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 18 

Abstract 19 

Calorie restriction (CR), which has the potential effect to weight loss and blood amino 20 

acids, has been demonstrated to associate with gut microbiota in human, especially in 21 

obese individuals. However, studies for simultaneously evaluating enterotype-dependent 22 

impacts of CR on the gut microbiota and blood amino acids in nonobese individuals are 23 

still limited.  24 
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Here, 41 nonobese individuals received a 3-week CR diet with approximately 50% fewer 25 

calories than normal diet. We measured their BMI and blood amino acid concentration, 26 

along with the gut microbiota before and after the intervention. In this trial, 28 Enterotype 27 

Bacteroides (ETB) subjects and 13 Enterotype Prevotella (ETP) subjects were identified 28 

before the intervention. Short-term CR dietary intervention decreased the body mass 29 

index (BMI) in most subjects but varied in subjects with different enterotypes. ETP 30 

subjects exhibited significantly higher BMI loss ratio than the ETB subjects. CR 31 

additionally induced substantial enterotype-independent changes in blood amino acids, 32 

but only minor changes in gut microbial composition. 33 

We further built a prediction model based on baseline relative abundances of 7 gut 34 

microbial species showing high performance in predicting CR-associated BMI loss ratio. 35 

Among them, the relative abundance of ETB-enriched Clostridium bolteae and C. 36 

ramosum were negatively correlated with BMI loss ratio while the relative abundance of 37 

Dorea longicatena which was slightly enriched in ETP subjects, was positively correlated 38 

with BMI loss ratio.  39 

Together, our work points out that the individual variation of BMI loss after CR could be 40 

partially correlated with different microbial composition and highlights the potential 41 

application for microbiome stratification in personalized nutrition intervention. 42 

 43 

Keywords 44 

Calorie restriction, gut microbiota, enterotype, amino acids, body mass index. 45 

 46 

Introduction 47 

Calorie restriction, a nutritional intervention of reduced energy intake, has been 48 

demonstrated to reduce body weight and modulate serum metabolic in human population 49 

in many studies [1, 2]. Observational studies with long-term CR found that CR resulted in 50 

weight loss and decreasing chronic disease risk factors in nonobese persons [3-6]. For 51 

instance, in a 2-year nonobese human trail, CR significantly decreased body weight and 52 
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cardiometabolic risk factors, such as triglycerides and total cholesterol [4]. Another study 53 

[5] also provided evidence for reduced BMI and improved mood and sleep duration with 54 

CR in healthy nonobese adults. However, studies about potential negative impacts of CR 55 

on human health remain limited. 56 

CR intervention affecting gut microbiota and blood amino acids has been explored in 57 

many studies, particularly among overweight and obese individuals [7-10]. A 4-week CR 58 

intervention improved gut barrier integrity, reduced systemic inflammation on gut 59 

microbial diversity and BMI loss in obese women, suggesting a potential association 60 

among gut microbiota, CR and BMI [8]. Increasing studies have demonstrated that the 61 

gut microbiota has been implicated in modulating host energy and nutrient metabolism 62 

[11] and regulating the production of gastrointestinal hormones and host appetite [12, 13]. 63 

Enterotype, a concept for stratifying individuals based on the gut microbiota, was first 64 

described in 2011 and was closely linked to long-term dietary patterns [14, 15]. Plenty of 65 

studies have reported that individuals have shown microbial-dependent (enterotypes, 66 

Bacteroides to Prevotella ratio) metabolic responses to the same intervention, including 67 

changes of BMI and glycemic indices [12, 15-20]. As for the association between CR and 68 

blood amino acids, Biolo et.al reported changes in blood amino acids of 9 healthy 69 

nonobese men after 2-week CR diet [10]. Despite the plenty of studies on CR as we 70 

mentioned above, to our knowledge, there are no studies for simultaneously evaluating 71 

impacts of CR on BMI, gut microbiota and blood amino acids in nonobese individuals in 72 

a single study. 73 

Here, we conducted a 3-week CR intervention on 41 nonobese subjects with two 74 

enterotypes, including enterotype Bacteroides (ETB) and enterotype Prevotella (ETP). 75 

We found that ETP subjects had higher BMI loss ratio than ETB subjects after CR 76 

intervention. On the other hand, we found that there were no obvious changes in the gut 77 

microbiota composition of two enterotype groups after the CR intervention and the two 78 

enterotype groups showed consistent changes in levels of multiple blood amino acids. We 79 

further demonstrated that baseline relative abundances of 7 gut microbial species 80 

including 3 enterotype-specific species (C. bolteae, C. ramosum, and D. longicatena), 81 

rather than baseline BMI and blood amino acids levels, could well predict CR-associated 82 
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BMI loss ratio. Additionally, we found significantly increased levels of 3-methylhistidine 83 

after the intervention, a potential biomarker for muscle protein turnover, suggesting 84 

possible muscle protein loss under a CR diet with lower than normal protein availability. 85 

