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Abstract 13 

 14 

Bifidobacteria are widely used as a probiotic for their health-promoting effects. To 15 

promote their growth, bifidogenic prebiotics, including human milk oligosaccharides (HMOs), 16 

have been added to supplements and infant formula. However, the efficacy of both probiotic and 17 

prebiotic interventions is often debated, as clinical responses vary significantly by case. Here, 18 

we review clinical studies that aimed to proliferate human-residential Bifidobacterium (HRB) 19 

strains in the gut, and we highlight the difference between responders and non-responders to 20 

such interventions through an ecological, niche-based perspective and an examination of the 21 

prevalence of genes responsible for prebiotic assimilation in HRB genomes. We discuss the 22 

criteria necessary to better evaluate the efficacy of probiotic and prebiotic interventions and the 23 

recent therapeutic potential shown by synbiotics.  24 



Introduction 25 

  26 

 The human gut microbiota plays an important role in human health and disease. An 27 

increasing body of work links the gut microbiota with several disease states [1–4]. As a result, 28 

therapeutic interventions aimed at regulating the gut microbiota, such as probiotics (exogenously 29 

administered microorganisms) and prebiotics (non-digestible compounds by the host that promote 30 

the growth of gut microbes), have become increasingly popular and represent increasingly 31 

marketable and growing industries [5,6]. Here, probiotics will refer to exogenously administered 32 

strains to differentiate them from autochthonous strains already residing in the gut, and the terms 33 

used in this review are summarized in Table 1. In this review, we examine the efficacy of both 34 

probiotics and prebiotics in several clinical studies from an ecological and molecular perspective. 35 

Specifically, we focus on human-residential bifidobacteria, a commonly used probiotic taxon as 36 

model organisms and the prebiotics that promote their growth.  37 

Bifidobacteria are Gram-positive and anaerobic bacteria that were first isolated from 38 

breastfed infant feces [7], and several different species have been isolated from the gut of a variety 39 

of animals, ranging from insects to mammals [8,9]. With a few exceptions, bifidobacteria show 40 

strong exclusivity and adaptation to their specific hosts [10], and an evolutionary analysis between 41 

gut microbes and hominids has shown that bifidobacteria have cospeciated with their respective 42 

hosts over the last 15 million years [11]. We focus on bifidobacteria that naturally occur in humans 43 

(hereinafter referred to as human-residential bifidobacteria (HRB), summarized in Table 2). The 44 

type of HRB strains found varies between life stages (infant- and adult-type), suggesting that 45 

bifidobacterial adaptation to the human gut environment may be mediated by diet (host- and plant-46 

derived glycans). 47 

The presence of indigenous bifidobacteria is correlated with a variety of health effects, 48 



such as the development of the immune system [12], prevention of allergy [13], and reduction of 49 

gut inflammation [14–17]. As a result, bifidobacteria are often administered as probiotics to pre-50 

term infants who are expected to lack bifidobacteria [18–21]. Additionally, there has been an 51 

increased effort to add bifidogenic prebiotics, such as HMOs, to infant formula. HMOs are 52 

resistant to pancreatic digestion [22] and act as natural prebiotics for indigenous bifidobacteria 53 

[23]. Currently, HMOs such as 2′-fucosyllactose (2′-FL), 3-fucosyllactose (3-FL), 54 

lactodifucotetraose (LDFT), lacto-N-tetraose (LNT), and lacto-N-neotetraose (LNnT) are 55 

synthesized by engineered Escherichia coli strains and generally considered safe by the US Food 56 

and Drug Administration (FDA). Other prebiotics such as fructooligosaccharides (FOSs) and 57 

galactooligosaccharides (GOSs), which are enzymatically synthesized from sucrose and lactose, 58 

respectively, are also used to promote growth of bifidobacteria [24].  59 

Despite increasing reports of health benefits conferred by probiotic bifidobacteria and 60 

bifidogenic prebiotics, studies report conflicting results, and their efficacy shows high situational 61 

variability. In certain cases, human trials using probiotic preparations are treated as a “black box,” 62 

and the mechanisms that differentiate responders from non-responders to such microbiota-based 63 

therapies remain elusive. We propose that a combined perspective utilizing both an ecological 64 

framework and an understanding of molecular mechanisms is necessary to successfully 65 

implement interventions aimed at modulating the gut microbiota, with the ultimate purpose to 66 

improve health. 67 

 68 

A combined niche- and gene-based framework 69 

 70 

One of the long-standing issues with probiotics relates to their limited persistence in the 71 

human gastrointestinal tract. Although stable colonization is not necessarily required for 72 



probiotics to exert benefits on host health, a substantial population must, at least transiently, 73 

establish for them to have a metabolic impact on the host and the resident gut microbiota. We 74 

propose that an applied framework based on the modern species coexistence theory could help 75 

predict colonization success, as summarized in Figure 1 [25,26]. Theory suggests that 76 

colonization outcomes are determined by a combination of niche and relative fitness differences 77 

between the exogenously administered probiotic strain (colonizer) and the indigenous baseline 78 

microbiota (autochthonous taxa) [27]. According to this framework, higher niche difference (ND) 79 

allows for niche differentiation between the invading and autochthonous taxa, reduces 80 

competition, and ultimately increases the probability of colonization success. Within the gut 81 

microbial community, differential resource specialization by gut microbes and the spatial 82 

heterogeneity within the gastrointestinal tract [28] and the mucus layer [29,30] can allow for gut 83 

microbes to reduce niche overlap. In the presence of increasing niche overlap and competition for 84 

resources, relative fitness differences (RFD) also influence the colonization outcome. As high 85 

RFD would exclude species with lower fitness in a given environment, the exogenously 86 

administered probiotic strain must be better adapted to the gut environment to colonize.  87 

While bifidogenic prebiotics are predicted to provide a fitness advantage to bifidobacteria, 88 

the response of bifidobacteria to prebiotics varies significantly not only at the species level but 89 

also at strain level. In the prebiotics section of this review, we propose that the presence or absence 90 

of certain prebiotic-utilization genes and the strain-level genotypic diversity may explain the 91 

difference between responders and non-responders to probiotics and prebiotics. While the 92 

addition of bifidogenic prebiotics may shift the effect of ND and RFD in favor of probiotics, 93 

predicting the responder status to such therapeutic interventions requires an understanding of 94 

prebiotic consumption behavior of autochthonous/probiotic bifidobacteria at the genotype level. 95 

In the following sections, we examine the role played by niche and fitness differences 96 



and their impact on the colonization success of exogenously administered probiotic HRB strains 97 

(Table 3), as well as the prevalence of genes responsible for prebiotic utilization in HRB strains 98 

(Table 4). We highlight studies that examine changes in the gut microbiota composition as a result 99 

of probiotic and prebiotic interventions and show that for both probiotics and prebiotics, 100 

evaluation of efficacy can only be described within the context of the resident gut microbiota. 101 

Here, we argue that predicting the clinical responses to such interventions requires a combined 102 

understanding of the ecological and molecular mechanisms.  103 

 104 

Probiotic Bifidobacteria 105 

 106 

 In this section, we consider individuals to be “responders” to probiotics if successful 107 

colonization of the administered strain is observed. The inability of bifidobacteria and other 108 

probiotic strains to stably colonize the adult gut microbiota is a long-standing issue in probiotic 109 

therapy [31]. Compared to the infant gut microbiota, the adult gut microbiota is more 110 

taxonomically diverse, stable [32], and resistant to colonization [33]. However, a study by 111 

Maldonado-Gómez et al. [34] using Bifidobacterium longum AH1206 showed that colonization 112 

is possible as long as there is niche availability (Table 3). In that study, AH1206 was orally 113 

administered to adults, and they reported long-term (at least 6 months) colonization by AH1206 114 

in approximately 30 % of the subjects. In AH1206-responders, the baseline gut microbiota before 115 

probiotic administration had a low abundance of indigenous B. longum and underrepresentation 116 

in certain carbohydrate utilization genes. While AH1206 would be otherwise competitively 117 

excluded due to high RFD in favor of the autochthonous microbiota, colonization is possible if 118 

taxa that occupy the same niche (conspecifics or taxa that are superior competitors for the same 119 

resources) are absent in subjects responding to AH1206 administration. By utilizing a strain-120 



specific approach, the authors were able to show that colonization resistance in the adult gut can 121 

be overcome with sufficiently high niche difference between exogenously administered probiotics 122 

and the resident microbiota. 123 

In contrast to the stable microbial community in the adult gut, the infant gut microbiota 124 

is in rapid development. The infant gut is generally considered sterile at birth, and more open 125 

niches are available during the early stages of community assembly. Earlier arriving species gain 126 

an advantage due to priority effects, in which the order and timing of species arrival dictate 127 

community composition (Table 1), as they colonize the available niches first [35,36]. Therefore, 128 

the timing of probiotic administration becomes especially important, as seen in the administration 129 

of Bifidobacterium breve strains in preterm infants. For example, a study by Costeloe et al. [37] 130 

found that the administration of B. breve BBG-001 to preterm infants did not significantly reduce 131 

the incidence of necrotizing enterocolitis (NEC), and colonization by bifidobacteria was not 132 

observed (Table 3). In that study, the median age at the first dose was approximately 44 hours. 133 

