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ABSTRACT 30 

Background:  31 

The beneficial effects attributed to Bifidobacterium are thought to arise from their 32 

host immunomodulatory capabilities, which are likely to be species- and even strain-33 

specific. However, their strain-specificity in direct and indirect immune modulation 34 

remain largely uncharacterized.  35 

Results: 36 

We have shown that B. pseudolongum UMB-MBP-01, a murine isolate, is 37 

capable of suppressing inflammation and reducing fibrosis in vivo. To ascertain the 38 

mechanism driving this activity and to determine if it is specific to UMB-MBP-01, we 39 

compared it to B. pseudolongum type strain ATCC25526 of porcine origin using a 40 

combination of in vitro and in vivo experimentation and comparative genomics 41 

approaches. Despite many shared features, we demonstrate that these two strains 42 

possess distinct genetic repertoires in carbohydrate assimilation, differential activation 43 

signatures and cytokine responses in innate immune cells, and differential effects on 44 

lymph node morphology with unique local and systemic leukocyte distribution. 45 

Importantly, the administration of each B. pseudolongum strain resulted in major 46 

divergence in the structure, composition, and function of gut microbiota. This was 47 

accompanied by markedly different changes in intestinal transcriptional activities, 48 

suggesting strain-specific modulation of the endogenous gut microbiota as a key to host 49 

responses of immune modulation and changes in intestinal B. pseudolongum strains.  50 

Conclusion: 51 
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Our study demonstrated a single probiotic bacterial strain can influence local, 52 

regional, and systemic immunity through both innate and adaptive pathways in a strain-53 

specific manner. It highlights the importance to investigate both the endogenous gut 54 

microbiome in response to prophylactic supplementation strains and the intestinal 55 

responses, and advances our understanding of the mechanisms which drive the strain-56 

specific association between prophylactic Bifidobacterium and health benefit. 57 
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Introduction 58 

Bifidobacterium spp. are naturally occurring residents within the gastrointestinal 59 

(GI) tract of mammals and are typically considered beneficial [1, 2]. Due to their 60 

purported health-promoting properties, Bifidobacterium spp. have been incorporated 61 

into many live biotherapeutic (LBP) prophylactic formulations, mostly known for 62 

applications in alleviating intestinal inflammatory conditions [3-7]. The potential 63 

mechanisms underlying the health benefits of Bifidobacterium include the suppression 64 

of growth of gut pathogens [8, 9], capabilities to alter gut metabolism and to enhance 65 

epithelial barrier function [10, 11], and anti-inflammatory modulation of host immunity 66 

[12-15]. In particular, their immunomodulatory properties are not limited to the direct 67 

effects on GI tissues, but also indirect effects enacted through their influence on the gut 68 

microbiota [16]. Bifidobacterium spp. are known to participate in mutualistic interactions 69 

with endogenous intestinal microorganisms that can subsequently evoke both 70 

immediate as well as delayed immune responses [17, 18]. However, the cellular and 71 

molecular underpinnings Bifidobacterium’s biotherapeutic effects remain unclear with 72 

contradictory findings reported [19]. Fundamentally important questions such as what 73 

specific mechanisms through which they exert immunomodulatory effects, to what 74 

extent the interactions with the gut microorganisms affect the immune responses, and 75 

what are the roles of elicited intestinal responses in these processes remain 76 

outstanding.  77 

The immunomodulatory properties of individual Bifidobacterium spp. are strain-78 

dependent, despite similar effects produced by closely related strains (i.e., alleviation of 79 

lactose intolerance or improved host antimicrobial activity) [20-22]. In fact, 80 



 6 

immunomodulatory effects are independent of microbial phylogeny [20]. Recent 81 

investigations suggested that differences in cell wall composition and structure might be 82 

responsible for strain-specific immunomodulatory effects [23]. Microorganism-83 

associated molecular patterns (MAMPs) possess variable biochemistry, even between 84 

strains, serving as microbial stimuli that orchestrate molecular cascades in the host 85 

immune response and mucosal homeostasis [24-26]. Exopolysaccharide (EPS) and pili 86 

may play a role in Bifidobacterium’s strain-specific pro-homeostatic immunomodulation 87 

[27, 28]. Other molecular mechanisms such as lipoteichoic acid and specific metabolites 88 

such as acetate could also contribute to strain-specific immunity [26, 29, 30]. 89 

Comparisons of the immunomodulatory properties of closely related strains can be 90 

leveraged to identify which are strain-specific and to characterize the microbial 91 

determinants of specific host responses, which will provide the basis to rationally hone 92 

biotherapeutics for prophylactic applications [15, 31, 32].  93 

We previously showed, using a major histocompatibility complex (MHC)-94 

mismatched murine cardiac transplant model, that fecal microbiota transfer (FMT) 95 

caused shifts in the gut microbiota which profoundly influenced allograft outcomes [33]. 96 

FMT using stool samples from healthy pregnant mice (immune suppressed) resulted in 97 

improved long-term allograft survival and prevented inflammation and fibrosis in grafts, 98 

as compared to FMT using stool samples from colitic or nonpregnant control mice [33]. 99 

B. pseudolongum was revealed as a microbial biomarker for the pregnant mouse gut 100 

microbiota, from which we subsequently isolated and sequenced UMB-MBP-01 [34]. 101 

Importantly, gavage with UMB-MBP-01 alone reproduced the same improved graft 102 

outcomes as FMT using whole stool of pregnant mice, implicating this strain as one of 103 
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the main responsible microbes [33]. Thus, the murine tropic strain UMB-MBP-01 may 104 

serve as a model organism to investigate the mechanisms of microbe-driven 105 

immunomodulation.  106 

In this study, we performed a genome-wide comparison of UMB-MBP-01 to all 107 

other B. pseudolongum genomes, including three additional B. pseudolongum strains 108 

(E, EM10, EM13) isolated from the same feces sample of a pregnant mouse, as well as 109 

to the porcine tropic type strain ATCC25526, in order to investigate the genetic 110 

attributes underlying the immunomodulatory properties. Further, we revealed distinct 111 

effects on local and systemic immunity induced by UMB-MBP-01 and ATCC25526, 112 

using both in vitro and in vivo approaches. Importantly, the oral administration of the two 113 

B. pseudolongum strains resulted in profound alterations in composition, structure and 114 

function of the murine gut microbiome, accompanied with markedly different intestinal 115 

transcriptome activities. These observations suggest that modulation of the endogenous 116 

gut microbiome is a key element of Bifidobacterium immunomodulatory attributes. A 117 

deeper understanding of the strain specificity and mechanisms of action through which 118 

specific strains regulate host responses will facilitate the clinical translation of live 119 

therapeutics and the development of potential immunomodulatory therapy targets. 120 
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Results 121 

High genome plasticity of B. pseudolongum reflects strong host adaptability 122 

The pangenome of B. pseudolongum was constructed using 79 strains including 123 

the 4 strains sequenced as part of this study (Supplemental Table 1A). Homologous 124 

gene clusters (HGCs) were identified in this set of genomes based on all-versus-all 125 

sequence similarity (Supplemental Table 1B). A total of 4,321 B. pseudolongum HGCs 126 

were revealed, among which 31.7% were core (present in almost all strains), 57.0% 127 

were dispensable (singleton or present in very few genomes), and the remaining 11.3% 128 

were considered accessory. B. pseudolongum demonstrated a smaller pangenome size 129 

that was 87.8% of B. breve and 59.5% of B. longum pangenomes (Supplemental 130 

Figure 1). B. pseudolongum had the fewest number of conserved HGCs (N=1,370) but 131 

the largest proportion of dispensable pangenome (57.0%) compared to the two other 132 

Bifidobacterium species B. longum and B. breve that were both human-associated. This 133 

disproportionally large dispensable pangenome may be indicative of strong niche 134 

adaptation capabilities of B. pseudolongum, reflecting its broad host range, being widely 135 

distributed among mammals [35].  136 

Whole genome sequencing was performed on three B. pseudolongum strains (E, 137 

EM10, and EM13) isolated from the same pregnant mice feces as UMB-MBP-01 138 

(sequencing statistics in Supplemental Table 2A). Comparison among the four murine 139 

strains revealed 1,520 shared coding DNA sequence (CDS), which comprised 97.2% of 140 

