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 24 

Abstract 25 

Malnutrition remains a major health problem in low and middle income countries. During 26 

low protein intake, < 0.67 g/kg/day, there is a loss of nitrogen (N2) balance, due to the 27 

unavailability of amino acid for metabolism and unbalanced protein catabolism results.  28 

However, there are individuals, who consume the same low protein intake, and 29 

preserve N2 balance for unknown reasons. A novel factor, the gut microbiota, may 30 

account for these N2 balance differences. To investigate this, we correlated gut 31 

microbial profiles with the growth of four murine strains (C57Bl6/J, CD-1, FVB, and NIH-32 

Swiss) on protein deficient (PD) diet. Results show that a PD diet exerts a strain-33 

dependent impact on growth and N2 balance as determined through analysis of urinary 34 

urea, ammonia and creatinine excretion. Bacterial alpha diversity was significantly (p < 35 

0.05, FDR) lower across all strains on a PD diet compared to normal chow (NC). Multi-36 

group analyses of the composition of microbiomes (ANCOM) revealed significantly 37 

differential microbial signatures between the four strains independent of diet. However, 38 

mice on a PD diet demonstrated differential enrichment of bacterial genera including, 39 

Allobaculum (C57Bl6/J), Parabacteroides (CD-1), Turicibacter (FVB), and Mucispirillum 40 

(NIH-Swiss) relative to NC. Additionally, statistical model fitting revealed that the relative 41 

abundance of genera such as Bifidobacterium, Ruminococcus, and Lactobacillus were 42 

significantly positively correlated with body weight, while Anaerofustis, Roseburia, and 43 

Bilophila were significantly positively correlated with ammonia excretion. Taken 44 

together, these results suggest a potential relationship between the specific gut 45 

microbiota, N2 balance and animal response to malnutrition. 46 
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Introduction 47 

Both severe chronic malnutrition (-3 standard deviations (SD) below median World 48 

Health Organization (WHO) height-for-age score) and severe acute malnutrition (-3 SD 49 

below WHO weight-for-height score) annually affect approximately 200 million children 50 

worldwide, with almost half of the deaths in children under five years being directly or 51 

indirectly attributable to insufficient nutrition (3).  Severe childhood malnutrition can be 52 

lethal, with mortality rates between 10 and 50% depending on the setting and the 53 

appropriateness of clinical care available (9). In the longer term, both severe acute 54 

malnutrition (wasting with and without edema) and severe chronic malnutrition, also 55 

known as stunting, can impair health, increasing the likelihood of obesity and 56 

cardiometabolic disease as well as neurocognitive impairment throughout the life cycle 57 

(12,13,24). 58 

 59 

The determinants of malnutrition include both macro- and micronutrient deficiencies 60 

often accompanied by bacterial, viral and parasitic infectious diseases.  Macronutrient 61 

deficiency, especially when derived from inadequate intakes of dietary protein to meet 62 

metabolic demand, is thus a major contributor to stunting and wasting.  Surprisingly, 63 

these are not only common in low and middle- income countries, but also affect sub-64 

populations in more developed countries (27). Starting from any plane of nutrition, a 65 

reduction in dietary protein intake results in inadequate supply of amino acids with 66 

respect to initial metabolic demand. The response of whole body protein metabolism to 67 

this unmet demand for amino acids will be unbalanced catabolism of lean body mass. 68 

Whether or not balance is achieved during protein restriction depends on several 69 
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variables, including dietary protein quality, metabolic demand of the host for amino 70 

acids, as well as individual variation in the adaptive capacity for maintaining N2 balance. 71 

During dietary protein restriction, although protein catabolism releases amino acids into 72 

the whole body amino acid pool to support integrated metabolism, there is nonetheless 73 

a mismatch of amino acid requirements due to the restricted supply. Consequently, 74 

amino acids oxidation rises with metabolism of the N2 moiety to urea and ammonia in 75 

the liver and kidney which are excreted in the urine. A proportion of the urea enters the 76 

gastrointestinal tract where it is made available for microbial protein and amino acid 77 

metabolism. There is evidence to support the transfer of bacterially manufactured amino 78 

acids synthesized by gut bacteria to the host for use in protein metabolism (2,23,28). 79 