However, studies in which the first dose of B. breve (YIT4010 [38] and M-16V[39]) was 134 

administered within a few hours of birth showed increased gut colonization by bifidobacteria 135 

(Table 3). Taken together, these results suggest that the timing of arrival plays a significant role 136 

in gut microbiota assembly and can influence host response to probiotic administration. Indeed, 137 

when a study by Li et al. [40] compared the timing of administration of B. breve (strain 138 

unspecified), they reported increased effectiveness when the first dose was administered a few 139 

hours after birth compared to when administered more than 24 hours after birth. Furthermore, a 140 

study by Horigome et al. [41] reported a decreased abundance of phylum Proteobacteria in low 141 

birth weight infants given M-16V, suggesting that preemptive colonization by bifidobacteria can 142 

competitively exclude undesirable taxa, and facilitative priority effects can enhance the growth 143 

of other Bifidobacterium species. Altogether, these studies show that in the stable adult gut, the 144 



availability of vacant niches is determined by the composition of the resident gut microbiota. On 145 

the other hand, the infant gut microbiota is in its developmental stage and niche availability is 146 

significantly affected by the timing of arrival, increasing the impact on community structure.  147 

In addition to the timing of administration, the presence of prebiotic substances influences 148 

host response to probiotics. A study by Underwood et al. [42] using M-16V strain found that 149 

responders were fed breastmilk that contained more non-fucosylated and/or non-sialylated neutral 150 

(undecorated) HMOs, such as lacto-N-tetraose (LNT) (Table 3). Only a limited subset of B. breve 151 

strains can utilize fucosylated HMOs, while LNT assimilation ability is conserved within B. breve 152 

strains. Therefore, most likely, the HMOs available in the breastmilk fed to non-responder infants 153 

could not be consumed by the bifidobacteria present in those individuals. Indeed, a study by 154 

Thongaram et al. [43] showed that M-16V cannot utilize 2′-FL. These findings indicate that the 155 

fitness advantage conferred to probiotic bifidobacteria is highly dependent on the presence of 156 

HMO-utilization genes, which will be discussed in the prebiotics section of this review. A separate 157 

study administered B. infantis EVC001, a strain that can utilize a wide range of HMOs (both 158 

decorated and undecorated), to breastfed infants. They observed the long-term persistence of this 159 

strain in addition to a significant reduction in the amount of HMOs remaining in feces, even after 160 

the cessation of probiotic administration, suggesting that persistence was achieved through HMO 161 

consumption (Table 3) [44]. Additionally, a study by O’Brien et al. [45] reported long-term 162 

colonization by B. infantis EVC001 that persisted for at least one year postpartum, due to the 163 

combination of early probiotic administration and breastmilk. This is further illustrated by Duar 164 

et al. [46], who performed an in vivo competition experiment in two breastfed infants with two B. 165 

infantis strains. They found that B. infantis EVC001 successfully colonized the gut of both infants, 166 

and outcompeted B. infantis NLS, a strain that has a genetic lesion in an HMO-utilization gene 167 

cluster (Table 3). Together, these studies illustrate that prebiotics like HMOs can confer a fitness 168 



advantage to probiotic strains and facilitate colonization in the infant gut, but only if the genes to 169 

utilize them are also present in the genomes. 170 

Predicting responses to probiotics requires an understanding of both niche availability 171 

within the resident gut microbiota and the relative fitness of the probiotic strain. The probability 172 

of colonization success increases with high niche differences and the presence of prebiotics such 173 

as HMOs can shift RFD to favor growth of probiotics. However, prebiotic supplementation is 174 

effective only when the necessary response genes are present, and the presence of those genes is 175 

highly strain-dependent. In the following section, we focus on bifidogenic prebiotics and the 176 

prevalence of response genes in HRB strains. 177 

 178 

Bifidogenic Prebiotics 179 

 180 

A growing body of work provides evidence of the benefits of bifidogenic prebiotics, but 181 

the criteria that differentiate responders from non-responders has not been well understood until 182 

recently. Two studies showed that the administration of two HMOs (2′-FL and LNnT) to healthy 183 

infants [47] and adult patients with irritable bowel syndrome (IBS) [48] increased the abundance 184 

of bifidobacteria in some subjects, but there was no clear baseline microbiota signature that was 185 

predictive of responder status. In both instances, the baseline microbiota was profiled at the 186 

species level, and the presence of genes responsible for 2′-FL and LNnT assimilation could not 187 

be confirmed. We argue that species-level information alone cannot predict responder status to 188 

prebiotics, and in-depth genotype analysis of the baseline microbiota is necessary. 189 

 190 

2-Fucosyllactose and Lacto-N-neotetraose 191 

  192 



While 2′-FL and LNnT have been added to commercial infant formula in several 193 

countries, the ability to utilize these two HMOs is highly strain-specific. With regards to 2′-FL, 194 

a trisaccharide comprised of lactose with an α-linked fucose residue, an ATP-binding cassette 195 

(ABC)–type transporter responsible for its uptake was identified in B. longum [49] and B. breve 196 

[50]. Further work by Sakanaka et al. [51] showed that B. infantis ATCC 15697T possesses two 197 

functionally overlapping but distinct paralogs of this transporter (FL transporter-1 and FL 198 

transporter-2). Both paralogs import 2′-FL, although FL transporter-2 has wider substrate 199 

specificity for fucosylated HMOs. In this study, the abundance of homologs for the substrate-200 

binding protein (SBP) of this transporter in fecal samples was positively correlated with the 201 

abundance of bifidobacteria in breastfed infants and negatively correlated with the concentration 202 

of the substrate HMOs remaining in feces. These results strongly indicate that the presence of 203 

this transporter could predict response status to 2′-FL. While the presence of this transporter is 204 

limited to the genus Bifidobacterium, the occurrence of this transporter varies considerably by 205 

strain (Table 4). Specifically, homologs of the FL transporter-1 SBP were found in 4 % of B. 206 

breve strains and 57 % of B. infantis strains (Table 4) [51,52]. Homologs for the FL transporter-207 

2 SBP were more widely distributed within bifidobacteria strains, with its prevalence of 8 % of 208 

B. breve, 100 % of B. kashiwanohense, 86 % of B. infantis, 3 % of B. longum, and 13 % of B. 209 

pseudocatenulatum strains [51,52]. We do note that B. bifidum does not possess this transporter 210 

[53] as it extracellularly degrades 2′-FL to assimilate lactose, without utilizing liberated fucose 211 

[54]. 212 

LNnT, a tetrasaccharide comprised of galactose, N-acetylglucosamine, and glucose 213 

joined by β-linkages, is imported by a similar mechanism by the LNnT-SBP, a homolog of NahS 214 

that was first identified in B. breve UCC2003 [55]. The LNnT-SBP homolog is conserved in all 215 

analyzed strains of B. breve (Table 4) [52], and most strains are capable of growing on LNnT 216 



[56]. About 48 % of B. infantis strains possess the LNnT-SBP homolog (Table 4). 217 

The transporters for the utilization of 2′-FL and LNnT are limited to infant gut-218 

associated species, suggesting adaptation by bifidobacteria to the breastfed infant gut 219 

environment. However, as mentioned above, their occurrence is not ubiquitous and highly 220 

strain-dependent. Therefore, in the absence of strains with the necessary transporters, 221 

individuals are unlikely to respond to such prebiotic therapies. While the addition of 2′-FL and 222 

LNnT to formula does provide certain benefits, not all bifidobacteria are capable of utilizing 223 

HMOs currently available in infant formula. As more types of HMOs receive approval for 224 

commercial use, the use of a wider variety of native HMO molecules with a composition that 225 

mimics natural breastmilk may further promote the efficacy of HMOs as prebiotics. In this 226 

regard, LNT could be the most effective prebiotic, as almost all infant-type HRB strains isolated 227 

to date are positive for LNT assimilation [57]. 228 

 229 

Galactooligosaccharides 230 

 231 

  Galactooligosaccharides (GOSs), which are widely used as a prebiotic, are a mixture of 232 

mono-, di-, and trigalactolyllactose (GL) species with galactose moiety(ies) attached by β-233 