UMB-MBP-01 coding genes (Supplemental Table 1C). 107 CDS were conserved in at 141 

least two but not in all four genomes, and 37 CDS were strain-specific. Most of these 142 

genes had unknown functions, and those with known functions related to bacteriophage 143 
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assembly and function (i.e., capsid protein, integrase, transposes, bacteriophage 144 

replication gene, cell lysis protein, microvirus H protein) or carbohydrate hydrolysis and 145 

transport (glycosyl hydrolases, ABC transporter permease). On the other hand, 146 

comparison between UMB-MBP-01 and ATCC25526 revealed 1,351 shared CDS 147 

(86.4% of UMB-MBP-01 coding genes), and 157 genes that belonged to one strain but 148 

not the other (Supplemental Table 1D). Interestingly, most of these strain-specific 149 

genes also belonged to the categories of bacteriophage assembly and functions as well 150 

as carbohydrate hydrolysis and transport, in addition to genes with unknown function. 151 

Together these data suggested bacteriophage-mediated transduction was a major 152 

contributor to dissemination of carbohydrate metabolism capabilities, potentially through 153 

horizontal gene transfer among closely related murine-derived strains, as well as more 154 

distantly related B. pseudolongum strains.  155 

Whole genome Average Nucleotide Identity (ANI) clustering suggested two 156 

subspecies, B. pseudolongum subsp. pseudolongum clade that contained ATCC25526, 157 

and B. pseudolongum subsp. globosum clusters that had three distinct clades I-III 158 

(Figure 1). Subspecies globosum clade III had the largest number of coding genes 159 

(1,642+/-70) among all clades and contained UMB-MBP-01 and the three isolates from 160 

the source stools of pregnant mice. The subspecies pseudolongum clade had the 161 

smallest number of coding genes among all clades (1,519+/-35.6). Overall, 1,599 HGCs 162 

accounted for 37.0% of B. pseudolongum pangenome were identified as clade-specific 163 

(>90% genes belonging to the same clade), and the majority originated from globosum 164 

clade III (N=648), while clade pseudolongum provided the fewest (N=130). The large 165 

number of clade-specific genes found in globosum clade III genomes suggested a high 166 
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degree of genome plasticity to facilitate adaptation to cope with environmental 167 

heterogeneity. Further functional enrichment analyses revealed globosum cluster III-168 

specific HGCs were mostly involved in periplasmic transport systems, permeases and 169 

glycoside hydrolases (GHs), particularly the families GH29 (α-L-fucosidase), GH3 (β-170 

glucosidase) and GH31 (α-glucosidase) (Supplemental Table 1E). No GH families 171 

were enriched in any of the other clades. Together, UMB-MBP-01 and ATCC25526 172 

belonged to two different subspecies, each of which comprises considerable genetic 173 

variation. The genome of UMB-MBP-01 contained more clade-specific genes and was 174 

enriched for genetic features in carbohydrate metabolism to assimilate greater varieties 175 

of glycans, presumably facilitating its niche adaptive capabilities in the glycan-rich gut 176 

environment.  177 

Specialized carbohydrate metabolizing capabilities of UMB-MBP-01 and ATCC25526 178 

The abundance of Bifidobacterium glycolytic features is reflective of their 179 

metabolic adaptation to the complex carbohydrate-rich GI tract [36, 37]. We performed 180 

in silico prediction of the carbohydrate fermentation capabilities to comprehensively 181 

investigate glycan-assimilation capabilities for all 79 B. pseudolongum genomes, using 182 

with the Carbohydrate-Active enZYmes Database (CAZy) database [38]. This analysis 183 

revealed 236 genes of B. pseudolongum pangenome encoding predicted carbohydrate-184 

active enzymes from 34 glycosyl hydrolase families, 14 glycosyl transferase families 185 

and eight carbohydrate esterase families (Supplemental Table 4A). Only 33.5% of the 186 

carbohydrate-active enzyme coding genes belonged to the core pangenome. Core GHs 187 

included those mostly responsible for the breakdown of plant-derived polysaccharides 188 

(i.e., starch) and a wide range of other carbohydrates, such as GH13 (glycosidase), 189 
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GH77 (α-amylase), GH43 (β-xylosidase), GH36 (α-galactosidase), GH2 (β-190 

galactosidase), GH3, and GH6 (cellobiohydrolases). Notably, GH13 is the enzyme 191 

family known to be most commonly found in Bifidobacterium genomes and active on a 192 

wide range of carbohydrates including the plant-derived starch and the related 193 

substrates of trehalose, stachyose, raffinose, and melibiose [37, 39]. Conversely, 47.9% 194 

of the identified carbohydrate-active enzymes genes were found in the dispensable 195 

pangenome. The globosum clade II (N=72) and III (N=58) encoded most of these 196 

enzymes, while the pseudolongum clade encoded the least (N=13). These results 197 

demonstrated the highly specialized carbohydrate assimilation gene repertoires of 198 

different strains, particularly in globosum clade II and III.  199 

Using UMB-MBP-01 as the reference for all other B. pseudolongum strains, both 200 

conserved and specific glycohydrolases capabilities were revealed (Supplemental 201 

Figure 2, Supplemental Table 1F, 4B). Interestingly, the clusters based on GH are 202 

mostly in agreement with the clades generated based on ANI, suggesting distinct 203 

carbohydrates assimilation capabilities of different B. pseudolongum clades. GH29, 204 

GH31, GH42 (β-galactosidase), and ABC-type polysaccharide transport permease 205 

genes were most prevalent in globosum clade III that contained UMB-MBP-01. Further, 206 

GH36, GH2, and GH94 (cellobiose phosphorylase) were found absent in subspecies 207 

pseudolongum clade but prevalent in globosum clade III. In particular, an uncommon 208 

GH23 family (peptidoglycan lyses) was only observed in UMB-MBP-01 and the three 209 

other isolates from the pregnant mouse. Overall UMB-MBP-01 and ATCC25526 share 210 

some enzymatic capabilities in metabolizing dietary polysaccharides and host-derived 211 

glycogens, while also having specialized glycohydrolases genes.  212 
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We further characterize the carbohydrate utilization capabilities of UMB-MBP-01 213 

and ATCC25526 using anaerobic microplates pre-coated with various carbon sources. 214 

Out of the 95 carbon sources tested, the two strains demonstrated the same capabilities 215 

on 86 (90.5%) (Supplemental Table 3), including key carbon sources N-acetyl-D-216 

glucosamine, D-fructose, L-fucose, α-D-glucose, glucose-6-phosphate, maltose, 217 

maltotriose, D-mannose, D-sorbitol, and pyruvic acid. Two relatively uncommon sugars 218 

D-melibiose and D-raffinose could be metabolized by ATCC25526 but not UMB-MBP-219 

01. On the other hand, D-galactose, D-gluconic acid, D-glucosaminic acid, glycerol, D-220 

mannitol, α-ketovaleric acid, and D, L-lactic acid were uniquely metabolized by UMB-221 

MBP-01. This result is in principle in an agreement of the specific GH families 222 

predicated in silico. Together these data indicated a wide range of carbohydrate 223 

metabolizing capabilities ranging from dietary to host-derived glycans for both strains, 224 

while UMB-MBP-01 had specialized capabilities to metabolize galacto-oligosaccharides. 225 

We sought to characterize the secretome of B. pseudolongum by examining 226 

protein localization based on the presence of a signal peptide [40]. Proteins which are 227 

secreted extracellularly have the potential to directly interact with the other gut 228 

microorganisms and with host tissues [27, 41] (Supplemental Table 5A). Overall, the 229 

sec-dependent secretion machinery, but not the twin-arginine (Tat) system, was 230 

conserved in all B. pseudolongum strains, indicating protein translocation function was 231 

conserved but likely occurs only in the unfolded state [42]. Secreted proteins were more 232 

likely to be part of the dispensable genome (73% of secreted proteins versus 53% of 233 

cytoplasmic proteins; Supplemental Table 5B), indicating a high degree of diversity in 234 

the secretome among strains of B. pseudolongum. Proteins which were predicted to be 235 
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extracellularly secreted include solute-binding proteins of ABC transporter systems, 236 

amidases related to the peptidoglycan hydrolysis, glycosyl hydrolyses, cell surface 237 

proteins that make up pilus subunits, and cell wall-degrading peptidases. Interestingly, 238 

the secretome of the clade containing ATCC25526 was enriched for collagen adhesion 239 

proteins (Supplemental Table 5C) but lacked multiple secreted GH25 extracellular 240 

proteins. These proteins are prevalent in the clade which includes UMB-MBP-01 and 241 

are involved in the binding and hydrolysis of peptidoglycan (Supplemental Table 5D). 242 

