) did not increase the bifidobacteria upon 318 

incubation with fecal slurry for 12 h (Sanz et al., 2005). Moreover, the authors determined that 319 

disaccharides with α1,2-, β1,2-, α1,3-, β1,4-, α1,6- glycosidic linkages tended to have a high prebiotic 320 

score (Sanz et al., 2005) and that glucobioses kojibiose (α1,2), sophorose (β1,2), and nigerose (α-1,3), 321 

isomaltose (α-1,6), galactobioses (β-1,4, and β-1,6) and mannobiose (α-1,6), have a high prebiotic index 322 

able to support the growth of bifidobacteria and lactobacilli (García-Cayuela et al., 2014). The selectivity 323 

of prebiotics is not exclusive to the known beneficial bacteria as was observed with fibrulose and the 324 

disaccharides. In agreement with this study, Tungland and others also reported that apart from 325 

bifidobacteria, an increase in a few other familiar pathogens, such as Salmonella, Escherichia coli, 326 

Yersinia pestis, Klebsiella, and Shigella, are also incorporated with prebiotics (galactooligosaccharides) 327 

(Tungland, 2018). Escherichia-Shigella (ASV1) closely identified as Pseudescherichia vulneris, Escherichia 328 

fergusonii/coli, Shigella sonnei/flexneri, Brenneria alni and Klebsiella granulomatis/pneumoniae (ASV3) 329 

was also increased with all incubations but were more pronounced with trehalose. These species are 330 

known to be opportunistic pathogens, some of which are even multidrug-resistant (Chaudhury, Nath, 331 

Tikoo, & Sanyal, 1999). They are reported to be very competitive in taking up and fermenting digestible 332 

carbohydrates in the small intestine and may explain their robustness with the disaccharides. In vivo 333 

characterization of prebiotic candidates; kojibiose, L-arabinose glucoside, epikojibiose, and nigerose will 334 

help in resolving the intricate homeostatic balance between the pathogens and commensals in the host 335 

gut. 336 

Parabacteroides (ASV5) represented by P. distasonis from 0.7%, was significantly enriched in all 337 

disaccharides but low in fibrulose-supplemented medium (Figure 3, Figure 4). P. distasonis is a common 338 

gut commensal and has been shown to alleviate obesity and obesity-related dysfunction by encouraging 339 

intestinal gluconeogenesis in mice (Wang et al., 2019). Some studies have further suggested that P. 340 

distasonis can suppress pro-inflammatory and tumorigenic activities that are likely mediated by the 341 

suppression of TLR4 and Akt signaling, besides promoting apoptosis (Koh et al., 2018). The candidacy of 342 

these disaccharides in selectively enriching P. distasonis can be further explored. Our findings further  343 

showed that the incubations with kojibiose, L-arabinose glucoside, ribose glucoside, nigerose, and 344 

epikojibiose increased Erysipelatoclostridium (ASV2) in abundance (Figure 3, Figure 4).The clostridial 345 

group including Clostridium sensu stricto 1 (ASV40) and Clostridium innocuum group (ASV57) were also 346 

enriched in trehalose medium (Figure 4), suggesting the metabolic preference of clostridial bacteria to 347 

trehalose. In fact, some studies have implicated trehalose with the enhancement of the virulence of 348 

certain C. difficile strains and infection prevalence (Collins, Danhof, & Britton, 2019; Collins et al., 2018).   349 
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The enrichment of Coprobacillus (ASV12) identified as C. cateniformis was also detected with ribose 350 

glucoside (12%), epikojibiose (7%), kojibiose (8%), nigerose (7%), and L-arabinose glucoside (6%), from 351 

non-detectable levels in the inoculum.  352 

 In vitro incubation led to a decrease in the abundance of some genera (Figure 3, Table S4). While the 353 

reduction of Bacteroides (ASV6) (38%) was observed with all incubations, the largest drop was recorded 354 

with trehalose (8%) while the least drop was recorded with nigerose and kojibiose (28%) incubations.  355 

The levels with epikojibiose and fibrulose were similar to the control (23%). Considering that Bacteroides 356 

have vast repertoire of CAZyme encoding genes (Kaoutari, Armougom, Gordon, Raoult, & Henrissat, 357 

2013) their inhibition in the microbial community in the presence of disaccharides may reflect 358 

decreased capacity to metabolize complex carbohydrates which was more pronounced in trehalose 359 

incubations than in nigerose and kojibiose. A recent finding has at least demonstrated that the 360 

colonization of Bacteroides, and particularly B. thetaiotaomicron, is compromised in the presence of 361 

glucose and fructose which suppresses the regulator of colonization protein (Townsend et al., 2019) 362 

and may in part explain the lack of robustness in disaccharides/fibrulose incubations. Faecalibacterium 363 