1,3/4/6-linkage(s) and produced from lactose through the transgalactosylation activity of β-234 

galactosidases [58]. They also have been shown to effectively increase the abundance of 235 

bifidobacteria in the gut [59,60]. Furthermore, in a cohort of infants from the United States, 236 

there was a strong positive correlation between the abundance of GOS utilization genes and 237 

bifidobacteria in feces [52,61,62]. GOS utilization genes are highly conserved in HRB strains 238 

(homologs for 3′-GL utilization is highly conserved in infant type HRB strains, and homologs 239 

for 4′-GL / 6′-GL utilization genes are conserved both infant- and adult-type strains [52]) (Table 240 



4). These results provide further support for the use of GOSs as bifidogenic prebiotics in infant 241 

formula, although its ability to selectively promote the growth of bifidobacteria is slightly lower 242 

than that of HMOs. 243 

 244 

Lactulose 245 

 246 

The importance of the genotypic composition of the resident gut microbiota to predict 247 

responder status to prebiotics is highlighted in a recent study by Yoshida et al. [63], which 248 

focused on lactulose. Lactulose is a disaccharide composed of galactose and fructose produced 249 

through the alkaline isomerization of lactose, is also used as a bifidogenic prebiotic [64,65]. In a 250 

previously published clinical study [65], healthy Japanese adult women were given 2 g of 251 

lactulose daily for 2 weeks, and they found that the fold change in Bifidobacterium abundance 252 

showed high variance (0.38 to 48.11). To examine the difference between responders and non-253 

responders to lactulose ingestion, the study by Yoshida et al. [63] examined and identified the 254 

gene responsible for lactulose uptake by bifidobacteria, which was revealed to be a solute-255 

binding protein (SBP), termed LT-SBP. An examination of the baseline microbiota of subjects 256 

before lactulose ingestion showed that there was a marked increase in Bifidobacterium in 257 

subjects with 107–109 copies of the total LT-SBP genes per gram of feces. It is interesting to note 258 

that responses to lactulose were found in individuals with a specific range of LT-SBP gene copy 259 

abundance. Changes in Bifidobacterium abundance were not observed in subjects who had more 260 

than 109 copies of LT-SBPs per gram of feces, possibly because the dose of lactulose was not 261 

sufficient to further increase Bifidobacterium abundance, and available niches were all 262 

occupied. On the other hand, responses were not observed in individuals with fewer than 107 263 

copies per gram of feces, at which the relative abundance of lactulose-utilizing bifidobacteria 264 



was below detection level and estimated to be < 0.001 %. This suggests that there is a minimum 265 

population size required to have a significant effect within the gut microbiota, and with an 266 

insufficient population size, lactulose-utilizing bifidobacteria may have been out-competed by 267 

other taxa with moderate ability of assimilating lactulose. Through analyzing the prevalence and 268 

abundance of bifidobacterial LT-SBP homologs in the gut microbiota (Table 4), Yoshida et al. 269 

[63] illustrate how responder status can be predicted by analyzing certain target genes within the 270 

gut microbiota.  271 

 272 

 273 

Arabinoxylan and Type-II Arabinogalactan 274 

 275 

Bifidobacteria also possess the genes to utilize plant-derived glycans such as 276 

arabinoxylan and arabinogalactan, and recent studies have identified the genes responsible for 277 

their utilization by bifidobacteria.  278 

Arabinoxylan (AX) is found in cereal grains, such as wheat, rye, barley, oats, rice, and 279 

sorghum. It represents a major hemicellulose component in the cell wall of plants and is 280 

composed of a β-1,4-linked xylose polymer partially decorated with α-L-arabinofuranosyl 281 

residues at the O-2 and/or O-3 position [66]. They are further hydrolyzed into arabinoxylan 282 

hydrolysates by gut bacteria [67]. Such AX oligosaccharides have been reported to promote the 283 

growth of bifidobacteria in human clinical trials [68], but the ability to utilize them is also 284 

highly strain-dependent [69]. A study by Saito et al. [70] with B. pseudocatenulatum YIT 4072T 285 

identified 3 transporters responsible for AX oligosaccharide utilization and found that the SBPs 286 

of these transporters have high affinities for AX oligosaccharides. Homologs of the three 287 

transporters for AX oligosaccharide utilization were mostly found in adult-type bifidobacteria 288 



(B. adolescentis, B. catenulatum subsp. catenulatum, B. longum, B. pseudocatenulatum) 289 

[70,71], with AXBP3 being the most prevalent (22–92 % in infant type HRB, 50–100 % in adult 290 

type HRB; Table 4), indicating an adaptive response of bifidobacteria as the host diet changes 291 

from infancy to adulthood.  292 

Type-II arabinogalactan (AG), a component of gum arabic widely used as a food 293 

additive, was shown to be bifidogenic in a clinical trial [72]. A study by Sasaki et al. [73] 294 

focused on the gum arabic arabinogalactan protein (AGP), which is preferentially utilized by 295 

specific bifidobacterial strains that possess a 3-O-α-D-galactosyl-α-L-arabinofuranosidase 296 

(GAfase). They isolated GAfase from B. longum JCM 7052 and identified it as an important 297 

genetic element in the degradation of AGP. GAfase is a cell surface-anchored enzyme that 298 

removes α-D-Galp-(1→3)- L-Ara disaccharide from AGP, and once α-D-Galp-(1→3)-L-Ara is 299 

removed, it is metabolized by type-II AG degradative enzymes [74]. However, these enzymes 300 

alone cannot act on intact gum arabic AGP in the absence of GAfase. Therefore, although type-301 

II AG degrative enzymes are found in a wider range of bifidobacterial strains, the presence of 302 

GAfase is the predictive factor that determines responder status to gum arabic AGP. Homology 303 

searches revealed that similar to the distribution of AX oligosaccharide utilization genes, 304 

GAfase was generally conserved in adult-type bifidobacteria [73]. However, its prevalence is 305 

considerably lower (7–23 %; Table 4) than that of AX transporters, which may explain its 306 

inability to increase bifidobacterial abundance in previous studies [75]. 307 

 308 

Raffinose 309 

 310 

Raffinose is a non-digestible oligosaccharide found in a wide variety of plants (sugar 311 

beet, sugar cane, cabbage, potato, grape, wheat, barley, corn, legumes), and a prebiotic 312 



commercially available in Japan, the EU, and recently the US. It is comprised of galactose, 313 

glucose, and fructose residues, and the linkage between galactose and glucose is hydrolyzed by 314 

1,6-α-galactosidase [76]. O’Connell et al. [77] identified a raffinose-binding protein (rafB) from 315 

B. breve UCC2003, and homologs of this gene were conserved in both infant- and adult-type 316 

HRB strains (Table 4), indicating its potential as a bifidogenic prebiotic. 317 

 318 

Synbiotics 319 

 320 

 Given that prebiotics can shift RFD and ND in favor of probiotic colonization, the 321 

combination of probiotics and prebiotics, termed synbiotics, are expected to improve the efficacy 322 

of probiotic therapy. For example, a study showed that when an exogenous, porphyran-utilizing 323 

Bacteroides strain was administered with porphyran, a new niche was created and allowed for 324 

stable colonization [78]. Therefore, synbiotics are predicted to synergistically improve probiotic 325 

efficacy and colonization success by providing a selective fitness advantage to the probiotic strain. 326 

Two studies have tested the synergistic effect of administering B. breve M-16V with short-chain 327 

GOS (scGOS) and long-chain FOS (lcFOS) to two different age groups. In infants, the increase 328 

in bifidobacterial abundance was aided by the presence of scGOS and lcFOS, and a reduction in 329 

pH was also observed [79]. Synbiotics also reduced colonization by pathogens such as 330 

Clostridioides difficile, setting the stage for the development of a healthy gut microbial 331 

community. While the increase in bifidobacteria can be expected in infants as the gut microbiota 332 

is still developing, responses to synbiotics were also observed in young children (1–3 years old) 333 

[80]. These results show that the combined use of probiotics with the appropriate prebiotics can 334 

facilitate probiotic colonization, perhaps even in established communities, by shifting ND and 335 