 80 

Determining the microbial contribution to whole-body protein requirement may have 81 

significant implications for understanding the variation in human adaptation to reduced 82 

dietary protein intake. We posit that one of the key components of this inherent adaptive 83 

capacity to low protein diet is the ability of the gut microbiota to provide amino acids to 84 

the host. In this study, we characterized how gut microbial profiles correlate with murine 85 

model growth on a protein-restricted diet. Specifically, we leveraged the diverse 86 

microbial communities found in 4 different murine models to determine how the 87 

microbiota correlate with maintenance of positive N2 balance during marginal protein 88 

intake. We hypothesized that the differential microbiota associated with each mouse 89 

strain would correlate with the differential growth and N2 balance on a protein restricted 90 

diet.  91 

 92 
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Materials and Methods 93 

Experimental animals. In this study, four strains of male mice (C57Bl6/J, CD-1, FVB, 94 

and NIH-Swiss, n=10 for each strain) were obtained at 10 weeks of age, individually 95 

housed, allowed to acclimate to facility for 1 week. Following this, the mice were placed 96 

either on normal chow (NC, 20% protein) or protein deficient diet (PD, 6% TD.90016; 97 

Envigo) and followed for 4 weeks. Weekly fecal samples and weights were captured in 98 

all groups. Following 4 weeks of PD or NC, urine was collected for assessment of N2 99 

balance, and the mice were euthanized. Plasma, serum, liver, and fecal material were 100 

collected. The study was approved by Jesse Brown VA Medical Center IACUC in 101 

accordance with the NIH Guide for the Care and Use of Animals. 102 

 103 

Nitrogen balance measurements. Urine and serum samples collected were stored at -104 

80°C. Ammonia was measured using a commercially available kit (AA0100; Sigma). 105 

Urine creatinine was assessed using a colorimetric assay kit (ab65340; Abcam). Urine 106 

and serum urea were measured using a urea assay kit (MAK006; Sigma). 107 

 108 

16S rRNA gene sequencing. Bacterial DNA was extracted using the PowerSoil DNA 109 

isolation kit (MoBio Laboratories) following the protocol of Flores (11). For the 110 

microbiota analysis, bacterial DNA was extracted from the fecal samples (0.25 g). The 111 

V4 region of the 16S rRNA gene (515 F-806R) was amplified with region-specific 112 

primers that included the Illumina flowcell adapter sequences and a 12-base barcode 113 

sequence. Each 25 µl PCR reaction contained the following: 12 µl of MoBio PCR Water 114 

(Certified DNA-Free; MoBio), 10 µl of 5 Prime HotMasterMix (1×), 1 µl of forward primer 115 
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(5 µM concentration, 200 pM final), 1 µl of Golay Barcode Tagged Reverse Primer (5 116 

µM concentration, 200 pM final), and 1 µl of template DNA (25). The conditions for PCR 117 

were as follows: 94°C for 3 min to denature the DNA, with 35 cycles at 94°C for 45 s, 118 

50°C for 60 s, and 72°C for 90 s, with a final extension of 10 min at 72°C. Amplicons 119 

were quantified using PicoGreen (Invitrogen) and a plate reader followed by clean up 120 

using UltraClean® PCR Clean-Up Kit (MoBio), and then quantification using Qubit 121 

(Invitrogen). Samples were sequenced on the Illumina MiSeq platform at the Argonne 122 

National Laboratory core sequencing facility according to EMP standard protocols 123 

(http://www.earthmicrobiome.org/emp-standard-protocols/its/);  124 

 125 

16S data analyses. For 16S rRNA analysis, the 16 million paired-end reads generated 126 

were joined using join_paired_ends.py script followed by quality-filtering and 127 

demultiplexing using split_libraries_fastq.py script in QIIME 1.9.1 (5). Parameters for 128 

quality filtering included 75% consecutive high-quality base calls, a maximum of three 129 

low-quality consecutive base calls, zero ambiguous bases, and minimum Phred quality 130 

score of 3 as suggested previously (4). The final set of demultiplexed sequences were 131 

then selected for identifying exact sequence variants (ESVs) using DeBlur pipeline (1). 132 