As peptidoglycan components were implicated in important aspects of mucosal 243 

immunological signaling [43], this may contribute to varied immunomodulatory 244 

capabilities between UMB-MBP-01 and ATCC25526.  245 

Differential activation and cytokine responses in dendritic cells and macrophages 246 

induced by B. pseudolongum strains ATCC25526 and UMB-MBP-01 247 

To understand the immunomodulatory impact of the two B. pseudolongum 248 

strains, bone marrow derived dendritic cells (BMDC) and peritoneal macrophages (MF) 249 

were treated with UV-killed whole bacteria (cells) or isolated Bifidobacterium 250 

exopolysaccharide (EPS). We first examined the effect of these treatments on 251 

expression of costimulatory receptors. For BDMCs, treatment with either B. 252 

pseudolongum strain stimulated increased CD40 and CD86 expression, although CD86 253 

expression was significantly greater after treatment by ATCC25526 than UMB-MBP-01 254 

(P < 0.01) (Figure 2A-D). Treatment with ATCC25526 cells stimulated increased MHC 255 

class II, while treatment with UMB-MBP-01 cells stimulated increased CD80 expression. 256 

Neither UMB-MBP-01 EPS nor ATCC25526 EPS altered expression of these surface 257 

receptors on BMDCs. For MF, ATCC25526 cells stimulated increased CD40, while 258 
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ATCC25526 EPS did not (Figure 2E-G). The other cell surface receptors were not 259 

affected by treatment with bacterial cells or EPS for MF. Overall, ATCC25526 and 260 

UMB-MBP-01 bacterial cells, but not EPS, triggered activation of important 261 

costimulatory receptors on innate myeloid cells in vitro, and these bacterial strains 262 

differed in these activities.   263 

We next examined the effect of Bifidobacterium and EPS alone on cytokine 264 

production in innate immune cells. Both BMDC and MF showed increased secretion of 265 

IL-6, TNF𝛼, and IL-10 when stimulated with UMB-MBP-01 and ATCC25526 strains. 266 

Induction of cytokine expression was also strain-specific as ATCC25526 cells 267 

stimulated a greater increase in IL-6 and IL-10 than UMB-MBP-01 cells in BMDCs 268 

(Figure 3A, 3C); and TNF𝛼	expression was also increased to a greater extent by 269 

ATCC25526 compared to UMB-MBP-01 with a borderline statistical significance (p = 270 

0.059, Figure 3B). For MF, treatment with ATCC25526 cells increased TNF𝛼 compared 271 

to UMB-MBP-01 (Figure 3E), whereas there were no strain-specific differences in IL-6 272 

or IL-10 (Figure 3D, 3F). B. pseudolongum EPS did not stimulate cytokine production in 273 

either BMDC or MF. Similar to activation of co-stimulatory receptors, UMB-MBP-01 and 274 

ATCC25526 cells elicited unique myeloid cell cytokine responses that differed from one 275 

another and were not recapitulated by EPS.   276 

Bifidobacterium strains induce distinct changes in local and systemic leukocyte 277 

distribution and lymph node morphology 278 

We next assessed whether Bifidobacterium strains differentially induced changes 279 

in immune cell distribution and lymph node (LN) architecture in vivo using a mouse 280 

model. As illustrated in Figure 4A, mice received broad spectrum antibiotics for 6 days, 281 
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a regimen that depleted endogenous microbiota [44], followed by oral gavage with each 282 

bacterial strain or their EPS, and then daily immunosuppression with tacrolimus (3 283 

mg/kg/d s.c.). Two days after gavage, mesenteric and peripheral LNs (MLN and PLN) 284 

and intestinal tissues were harvested, and the intraluminal fecal content was collected 285 

for gut microbiome characterization. The effect of these microbiota on the distribution of 286 

immune cell populations was assessed by immunohistochemistry of intestinal segments 287 

and flow cytometry and immunohistochemistry of LNs.  288 

Within the small intestine, both UMB-MBP-01 and ATCC25526 cells resulted in 289 

significantly more Foxp3+ regulatory T cells (Treg) compared to PBS control, while 290 

UMB-MBP-01 resulted in significantly more Treg compared to ATCC25526 (Figure 4B, 291 

flow cytometry gating protocol listed in Supplemental Figure 3). Gavage with UMB-292 

MBP-01 EPS, but not ATCC25526 EPS, resulted in increased Treg compared to control 293 

(Figure 4B). ATCC25526 and UMB-MBP-01 cells resulted in more DC compared to 294 

PBS control, while ATCC25526 cells also resulted in more DC compared to UMB-MBP-295 

01 cells (Figure 4C). UMB-MBP-01 and ATCC25526 EPS resulted in increased DC 296 

compared to PBS control, while UMB-MBP-01 EPS also resulted in more DC compared 297 

to ATCC25526 EPS (Figure 4C). Intestinal MF did not significantly change after whole 298 

bacteria or EPS gavage. 299 

By flow cytometry, we observed decreased MLN Treg in UMB-MBP-01 EPS 300 

treated animals, but otherwise there were no other differences in the number and 301 

proportion of innate myeloid (DC, MF) or adaptive lymphoid (CD4 T cells, CD8 T cells, 302 

Treg, and B cells) cells in the MLN or PLN of mice treated with the B. pseudolongum 303 
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strains compared to those treated with antibiotics alone or untreated controls 304 

(Supplemental Figure 4A-L).  305 

For LN immunohistochemistry, we focused on the LN cortex because our 306 

previous work showed that architectural and cellular changes within this zone were 307 

most critical in mediating immune tolerance and suppression [45]. Within the MLN and 308 

PLN T cell cortex, neither gavage with whole bacteria nor EPS affected the number of 309 

Treg present, as measured by immunohistochemistry. This contrasts with the flow 310 

cytometry results above which showed that UMB-MBP-01 EPS caused a decrease in 311 

MLN Treg (Supplemental Figure 4D). The difference between the flow cytometry and 312 

histologic results for Treg is likely due to the focus of histology analysis only on cells in 313 

the cortex while the flow cytometry summates all the cells in the entire LN. Gavage with 314 

whole bacteria and EPS from both strains increased DCs in the cortex of MLN 315 

compared to control (Figure 4D), while the number of DC enumerated by flow 316 

cytometry did not change in MLN or PLN (Supplemental Figure 4 E, K), with these 317 

differences again likely due to the factors noted above. MF increased in the cortex of 318 

MLN after whole bacteria or EPS treatments from both strains (Figure 4E), but not in 319 

PLN (Supplemental Figure 4N). ATCC25526 cells also resulted in a greater increase 320 

in MLN MF compared to UMB-MBP-01 cells (Figure 4E). This result contrasts with flow 321 

cytometry data where there was no difference in MF populations in MLN or PLN after 322 

treatment. 323 

Overall, gavage with whole bacteria and EPS altered gut associated innate 324 

myeloid cells and Tregs without affecting systemic distribution, as evidenced by 325 

unchanged PLN populations (Supplemental Figure 4 M, N). Gavage with whole 326 
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Bifidobacterium cells led to increased intestinal Treg and DCs as well as increased MLN 327 

MF and DCs compared to controls. EPS also produced most of these effects apart from 328 

ATCC25526 EPS lack of effect on intestinal Treg compared to control. UMB-MBP-01 329 

cells led to increased intestinal Treg compared to ATCC25526 cells. In contrast, 330 

ATCC25526 cells led to increased DC in both intestine as well as increased cortical 331 

MLN MF compared to UMB-MBP-01 cells. UMB-MBP-01 EPS caused increased 332 

intestinal DC compared to ATCC25526 EPS. In contrast to the in vitro findings where 333 

EPS was generally inactive, in vivo treatment with EPS alone stimulated similar innate 334 

myeloid cell and Treg increases in gut and MLN compared to increases induced by live 335 

bacterial cells.  336 

Since LN stromal fiber structures are important mediators of immune responses 337 

[46], we next assessed LN architecture using the ratio of laminin a4 to laminin a5 in the 338 

LN T cell cortex of the cortical ridge (CR) and around the high endothelial venules 339 

(HEV).  An increased laminin a4:a5 ratio is indicative of immune tolerance and 340 

suppression [45]. In the MLN CR, both UMB-MBP-01 and ATCC25526 increased the 341 

laminin a4:a5 ratio, with UMB-MBP-01 cells causing a greater increase compared to 342 

ATCC25526 cells (Figure 4F). The laminin a4:a5 ratio was not changed around the 343 

MLN HEV by either whole bacteria or EPS (Supplemental Figure 4O). In PLN CR, only 344 

UMB-MBP-01 cells resulted in an increased laminin a4:a5 ratio (Figure 4G). Overall, 345 

gavage with both B. pseudolongum strains increased local MLN CR laminin a4:a5 346 

ratios, while only UMB-MBP-01 increased the laminin a4:a5 ratio in systemic PLN CR. 347 