RFD in favor of colonization by probiotic strains. 336 



 337 

Conclusions 338 

 339 

 The efficacy of both probiotics and prebiotics has been recently debated. Here, we 340 

synthesized ecological and molecular perspectives that can dictate responder status to probiotic 341 

and prebiotic interventions. From an ecological viewpoint, an understanding of the relative niche 342 

and fitness difference between the exogenous probiotic strain and the diversity of the indigenous 343 

gut microbiota can help predict colonization success. Strain-level, genomic knowledge of 344 

probiotics and the baseline microbiota from a metabolic perspective can elucidate fitness 345 

differences between the two. This can then inform the selection of effective prebiotics that can 346 

promote the growth of target bifidobacteria, as well as help tailor precision therapy to better suit 347 

individual needs. Prebiotics can provide a fitness advantage to indigenous taxa that possess an 348 

adequate abundance of target genes, and also serve as a substrate for probiotics, which can then 349 

modulate the intestinal metabolic profile and ultimately influence host health. We note that further 350 

work is necessary to identify the prevalence and abundance of prebiotic-utilization genes in non-351 

target taxa to improve the precision of prebiotic therapy. Finally, recent advances in synbiotics 352 

show that the combined use of probiotics and prebiotics are effective in improving probiotic and 353 

prebiotic efficacy. As responder status is highly individualized, a higher resolution and strain- and 354 

genotype-level analysis of both probiotics and the baseline gut microbiota would provide 355 

improved predictive power regarding responder status to probiotics and prebiotics. 356 

 357 

Acknowledgments 358 

 359 

This research was in part supported by JSPS KAKENHI Grant [21H02116 to T.K] and Mishima 360 



Kaiun Memorial Foundation 2020 [to T.K.]. 361 

[81–89] 362 

  363 



Annotated References 364 

 365 

1.  Ley RE, Bäckhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI: Obesity alters 366 

gut microbial ecology. Proc Natl Acad Sci 2005, 102:11070–11075. 367 

2.  Qin J, Li Y, Cai Z, Li S, Zhu J, Zhang F, Liang S, Zhang W, Guan Y, Shen D, et al.: A 368 

metagenome-wide association study of gut microbiota in type 2 diabetes. Nature 2012, 369 

490:55–60. 370 

3.  Kostic AD, Gevers D, Siljander H, Vatanen T, Hyötyläinen T, Hämäläinen AM, Peet A, 371 

Tillmann V, Pöhö P, Mattila I, et al.: The dynamics of the human infant gut microbiome 372 

in development and in progression toward type 1 diabetes. Cell Host Microbe 2015, 373 

17:260–273. 374 

4.  Petersen C, Round JL: Defining dysbiosis and its influence on host immunity and 375 

disease. Cell Microbiol 2014, 16:1024–1033. 376 

5.  Global Market Insights: Probiotics Market Statistics 2018 | Industry Growth Report. 2019. 377 

6.  Global Market Insights: Prebiotics Market Share Report 2021-2027 | Global Statistics. 378 

2021. 379 

7.  Tissier H: Recherches sur la flore intestinale des nourrissons (etat normal et 380 

pathologique). 1900,  381 

8.  Ventura M, Canchaya C, Tauch A, Chandra G, Fitzgerald GF, Chater KF, van Sinderen D: 382 

Genomics of Actinobacteria: Tracing the Evolutionary History of an Ancient Phylum. 383 

Microbiol Mol Biol Rev 2007, 71:495–548. 384 

9.  Ventura M, O’Flaherty S, Claesson MJ, Turroni F, Klaenhammer TR, Van Sinderen D, 385 

O’Toole PW: Genome-scale analyses of health-promoting bacteria: probiogenomics. 386 

Nat Rev Microbiol 2009, 7:61–71. 387 



10.  Lamendella R, Santo Domingo JW, Kelty C, Oerther DB: Bifidobacteria in feces and 388 

environmental waters. Appl Environ Microbiol 2008, 74:575–584. 389 

11.  Moeller AH, Caro-Quintero A, Mjungu D, Georgiev A V., Lonsdorf E V., Muller MN, 390 

Pusey AE, Peeters M, Hahn BH, Ochman H: Cospeciation of gut microbiota with 391 

hominids. Science (80- ) 2016, 353:380–382. 392 

12.  López P, González-Rodríguez I, Gueimonde M, Margolles A, Suárez A: Immune 393 

response to Bifidobacterium bifidum strains support Treg/Th17 plasticity. PLoS One 394 

2011, 6. 395 

13.  Kalliomäki M, Kirjavainen P, Eerola E, Kero P, Salminen S, Isolauri E: Distinct patterns 396 

of neonatal gut microflora in infants in whom atopy was and was not developing. J 397 

Allergy Clin Immunol 2001, 107:129–34. 398 

14.  Meng D, Sommella E, Salviati E, Campiglia P, Ganguli K, Djebali K, Zhu W, Walker WA: 399 

Indole-3-lactic acid, a metabolite of tryptophan, secreted by Bifidobacterium longum 400 

subspecies infantis is anti-inflammatory in the immature intestine. Pediatr Res 2019, 401 

doi:10.1038/s41390-019-0740-x. 402 

15.  Verma R, Lee C, Jeun EJ: Cell Surface Polysaccharides of Bifidobacterium bifidum 403 

Induce the Generation of Foxp3 + Regulatory T Cells. Sci Immunol 2019, 103:3–4. 404 

16.  Ojima MN, Gotoh A, Takada H, Odamaki T, Xiao J, Katoh T, Katayama T: 405 

Bifidobacterium bifidum Suppresses Gut Inflammation Caused by Repeated 406 

Antibiotic Disturbance Without Recovering Gut Microbiome Diversity in Mice. Front 407 

Microbiol 2020, 11:1–13. 408 

17.  Riedel CU, Foata F, Philippe D, Adolfsson O, Eikmanns BJ, Blum S: Anti-inflammatory 409 

effects of bifidobacteria by inhibition of LPS-induced NF-κB activation. World J 410 

Gastroenterol 2006, 12:3729–3735. 411 



18.  Underwood MA, Sohn K: The Microbiota of the Extremely Preterm Infant. Clin 412 

Perinatol 2017, 44:407–427. 413 

19.  Westerbeek EAM, van den Berg A, Lafeber HN, Knol J, Fetter WPF, van Elburg RM: The 414 

intestinal bacterial colonisation in preterm infants: A review of the literature. Clin 415 

Nutr 2006, 25:361–368. 416 

20.  Magne F, Suau A, Pochart P, Desjeux JF: Fecal microbial community in preterm infants. 417 

J Pediatr Gastroenterol Nutr 2005, 41:386–392. 418 

21.  Matamoros S, Gras-Leguen C, Le Vacon F, Potel G, De La Cochetiere MF: Development 419 

of intestinal microbiota in infants and its impact on health. Trends Microbiol 2013, 420 

21:167–173. 421 

22.  Engfer MB, Stahl B, Finke B, Sawatzki G, Daniel H: Human milk oligosaccharides are 422 

resistant to enzymatic hydrolysis in the upper gastrointestinal tract. Am J Clin Nutr 423 

2000, 71:1589–1596. 424 

23.  Bode L: Human milk oligosaccharides: Every baby needs a sugar mama. 425 

Glycobiology 2012, 22:1147–1162. 426 

24.  Verkhnyatskaya S, Ferrari M, De Vos P, Walvoort MTC: Shaping the infant microbiome 427 

with non-digestible carbohydrates. Front Microbiol 2019, 10:1–8. 428 

25.  Spaak JW, De Laender F: Intuitive and broadly applicable definitions of niche and 429 

fitness differences. Ecol Lett 2020, 23:1117–1128. 430 

26.  HilleRisLambers J, Adler PB, Harpole WS, Levine JM, Mayfield MM: Rethinking 431 

community assembly through the lens of coexistence theory. Annu Rev Ecol Evol Syst 432 

2012, 43:227–248. 433 

27.  Chesson P: Mechanisms of Maintaining Species Diversity. Annu Rev Ecol Syst 2000, 434 

31:343–66. 435 



28.  Lu HP, Lai YC, Huang SW, Chen HC, Hsieh CH, Yu HT: Spatial heterogeneity of gut 436 

microbiota reveals multiple bacterial communities with distinct characteristics. Sci 437 

Rep 2014, 4. 438 

29.  Duncan K, Carey-Ewend K, Vaishnava S: Spatial analysis of gut microbiome reveals a 439 

distinct ecological niche associated with the mucus layer. Gut Microbes 2021, 00:1–21. 440 

30.  Zhang Z, Geng J, Tang X, Fan H, Xu J, Wen X, Ma Z, Shi P: Spatial heterogeneity and 441 

co-occurrence patterns of human mucosal-associated intestinal microbiota. ISME J 442 

2014, 8:881–893. 443 

31.  Suez J, Zmora N, Segal E, Elinav E: The pros, cons, and many unknowns of probiotics. 444 

Nat Med 2019, 25:716–729. 445 

32.  Faith JJ, Guruge JL, Charbonneau M, Subramanian S, Seedorf H, Goodman AL, Clemente 446 

JC, Knight R, Heath AC, Leibel RL, et al.: The long-term stability of the human gut 447 

microbiota. Science (80- ) 2013, 341. 448 

33.  Lawley TD, Walker AW: Intestinal colonization resistance. Immunology 2013, 138:1–449 

11. 450 

•34.  Maldonado-Gómez MX, Martínez I, Bottacini F, O’Callaghan A, Ventura M, van Sinderen 451 