In the pipeline, de novo chimeras were analyzed and remove, artifacts (i.e. PhiX) were 133 

removed, and ESVs with under 10 reads were removed. The final biom file was also 134 

rarefied to 7,565 reads (minimum number of reads) per sample to avoid sequencing 135 

bias, which was then analyzed in phyloseq package in R (19). Random forest 136 

supervised learning models were used to estimate the predictive power of microbial 137 

community profiles for diet i.e. NC or PD. The supervised learning was performed 138 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 22, 2018. ; https://doi.org/10.1101/398248doi: bioRxiv preprint 

https://doi.org/10.1101/398248


employing Out-Of-Bag (OOB) sample sets in RandomForest package in R. Training 139 

was accomplished in RandomForest with bootstrapping at 1000 trees and prediction 140 

accuracy (1-OOB) was estimated. We also predicted and annotated the most important 141 

bacterial ESVs for differentiating between mice on PD or NC diet using RandomForest 142 

in R. 143 

 144 

Statistical analysis.  The data for body weight, ammonia and creatinine excretion were 145 

analyzed by Student’s t test and expressed as mean ± standard error of the mean 146 

(SEM). Significance threshold was established as p ≤ 0.05.  Principal coordinate 147 

analysis (PCoA) plots were utilized to analyze all microbiota samples. Microbial alpha 148 

diversity (based on Shannon and Inverse Simpson indices) between groupings such as 149 

strains and diet type were assessed for significance using a nonparametric two-group t-150 

test over 999 Monte Carlo permutations (6). Beta-diversity was determined using both 151 

weighted and unweighted UniFrac distance matrices (17). An unweighted UniFrac 152 

distance uses only species presence and absence information and counts the fraction 153 

of branch length unique to either community. On the other hand, a weighted UniFrac 154 

distance uses species abundance information and weights the branch length with 155 

abundance difference. Therefore, while the Unweighted UniFrac distance is most 156 

efficient in detecting abundance change in rare lineages, the weighted UniFrac distance 157 

can efficiently detect changes in abundant lineages. The differences in alpha and beta 158 

diversity indices were then tested for significance using permutational multivariate 159 

analysis of variance (PERMANOVA). Analysis of composition of microbes (ANCOM) 160 

was used to identify differentially abundant bacterial ESVs between different groups i.e. 161 
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four strains and different diets (NC vs. PD diet) at a p-value cut-off of 0.05 and 162 

Benjamini-Hochberg FDR correction (18). Weighted correlation network analysis 163 

(WGCNA) package in R was used to identify clusters (modules) of significantly 164 

correlated ESVs (16). To minimize spurious associations during module identification, 165 

we transformed the adjacency into Topological Overlap Matrix (TOM) and calculate the 166 

corresponding dissimilarity (15). ESVs were organized into modules, using this 167 

topological overlap measure as a robust measure of interconnectedness in a 168 

hierarchical cluster analysis implemented in WGCNA package in R. To further build 169 

associations between the modules and body weight, ammonia and creatinine 170 

production, we used eigengene network methodology to identity potential significant 171 

associations (p < 0.05). The generalized linear models (GLMs) were run in order to 172 

determine potential correlations between selected genera (significantly enriched in each 173 

strain type PD group from ANCOM) and body weight, creatinine and ammonia 174 

excretion. GLMs were implemented in glm package (in R) using the counts data for the 175 

genera using Poisson regression and “log” link. The significance was denoted by each 176 

correlation for the clinical parameters was evaluated using ANOVA and “chisq” test to 177 

compare nested models. For the GLMs, standardized beta coefficients were plotted  178 

(14) to overcome the bias introduced due to varying scales (units) for the three input 179 

variables i.e. body weight, creatinine and ammonia excretion.  180 

 181 

Results 182 

Strain-specific weight and nitrogen balance response to low protein diet 183 
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The murine cohorts (n=10 per group) were allocated to either a PD diet or continued on 184 

NC diet. Weekly mice body weights of both diet cohorts over 4 weeks for each strain 185 

was quantified (Fig. 1). Both C57BI6/J and NIH-Swiss mice failed to maintain weight 186 

gain on PD compared to their age matched controls on NC. Specifically, PD body 187 

weight for both C57Bl6/J mice and NIH-Swiss mice was significantly less during week 3 188 

and 4 relative to their matched NC mice. CD-1 and FVB mice show comparable weight 189 

gain between the PD and NC groups (Fig 1 A-D).     190 

 191 

At 4 weeks of diets, urea, ammonia and creatinine were measured in urine as markers 192 

of N2 balance in the 4 murine strains. The PD diet was associated with significantly 193 

diminished urea concentration in urine and serum for both CD-1 and C57Bl6/J relative 194 

to NC mice (Fig 2 A-B), while in NIH-Swiss mice, urea was only significantly reduced in 195 

serum on PD compared to NC (Fig 2 A-B). Urinary ammonia concentration was 196 

significantly reduced on the PD diet compared to NC in CD-1 and NIH-Swiss mice (Fig. 197 