(ASV23) identified as F. prausnitzii was not resilient either in all the incubations and dropped from 15% 364 

to less than 5%. F. prausnitzii is a primary contributor of butyrate production and is an important 365 

commensal bacteria in healthy adults, making up about 5% of the human microbiome (Tungland, 2018). 366 

This can also explain the observed low butyrate during the sugar fermentation. Similarly, Agathobacter 367 

(ASV31) identified as A. ruminis was reduced from 6% to below 2% in all the disaccharides and fibrulose.  368 

The low abundance of Paeniclostridium (ASV15) was also detected with fibrulose, nigerose, kojibiose, 369 

and trehalose amended incubations. Besides, the abundance of Blautia (ASV70) represented by B. 370 

obeum/wexlerae and Alistipes (ASV41) identified as A. finegoldii/onderdonkii decreased in the presence 371 

of nigerose, kojibiose, and fibrulose substrates. Since these bacteria are important in cross-feeding to 372 

produce the short-chain fatty acids (Payling et al., 2020), their low abundance signifies a loss in capacity 373 

to convert acetate and lactate to butyrate and propionate as was observed in this study. 374 

Notably, some genera were selectively enriched in medium without sugar and included bacteria 375 

belonging to Lachnospiraceae UCG-004 (ASV16) (12%) represented by Lachnoclostridium pacaense and 376 

Paeniclostridium (ASV15) identified as P. ghonii/sordellii (20%) making it the second most dominant 377 

genus in the control medium. Epitrehalose similarly enriched Lachnospiraceae UCG-004 (ASV16) (11%) 378 

(Figure 3, Table S5). The resilience of bacterial spp. belonging to Lachnospiraceae UCG-004 suggests 379 

that they can remain transcriptionally active and increase in abundance even in starvation state was 380 

observed with other spp. including Klebsiella and Neisseria (Onyango et al., 2020). 381 

Even though limited research on the impact of sugar-based diets on the gut microbiota has been 382 

conducted, sugar can profoundly induce shifts in gut microbial community as has been shown in this 383 
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and previous studies (Sen et al., 2017). Consistent with our results, available data suggests that 384 

oligosaccharides in particular tend to lower Bacteroides bacteria (Davis, Martínez, Walter, Goin, & 385 

Hutkins, 2011). Since Bacteroides normally occupy the distal colon where the pH is near neutral as 386 

opposed to the proximal colon characterized by the high rate of fermentation and moderate acidity, the 387 

drop in pH during the sugar fermentation contributed to their low dominance (Flint et al., 2012). The 388 

drop in pH in the colon may inhibit proliferation of opportunistic pathogens and is considered an 389 

important prebiotic mechanism (Payling et al., 2020). While using fluorescent in situ hybridization (FISH) 390 

technique, Sanz et al broadly studied the shift in four predominant gut bacterial groups; Bacteroides, 391 

Clostridium, Bifidobacterium and Eubacterium, and in the contrary observed a relatively stable 392 

Bacteroides, clostridia and eubacteria up to 12 h of incubation but decreased with extended incubation 393 

in disaccharides supplemented medium (Sanz et al., 2005). Previous analysis of fecal samples from 394 

healthy human volunteers who consumed galactooligosaccharides (GOS), also revealed overstimulation 395 

of Faecalibacterium prausnitzii and Bifidobacterium (Davis et al., 2011). We on the contrary observed a 396 

decrease F. prausnitzii which can be attributed to substrate specificity. Consistent with our study, we 397 

observed a substrate-specific influence on the bifidobacteria abundance. It is worth noting that 398 

prebiotic consumption results in shifts of diverse taxa and can be influenced by several factors. When a 399 

dynamic in vitro colon model and 13C labeling was used, Maathuis et al. (2012) determined that GOS 400 

consumption enriched species that have been considered probiotics: Bifidobacterium catenulatum, 401 

Bifidobacterium longum, Bifidobacterium bifidum, Ligilactobacillus salivarius, and Lactobacillus gasseri. 402 

Nonetheless, the same authors reported an increased abundance of bacteria belonging to the 403 