This effect was more prominent for UMB-MBP-01 compared to ATCC25526, 348 

demonstrating strain-specific differences in immune modulation.              349 
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Markedly different intestinal transcriptional activities in response to UMB-MBP-01 than 350 

to ATCC25526  351 

To determine the effect of UMB-MBP-01 and ATCC25526 on host gene 352 

expression, we characterized the transcriptome of mouse intestinal tissues harvested 353 

two days after gavage with either UMB-MBP-01, ATCC25526, or no bacteria control. 354 

Differentially expressed genes (DEGs) were identified by comparing the two treatment 355 

groups to the control and revealed both shared and strain-specific effects on 356 

transcription (Supplemental Table 6B-D). A total of 420 and 425 DEGs were observed 357 

in comparisons of UMB-MBP-01 vs. control and ATCC25526 vs. control, respectively, 358 

and 139 DEGs were observed comparing UMB-MBP-01 to ATCC25526 directly. Based 359 

on the log2 fold change (LFC) scale of DEGs, the strongest intestinal response was 360 

elicited by UMB-MBP-01, compared to either ATCC25526 or control (Supplemental 361 

Figure 5). Functional enrichment analyses revealed the effects elicited by UMB-MBP-362 

01 were mainly involved in positive regulation of cell activation, leukocyte and 363 

lymphocyte activation, B cell activation, and somatic recombination of immunoglobulin 364 

superfamily domains (Supplemental Figure 5A, C). Elicited effects of ATCC25526 365 

include responses in phagocytosis, membrane invagination, defense response to 366 

bacterium and complement activation (Supplemental Figure 5E). These results further 367 

supported our observations that ATCC25526 elicited distinct host responses compared 368 

to UMB-MBP-01, which induced greater numbers of DEGs and stronger host 369 

responses.  370 

We further examined the host responses present in both UMB-MBP-01 and 371 

ATCC25526 as well as those present only in one but not the other, to pinpoint the 372 
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differential host responses induced by the two strains. Of the DEGs identified comparing 373 

UMB-MBP-01 or ATCC25526 to the control (n=411 and 416), 59.6% and 58.9%, 374 

respectively, were identified in both comparisons (Figure 2A, Supplemental Table 6). 375 

These overlapped DEGs (N=238) and the condition-specific DEGs, that included 164 376 

DEGs only up-regulated in UMB-MBP-01 versus control and 111 DEGs only 377 

upregulated in UMB-MBP-01 versus ATCC25526, comprised the majority of all DEGs 378 

(85.9%). Downregulated genes accounted for only a small fraction of all DEGs (14.1%) 379 

and majority of them were identified in only the comparison of UMB-MBP-01 vs. 380 

ATCC25526 (N=67, 80.1% of downregulated). The DEGs that were upregulated in both 381 

UMB-MBP-01 vs. control and ATCC25526 vs. control include B cell immunity, collagen 382 

metabolism, immunoglobulin protein expression, cytokines (IL-1b, IL-10, IL-13, IL-21), 383 

TNF receptor superfamily, among others (Supplemental Table 6). Two functional 384 

pathways were enriched in UMB-MBP-01 vs control, but not in ATCC25526 vs control: 385 

regulation of cell-cell adhesion and T cell activation and the response to interferon γ and 386 

interferon β (Figure 5B). In contrast, the host responses to ATCC25526 but not UMB-387 

MBP-01 were enriched in functions involved in fatty acid metabolism, lipid localization, 388 

acylglycerol metabolism, and cholesterol and sterol homeostasis (Supplemental 389 

Figure 5D). Together these data further indicated that the effects of UMB-MBP-01 or 390 

ATCC25526 were mediated through different pathways. The ATCC25526 strain 391 

appeared to exert immunomodulatory effects, at least in part, via stimulation of 392 

phagocytosis and induced lipid metabolism, while the UMB-MBP-01 strain exerted 393 

stronger effects, mostly through upregulating antibody secretion and regulation of 394 

multiple aspects of lymphocyte functions, including cytokines, adhesion, and activation.  395 
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As extracellular molecules may play an important role in eliciting 396 

immunomodulatory effects, we also compared intestinal gene expression following 397 

gavage with live B. pseudolongum bacteria to that with B. pseudolongum produced 398 

EPS. The comparison revealed DEGs that were mostly group-specific without much 399 

overlap with EPS vs. control group (12.1%, N=39) (Supplemental Figure 6A, B). 400 

These data indicated that the predominant intestinal transcriptional responses were due 401 

to B. pseudolongum whole cell gavage (62.6%, N=201), compared to DEGs in EPS 402 

gavage (25.5%, N=82). Gene-pathway network analyses indicated B cell receptor 403 

activation and signaling, antigen-receptor mediated signaling, and phagocytosis 404 

recognition and engulfment were highly upregulated by whole B. pseudolongum gavage 405 

(Supplemental Figure 6C). While both live cells and EPS induced antimicrobial 406 

circulating immunoglobulin, the transcriptional effects were an order of magnitude 407 

higher for live cells (Supplemental Figure 6C-D). This result was commensurate with 408 

the observations above that EPS did not stimulate cytokine production or cell surface 409 

costimulatory receptor expression in either BMDC or MF. Together, our data suggested 410 

that the immunomodulatory effects of B. pseudolongum were potentially via their 411 

metabolic activities and secreted molecules and/or other cell membrane components 412 

other than the surface structure of EPS.  413 

Different B. pseudolongum strains elicit rapid, profound alterations in both structure and 414 

function of gut microbiome 415 

We next investigated the impact of bacterial gavage on the gut microbiome using 416 

shotgun metagenomic sequencing of the intraluminal fecal content (40.6±7.7 million 417 

reads per sample; Supplemental Table 2B). Taxonomic composition was established 418 
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using the comprehensive mouse gut metagenome catalog (CMGM) [47] designed 419 

specifically to characterize the mouse gut microbiome (Figure 5A, Supplemental Table 420 

7). A significant reduction in gut microbial community diversity was observed after both 421 

UMB-MBP-01 and ATCC25526 gavage, with UMB-MBP-01 gavage resulting in the 422 

lowest diversity (Figure 5C). After B. pseudolongum administration, the most 423 

outstanding changes in specific taxonomic groups were the marked increases in the 424 

relative abundance of Bacteroides thetaiotaomicron and Lactobacillus johnsonii and 425 

relative depletion of Muribaculaceae and Erysipelotrichaceae (Figure 5B, 426 

Supplemental Figure 7). Gavage with the Desulfovibrio did not produce a significant 427 

change in the microbiome, and Muribaculaceae, Erysipelotrichaceae, and 428 

Lachnospiraceae were the most abundant groups in these communities and in the not-429 

treatment control communities. These data indicated the gavage of either B. 430 

pseudolongum strains profoundly altered the gut microbial community, with a significant 431 

reduction in abundance of endogenous gut microorganisms.  432 

Canonical Correspondence Analysis (CCA) on both community taxonomic 433 

profiles and functional pathways resulted in concordant clustering patterns, in that 434 

ATCC25526 or UMB-MBP-01 each resulted in a distinct community, and that were 435 

clearly separate from Desulfovibrio-treated and no bacteria controls (Figure 5D, 5E). 436 

Based on linear discriminant analysis (LDA) effect size (LEfSe) analysis [48], UMB-437 

MBP-01 resulted in a significantly higher abundance of B. pseudolongum than 438 

ATCC25526 (19.8±6.1% vs. 6.1%±2.0%, P = 0.02, Supplemental Figure 8A,B). These 439 

data suggested murine strain UMB-MBP-01 was better able to colonize the mouse gut 440 

than the porcine isolate ATCC25526, lead to greater abundance in the murine gut 441 
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environment. On the other hand, Enterobacteriaceae (Klebsiella michiganensis and 442 

Enterobacter himalayensis), and Clostridiaceae (Clostridium paraputrificum and 443 

Clostridium MGG49300) were significantly more enriched in the ATCC25526 treated 444 

group but were mostly absent in the UMB-MBP-01 gavage mice (Supplemental Figure 445 

8C-F). Based the scaled eigenvalue, the top taxa and pathways that contributed to the 446 

separation of the clusters in ordination analyses were identified (Supplemental Figure 447 

9A, B, Supplemental Table 8). The ATCC25526 cluster was attributed to 448 

Enterobacteriaceae and Clostridiaceae, and the top contributors included K. 449 

pneumonia, K. michiganensis, B. animalis, E. himalayensis, and Clostridium 450 

paraputrificum. The most prominent pathways attributed to ATCC25526 cluster include 451 

motility (peptidoglycan maturation), gluconeogenesis, energy conversion (fatty acid β-452 

oxidation), and L-threonine biosynthesis. On the other hand, Akkermansia muciniphila, 453 