2C). FVB mice retained similar urea and ammonia concentrations both in urine and 198 

serum independent of diet (Fig 2 A-D); similarly, C57Bl6/J mice showed no significant 199 

reduction in urine and serum ammonia on PD compared to NC (Fig 2C-D). In fact (Fig 200 

2D), serum ammonia levels, while lower on a PD, were not significantly reduced 201 

compared to NC for C57BI6/J, CD-1, and NIH-Swiss mice. While the same is true for 202 

FVB mice, it is interesting to note that serum ammonia concentration was slightly 203 

greater on the PD compared with NC (Fig 2D).  Therefore, the PD diet had a murine 204 

strain-dependent impact on urea excretion for both urine and serum, while urinary 205 

ammonia was only significantly different for some strains, and not serum.  And finally, 206 
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renal creatinine excretion was quantified in urine at a single time point. The PD diet was 207 

associated with a consistent, but non-significant decrease in creatinine on a PD diet 208 

compared to the NC diet for all 4 mice strains (Fig 2E). 209 

 210 

Gut microbial diversity and composition associate with low protein diet. 211 

Bacterial alpha diversity (determined using 16S rRNA amplicon sequencing) was 212 

significantly lower (pFDR < 0.05) on a PD diet compared to a NC diet for all 4 murine 213 

strains, albeit for different metrics (Fig. 3A). Beta-diversity was also significantly 214 

different between the strain types and diets using both Weighted and Unweighted 215 

UniFrac distance (PERMANOVA; p<0.05). However, using PCoA plots the groups were 216 

only visibly differentiated (i.e. group specific clustering) with an unweighted UniFrac 217 

distance metric, suggesting that rare bacterial taxa contribute more toward observed 218 

differences. In the Unweighted UniFrac PCoA plot, the FVB and NIH-Swiss samples 219 

clustered together by diet, i.e. the FVB, NIH-Swiss samples on PD diet clustered closely 220 

together and the FVB, NIH-Swiss samples on NC diet clustered closely (Fig. 3B). 221 

Similarly, C57BI6/J and CD-1 clustered together separately also by diet (Fig. 3B). 222 

Therefore, while C57BI6/J and CD1 are more similar to each other than FVB and NIH-223 

Swiss, diet is still a key driver of differences in the abundance and composition of less 224 

abundant bacterial strains. 225 

 226 

Using a multi-group ANCOM analyses, the bacterial genera that significantly differed 227 

(pFDR < 0.05) in proportion between the 4 mice strains on NC diet, were identified (Table 228 

S1). C57BI6/J mice on NC diet were enriched (pFDR < 0.05) for ESVs belonging to 229 
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genera Sutterella and Turicibacter, FVB mice were enriched (pFDR < 0.05) for ESVs 230 

belonging to order Bacteroidales, family Rickenellaceae, and genus Odoribacter (Table 231 

S1). Similarly, CD-1 mice on NC diet were significantly (pFDR < 0.05) enriched for ESVs 232 

belonging to genus Bacteroides, while NIH-Swiss mice were significantly (pFDR < 0.05) 233 

enriched for ESVs belonging to genus Parabacteroides (Table S1).  234 

 235 

Next, the impact of diet type (PD vs. NC) on the relative proportions of specific bacterial 236 

genera were determined using ANCOM. In C57BL6/J, ESVs from Bacteroides, 237 

Mucispirillum, Coprococcus, Allobaculum, and Akkermansia were significantly (pFDR < 238 

0.05) enriched on the PD diet, while ESVs from genera Turicibacter, Ruminococcus, 239 

order Bacteroidales, and class Mollicutes were significantly enriched on the NC diet 240 

(pFDR < 0.05) (Table S2). CD-1 mice showed an enrichment (pFDR < 0.05) in ESVs from 241 

Parabacteroides, Allobaculum, and Akkermansia on the PD diet, and an enrichment in 242 

genus Odoribacter and one ESV belonging to family Rickenellaceae were enriched on 243 

NC diet (pFDR < 0.05) (Table S3). In FVB mice, ESVs belonging to Prevotella, 244 

Bacteroides, Parabacteroides, Turicibacter, and Allobaculum were significantly enriched 245 

on the PD diet, while genera Odoribacter, Lactobacillus, ESV from family 246 

Rickenellaceae were significantly enriched in FVB mice on NC diet (pFDR < 0.05; Table 247 