Enterobacteriaceae family, including symbionts, and known opportunistic pathogens as earlier 404 

highlighted (Maathuis, van den Heuvel, Schoterman, & Venema, 2012). As regards oligosaccharides, 405 

some studies have reported that their prebiotic score is dependent on degree of polymerization where 406 

oligosaccharides with higher DP tends to have a poorer prebiotic score. For example, Sanz and others 407 

revealed that DP3 oligosaccharides exhibited the highest selectivity towards bifidobacteria while 408 

oligosaccharides above DP7 are non-bifidogenic (Sanz, Côté, Gibson, & Rastall, 2006). This suggests that 409 

lower DP such as disaccharides can be very energy-efficient prebiotics in comparison to complex or 410 

longer DP prebiotics. Future research on optimizing their linkages and monomers is still required to fully 411 

unlock their prebiotic potential. 412 

1.5.4 Conditioning of gut microbiota to kojibiose increases Bifidobacterium 413 

Table 1, Figure S5, shows the results for the impact of sugar alternation on the microbial community 414 

structure. Inoculum conditioning in a medium supplemented with kojibiose regardless of the 415 

subsequent substrate supplementation stimulated Bifidobacterium (ASV4) (18%). This was largely 416 

contributed by the high relative abundance (51%) observed when the inoculum was re-exposed to 417 

kojibiose. Interesting to note that the relative abundance of Bifidobacterium (ASV4) during conditioning 418 
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with kojibiose was at 7% (Table 1). As expected, fibrulose (22%) similarly stimulated Bifidobacterium 419 

(ASV4), particularly when inoculated with kojibiose inoculum. An increase in Bifidobacterium (ASV4) in 420 

ribose glucoside upon conditioning with kojibiose was also noted. In contrast, epitrehalose suppressed 421 

the Bifidobacterium (ASV4) from both kojibiose and fibrulose inoculum. This suggests that repeated 422 

exposure to kojibiose can be superior in spurring bifidogenic activities. Although the bifidogenic 423 

properties of bacteria are strain-specific species assignment using DADA2 closely classified 424 

Bifidobacterium (ASV4) as Bifidobacterium adolescentis/faecale/stercoris. B. adolescentis is considered 425 

a psychobiotic with the potential to modulate the gut-brain axis via the production of gamma-426 

aminobutyric acid, a major inhibitory neurotransmitter in the central nervous system (Duranti et al., 427 

2020). Conditioning with kojibiose and not fibrulose induced bifidobacteria in ribose glucoside 428 

supplemented medium. Moreover, epitrehalose exhibited a decreased abundance even when 429 

inoculated with kojibiose (4%) or fibrulose (3%) conditioned inoculum further revealing its poor 430 

bifidogenic property.  431 

Even though conditioning with epitrehalose (23%) and fibrulose (20%) induced Erysipelatoclostridium 432 

(ASV2), a higher representation of Erysipelatoclostridium (ASV2) to over 70% was recorded when the 433 

ribose glucoside inoculum was re-exposed to ribose glucoside and kojibiose. Erysipelatoclostridium has 434 

been found to be enriched in low fiber, a diet closely linked to metabolic diseases. The consequence of 435 

this overrepresentation is intriguing and requires further investigation.  436 

Meanwhile, Enterococcus (ASV22) represented by Enterococcus 437 

azikeevi/casseliflavus/durans/faecalis/faecium/hirae/lactis/mundtii/raffinosus/ratti/rivorum/thailandic438 

us/villorum was induced whenever the inoculum was first conditioned with kojibiose and fibrulose. This 439 

was, however, more pronounced when the kojibiose inoculum was re-exposed to fibrulose (30%). 440 

Epitrehalose favored Parabacteroides (ASV5) whether conditioning was done in epitrehalose, ribose 441 

glucoside, or kojibiose but not with fibrulose supplemented medium. Upon re-exposure, 442 

Parabacteroides (ASV5), which was identified as Parabacteroide distasonis, was most stimulated in 443 

epitrehalose and ribose glucoside amended incubations. P. distasonis is a common gut commensal and 444 

has been shown in mice to alleviate obesity and obesity-related dysfunction by encouraging intestinal 445 

gluconeogenesis (Wang et al., 2019). Some studies have further suggested that P. distasonis can 446 

suppress pro-inflammatory and tumorigenic activities that are likely mediated by the suppression of 447 

TLR4 and Akt signaling, besides promoting apoptosis (Koh et al., 2018). The candidacy of epitrehalose in 448 

selectively enriching P. distasonis needs more exploration. Conditioning with fibrulose induced 449 

Escherichia-Shigella (ASV1) in all the disaccharide-supplemented medium except with kojibiose. 450 