D, Hillmann B, Vangay P, Knights D, Hutkins RW, et al.: Stable Engraftment of 452 

Bifidobacterium longum AH1206 in the Human Gut Depends on Individualized 453 

Features of the Resident Microbiome. Cell Host Microbe 2016, 20:515–526. 454 

By utilizing a strain-specific approach, the authors showed that colonization resistance in the adult 455 

gut microbiota can be overcome with sufficiently high niche differences between exogenously 456 

administered probiotics and the resident microbiota. B. longum AH1206 persisted in individuals 457 

with open niches in their baseline, resident gut microbiota. 458 

35.  Sprockett D, Fukami T, Relman DA: Role of priority effects in the early-life assembly 459 



of the gut microbiota. Nat Rev Gastroenterol Hepatol 2018, 15:197–205. 460 

36.  Fukami T: Historical Contingency in Community Assembly: Integrating Niches, 461 

Species Pools, and Priority Effects. Annu Rev Ecol Evol Syst 2015, doi:10.1146/annurev-462 

ecolsys-110411-160340. 463 

37.  Costeloe K, Hardy P, Juszczak E, Wilks M, Millar MR: Bifidobacterium breve BBG-001 464 

in very preterm infants: A randomised controlled phase 3 trial. Lancet 2016, 387:649–465 

660. 466 

38.  Kitajima H, Sumida Y, Tanaka R, Yuki N, Takayama H, Fujimura M: Early 467 

administration of Bifidobacterium breve to preterm infants: Randomised controlled 468 

trial. Arch Dis Child Fetal Neonatal Ed 1997, 76:101–107. 469 

39.  Satoh Y, Koichi S, Hikaru U, Hiromichi S, Hiroaki S, Yoshikazu O, Seigo S, Satoru N, 470 

Toshiaki S, Yamashiro Y: Bifidobacteria prevents necrotizing enterocolitis and 471 

infection in preterm infants. Int J Probiotics Prebiotics 2007, 2:149–154. 472 

40.  Li Y, Shimizu T, Hosaka A, Kaneko N, Ohtsuka Y, Yamashiro Y: Effects of 473 

Bifidobacterium breve supplementation on intestinal flora of low birth weight infants. 474 

Pediatr Int 2004, 46:509–515. 475 

•41.  Horigome A, Hisata K, Odamaki T, Iwabuchi N, Xiao J, Shimizu T: Colonization of 476 

Supplemented Bifidobacterium breve M-16V in Low Birth Weight Infants and Its 477 

Effects on Their Gut Microbiota Weeks Post-administration. Front Microbiol 2021, 478 

12:1–11. 479 

Clinical trial in which successful colonization by B. breve M-16V was observed. Early 480 

colonization by M-16V in the infant gut not only prevented the proliferation of pathogenic 481 

bacteria (inhibitory priority effects), but also stimulated the growth of other Bifidobacterium 482 

species (facilitative priority effects). 483 



42.  Underwood MA, Davis JCC, Kalanetra KM, Gehlot S, Patole S, Tancredi DJ, Mills DA, 484 

Lebrilla CB, Simmer K: Digestion of human milk oligosaccharides by Bifidobacterium 485 

breve in the premature infant. J Pediatr Gastroenterol Nutr 2017, 65:449–455. 486 

43.  Thongaram T, Hoeflinger JL, Chow JM, Miller MJ: Human milk oligosaccharide 487 

consumption by probiotic and human-associated bifidobacteria and lactobacilli. J 488 

Dairy Sci 2017, 100:7825–7833. 489 

•44.  Frese SA, Hutton AA, Contreras LN, Shaw CA, Palumbo MC, Casaburi G, Xu G, Davis 490 

JCC, Lebrilla CB, Henrick BM, et al.: Persistence of Supplemented Bifidobacterium 491 

longum subsp. infantis EVC001 in Breastfed Infants. mSphere 2017, 2:1–15. 492 

This study reported stable colonization for at least a month by B. infantis EVC001 in breastfed 493 

infants. The authors also report changes in the concentrations of HMOs as well as short chain 494 

fatty acids in fecal samples. In doing so, they demonstrate that B. infantis EVC001 can colonize 495 

the infant gut due to its ability to utilize HMOs and improve fecal biochemistry. 496 

••45.  O’Brien CE, Meier AK, Cernioglo K, Mitchell RD, Casaburi G, Frese SA, Henrick BM, 497 

Underwood MA, Smilowitz JT: Early probiotic supplementation with B. infantis in 498 

breastfed infants leads to persistent colonization at 1 year. Pediatr Res 2021, 499 

doi:10.1038/s41390-020-01350-0. 500 

A long-term study that follows a cohort of infants given B. infantis EVC001 (7 days after birth) 501 

and reports on the changes in gut microbiota composition at 4, 6, 8, 10, and 12 months after birth. 502 

This study was able to show that the combination of early probiotic intervention (more open 503 

niches) and breastfeeding (fitness advantage conferred by HMOs) allows for B. infantis EVC001 504 

to persist in the infant gut for at least a year postnatal.  505 

46.  Duar RM, Casaburi G, Mitchell RD, Scofield LNC, Ramirez CAO, Barile D, Henrick BM, 506 

Frese SA: Comparative Genome Analysis of Bifidobacterium among Commercial 507 



Probiotics. Nutrients 2020, 12. 508 

47.  Berger B, Porta N, Foata F, Grathwohl D, Delley M, Moine D, Charpagne A, Siegwald L, 509 

Descombes P, Alliet P, et al.: Linking human milk oligosaccharides, infant fecal 510 

community types, and later risk to require antibiotics. MBio 2020, 11:1–18. 511 

48.  Iribarren C, Törnblom H, Aziz I, Magnusson MK, Sundin J, Vigsnæs LK, Amundsen ID, 512 

McConnell B, Seitzberg D, Öhman L, et al.: Human milk oligosaccharide 513 

supplementation in irritable bowel syndrome patients: A parallel, randomized, 514 

double-blind, placebo-controlled study. Neurogastroenterol Motil 2020, 32:1–12. 515 

49.  Garrido D, Ruiz-Moyano S, Kirmiz N, Davis JC, Totten SM, Lemay DG, Ugalde JA, 516 

German JB, Lebrilla CB, Mills DA: A novel gene cluster allows preferential utilization 517 

of fucosylated milk oligosaccharides in Bifidobacterium longum subsp. longum SC596. 518 

Sci Reports 2016, 6:1–18. 519 

50.  Matsuki T, Yahagi K, Mori H, Matsumoto H, Hara T, Tajima S, Ogawa E, Kodama H, 520 

Yamamoto K, Yamada T, et al.: A key genetic factor for fucosyllactose utilization affects 521 

infant gut microbiota development. Nat Commun 2016, 7:11939. 522 

•51.  Sakanaka M, Hansen ME, Gotoh A, Katoh T, Yoshida K, Odamaki T, Yachi H, Sugiyama 523 

Y, Kurihara S, Hirose J, et al.: Evolutionary adaptation in fucosyllactose uptake 524 

systems supports bifidobacteria-infant symbiosis. Sci Adv 2019, 5:eaaw7696. 525 

Through the identification and characterization of two fucosyllactose transporters, this study 526 

provides molecular insight into how bifidobacteria have coevolved with their human hosts. The 527 

abundance of this transporter shows a strong association with a bifidobacteria-rich microbiota in 528 

breastfed infants. 529 

•52.  Sakanaka M, Gotoh A, Yoshida K, Odamaki T, Koguchi H, Xiao JZ, Kitaoka M, Katayama 530 

T: Varied pathways of infant gut-associated Bifidobacterium to assimilate human 531 



milk oligosaccharides: Prevalence of the gene set and its correlation with 532 

bifidobacteria-rich microbiota formation. Nutrients 2020, 12:1–21. 533 

A comprehensive review of the unique enzymatic machinery that bifidobacteria possess for the 534 

assimilation of HMOs, which enable them to proliferate in the infant gut microbiota. 535 

53.  Gotoh A, Ojima MN, Katayama T: Minority species influences microbiota formation: 536 

the role of Bifidobacterium with extracellular glycosidases in bifidus flora formation 537 

in breastfed infant guts. Microb Biotechnol 2019, doi:10.1111/1751-7915.13366. 538 

54.  Katayama T, Sakuma A, Kimura T, Makimura Y, Hiratake J, Sakata K, Yamanoi T, 539 

Kumagai H, Yamamoto K: Molecular cloning and characterization of Bifidobacterium 540 

bifidum 1,2-alpha-L-fucosidase (AfcA), a novel inverting glycosidase (glycoside 541 

hydrolase family 95). J Bacteriol 2004, 186:4885–93. 542 

55.  James K, Motherway MOC, Bottacini F, Van Sinderen D: Bifidobacterium breve 543 

UCC2003 metabolises the human milk oligosaccharides lacto-N-tetraose and lacto-544 