S4). Finally, in NIH-Swiss mice, ESVs belonging to genus Bacteroides, 248 

Parabacteroides, Mucispirillum, and Allobaculum, were significantly (pFDR < 0.05) 249 

enriched on the PD diet, while Prevotella, Lactobacillus, and Turicibacter were 250 

significantly enriched on the NC diet (pFDR < 0.05) (Table S5). Therefore, the microbiota 251 

of C57Bl6/J and CD1 mice were again found to be more similar, as compared to the 252 
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FVB and NIH-Swiss which had greater microbial similarity (Fig. 3B). Despite these 253 

similarities, the bacterial genera that significantly changed in response to the PD diet 254 

were different. When just comparing differences between mouse strains on the PD diet 255 

alone, Prevotella was significantly enriched in FVB, Bilophila was enriched in CD-1, 256 

Coprococcus and Coprobacillus were enriched in C57BI6/J, and Butyricimonas was 257 

enriched in NIH-Swiss (Table S6). These differences further suggest the strain-specific 258 

microbial associations with diet.  259 

 260 

As an example of differential response, we compared how C57BI6/J and CD-1-261 

associated microbiota differed. Based on beta-diversity analysis, these 2 strains had 262 

very similar microbial profiles, but C57BI6/J mice did not gain weight and showed no 263 

reduction in urinary ammonia excretion on the PD diet, while CD-1 mice both gained 264 

weight and showed a significant reduction in ammonia excretion on the PD diet, which 265 

suggests that CD-1 mice possibly are more efficient at utilizing the ammonia nitrogen for 266 

the production of amino acids. As these strains were apparently similar, yet had 267 

substantial differences in phenotypic response to a PD diet, we calculated which 268 

bacterial genera differentiated them. A non-parametric two-group test demonstrated that 269 

C57Bl6/J were enriched in Oscillospira, Clostridium, and Coprococcus, while CD-1 were 270 

significantly enriched in ESVs belonging to genus Parabacteroides and family 271 

Rickenellaceae (pFDR < 0.05) (Table S7). 272 

 273 

Random forest models were next employed to validate the bacterial signatures for the 274 

PD diet response identified using ANCOM. The random forest models built using the 275 
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total data trained using strain type and diet type assignments, were able to predict the 276 

diet type (NC or PD) with an accuracy of 85% (OOB=0.15). Further, for diet type 277 

classification model, we identified ESVs that discriminate diet, such as Akkermansia, 278 

Prevotella, Allobaculum, Turicibacter, and Parabacteroides, which agrees with the non-279 

parametric test results, validating the bacterial signatures that can be used to 280 

differentiate the strain type and diet type. 281 

 282 

Taxa-trait relationships 283 

Next, we investigated how specific properties (weight, diet, or biochemical parameters) 284 

associated with taxa modules (i.e. group of correlated ESVs based on relative 285 

abundance). Using WGCNA, we identified five taxonomical modules which were 286 

arbitrarily assigned the colors yellow (11 ESVs), blue (13 ESVs), red (13 ESVs), 287 

turquoise (16 ESVs), and grey (34 ESVs) (see Fig. 4A). Using correlation cut-offs of 0.5 288 

and p-value < 0.05, the blue module presented no significant association with any of the 289 

phenotypes tested. The yellow module was significantly positively correlated with strain 290 

type status and control or PD groups, and the taxonomic composition of this cluster 291 

agreed with the non-parametric ANCOM analysis. The red module, which included 292 

Dehalobacterium, Anaerofustis, Roseburia, Oscillospira and Bilophila, was positively 293 

correlated (p < 0.05) to the concentration of excreted urinary ammonia. Interestingly, the 294 

turquoise module including Bacteroides, Parabacteroides, Mucispirillum, Enterococcus, 295 

and Allobaculum, showed a significant but negative association with urinary ammonia 296 

(Fig. 4A). The grey module was significantly associated with strain status, group status 297 

and body weight. Creatinine concentration did not correlate with any of the modules.  298 
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 299 

GLM model fitting revealed significant associations between the PD diet microbiota in 300 

each of the 4 murine strains to body weight, urinary ammonia and creatinine excretion 301 

(Fig. 4 B-E). Across the CD-1 mice on PD, Bacteroides and Bilophila correlated 302 

positively (p < 0.05) with body weight, whereas, Lactococcus correlated negatively (p < 303 

0.05) (Fig. 4B). Parabacteroides associated positively with creatinine (Fig. 4B). 304 