Paeniclostridium sordellii, and B. pseudolongum were among the top significant 454 

contributors to the UMB-MBP-01 cluster. The most outstanding pathways for UMB-455 

MBP-01 included ribonucleotide and amino acid biosynthesis (folate transformation, L-456 

isoleucine, L-arginine, L-lysine) and pyruvate fermentation (pyruvate/acetyl-CoA 457 

pathway). Together, the data indicated UMB-MBP-01 or ATCC25526 each altered the 458 

gut microbiota profoundly and distinctively, which may contribute to their distinct 459 

immunomodulatory effect.   460 
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Discussion 461 

B. pseudolongum demonstrates great intraspecies genetic diversity and shows 462 

patterns consistent with host specificity, rendering it an advantageous model organism 463 

to study the effect of intraspecies variation on host immunomodulation [35]. Further, as 464 

a predominant species in the murine GI tract, B. pseudolongum displays an extensive 465 

enzymatic capacity and might act as a keystone species in this environment [35, 49]. In 466 

this study, we employed the murine strain UMB-MBP-01, which demonstrates an anti-467 

inflammatory and pro-homeostatic effect [33, 34], and porcine-isolated B. 468 

pseudolongum type strain ATCC25526 to investigate the strain-specific mechanisms of 469 

host responses in vitro and in vivo. The distinct genetic attributes and 470 

immunomodulatory capabilities of UMB-MBP-01 from the B. pseudolongum type strain 471 

ATCC25526 show that Bifidobacterium modulates intestinal responses and host 472 

immunity in a strain specific manner. We observed UMB-MBP-01 exerted stronger 473 

immunologic effects in intestinal responses mostly likely through regulation of multiple 474 

aspects of lymphocyte functions, while ATCC25526 appeared to exert 475 

immunomodulatory effects, at least in part, via stimulation of phagocytosis and induced 476 

lipid metabolism. We further demonstrated the in vitro strain-specific activation and 477 

cytokine responses in DC and MF and changes in local and systemic leukocyte 478 

distribution and LN morphology, demonstrating the unique immune modulatory effects 479 

of the two B. pseudolongum strains. A deeper understanding of strain-specific 480 

immunomodulatory properties is fundamentally important to inform probiotic design as 481 

well as immunomodulatory therapeutic targeting. 482 
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It remains unclear whether B. pseudolongum immune and intestinal modulation 483 

is mediated through direct interactions with the intestinal epithelium, or indirectly via 484 

modulation of endogenous gut microbiome with consequent effects on intestinal 485 

metabolism and immunity, or both [18]. In our study, the administration of two separate 486 

B. pseudolongum strains resulted in profoundly different gut microbiomes in both 487 

structure and functional capabilities as well as intestinal responses, suggesting the 488 

critical involvement of the endogenous gut microbiome as a key element of their 489 

immunomodulatory attributes and indicating that indirect effects likely contribute. Our 490 

results align with recent key clinical findings, suggesting that Bifidobacterium could act 491 

as a “microbiome modulator” to competitively exclude toxigenic pathogens and 492 

orchestrate homeostatic gut metabolism and host immune responses [50-53]. It is worth 493 

noting that the effect of LBPs on the structure and function of the microbial community 494 

has not been accepted among standard parameters to characterize or evaluate LBP 495 

efficacy. Our study emphasizes the importance of characterization of the dynamics of 496 

the gut microbial community to understand the efficacy and specificity of LBPs.  497 

Distinctive from ATCC25526 and pro-inflammatory bacterial control, UMB-MBP-498 

01 demonstrated strain persistence within the gut microbiome after administration, 499 

further highlighting the role of gut microbiome in LBP-host interaction. Previous studies 500 

suggested that the administration of B. longum subsp. longum has stable, persistent 501 

colonization in recipients whose gut microbiome previously had low abundance of gene 502 

content involved in carbohydrate utilization, suggesting competition for resources as a 503 

key mechanism determining strain persistence [54]. This may relate to the ecological 504 

concept of “colonization resistance’, whereby endogenous microbiota occupy host 505 
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tissues with an intrinsic capability to limit the introduction of exogenous microorganisms 506 

and the expansion of endogenous microorganisms, while a microbiota with low capacity 507 

in carbohydrate assimilation could be more permissive to exogenous colonization that 508 

can fundamentally disrupt the microbiota [55, 56]. Given human gut reliance on 509 

microbiota to cope with glycan-rich gut environment for the metabolism of luminal 510 

oligosaccharides [57], the ability of Bifidobacterium strains to utilize complex 511 

carbohydrates provides a selective advantage to effectively compete for nutrients with 512 

other bacteria in the gut microenvironment [57]. Interestingly, their repertoire of 513 

glycoside hydrolases are species- or strain-specific [39, 58], indicating indispensable 514 

roles for glycan-assimilation in their specific niche adaptability to the intestinal 515 

microenvironment. Supporting the competitive exclusion ecological theory, we observed 516 

the depletion of endogenous gut microorganisms Muribaculaceae and 517 

Erysipelotrichaceae with Bifidobacterium treatment, as well as the specialized 518 

carbohydrate metabolism of UMB-MBP-01 in utilizing a greater variety of 519 

oligosaccharide molecules and host-derived glycans. Future longitudinal 520 

characterization of strain persistence, microbiota changes, and oligosaccharide and 521 

glycoprotein assimilation may hold a key to determine probiotic strain specificity in host 522 

adaption and intestinal responses. 523 

The bacterial determinants of immunomodulation properties of individual strains 524 

remains an underdeveloped research area. Recent studies revealed strains of the same 525 

species induced different immunophenotypes, suggesting that bacterial-induced 526 

immunomodulation is not dictated by bacterial phylogeny [22, 59]. Multiple LBP 527 

produced effector molecules that interact with host immunity have been recently 528 
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identified [60]. In particular, cell wall components found in Gram-positive bacteria, such 529 

as peptidoglycan and lipoteichoic acid, contain MAMPs which are recognized by 530 

immunoregulatory pattern recognition receptors such as Toll-like receptors [23]. 531 

Bifidobacterium peptidoglycans have also demonstrated immunomodulatory effects on 532 

the Th1 polarization of naïve T cells as well as DC maturation and enhanced immune 533 

responses [61, 62]. Other surface molecules such as EPS and pili also play a role in 534 

Bifidobacterium’s strain-specific pro-homeostatic immunomodulation [27, 28]. We also 535 

observed here expanded enzymatic capabilities of UMB-MBP-01, but not ATCC25526, 536 

in assimilating oligosaccharide molecules and host-derived glycans as well as the 537 

capacity to manufacture cell wall components such as peptidoglycan. Together these 538 

studies implicate the genetic variation of different bacterial strains as underlying induced 539 

intestinal responses and mucosal immunological signaling. This speculation warrants 540 

direct experimental validation.  541 

Making conclusions about the immunomodulatory effects of bacterial strains 542 

based on the surface structures alone is inaccurate, as the preparations of the cell wall 543 

components and extracellular polysaccharides are strongly influenced by cultivation 544 

conditions [63]. The differences observed in this study between Bifidobacterium whole 545 

cells and purified EPS in vitro vs. in vivo indeed suggest the presence of many other 546 

molecules and mechanisms that contribute to the regulation of immunity and 547 

inflammation. In particular, the observation that EPS alone yielded gut Treg recruitment 548 

in addition to innate myeloid cell populations suggests that EPS may act indirectly 549 

through an intermediary, such as intestinal epithelial cells, which then influence 550 

leukocyte subsets. Indeed, characterization of B. pseudolongum-induced innate 551 
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immune responses revealed that these bacteria induce a more balanced anti-552 

inflammatory and homeostatic cytokine response from DC and MF [64]. In addition, B. 553 

pseudolongum induced changes in LN architecture, resulting in an increased ratio of 554 

extracellular matrix protein laminin α4 to laminin α5 in the cortical ridge, a microdomain 555 

structure that is mechanistically associated with immunologic suppression and tolerance 556 

[33]. These observations demonstrate that a single probiotic bacterial strain can 557 

influence local, regional, and systemic immunity through both innate and adaptive 558 

pathways. A holistic understanding of the strain-specific bacterial effects is critical to 559 

inform probiotic design as well as immunomodulatory therapeutic targeting.   560 
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Conclusion 561 