N-neo-tetraose through overlapping, yet distinct pathways. Sci Rep 2016, 6:38560. 545 

56.  Ruiz-Moyano S, Totten SM, Garrido D a., Smilowitz JT, Bruce German J, Lebrilla CB, 546 

Mills D a.: Variation in consumption of human milk oligosaccharides by infant gut-547 

associated strains of Bifidobacterium breve. Appl Environ Microbiol 2013, 79:6040–548 

6049. 549 

57.  Thomson P, Medina DA, Garrido D: Human milk oligosaccharides and infant gut 550 

bifidobacteria: Molecular strategies for their utilization. Food Microbiol 2018, 75:37–551 

46. 552 

58.  Nilsson KGI: Enzymatic synthesis of oligosaccharides. Trends Biotechnol 1988, 6:256–553 

264. 554 

59.  Sierra C, Bernal MJ, Blasco J, Martínez R, Dalmau J, Ortuño I, Espín B, Vasallo MI, Gil 555 



D, Vidal ML, et al.: Prebiotic effect during the first year of life in healthy infants fed 556 

formula containing GOS as the only prebiotic: a multicentre, randomised, double-557 

blind and placebo-controlled trial. Eur J Nutr 2015, 54:89–99. 558 

60.  Matsuki T, Tajima S, Hara T, Yahagi K, Ogawa E, Kodama H: Infant formula with 559 

galacto-oligosaccharides (OM55N) stimulates the growth of indigenous 560 

bifidobacteria in healthy term infants. Benef Microbes 2016, 7:453–461. 561 

61.  Shigehisa A, Sotoya H, Sato T, Hara T, Matsumoto H, Matsuki T: Characterization of a 562 

bifidobacterial system that utilizes galacto-oligosaccharides. Microbiol (United 563 

Kingdom) 2015, 161:1463–1470. 564 

62.  Sotoya H, Shigehisa A, Hara T, Matsumoto H, Hatano H, Matsuki T: Identification of 565 

genes involved in galactooligosaccharide utilization in Bifidobacterium breve strain 566 

YIT 4014T. Microbiol (United Kingdom) 2017, 163:1420–1428. 567 

••63.  Yoshida K, Hirano R, Sakai Y, Choi M, Sakanaka M, Iino H, Xiao J, Katayama T, Odamaki 568 

T: Bifidobacterium response to lactulose ingestion in the gut relies on a solute-binding 569 

protein- dependent ABC transporter. Commun Biol 2021, 4:1–8. 570 

This study identified the transporter responsible (LT-SBP) for the assimilation of prebiotic 571 

lactulose. In doing so, this study is one of the first to clearly show that responders to prebiotic 572 

interventions can be predicted by quantifying the abundance of key prebiotic-utilization genes in 573 

the baseline gut microbiota. 574 

64.  Liu F, Li P, Chen M, Luo Y, Prabhakar M, Zheng H, He Y, Qi Q, Long H, Zhang Y, et al.: 575 

Fructooligosaccharide (FOS) and Galactooligosaccharide (GOS) Increase 576 

Bifidobacterium but Reduce Butyrate Producing Bacteria with Adverse Glycemic 577 

Metabolism in healthy young population. Sci Rep 2017, 7:1–12. 578 

65.  Sakai Y, Seki N, Hamano K, Ochi H, Abe F, Masuda K, Iino H: Prebiotic effect of two 579 



grams of lactulose in healthy Japanese women: a randomised, double-blind, placebo-580 

controlled crossover trial. Benef Microbes 2019, 10:629–639. 581 

66.  Izydorczyk MS, Biliaderis CG: Cereal arabinoxylans: advances in structure and 582 

physicochemical properties. Carbohydr Polym 1995, 28:33–48. 583 

67.  Rogowski A, Briggs JA, Mortimer JC, Tryfona T, Terrapon N, Lowe EC, Baslé A, Morland 584 

C, Day AM, Zheng H, et al.: Glycan complexity dictates microbial resource allocation 585 

in the large intestine. Nat Commun 2015, 6:1–15. 586 

68.  Maki KC, Gibson GR, Dickmann RS, Kendall CWC, Chen CYO, Costabile A, Comelli 587 

EM, McKay DL, Almeida NG, Jenkins D, et al.: Digestive and physiologic effects of a 588 

wheat bran extract, arabino-xylan-oligosaccharide, in breakfast cereal. Nutrition 589 

2012, 28:1115–1121. 590 

69.  Rivière A, Moens F, Selak M, Maes D, Weckx S, De Vuyst L: The ability of 591 

bifidobacteria to degrade arabinoxylan oligosaccharide constituents and derived 592 

oligosaccharides is strain dependent. Appl Environ Microbiol 2014, 80:204–217. 593 

•70.  Saito Y, Shigehisa A, Watanabe Y, Tsukuda N, Moriyama-Ohara K, Hara T, Matsumoto S, 594 

Tsuji H, Matsuki T: Multiple Transporters and Glycoside Hydrolases Are Involved in 595 

Arabinoxylan-Derived Oligosaccharide Utilization in Bifidobacterium 596 

pseudocatenulatum. Appl Environ Microbiol 2020, 86:1–11. 597 

This study elucidates the mechanisms as well as the strain-dependent nature of arabinoxylan 598 

oligosaccharide utilization in bifidobacteria. They identify the SBPs of transporters with high 599 

binding affinities for arabinoxylan oligosaccharides.  600 

71.  Arboleya S, Bottacini F, O’Connell-Motherway M, Ryan CA, Ross RP, van Sinderen D, 601 

Stanton C: Gene-trait matching across the Bifidobacterium longum pan-genome 602 

reveals considerable diversity in carbohydrate catabolism among human infant 603 



strains. BMC Genomics 2018, 19:1–16. 604 

72.  Calame W, Weseler AR, Viebke C, Flynn C, Siemensma AD: Gum arabic establishes 605 

prebiotic functionality in healthy human volunteers in a dose-dependent manner. Br 606 

J Nutr 2008, 100:1269–1275. 607 

•73.  Sasaki Y, Horigome A, Odamaki T, Xiao J-Z, Ishiwata A, Ito Y, Kitahara K, Fujita K: 608 

Characterization of a novel 3- O -α-D-galactosyl-α-L-arabinofuranosidase for the 609 

assimilation of gum arabic AGP in Bifidobacterium longum subsp. longum. Appl 610 

Environ Microbiol 2021, doi:10.1128/aem.02690-20. 611 

This study demonstrates that a molecular and mechanistic understanding of glycan utilization is 612 

necessary to predict responder status to prebiotics. The assimilation of gum arabic AGP is a two-613 

step process, in which GAfase first removes a disaccharide cap from AGP, and the de-capped 614 

sugar is further metabolized. While many bifidobacteria possess the enzymes to utilize the de-615 

capped sugar, the ability to utilize gum arabic AGP is dependent on the presence of the less widely 616 

distributed GAfase. 617 

74.  Fujita K, Sakaguchi T, Sakamoto A, Shimokawa M, Kitahara K: Bifidobacterium longum 618 

subsp. longum exo-β-1,3-galactanase, an enzyme for the degradation of type II 619 

arabinogalactan. Appl Environ Microbiol 2014, 80:4577–4584. 620 

75.  Robinson RR, Feirtag J, Slavin JL: Effects of dietary arabinogalactan on 621 

gastrointestinal and blood parameters in healthy human subjects. J Am Coll Nutr 622 

2001, 20:279–285. 623 

76.  Tester RF, Karkalas J: CARBOHYDRATES | Classification and Properties. Encycl 624 

Food Sci Nutr 2003, doi:10.1016/b0-12-227055-x/00166-8. 625 

77.  O’Connell KJ, Motherway MOC, O’Callaghan J, Fitzgerald GF, Paul Ross R, Ventura M, 626 

Stanton C, van Sinderen D: Metabolism of four α-glycosidic linkage-containing 627 



oligosaccharides by Bifidobacterium breve UCC2003. Appl Environ Microbiol 2013, 628 

79:6280–6292. 629 

78.  Shepherd ES, Deloache WC, Pruss KM, Whitaker WR, Sonnenburg JL: An exclusive 630 

metabolic niche enables strain engraftment in the gut microbiota. Nature 2018, 631 

557:434–438. 632 

79.  Phavichitr N, Wang S, Chomto S, Tantibhaedhyangkul R, Kakourou A, Intarakhao S, 633 

Jongpiputvanich S, Wongteerasut A, Ben-Amor K, Martin R, et al.: Impact of synbiotics 634 

on gut microbiota during early life: a randomized, double-blind study. Sci Rep 2021, 635 