Allobaculum demonstrated positive correspondence with body weight, Parabacteroides 305 

showed negative correlation with body weight across the NIH-Swiss mice on PD (Fig. 306 

4C). While for the C57BI6/J mice on PD, Adlercreutzia and Staphylococcus associated 307 

negatively (p < 0.05) with creatinine while Ruminococcus correlated positively with 308 

urinary ammonia as well as creatinine (Fig. 4D). Interestingly, across the FVB mice on 309 

PD, Lactococcus, Lactobacillus and Turicibacter correlated significantly with body 310 

weight (negative) and urinary ammonia (positive) (Fig. 4E). 311 

 312 

Functional association with protein deficient diet 313 

We further assessed the predicted bacterial metabolic function of the microbiota and 314 

compared the predicted functional potential of the microbiota between individual strains 315 

on PD and NC diets (Fig. 5). Overall, the multi-group analyses between all the 4 strains 316 

demonstrated, a significant enrichment of predicted genes encoding the copper 317 

chaperon protein and cytochrome c-oxidase subunit II proteins in the FVB strain on the 318 

PD diet (Fig. 5A, 5C). The pyruvate dehydrogenase was significantly enriched in 319 

C57Bl6/J and NIH-Swiss strains on PD diet (Fig. 5E). Predicted genes encoding DNA 320 

excision repair protein ERCC-2 and sortase B were significantly enriched in the 321 
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C57Bl6/J strain on PD diet (Fig. 5D, 5F). Two-group comparisons of the C57Bl6/J strain 322 

mice on NC and PD diets demonstrated significant enrichment of predicted genes 323 

encoding pyruvate dehydrogenase and thiamine biosynthase (Fig. S1). For the CD-1 324 

strain, we identified predicted enzymes such as acetyl-CoA carboxylase, homoserine 325 

dehydrogenase, methyltransferases and ATP-dependent helicases to be significantly 326 

enriched on the PD diet (Fig. S2). For the FVB strain type, predicted enzymes such as 327 

thiamine biosynthesis, cytochrome oxidase and adenyltransferase were significantly 328 

enriched in the mice on PD diet (Fig. S3). Predicted genes encoding citrate lyase were 329 

significantly enriched in NIH-Swiss mice on the PD diet when compared to the NC diet 330 

(Fig. S4). 331 

 332 

Additionally, we compared the functional potential of CD-1 and C57Bl6/J strains on the 333 

PD diet to investigate the differential weight gain patterns of the 2 strains. The enzyme 334 

level annotations demonstrated significantly high abundance (pFDR < 0.05) of bacterial 335 

dihydroorotate dehydrogenase, RNA-splicing ligase, and rRNA methyltransferases in 336 

CD-1 strains (Fig. S5). At the pathway level, an increased abundance for pathways 337 

involved in protein digestion/absorption and bile acid biosynthesis (primary and 338 

secondary) was observed in CD-1 strain compared to C57Bl6/J strains (Fig. S6). 339 

 340 

Discussion 341 

Here we explored the hypothesis that different murine model strains (C57Bl6/J, CD-1, 342 

FVB, and NIH-Swiss) would have a different response to a protein restricted diet. 343 

Responses were quantified through both urinary N2 excretion and weight maintenance 344 
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or growth. Microbial community structure and diversity were examined across murine 345 

strains and diet-associated responses. Overall, different microbial taxa were 346 

significantly correlated with responses to a restricted protein diet, which suggests that 347 

the microbiota may influence host-response during malnutrition events. 348 

 349 

Growth presumes the existence of a metabolic state characterized by positive N2 350 

balance, and thus serves as a summary index of the preservation of the capacity in an 351 

organism to sustain positive N2 balance on marginal protein intake. Here, we show that 352 

different gut microbial profiles correlated with growth on protein-restricted diets. 353 

C57BI6/J and NIH-Swiss mice on a 4 weeks PD diet failed to maintain the expected 354 

weight gain compared to their age matched controls on a NC diet. Interestingly, FVB 355 

and CD-1 mice retained comparable weekly weight gain between the PD and NC 356 

groups.     357 

 358 

Protein breakdown provides more than 90% of amino acids to the metabolic pool and 359 

dietary protein intake provides much of the remainder. The main nitrogenous end 360 

products of catabolism of protein and amino acids are: urea, ammonia, and creatinine. 361 

Urinary excretion of these major moieties were measured as a marker of the status of 362 