The distinct genetic attributes and immunomodulatory capabilities of UMB-MBP-562 

01 compared to B. pseudolongum type strain ATCC25526 show that Bifidobacterium 563 

modulates intestinal responses and host immunity in a strain-specific manner. Our 564 

results highlight the importance to characterize individual Bifidobacterium strains and 565 

not to generalize their immunomodulatory effects to other strains of the same species, 566 

despite their many shared features. It is critical to investigate both endogenous 567 

microbiota in response to LBP strains and to profile the intestinal responses, in order to 568 

interrogate mechanistically the highly coordinated multicellular host-microbe 569 

interactions, which are key to understanding strain-specific immunomodulation. Future 570 

studies are warranted to investigate the specific bioactive metabolites and pathways 571 

through which the gut microbiota exert their immunomodulatory effects, and the specific 572 

intestinal cell types that respond to those signals. A comprehensive understanding of 573 

strain-specific immunomodulatory properties is fundamentally important to inform 574 

probiotic design as well as immunomodulatory therapeutic targeting.  575 
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Methods and Materials 576 

Strains cultivation and genomic sequencing 577 

B. pseudolongum strain ATCC25526 was purchased from ATCC (Manassas, Virginia). 578 

B. pseudolongum strain UMB-MBP-01 was isolated from the feces of C57BL/6J mice 579 

through passages and screening on Bifidus Selective Medium (BSM) agar (Sigma-580 

Aldrich, St. Louis, MO, USA), as previously described [34]. Both strains were initially 581 

grown anaerobically at 37°C for 3–5 days on Bifido Selective Media (BSM) agar plates 582 

(Millipore Sigma, Burlington, MA), from which a single colony was selected and grown in 583 

BSM broth (Millipore Sigma, 90273-500G-F) until stationary phase (up to 3 days). 584 

Desulfovibrio desulfuricans subsp. desulfuricans (ATCC27774) was purchased from 585 

ATCC and grown in ATCC Medium: 1249 Modified Baar’s Medium (MBM) for sulfate 586 

reducers, which was made according to ATCC protocol. Cultures were initially 587 

incubated under anaerobic conditions for 5 days on Modified Baar’s Medium agar 588 

plates, after which single colonies were chosen, transferred to liquid media, and 589 

incubated for up to 3 weeks. B. pseudolongum strains ATCC25526 and UMB-MBP-01 590 

were used in cell stimulation and cytokine assays.  591 

B. pseudolongum UMB-MBP-01 was sequenced previously [34]. For strain 592 

ATCC25526, genomic DNA extraction was performed using a lysozyme/mutanolysin-593 

based cell lysis followed by purification using the Wizard Genomic DNA Purification Kit 594 

(Promega, Madison, WI, USA). Library preparation on extracted DNA was conducted 595 

using a Kapa kit (Roche, Indianapolis, IN) for 150-bp paired-end sequencing, and 596 

sequencing was performed with an Illumina (San Diego, CA) MiSeq system. 597 

Sequencing was performed by the University of Maryland School of Medicine, Institute 598 
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for Genome Sciences, Genomics Resource Center with standard operating procedures 599 

and assembled using SPAdes v3.14.0 [65]. Contig ordering was performed using 600 

MAUVE contig mover [66] and the UMB-MBP-01 genome as reference [67].  601 

Exopolysaccharide (EPS) Isolation 602 

EPS was extracted from strains X and Y using the protocol previously published 603 

by Bajpai and colleagues [68]. Briefly, bacterial cultures were grown in 500 ml BSM 604 

media to early stationary phase, after which trichloroacetic acid was added (14% v/v 605 

final) and the mixture incubated at 37°C for 40 minutes. After centrifugation at 8,000 g 606 

for 20 minutes at 4°C, the supernatant was collected, absolute ethanol added (2:1 v/v 607 

EtOH:sup), followed by incubation at 4°C for 48h and centrifugation at 8,000xg at 4°C 608 

for 20 minutes. This ethanol wash step was repeated to remove any impurities, and a 609 

final centrifugation at 8,000xg at 4°C for 20 minutes was performed. The resulting pellet 610 

was then dissolved in 5 to 10 ml of water, before being dialyzed against DI water for 48 611 

hours, and lyophilized. 612 

Anaerobic microplate assay 613 

Anaerobic microplates (AN plates, Biolog, Hayward, CA) pre-coated with 95 614 

various carbon sources was used in the assay. Each well of the 96-well AN Biolog plate 615 

was coated by a sole-carbon source, with one well being used as no carbon control. 616 

Metabolism of the substrate in particular wells results in formazan production, producing 617 

a color change in the tetrazolium dye. Cultured bacteria in log growth phase were 618 

centrifuged down to pellet, which was suspended using inoculating fluid (Biolog, 619 

Hayward, CA) to an OD value around 0.26. The suspension was added to the 620 
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microplates and sealed by anaerobic GasPak EZ anaerobe gas pouch system with 621 

anaerobic indicators (BD, Franklin Lakes, NJ). The plates were read between 20-24hrs 622 

following inoculation with a pre-grown isolate using spectrophotometer microplate 623 

reader (Molecular Devices, LLC, San Jose, CA) and reading data acquisition was 624 

performed using SoftMax Pro 7 software (Molecular Devices, LLC, San Jose, CA).  The 625 

procedure was performed in triplicate for each strain. The no carbon control reading 626 

was subtracted from each of the readings of the wells, and student’s t test was 627 

performed to test if the average reading was significantly different from zero.   628 

Comparative genomics analyses  629 

A total of 79 B. pseudolongum genomes were included in the analyses, which 630 

included the four sequenced in this study and all 75 available B. pseudolongum 631 

genomes on GenBank (retrieved September 2021, Supplemental Table 5A). The 632 

pangenome was constructed using anvi’o vers 6.2 workflow [69, 70]. Briefly, this 633 

workflow 1) dereplicates genomes based on similarity score calculated using Sourmash 634 

vers 3.3 [71], 2) uses BLASTP to compute ANI identity between all pairs of genes, 3) 635 

uses the Markov Cluster Algorithm (MCL) [72] to generate homologous gene clusters 636 

(HGCs) based on all-versus-all sequence similarity, and 4) aligns amino acid sequences 637 

using MUSCLE [73] for each gene cluster. Each gene was assigned to core or 638 

accessory according to the hierarchical clustering of the gene clusters. Sourmash vers 639 

3.3 [71] was used to compute ANI across genomes. Functional annotation of each 640 

secreted protein was performed employing the eggNOG database v5.0 [74] using 641 

eggNOG-mapper v2 [75] and the results were imported into the anvi’o contig database. 642 

Further functional annotation included PFAMs based on hidden Markov model (HMM) 643 
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search to Pfam vers34.0 [76]. Protein-coding genes were also annotated to metabolic 644 

functionality categories using KEGG (Kyoto Encyclopedia of Genes and Genomes) [77]. 645 

GhostKOALA annotation tool [78] was used to assign KEGG Identifiers. Enrichment 646 

analyses were performed using Anvi’o pangenome pipeline that take COG functions 647 

across genomes and clade affiliation as the explanatory variable. The equality of 648 

proportions across clade affiliation was tested using a Rao score test, which generates 649 

an enrichment score as the test statistic and a p value. The q-value was then calculated 650 

from the p value to account for multiple testing using R package qvalue [79]. A COG 651 

function was considered enriched if the q-value was below 0.05.  652 

The prediction of genes encoding extracellular enzymes possessing structurally 653 

related catalytic and carbohydrate-binding modules catalyzing hydrolysis, modification, 654 

or synthesis of glycoside bounds was performed using dbCAN2 [80] and dbCAN 655 

HMMdb (v.9) that was built using CAZy database (v.07302020) [38]. To identify signal-656 

peptide specific sequence motifs, we employed the subcellular localization prediction 657 

tool PSORTb (v.3.0.2) [81].  658 

In vitro co-culture 659 

Peritoneal macrophages (MF) and bone marrow derived dendritic cells (BMDCs) were 660 

isolated and then seeded onto 24 well plates in 1 ml RPMI complete medium as 661 

described [82]. Briefly, MF were collected 4 days after i.p. injection of Remel 662 

Thioglycollate solution (Thermo Fisher Scientific, Waltham, MA). BMDCs were 663 

generated from bone marrow cells treated with 10 ng/ml GM-CSF (R&D Systems, 664 

Minneapolis, MN) for 10 days. Loosely adherent immature BMDCs were collected and 665 

then CD11c+ DCs were enriched using CD11c positive selection kit (Stemcell 666 
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Technologies, Cambridge, MA). Twenty-four hours after culture of purified subsets, the 667 

cells were stimulated with UV-killed Bifidobacterium bacteria or purified EPS for 24 668 

hours. Bacterial cells were killed by UV exposure at 100 μJ/cm2 for four 15-minute 669 

cycles with a UV CrossLinker (Fisher Scientific, Hampton, NH). Culture supernatants 670 

were collected from whole bacteria or EPS stimulated cultures and ELISA for TNFα, IL-671 