11:1–12. 636 

80.  Kosuwon P, Lao-araya M, Uthaisangsook S, Lay C, Bindels J, Knol J, Chatchatee P: A 637 

synbiotic mixture of scGOS/lcFOS and Bifidobacterium breve M-16V increases faecal 638 

Bifidobacterium in healthy young children. Benef Microbes 2018, 9:541–552. 639 

81.  Guarner F, Schaafsma GJ: Probiotics. Int J Food Microbiol 1998, 39:237–238. 640 

82.  Gibson GR, Hutkins R, Sanders ME, Prescott SL, Reimer RA, Salminen SJ, Scott K, 641 

Stanton C, Swanson KS, Cani PD, et al.: CONSENSUS The International Scientific 642 

Association and scope of prebiotics. Nat Publ Gr 2017, 14:491–502. 643 

83.  Wong CB, Odamaki T, Xiao JZ: Insights into the reason of Human-Residential 644 

Bifidobacteria (HRB) being the natural inhabitants of the human gut and their 645 

potential health-promoting benefits. FEMS Microbiol Rev 2020, 44:369–385. 646 

84.  Martín R, Langella P: Emerging health concepts in the probiotics field: Streamlining 647 

the definitions. Front Microbiol 2019, 10. 648 

85.  Reuter G: [Comparative Studies on the Bifidus Flora in the Feces of Infants and 649 

Adults. With a Contribution to Classification and Nomenclature of Bifidus Strains]. 650 

Zentralbl Bakteriol Orig 1963, 191:486–507. 651 



86.  Scardovi V, Crociani F: Bifidobacterium catenulatum, Bifidobacterium dentium, and 652 

Bifidobacterium angulatum: Three New Species and Their Deoxyribonucleic cid 653 

Homology Relationships. Int J Syst Bacteriol 1974, 24:6–20. 654 

87.  Morita H, Nakano A, Onoda H, Toh H, Oshima K, Takami H, Murakami M, Fukuda S, 655 

Takizawa T, Kuwahara T, et al.: Bifidobacterium kashiwanohense sp. nov., isolated from 656 

healthy infant faeces. Int J Syst Evol Microbiol 2011, 61:2610–2615. 657 

88.  Lauer E: Bifidobacterium gallicum sp. nov. isolated from human feces. Int J Syst 658 

Bacteriol 1990, 40:100–102. 659 

89.  Morita H, Toh H, Oshima K, Nakano A, Arakawa K, Takayama Y, Kurokawa R, Takanashi 660 

K, Honda K, Hattori M: Complete genome sequence of Bifidobacterium 661 

pseudocatenulatum JCM 1200T isolated from infant feces. J Biotechnol 2015, 210:68–662 

69. 663 

 664 

 665 
 666 



Table 1. List of terms and definitions used in this study.

Terms Definition

Probiotics Live microorganisms when administered in adequate amounts, confer a health benefit on the host [81].

Prebiotics Non--digestible compound that, through its metabolization by microorganisms in the gut, modulates the composition and/or
activity of the gut microbiota, thus, conferring a beneficial physiological effect on the host [82].

Human Residential Bifidobacteria (HRB) Bifidobacterial species that are naturally found in the human gastrointestinal tract, with two major groups (infant-type and adult-
type, with some species belonging to both groups) [83].

Colonization When a species has successfully occupied an ecological niche and persists, in which population birth rate (growth) is greater
than or equal to death rate (wash-out).

Niche Difference (ND) The difference in resource requirements of each species (high ND indicates low overlap) [27].

Relative Fitness Difference (RFD) The difference in competitive ability and advantage between two species in a given environment [27].

Priority Effects The effect of species arrival order on species interactions and community composition [36].

Synbiotics
A mixture of probiotics and prebiotics that benefits the host by improving the survival and implantation of live microbial dietary
supplements in the gastrointestinal tract, by selectively stimulating the growth and/or by activating the metabolism target
health-promoting bacteria, and thus improving host welfare [84].



Table 2. List of human residential Bifidobacterium  (HRB) strains

Human Residential Bifidobacterium  (HRB) Strain HRB Type Type Strain Isolation Source

Bifidobacterium adolescentis Adult Adult intestine [85]

Bifidobacterium bifidum Adult/Infant Infant feces [7]

Bifidobacterium breve Infant Infant feces [85]

Bifidobacterium catenulatum Adult Adult intestine [86]

Bifidobacterium catenulatum subsp. kashiwanohense (B. kashiwanohense ) Infant Infant feces [87]

Bifidobacterium dentium Adult (Oral) Dental cavities [86]

Bifidobacterium gallicum Adult Adult intestine [88]

Bifidobacterium longum subsp. infantis (B. infantis ) Infant Infant intestine [85]

Bifidobacterium longum subsp. longum (B. longum) Adult/Infant Adult intestine [85]

Bifidobacterium pseudocatenulatum Adult/Infant Infant feces [89]



Table 3. Ecological mechanisms that allow for colonization by probiotic human-residential Bifidobacterium (HRB) strains in the human gut.
Probiotic Strain Clinical Conditions Desired Clinical Response Primary Outcome Proposed Response Mechanism Reference

B. longum  AH1206
Adults
Daily dose of 1010 cells of AH1206

Long-term colonization by B. longum

Long-term colonization observed in
individuals with low abundance of B.
longum and prevalence of certain
carbohydrate utilization genes in the
baseline microbiota prior to intervention

In the absence of conspecifics and competitors for
the same resource, vacant niches were available
for exogenously added microbes (high niche
difference).

Maldonado-Gomez et al. [34]

B. breve BBG-001
Preterm infants
8.3 to 8.8 × 108 (CFUs) daily
First dose: 44 h after birth

Colonization by bifidobacteria and prevention of
infant necrotizing enterocolitis

B. breve colonization was not observed,
and probiotic administration did not reduce
the incidence of NEC.

First dose of probiotics were administered around
44 hours after birth. Pathogenic taxa may have
arrived first and excluded BBG-001 (niche
preemption).

Costeloe et al. [37]

B. breve YIT4010
Preterm infants
5 × 109 CFUs daily
First dose: a few hours after birth

Colonization by bifidobacteria
Colonization by bifidobacteria observed, as
well as decreased incidence of abnormal
abdominal symptoms

Infants were administered YIT04010 within a few
hours of birth, which allowed for colonization before
the arrival of other taxa (priority effects).

Kitajima et al. [38]

B. breve M-16V
Low birth weight infants
1 × 109 CFUs daily
First dose: ~7 h after birth

Colonization by bifidobacteria and prevention of
infant necrotizing enterocolitis

Colonization by bifidobacteria observed, as
well as decreased incidence of NEC

Infants were administered M-16V within a few
hours of birth, which prevented the colonization of
pathogenic bacteria (through inhibitory priority
effects)

Satoh et al. [39]

B. breve M-16V
Low birth weight infants
1 × 109 CFUs daily

Colonization by bifidobacteria

Long-term colonization by B. breve,
increased the abundance of
Bifidobacterium  species other than B.
breve , reduced abundance of
Proteobacteria

Early colonization by M-16V in the infant gut not
only prevented the proliferation of pathogenic
bacteria (priority effects), but also stimulated the
growth of other Bifidobacterium  species
(facilitative priority effects).

Horigome et al. [41]

B. breve M-16V
Premature infants
1.66 ×109 CFUs once to twice daily

Colonization by B. breve
Higher rates of B. breve colonization was
associated with higher consumption of
undecorated HMOs in faces.

Undecorated HMOs provided a fitness advantage
to M-16V and promoted its persistence (high
relative fitness difference).

Underwood et al. [42]

B. breve
(Strain unspecified)

Low birth weight infants
1.6 × 108 cells twice a day, either a few hours after
birth or 24 h after birth

Formation of a bifidobacteria-rich gut
microbiota

When infants given B. breve several hours
after birth, a bifidobacteria-rich microbiota
formed earlier than in infants given B.
breve 24 h after birth

More niches were available for colonization and B.
breve benefitted from priority effects when
administered early.

Li et al. [40]

B. infantis  EVC001
Infants
1.8 × 1010 CFUs for 21 days

Colonization by B. infantis

Colonization by B. infantis EVC001
persisted until at least 1 year postnatal due
to early probiotic administration (within one
month of birth), combined with
breastfeeding.

The combination of early life administration and
breastfeeding provided the optimum conditions for
B. infantis EVC001, as niches were likely available
and EVC001 had a fitness advantange due to
presence of HMOs in breastmilk.

O'Brien et al. [45]

B. infantis  EVC001
Infants
4 × 109 CFUs daily

Colonization by B. infantis
B. infantis  EVC001 with the gene cluster
that efficiently assimilates HMOs
successfully colonized infant gut.