 86 

Materials and methods 87 

Volunteer Recruitment 88 

Volunteer-wanted posters were propagated at the China National Gene Bank in Shenzhen 89 

from March to April 2017. A non-obese healthy volunteer was considered if his/her BMI 90 

was less than 28 kg/m2 [21]. In addition, recruited volunteers should meet all the 91 

following criteria: 1) without  antibiotics in the recent 2 months; 2) without prebiotic or 92 

probiotic supplements in the recent 2 months; 3) without hypertension, diabetes mellitus, 93 

gastrointestinal disease and other severe auto-immune disease; 4) regular eating and 94 

lifestyle patterns; 5) no international  travel in the recent 3 month. 50 individuals met all 95 

the criteria and were recruited in this study, and 41 individuals (24 females and 17 males 96 

aged 30 ± 6 years old) completed the whole intervention (Table 1). The study was 97 

approved by the institutional review board on bioethics and biosafety of BGI-Shenzhen, 98 

Shenzhen (NO. BGI-IRB 17020). All participates were fully informed of the design and 99 

purpose of this intervention study and signed a written informed consent letter. 100 

Study design and low-calorie food preparation  101 

The study included a one-week run-in period (baseline) and a three-week CR dietary 102 

intervention period. During the first week (run-in period), all healthy volunteers 103 

consumed their usual diet and were encouraged to avoid yoghurt, high-fat foods and 104 

alcohol. The CR diet was comprised of ~50% calories of a normal-calorie diet (female, 105 

1000kcal/day; male, 1200kcal/day). It was designed with carbohydrate, fat and protein as 106 

approximately 55%, 30% and 15% of the total energy intake respectively, according to 107 

the Dietary Guidelines for Chinese Residents (2016) and nutritionally balanced [22] and a 108 

recent large nutritional study in China [23]. Common foods in low-calorie diets such as 109 

rice, vegetables, eggs, pork and beef were prepared in our study center to control 110 

experimental variables introduced by different foods and calorie estimation errors. 111 
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Traditional Chinese cooking style - boiled, stir-fried and stewed, were applied for our 112 

foods. For each meal, digital scales were used to measure the nutritional and caloric 113 

values of different foods and total meal for male and female respectively. 114 

BMI, blood and fecal samples of each volunteer were collected at our study center at 115 

baseline and after the 3-week CR intervention (Figure 1). To avoid intra-individual 116 

variations, BMI was collected multiple times of each volunteer during the last week of 117 

the CR intervention, and the averaged BMI value was used as his/her after-intervention 118 

BMI (Figure 1).  119 

Fecal sampling and shotgun metagenomic sequencing 120 

Fecal samples were self-collected and then transferred to the laboratory on dry ice and 121 

kept frozen at -80°C before and after the CR intervention. Fecal DNA was extracted 122 

following a manual protocol as described previously [24]. The DNA concentration was 123 

estimated by Qubit (Invitrogen). Library construction and shotgun metagenomics 124 

sequencing were performed on qualified DNA samples based on the BGISEQ-500 125 

protocol in the single-end 100bp mode [25]. 126 

Metagenomic analysis 127 

Raw reads of BGISEQ-500 with SE100 mode were trimmed by an overall accuracy (OA) 128 

control strategy to control quality [25]. After trimming, averagely, 98.15% of the raw 129 

reads still remained as high-quality reads (Supplemental Table 1). By using SOAP2.22 130 

software, the high-quality reads were aligned to hg19 to remove reads from host DNA 131 

(identity ≥ 0.9). The retained clean reads were aligned to the integrated non-redundant 132 

gene catalog (IGC) using SOAP2.22 [26] and the average mapping rate and unique 133 

mapping rate were 80.18% and 65.76% respectively (identity ≥ 0.95, Supplemental 134 

Table 1). The relative abundance profiles of genes, genera, species and Kyoto 135 

Encyclopedia of Genes and Genomes orthologous groups (KEGG, KOs) of each sample 136 

were calculated by summing the relative abundances of their assigned IGC genes [26].  137 

For enterotyping, we applied a recently published universal classifier 138 

(http://enterotypes.org/), which circumvents major shortcomings in enterotyping 139 

methodology such as lack of standard and small sample size [27].  140 
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At baseline, 41 individuals were clustered into two groups:  28 ETB (Bacteroides 141 

enriched) and 13 ETP (Prevotella enriched) individuals 87.8% (36 of 41) individuals 142 

were clustered to the same enterotype after the 3-week CR intervention. Detailed 143 

enterotype information for each individual is provided in Supplemental Table 2. 144 