6, and IL-10 (BioLegend, San Diego, CA) performed. The myeloid cells from co-culture 672 

wells were collected and analyzed by flow cytometry. 673 

Flow cytometry 674 

Cells were passed through 70-μm nylon mesh screens (Thermo Fisher Scientific, 675 

Waltham, MA) to produce single-cell suspensions. Cell suspensions were treated with 676 

anti-CD16/32 (clone 93, eBioscience) to block Fc receptors, and then stained for 30 677 

minutes at 4°C with antibodies against surface molecules (Supplementary Table 9) 678 

and washed 2 times in FACS buffer [phosphate buffered saline (PBS) with 0.5% w/v 679 

Bovine serum albumin (BSA)]. Samples were analyzed with an LSR Fortessa Cell 680 

Analyzer (BD Biosciences), and data analyzed with FlowJo software version 10.6 (BD 681 

Biosciences). 682 

Immunohistochemistry 683 

Peripheral LN, mesenteric LN, and small bowel segment (duodenal-jejunal junction) 684 

were excised and washed in cold PBS before freezing in OCT (Sakura Finetek, 685 

Torrance, CA) in histology blocks on dry ice and then stored at -80°C. LN cryosections 686 

were cut in triplicate at 5 μm using a Microm HM 550 cryostat (Thermo Fisher Scientific, 687 

Waltham, MA). Sections attached to slides were fixed with cold acetone/ethanol (1:1) 688 
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solution and washed in PBS buffer (Lonza, Morristown, NJ). Primary antibodies and 689 

isotype controls (Supplementary Table 9) were added to slides for 1 hour in a 690 

humidified chamber. Sections were washed with PBS, blocked with 2.5% donkey serum 691 

and 2.5% goat serum, and incubated with secondary antibodies for 60 minutes. Slides 692 

were then fixed with 4% paraformaldehyde/PBS (Alfa Aesar, Haverhill, MA) for 5 693 

minutes, incubated with 1% glycerol for 5 minutes, and Prolong Gold Antifade Mountant 694 

with or without DAPI (Thermo Fisher Scientific, Waltham, MA) was added before 695 

applying cover slips. Images were acquired using an Accu-Scope EXC-500 fluorescent 696 

microscope (Nikon, Melville, NY) and analyzed with Volocity image analysis software 697 

(PerkinElmer, Waltham, MA). The percentage positive staining area was quantified 698 

based on at least 2 independent experiments with 3 mice/group, 3 LNs/mouse, 3 699 

sections/LN, and 3–5 fields/section. 700 

Mice experiments 701 

Female C57BL/6 mice between 8 and 14 weeks of age were purchased from The 702 

Jackson Laboratory (Bar Harbor, ME). All the procedures involving mice were performed in 703 

accordance with the guidelines and regulations set by the Office of Animal Welfare 704 

Assurance of the University of Maryland School of Medicine, under the approved 705 

IACUC protocols 0518004 and 0121001. Mice were fed antibiotics (kanamycin, 706 

gentamicin, colistin, metronidazole, and vancomycin) ad libitum in drinking water on 707 

days -6 to -1. On day 0, cultured Bifidobacterium ATCC25526 or UMB-MBP-01 were 708 

gavaged p.o. Mice received tacrolimus (3 mg/kg/d s.c.) on days 0 and 1. On day 2, the 709 

animals were euthanized. Mesenteric and peripheral (axillary, inguinal, popliteal, 710 

brachial) LNs as well as small intestine were harvested. Fecal pellets were also 711 
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collected prior to euthanasia into individual tubes, using aseptic technique to minimize 712 

handling, and stored at -80°C. Antibiotics were USP grade or pharmaceutical secondary 713 

standard (all from MilliporeSigma): kanamycin sulfate (0.4 mg/ml), gentamicin sulfate 714 

(0.035 mg/ml), colistin sulfate (850 U/ml), metronidazole (0.215 mg/ml), and 715 

vancomycin hydrochloride (0.045 mg/ml) were dissolved in vivarium drinking water and 716 

administered ad libitum. Tacrolimus (USP grade, MilliporeSigma) was reconstituted in 717 

DMSO (USP grade, MilliporeSigma) at 20 mg/ml and diluted with absolute ethanol (USP 718 

grade, Decon Labs, King of Prussia, PA) to 1.5mg/ml. DMSO/ethanol stock was diluted 719 

1:5 in sterile PBS for s.c. injection and injected at 10 μl/g (3 mg/kg/day).  720 

Metagenomic sequencing and microbiome analyses 721 

Harvested intestine tissues and luminal contents were stored immediately in 722 

DNA/RNA Shields (Zymo Research, Irvine, CA) to stabilize and protect the integrity of 723 

nucleic acids and minimize the need to immediately process or freeze specimens. The 724 

colon content from ~1cm colon tissue was used in DNA extraction. Metagenomic 725 

sequencing libraries were constructed from the same DNA using the Nextera XT Flex kit 726 

(Illumina) according to the manufacturer recommendations. Libraries were then pooled 727 

together in equimolar proportions and sequenced on a single Illumina NovaSeq 6000 728 

S2 flow cell at the Genomic Resource Center of the Institute for Genome Sciences at 729 

the University of Maryland School of Medicine. 730 

Metagenomic sequence reads were removed using BMTagger v3.101 [83] using 731 

a Genome Reference Consortium Mouse Build 39 of strain C57BL/6J (GRCm39) [84]. 732 

Sequence read pairs were removed even if only one of the reads matched to the mice 733 

genome reference. The Illumina adapter was trimmed and quality assessment was 734 
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performed using default parameters in fastp (v.0.21.0) [85]. The taxonomic composition 735 

of the microbiomes was established using Kraken2 (v.2020.12) [86] and Braken (v. 736 

2.5.0) [87] using the comprehensive mouse gut metagenome catalog (CMGM) [47] to 737 

calculate the metagenomic taxonomic composition. The Phyloseq (v.1.34.0) [88] R 738 

package was used to generate the diversity plot and barplot. Linear discriminant 739 

analysis (LDA) effect size (LEfSe) analysis [48] was used to identify fecal phylotypes 740 

that could explain differences between. For LEfSe, only taxonomic groups present 741 

in >1% of at least one sample were included in the analyses; the alpha value for the 742 

non-parametric factorial Kruskal-Wallis (KW) sum-rank test was set at 0.05 and the 743 

threshold for the logarithmic LDA model [89] score for discriminative features was set at 744 

2.0. An all-against-all BLAST search in multi-class analysis was performed. 745 

Metagenomics dataset was mapped to the protein database UniRef90 [90] to ensure 746 

the comprehensiveness in functional annotation, and was then summarized using 747 

HUMAnN2 (Human Microbiome Project Unified Metabolic Analysis Network) (v0.11.2) 748 

[91] to efficiently and accurately determine the presence, absence, and abundance of 749 

metabolic pathways in a microbial community. Further, HUMAnN2 employed a tiered 750 

search strategy enabling a species-resolved functional profiling of metagenomes, hence 751 

to characterize the contribution to the functional pathways of a known species. 752 

Canonical Correspondence Analysis (CCA) was used in ordination analysis, and biplot 753 

was generated using vegan package [92, 93] based on bray-curtis distance. CA1 and 754 

CA2 were selected as the major components based on the eigenvalue. A species score 755 

was scaled proportional to the eigenvalues representing the direction from the origin 756 

where the group had a larger than average value for the particular species [92, 94]. The 757 
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species scores greater than 1 were used to select the species that were considered the 758 

most significant contributors to each group.  759 

RNA isolation, transcriptome sequencing and analyses of the intestinal tissues 760 

Dissected intestinal tissues were stored immediately in RNAlater solution 761 

(QIGEN) that had been stored at −80 °C to stabilize and protect the integrity of RNA 762 