B. infantis with the complete HMO-utilization gene
cluster had a higher fitness (than B. infantis  with
the incomplete HMO cluster and the other resident
microbiota) which allowed for colonization (high
relative fitness difference).

Duar et al. [46]

B. infantis EVC001
Infants
1.8 × 1010 CFUs daily

Colonization by B. infantis

Breastfed infants given EVC001 had higher
abundances of bifidobacteria, and the
amount of remaining HMOs significantly
decreased. Reduced endotoxin production
observed in groups with high abundances
of bifidobacteria than in groups with low
abundances of bifidobacteria.

EVC001 has higher fitness (ability to utilize wide
range of HMOs) and thereby dominated the
environment.  Breastfeeding (HMO
supplementation) allows for the strain to persist in
infant gut. EVC001 reduced endotoxin production
by inhibiting the growth of Gram-negative taxa by
decreasing pH (production of acetate and lactate;
inhibitory priority effects)

Frese et al. [44]



Table 4. Prevalence of gene sets responsible for the assimilation of prebiotics in human-residential Bifidobacterium (HRB) strains.

%

B. adolescentis 7% 4 / 57
B. catenulatum group 13% 1 / 8
B. longum group 7% 21 / 307
B. pseudocatenulatum 23% 18 / 77
B. adolescentis 10% 5 / 50
B. catenulatum subsp. catenulatum 36% 4 / 8
B. pseudocatenulatum 62% 45 / 73
B. adolescentis 4% 2 / 50
B. catenulatum subsp. catenulatum 38% 3 / 8
B. pseudocatenulatum 34% 25 / 73
B. adolescentis 96% 48 / 50
B. catenulatum subsp. catenulatum 50% 4 / 8
B. catenulatum subsp. kashiwanohense 67% 2 / 3
B. dentium 100% 18 / 18
B. longum  subsp. longum 50% 28 / 56
B. longum  subsp. infantis 22% 4 / 18
B. pseudocatenulatum 92% 67 / 73
B. adolescentis 100% 53 / 53
B. bifidum 99% 94 / 95
B. breve 100% 108 / 108
B. catenulatum group 100% 16 / 16
B. dentium 100% 21 / 21
B. longum group 100% 338 / 339
B. pseudocatenulatum 89% 68 / 76
B. breve 4% 4 / 91
B.  longum subsp.infantis 57% 12 / 21
B. breve 8% 7 / 91
B. longum  subsp. infantis 86% 18 / 21
B. catenulatum subsp. kashiwanohense 100% 2 / 2
B. longum  subsp. longum 3% 5 / 151
B. pseudocatenulatum 13% 8 / 64
B. breve 100% 91 / 91
B. longum  subsp. infantis 48% 10 / 21
B. adolescentis 2% 1 / 46
B. bifidum 100% 60 / 60
B. breve 100% 91 / 91
B. catenulatum subsp. kashiwanohense 50% 1 / 2
B. longum  subsp. infantis 81% 17 / 21
B. longum  subsp. longum 100% 151 / 151
B. pseudocatenulatum 84% 54 / 64
B. adolescentis 13% 6 / 46
B. breve 97% 88 / 91
B. catenulatum subsp. catenulatum 50% 1 / 2
B. dentium 100% 9 / 9
B. longum  subsp. infantis 14% 3 / 21
B. longum  subsp. longum 87% 132 / 151
B. pseudocatenulatum 91% 58 / 64
B. breve 100% 91 / 91
B. longum  subsp. infantis 14% 3 / 21
B. longum  subsp. longum 100% 151 / 151
B. adolescentis 92% 46 / 50
B. bifidum 3% 3 / 87
B. breve 100% 103 / 103
B. catenulatum subsp. kashiwanohense 33% 1 / 3
B. longum  subsp. infantis 100% 18 / 18
B. longum  subsp. longum 100% 56 / 56
B. pseudocatenulatum 80% 58 / 73

a) Asterisks indicate that prevalence of homologs was reanalyzed in this study with a blastp tool against Bifidobacterium genomes in NCBI refseq database (https://ftp.ncbi.nlm.nih.gov/genomes/refseq/bacteria/).
    When multiple sequences of the same strain from different culture collection providers were found in the database, only one representative sequence was used for analysis.

O'Connell et al. [77]
Prevalence from this study

Saito et al. [70]
Prevalence from this study

Raffinose RafB
(Bbr_1867; B. breve  raffinose-binding protein)

Identity ≥ 70%
Query coverage ≥ 60%

Identity ≥ 70%
Query coverage ≥ 60%

Identity ≥ 70%
Query coverage ≥ 60%

Identity > 65%
Query coverage > 60%

(Subspecies not identified in analysis for B.
catenulatum  and B. longum  groups)

Identity ≥ 70%
Query coverage ≥ 60%

Identity ≥ 70%
Query coverage ≥ 60%

Identity ≥ 70%
Query coverage ≥ 60%

*Identity ≥ 60%
Query coverage ≥ 60%

*Identity ≥ 60%
Query coverage ≥ 60%

*Identity ≥ 60%
Query coverage ≥ 60%

*Identity ≥ 60%
Query coverage ≥ 60%

Shigehisa et al. [61],
Prevalence from Sakanaka et al. [52]

Prebiotic

Prevalence

Response Gene(s)
(Transporter or Extracellular GH) HRB Species

GOS

LNn T

Type- II Arabinogalactan (AG)

Arabinoxylan Hydrolysates (AXH)

Lactulose

2′-Fucosyllactose

LT-SBP
(BL105A_0502; B. longum  subsp. longum  lactulose-binding protein)

Number of Strains
(Hits/Searched)

Homolog Search Criteria) Reference

6′-Galactosyllactose
6′GL-BP
(BBBR_RS02320; B. breve  6′-galactosyllactose-binding protein)

Sotoya et al. [62],
Prevalence from Sakanaka et al [52]

3′-Galactosyllactose 3′GL-BP (GNB/LNB-BP homolog)
(BBBR_RS08090; B. breve  3′-galactosyllactose-binding protein)

Sotoya et al. [62],
Prevalence from Sakanaka et al [52]

LNn T-BP (NahS)
(Bbr_1554; B. breve  lacto-N -neo tetraose-binding protein)

James et al. [55]
Prevalence from Sakanaka et al. [52]

4′-Galactosyllactose 4′GL-BP
(BBBR_RS01855; B. breve  4′-galactosyllactose-binding protein)

FL2-BP
(Blon_2202; B. longum subsp. infantis  fucosyllactose-binding protein 2)

Sakanaka et al. [51],
Prevalence from Sakanaka et al. [52]

FL1-BP
(Blon_0343; B. longum  subsp. infantis  fucosyllactose-binding protein 1)

Sakanaka et al. [51],
Prevalence from Sakanaka et al. [52]

Yoshida et al. [63]

GAfase
(BLGA_00340; B. longum subsp. longum 3-O -α-D-galactosyl-α-L-arabinofuranosidase) Sasaki et al. [73]

BpAXBP1
(BBPC_RS01570; B. pseudocatenulatum AXH binding protein 1)

BpAXBP2
(BBPC_RS02280; B. pseudocatenulatum AXH binding protein 2)

BpAXBP3
(BBPC_RS02385; B. pseudocatenulatum  AXH binding protein 3)

Identity ≥ 60%
Query coverage ≥ 60%

(Subspecies not identified in analysis for B.
catenulatum and B. longum groups)



Niche Difference 

High 

Niches: Open 

(Exogenous probiotic and indigenous microbiota 
competition low / resource requirement overlap low) 

Low 

Niches: Occupied 

(Resource requirement overlap between exogenous 
probiotic and indigenous microbiota high) 

1 Bifidobacteria with prebiotic responder gene 1 Bifidobacteria without prebiotic responder gene b. Prebiotics 

Relative Fitness Difference {Probiotic vs Resident Microbiota) 

High 

Exogenous Probiotic > Indigenous Microbiota 
(Further aided by prebiotics) 

a) 1 b. 

\/ r;, ~ 
Response to probiotics and prebiotics likely. Probiotics 
colonize open niches and further proliferate using prebiotics. 

b) 1 b. 

\/ 

Response to probiotics possible if probiotics can 
outcompete resident taxa. Presence of prebiotics can 
provide competitive edge to probiotic strains. 

Low 

Exogenous Probiotic < Indigenous Microbiota 

c) 

Response to probiotics possible only if niches available, as 
probiotics cannot outcompete resident taxa. Prebiotics 
cannot support growth without responder genes 

d) 

Responses to probiotics and prebiotics unlikely as niches 
are unavailable. Probiotics can neither utilize the prebiotics 
nor outcompete resident taxa. 
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