N2 balance in the 4 strains of mice in response to a low protein feeding. The PD diet 363 

was associated with significantly diminished urinary and serum urea levels in CD-1 and 364 

C57BI6/J relative to NC fed mice, while in NIH-Swiss mice, urea was reduced in both 365 

urine and serum but only significantly in serum. FVB mice retained similar urea 366 

concentration both in urine and serum independent of diet.  Significantly lower levels of 367 
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urinary ammonia excretion in CD-1 mice and NIH-Swiss mice were induced by the PD 368 

feeding. However, in FVB mice, both NC and PD group demonstrated similar urinary 369 

ammonia excretion, while C57Bl6/J on the low protein diet exhibited only a slight 370 

reduction compared with NC fed animals. This observation suggests that the PD diet 371 

may have a mice strain-dependent impact in renal/urinary ammonia excretion. Serum 372 

ammonia levels, while lower on a PD diet, were not significantly reduced compared to 373 

NC diet for C57BI6/J, CD-1, and NIH-Swiss mice. It is interesting to note that serum 374 

ammonia concentration in the FVB mice was slightly greater on the PD diet compared 375 

with the NC diet. Renal creatinine excretion was quantified in urine at a single collection 376 

time point. The PD diet was associated with a consistent, but non-significant decrease 377 

in creatinine on a PD diet compared to an NC diet for all 4 strains of mice. Therefore, by 378 

quantifying urea, ammonia and creatinine, we have an initial analysis of the urinary N2 379 

balance. 380 

 381 

The possibility that bacteria can play a role in maintaining the N2 balance in the host 382 

during PD states has been previously suggested (23). The gut microbiota are 383 

responsible for producing nutrients for the host, including short chain fatty acids and 384 

essential amino acids (28).  More recent evidence has demonstrated a specific 385 

correlative and causal association between microbial community structure, function and 386 

malnutrition.  In 2013, it was shown that a fecal microbiota transplant into mice with 387 

samples from children suffering from Kwashiorkor resulted in weight loss and major 388 

nutrient metabolic changes in the mice (22). This same group has also begun to define 389 

how individual bacterial species from human gut microbiome respond to micronutrient 390 
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deficient diet (8,26).  A similar approach can be used to investigate PD diets, to help us 391 

define individual bacterial species of interest. 392 

 393 

Gut microbes reside in the terminal ileum and cecum/ascending colon and utilize N2 394 

principally in the form of ammonia (NH3) to synthesize amino acids for their own use 395 

(20). The origin of this NH3 nitrogen includes, dietary residue transiting the ileo-caecal 396 

valve to enter the caecum, gut secretions and sloughed gut mucosal cells; importantly, it 397 

includes a large flux of urea produced by the liver which enters the colon from the 398 

circulation (30). This N2 is used by the gut microbiota to trans-aminate non-essential 399 

amino acids and carbon skeletons as well as to fix the N2 in essential amino acids in the 400 

gut, which each can be passed into the circulation for use by the host. The magnitude of 401 

the utilization of urea N2 to make amino acids for the metabolic pool is determined by 402 

the interaction between demand and supply.  403 

 404 

16S rRNA based gut microbiota analyses across the 4 strains of mice showed that 405 

alpha diversity was significantly reduced in mice on a PD diet compared to a NC diet. 406 

The multi-group ANCOM revealed 12 bacterial genera, including Sutterella, Prevotella, 407 

Butyricimonas, and Enterococcus, which significantly differentiated the four mice strains 408 

at baseline, i.e. independent of diet. Therefore, it is necessary to subtract the baseline 409 

differences when analyzing the PD-specific variations between the 4 strains. Each strain 410 

demonstrated a different set of genera that discriminated the mice on the PD diet 411 

compared to controls. For instance, PD diet led to significantly increased abundance of 412 

Allobaculum (C57Bl6/J), Parabacteroides (CD-1), Turicibacter (FVB) and Mucispirillum 413 
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(NIH-Swiss).  Further, WGCNA and GLM model fitting revealed significant association 414 

between the microbial variations and the body weight, ammonia and creatinine 415 

excretion. Genera such as Bacteroides and Staphylococcus showed a positive 416 

correlation with body weight, which has already been demonstrated (7). Similarly, 417 

genera such as Bilophila, Roseburia, Oscillospira, showed a significant association with 418 

the urinary ammonia excretion data.  419 

 420 

The predicted functional potential of the bacterial communities showed significant 421 

differential abundance of predicted enzymes between the four strains. Interestingly, the 422 