[95]. For each sample, bulk RNA was extracted from ~1cm of intestine tissues. Prior to 763 

the extraction, 500 µl of ice-cold RNase free PBS was added to the sample. To remove 764 

the RNAlater, the mixture was centrifuged at 8,000xg for 10 min and the resulting pellet 765 

resuspended in 500 µl ice-cold RNase-free PBS with 10 µl of β-mercaptoethanol. Tissue 766 

suspension was obtained by bead beating procedure using the FastPrep lysing matrix B 767 

protocol (MP Biomedicals, Solon, OH) to homogenized tissues.  RNA was extracted 768 

from the resulting suspension using TRIzol Reagent (Invitrogen, Carlsbad, CA) following 769 

the manufacturer recommendations and followed by protein cleanup using Phasemaker 770 

tubes (Invitrogen) and precipitation of total nucleic acids using isopropanol. RNA was 771 

resuspended in DEPC-treated DNAase/RNAase-free water. Residual DNA was purged 772 

from total RNA extract by treating once with TURBO DNase (Ambion, Austin, TX, Cat. 773 

No. AM1907) according to the manufacturer’s protocol. DNA removal was confirmed via 774 

PCR assay using 16S rRNA primer 27 F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 775 

534 R (5′-CATTACCGCGGCTGCTGG-3′). The quality of extracted RNA was verified 776 

using the Agilent 2100 Expert Bioanalyzer using the RNA 1000 Nano kit (Agilent 777 

Technologies, Santa Clara, CA). Ribosomal RNA depletion and library construction 778 

were performed using the RiboZero Plus kit and TruSeq stranded mRNA library 779 

preparation kit (Illumina) according to the manufacturer’s recommendations. Libraries 780 
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were then pooled together in equimolar proportions and sequenced on a single Illumina 781 

NovaSeq 6000 S2 flow cell at the Genomic Resource Center (Institute for Genome 782 

Sciences, University of Maryland School of Medicine) using the 150 bp paired-end 783 

protocol. 784 

Bioinformatic analysis of the transcriptome data includes the quality of fastq files, 785 

which was evaluated by FastQC. Reads were aligned to the mouse genome (v. 786 

Mus_musculus.GRCm39) using HiSat (v. HISAT2-2.1.0) [96] and the number of reads 787 

that aligned to the coding regions were determined using HTSeq (v.1.0.0) [97]. 788 

Significant differential expression was assessed using DEseq with an FDR value ≤ 0.05 789 

[98]. Quadrant plot to show whether DEGs have the same or opposite relationships 790 

between each of the pairwise comparisons of UMB-MBP-01 vs ATCC25526 and UMB-791 

MBP-01 vs control. Gene Ontology (GO) enrichment analysis was performed in order to 792 

identify GO terms significantly over-represented in genes deregulated in specific 793 

comparisons and, as a result, to suggest possible functional characteristics of these 794 

genes. Enriched GO terms in the set of genes that are significantly over-expressed or 795 

under-expressed in a specific condition may suggest possible mechanisms of regulation 796 

or functional pathways that are, respectively, activated or repressed in that condition. 797 

Over-representation analyses [99] of differentially expressed genes (DEGs) against GO 798 

ontologies was performed using enrichGO function of clusterProfile Bioconductor 799 

package [100]. Cnetplot function was used to depict the linkages of genes and GO 800 

terms as a Gene-Concept Network for top over-represented GO terms based on q-value 801 

and gene-count.    802 
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Figures 1122 

Figure 1. Pangenome analyses of B. pseudolongum genomes. Pangenome 1123 

constructed using 79 strains, including the 5 strains sequenced in this study 1124 

(Supplemental Table 3) and displayed using anvi’o vers 6.2 [69]. Homologous gene 1125 

clusters (HGCs) were identified based on all-versus-all sequence similarity in left panel 1126 

and categorized as core, accessory or dispensable depending on their level of 1127 

conservation. Genome ANI (Average Nucleotide Identity) was calculated using 1128 

Sourmash vers 3.3 [71]. Blue arrows indicate the two strains compared: ATCC25526 1129 

and UMB-MBP-001. Black arrows indicate the other three B. pseudolongum strains 1130 

isolated from the source stool of pregnant mice. 1131 

 1132 

Figure 2.  Bifidobacterium alters DC and MF surface phenotype. DC and MF 1133 

cultured with media alone, ATCC25526 (ATCC) or UMB-MBP-01 (MD) UV-killed 1134 

Bifidobacterium or EPS derived from each strain. After 24 hrs of culture, cells analyzed 1135 

by flow cytometry. DC gated on live CD11c+, and MF gated on live F4/80+ populations. 1136 

DC stained for A) MHC class II, B) CD40, C) CD80, and D) CD86. MF stained for E) 1137 

MHC class II, F) CD40 and G) CD80. MFI: mean fluorescence intensity; DC: Bone 1138 

marrow derived dendritic cells; MF: peritoneal macrophages; MFI values normalized to 1139 

control and compared using one-way ANOVA. * p value < 0.05; ** p value < 0.01. MF 1140 

data representative of two experiments. DC data represented as merge of one 1141 

experiment with EPS and one experiment with UV killed bacteria, each data set is 1142 

normalized to its respective control. 1143 

 1144 
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Figure 3. Bifidobacterium alters DC and MF cytokine secretion. DCs (A-C) or MF 1145 

(D-F) stimulated with EPS or UV-killed ATCC25526 (ATCC) or UMB-MBP-01 (MD), and 1146 

24 hrs later supernatants analyzed for A, D) IL-6, B, E) TNFa, and C, F) IL-10 by 1147 

ELISA. Treatments compared using one-way ANOVA. * p value < 0.05; ** p value < 1148 

0.01, *** p value < 0.001, **** p value < 0.0001. Data representative of two separate 1149 

experiments. 1150 

 1151 

Figure 4. Bifidobacterium strains induce unique changes in local and systemic 1152 

immune cell distribution and LN architecture. A) Experimental design. C57BL/6 1153 

mice treated with antibiotics for 6 days followed by gavage with B. pseudolongum 1154 

ATCC25526 (ATCC), UMB-MBP-01 (MD), or PBS (control). Mice then treated with the 1155 

immunosuppressant tacrolimus for the next two days. Tissues harvested 2 days after 1156 

FMT. Frozen sections of small intestine stained for B) Treg (anti-Foxp3 mAb), and C) 1157 

DC (anti-CD11c mAb). MLN sections stained for D) DC (anti-CD11c mAb) and E) 1158 

MF (anti-F4/80 mAb). LN stained for laminin a4 and laminin a5 and laminin a4:a5 ratio 1159 

calculated for F) MLN CR, and G) PLN CR. MFI: mean fluorescence intensity. MLN: 1160 

mesenteric lymph nodes; PLN: peripheral lymph node. MFI values normalized using the 1161 

sum of mean, and categories compared using one-way ANOVA. * p value < 0.05; ** p 1162 

value < 0.01, *** p value < 0.001, **** p value < 0.0001. Data representative of two 1163 

separate experiments, 3 mice/group. 1164 

 1165 

Figure 5. Transcriptome profiling of intestinal tissues in response to ATCC25526 1166 

or UMB-MBP-01. A) Quadrant plot to show whether differential expressed genes 1167 



 50 

(DEGs) have the same or opposite relationships between each of the pairwise 1168 

comparison of UMB-MBP-001 vs control and UMB-MBP-001 vs ATCC25526. DEGs 1169 

were determined using log2 fold change (LFC) >(+/-)1 and false discovery rate 1170 

(FDR)<0.05. B) Gene-Concept network for most over-represented Gene Ontology (GO) 1171 

terms to depict over-represented functions based on q-value and gene-count. Over-1172 

representation analyses [99] of DEGs that are only different abundant in UMB-MBP-001 1173 

vs control but not in ATCC25526 vs control, using GO ontologies performed using 1174 

enrichGO function of clusterProfile Bioconductor package[100]. For pairwise 1175 

comparison enrichment analyses for any two conditions, please refer to Supplemental 1176 

Figure 4.  1177 

 1178 

Figure 6. Alterations in gut microbiome after bacterial engraftment. A) Heatmap of 1179 

the top 20 most abundant intestinal bacterial taxa relative abundance in mice 1180 

intraluminal samples. Ward linkage clustering based on Jensen-Shannon distance was 1181 

calculated using the vegan package in R [94]. Taxonomic profiles of the microbial 1182 

community were characterized using the comprehensive mouse gut metagenome 1183 

(CMGM) catalog[47]. B) Cumulative abundance of major bacterial families. The relative 1184 

abundances of each family are stacked in order from greatest to least, and are 1185 

separated by a horizontal line. C) Shannon diversity index (within-community diversity) 1186 

of the four experimental groups. D), E) Canonical Correspondence Analysis (CCA) of 1187 

microbial functional pathways characterized using HUMAnN2 (v0.11.2)[91] and Uniref90 1188 

database [90] based on Bray-Curtis distance. CA1 and CA2 selected as the major 1189 

components based on the eigenvalue.   1190 
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