Conditioning with kojibiose, conversely, suppressed Escherichia-Shigella (ASV1) by over 16% in fibrulose 451 

supplemented medium further confirming the non-exclusive stimulation of only the health promoting 452 
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bacteria. Selectively, fibrulose supported the growth of Mitsuokella (ASV33) when inoculated with 453 

ribose glucoside (28%) and fibrulose (27%) conditioned inoculum.  Notably, conditioning with kojibiose 454 

increased Collinsella (ASV28) from less than 1% to 16% upon re-exposure to kojibiose as opposed to 455 

other sugar conditioning (Table 1, Figure S5). Bacteroides (ASV6) identified as Bacteroides uniformis was 456 

found to be the most dominant in the kojibiose conditioned inoculum (43%) but declined in relative 457 

abundance upon re-exposure to ribose glucoside and fibrulose, which indicates a reduced complex 458 

carbohydrates metabolic capacity in subsequent intake of ribose glucoside or fibrulose.   459 

Concerning the generated metabolites during re-exposure, a significant (p<0.05) amount of 460 

total acid was produced with kojibiose (40.7±9.3 mM) as compared to ribose glucoside (23.3±8.5 mM) 461 

and epitrehalose (22.2±8.4 mM) (Figure 5A). Even though the levels between fibrulose (31.4±2.8 mM) 462 

and kojibiose were not statistically significant, kojibiose was slightly more than fibrulose demonstrating 463 

the comparable prebiotic properties with fibrulose. The generated acids were mostly dominated by 464 

lactic and acetic acid (Figure 5A). Kojibiose also recorded a significant drop in pH which was consistent 465 

with the observed high level of total acids. The levels of CO2 and H2 could not be separated by the 466 

substrate (Figure 5B).  467 

1.6 Conclusion 468 

With considerable donor variability in the microbial community, this study has demonstrated the 469 

profound impact of glycosidic linkage and monomeric constituent of disaccharides on the structure of 470 

the microbial community. Although our results still require confirmation and refinement with in vivo 471 

studies, they open interesting prospects for developing future prebiotics by exploring the structure-472 

function relationship. Given the simple structure of disaccharides, their chemical synthesis is much more 473 

feasible than conventional prebiotics which are mostly complex in structure. When implemented via 474 

synbiotics, for example, these ready-to-digest prebiotics can in small doses stimulate the growth or 475 

maintain the function of beneficial microbes including bifidobacteria besides suppressing host 476 

pathogens. Optimizing the bifidogenic potential of kojibiose requires re-exposure to kojibiose or 477 

fibrulose. This can be achieved via nutritional planning in which constant intake of kojibiose in 478 

combination with fibrulose can be encouraged. Conversely, the use of trehalose as a prebiotic is 479 

doubtful considering the overstimulation of pathobionts and under-stimulation of health-promoting 480 

bacteria such as bifidobacteria. 481 
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List of tables 488 

Table 1. Changes in microbial community structure following 24 h conditioning and re-exposure to 489 
medium containing ribose glucoside, epitrehalose, kojibiose, and fibrulose (reference prebiotic). The 490 
conditioning incubations were used as the inoculum for the re-exposure incubation. The values in re-491 
exposure are the mean relative abundance (±SD) of the community following re-exposure, therefore, 492 
depicting the general community as driven by each carbohydrate substrate irrespective of the 493 
conditioning substrate. 494 
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Escherichia-Shigella (ASV1) 7.7 19.8 51.8 17.4 16.4±14.5 27.7±24.6 17.9±15.2 14.3±12.1 

Senegalimassilia (ASV104) 0.0 0.0 0.2 0.2 0.2±0.2 0.3±0.3 0.4±0.5 0.2±0.1 

Lachnospiraceae_uncl 
(ASV126) 

0.0 0.7 0.0 0.0 0.2±0.3 0.2±0.3 0.3±0.6 0.3±0.6 

Streptococcus (ASV14) 0.2 0.0 1.8 0.1     0.5±1.0 0.1±0.2 

Erysipelatoclostridium (ASV2) 10.2 0.0 1.6 4.2 31.5±28.1 5.3±5.5 4.2±7.4 25±31.5 

Enterococcus (ASV22) 1.0 0.0 0.1 0.0 2.7±3.4 3.5±3.3 8.6±14.3 3.1±3.8 

Faecalibacterium (ASV23) 2.1 2.1 3.3 8.1 0.1±0.1   0.1±0.1 

Collinsella (ASV28) 0.2 0.1 0.4 0.6 0.4±0.5 0.7±0.5 2.1±2.4 4.3±7.9 

Mitsuokella (ASV33) 8.5 0.0 3.2 0.0 4.1±5.7  13.9±15.9 0.2±0.3 

Enterobacter (ASV34) 12.0 0.0 0.5 1.3 1.4±1.0 1.0±1.1 1.1±2.2 0.9±1.2 

Bifidobacterium (ASV4) 1.0 0.2 13.4 6.9 5.7±6.5 1.8±2.1 21.9±27.7 17±23.6 

Clostridium sen_ str_ 1 
(ASV40) 