PD diet increased the abundance of specific enzymes, including, ATP-dependent 423 

helicases, citrate lyase, and acetyl-CoA carboxylase when compared to the NC diet. 424 

Predicted genes encoding microbial pyruvate dehydrogenase increased significantly in 425 

C57Bl6/J mice on the PD diet when compared to NC diet, suggesting a physiological 426 

disruption leading to increased microbial cellular respiration. Previously, mice have 427 

shown an increase in muscle-based pyruvate dehydrogenase during significant loss of 428 

lean body mass when fasting (10,21). As such, it would appear that both host and 429 

microbial cells respond to protein restriction in a distinct way. Interestingly, the FVB 430 

mice, who retained weight on the PD diet, showed a significant reduction in the 431 

predicted abundance of microbial pyruvate dehydrogenase. Selective comparison of the 432 

CD-1 (gained weight) and C57Bl6/J (did not gain weight) strains on PD diet also 433 

demonstrated significant enrichment of dihydroorodate dehydrogenase, rRNA 434 

methyltransferases and RNA splicing ligase in the CD1 strains compared to C57Bl6/J 435 

strains. 436 
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 437 

This initial study presents some compelling evidence suggesting that differences in 438 

microbial community structure and prediction function may be associated with response 439 

to weight gain and N2 balance on a protein restricted diet. To go beyond this will require 440 

fecal microbiota transplant between strains to demonstrate phenotype transfer, then 441 

isolation of specific organisms associated with these outcomes and association in germ 442 

free animals to determine mechanistic interactions supporting outcomes. To our 443 

knowledge, this is the first study to report the association of murine microbial profiles 444 

with the ability to maintain positive N2 balance and during a protein deficient feeding.  445 

 446 
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Figure 1: Effects of a low protein diet (PD) on weekly body weights compared to normal 574 

chow (NC) diet C57BI6/J (A), CD-1 (B), FVB (C), and NIH-Swiss mice (D) during 4 575 

weeks protein deficient (PD) diet (n=10). Values represent the mean ± sem *p < 0.05, 576 

**p < 0. 0.01, one-way ANOVA. 577 

 578 

Figure 2: In each strain of mice, the nitrogen response is shown, including urine urea 579 

concentration (A), serum urea concentration (B), urinary ammonia (C), serum ammonia 580 

(D), and urinary creatinine (E), while the mice were on either 6 % protein diet (PD), as 581 

compared to the NC diet. N=10, 15-weeks old mice. Values represent the mean ± sem 582 

*p < 0.05, **p < 0. 0.01, one-way ANOVA. 583 

 584 

Figure 3: Alpha and beta diversity comparisons between the control and PD mice of the 585 

4 strains i.e. C57BI6/J, CD-1, NIH-Swiss, and FVB. Shannon and Inverse Simpson 586 

metrics were used to compare control and PD mice across the 4 strains (A). 587 

PERMANOVA test was used to test significance of the variation observed. The 588 

asterisks show significant difference between the 2 groups. The PCoA shows the 589 

clustering pattern between the control and PD mice based on both weighted and 590 

unweighted UniFrac metrics (B). The unweighted distance based PCoA revealed 591 

distinct clustering pattern between different groups. 592 

 593 

Figure 4: WGCNA analysis to assess the importance of module on a specific clinical 594 

trait. In the present figure, each row corresponds to a module eigengene, column to a 595 

trait. Each cell contains the corresponding correlation and p-value. The table is color 596 
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coded by correlation according to the color legend (A). GLM model based on Poisson 597 

regression function was generated using the counts data for the differentially abundant 598 

genera for each PD- group (B-E), CD-1 (B), NIH-Swiss (C), C57BI6/J (D), and FVB (E). 599 

The significance of association between the genera and the body weight, ammonia and 600 

creatinine secretion was investigated using ANOVA (Chisq) test. The asterisks 601 

represent the significant correlations (positive or negative) with p value < 0.05. 602 

 603 

Figure 5: Significantly differential predicted bacterial functions (enzymes) between the 4 604 

strains of mice i.e. CD-1, C57Bl6/J, FVB, NIH-Swiss on protein deficient diet (Fig A-F). 605 

All the genera were identified after applying Benjamini-Hochberg (BH) False Discovery 606 

Rate (FDR) correction to P-values (< 0.05). 607 
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Figure 4 
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Figure 5 
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