0.0 0.0 0.0 0.0     1.1±2.2 0.1±0.2 

Lachnoclostridium (ASV44) 1.2 4.6 0.0 0.5 1.6±2.5 3.6±4.8 1.5±2.1 1.4±1.8 

Enterobacteriaceae_uncl 
(ASV47) 

12.6 0.2 0.8 2.3 1.8±1.7 1.0±1.2 1.3±2.7 0.7±1.2 

Parabacteroides (ASV5) 22.1 53.1 0.1 2.9 24.5±20 44.3±19.3 16.1±23.2 18.2±23.2 

Bacteroides (ASV6) 13.8 8.4 15.0 42.9 5.2±4.5 5.1±3.4 6.7±6.8 12.0±12.5 

Lachnospiraceae NK4A136 
group (ASV65) 

0.2 2.3 0.2 0.4 0.3±0.7 0.6±1.0 0.8±1.5 0.6±1.2 

Acidaminococcus (ASV67) 0.0 0.0 0.0 0.0 0.9±1.0 2.4±4.4 0.3±0.5 0.1±0.1 

Lactococcus (ASV86) 0.1 0.4 0.0 0.0 0.5±0.8 0.7±0.8 0.4±0.6 0.7±1.3 

Tannerellaceae_uncl (ASV95) 0.2 1.8 0.0 0.2 0.3±0.4 0.5±0.4 0.3±0.5 0.2±0.3 

Other 7.0 6.4 7.5 12.1 2.3±1.6 1.5±0.7 0.5±0.3 0.6±0.4 

495 
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List of figures 496 

 497 
Figure 1. (A) A course change in pH during fermentation of disaccharides and fibrulose (fructan DP 2-10) by in vivo 498 
derived gut microbiota from four healthy donors (D1-D4). (B) A boxplot of a pairwise comparison of pH change at 499 
12 h of incubation. (C) Lactic, formic, and short-chain fatty acids are generated during disaccharide and fibrulose 500 
fermentation at 12 h of incubation. The total represents the sum of lactic, formic, and short-chain fatty acids from 501 
four donors. Control- represents incubation with a medium without sugar. The statistical significance follows p< 0 502 
‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05.  503 
 504 

 505 

 506 
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 507 
Figure 2. Pair-wise comparison of α diversity; Shannon index within microbial communities in (A) donors and (B) 508 
disaccharides and fibrulose amended incubations. Constrained canonical analysis of principal coordinates (CAP) 509 
based on Bray-Curtis distance showing the association between bacterial community structure and the treatment 510 
variables. The association significance (p=0.001) was tested using Adonis function in the vegan package. The 511 
significance codes denote p< 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 512 
 513 
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 514 

Figure 3. Genus-level microbial community signatures in seven rare and new-to-nature disaccharides and fibrulose 515 
(DP2-10) during a 12 h incubation with fecal inoculum from four healthy individuals. The data represent the 516 
relative abundance of bacterial genomes of the top 20 genera constituting >0.1% and “other genera” accounting 517 
for all other genera <0.1%. The abbreviations D1-D4 represent donors. Family level taxa appearing in the genus 518 
level plot, are unclassified genus belonging to the respective family. 519 
 520 
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 521 
Figure 4. Volcano plots (A-K) as assessed by DESeq2 analysis showing Log2 Fold Change of normalized genus 522 
abundances following sugar incubations. A positive log2FoldChange indicates genera that are significantly 523 
stimulated by the respective sugar as compared to the control incubation. Control was incubated with fecal 524 
suspension without sugar supplementation in a carbon-limited medium. The red dots display genera with an 525 
absolute log2 Fold Change value exceeding 1.5 and a high statistical significance (-log10 of p-value, y-axis). The 526 
blue dots are genera with points above the horizontal line having p < 0.05, the gray dots represent genus having 527 
p > 0.05 while the green dots are genera with large log2 fold change exceeding p >0.05 and below the horizontal 528 
line. 529 
 530 
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 531 

Figure 5. A boxplot of a pairwise comparison of (A) Lactic, formic and short-chain fatty acids generated after re-532 
exposure to each disaccharide and fibrulose at 24 h of incubation. The total represents the sum of lactic, formic, 533 
and short-chain fatty acids. (B) Percentage generated CO2, and H2, and pH change at 24 h of incubation. The 534 
statistical significance follows p< 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 535 
 536 

 537 
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