Genus or species with an occurrence rate > 80% and a median relative abundance > 1e-6 145 

in all samples were defined as common genus or species and used for further intra- and 146 

inter-enterotype comparison analyses Supplemental Table 3-4.  147 

Differentially enriched KEGG pathways were identified between enterotypes and 148 

between different time points, based on the distribution of Z-scores of all KOs belonging 149 

to a given pathway [28, 29]. A reporter score |Z| > 1.96 (95% confidence interval 150 

according to a normal distribution) was used as a detection threshold for significantly 151 

differentiating pathways.  152 

Alpha diversity of each individual was calculated on the gene and species relative 153 

abundance profiles using the Shannon index. Beta-diversity on the gene and species 154 

relative abundance profiles was calculated using the Bray-Curtis distance. 155 

Blood sample collection and amino acids profiling 156 

Fasting blood samples were collected before and after the intervention for amino acids 157 

analysis. These blood samples were then centrifuged, and serum samples were collected 158 

and stored at -80 �. The concentrations of 31 amino acids and derivatives in the serum 159 

samples were then measured via ultra-high pressure liquid chromatography (UHPLC) 160 

coupled to an AB Sciex Qtrap 5500 mass spectrometry (AB Sciex, US) as described 161 

previously [30].  162 

Statistical methods 163 

Pearson’s chi-square test  164 

Pearson’s chi-square test was performed to assess sex distribution between individuals of 165 

two enterotypes.  166 

Wilcoxon rank-sum test & Wilcoxon Signed-rank test 167 
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Wilcoxon rank-sum test was used to detect the significant differences on phenotypes, the 168 

concentrations of blood amino acids and the relative abundances of genera and species 169 

between enterotypes. 170 

Wilcoxon signed-rank test was used to detect the significant differences on phenotypes, 171 

the concentrations of blood amino acids and the relative abundances of genera and 172 

species in paired samples before and after the intervention. 173 

BMI loss ratio 174 

BMI loss ratio of a given individual was calculated using the following equation: 175 

��� ���� �	
�� �
 �
���
��� � ��

����

 �
���
���
� 100% 

Where �
���
��� and  ��

����  are the BMI value of the same individual before and 176 

after the CR intervention, respectively.  177 

PERMANOVA 178 

The association between enterotypes and the overall blood amino acid profile at baseline 179 

was assessed using permutational multivariate analysis of variance (PERMANOVA) with 180 

9,999 permutations on enterotypes (R vegan package, adonis function, method=“bray”). 181 

PCoA 182 

Principal coordinate analysis (PCoA) of fecal samples was performed based on the 183 

relative abundances of common species using Bray-Curtis distance (R ape package).  184 

PCA 185 

Principal component analysis (PCA) was performed based on the blood amino acid 186 

profiles to visual overall amino acid composition between enterotypes, and that before 187 

and after the intervention.  188 

Feature selection of gut species and serum amino acids  189 

To investigate whether we could predict BMI loss ratio using omics features, we 190 

performed a Lasso (Least absolute shrinkage and selection operator) regression analysis 191 
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between baseline relative abundances of gut common species and the concentrations of 192 

blood amino acids (independent variables), and BMI loss ratio (dependent variables).  193 

We first normalized values of both independent and dependent variables (R, scale 194 

function). We then used the R function cv.glmnet to choose the most appropriate value 195 

for λ in the Lasso model (R glmnet package, alpha =1, family=“gaussian”, nfolds=10, 196 

alpha=1, nlambda=100). Here, λ is the tuning parameter (λ�>�0) which controls the 197 

strength of the shrinkage of the variables [31]. We then applied the Lasso feature 198 

selection process by shrinking the Lasso regression coefficients of non-informative 199 

variables to zero and selecting the variables of non-zero coefficients. Seven gut microbial 200 

species including Clostridium bolteae, Clostridium ramosum, Dorea longicatena, 201 

Coprococcus eutactus, Streptococcus mitis, Clostridiales genomosp. BVAB3 and 202 

Mobiluncus curtisii were selected at this step.  203 

Performance estimation of BMI loss ratio prediction model 204 

To reduce overfitting with a limited sample size (n=41), we applied leave-one-out cross 205 

validation (LOOCV) to estimate the prediction performance of BMI loss ratio using a 206 

generalized linear model (GLM) of the seven selected features (creatFolds function in R 207 

caret package and the glm function in R base package). Likewise, we also used baseline 208 

BMI values for LOOCV to estimate its prediction performance for CR-associated BMI 209 

loss ratio. Spearman’s rho values were calculated between actual BMI loss ratios and the 210 

predicted values. 211 

Significance cutoff    212 

P-value adjustment was applied for multiple hypothesis testing on the concentrations of 213 

blood amino acids, the relative abundances of gut microbial genera and species used 214 

Benjamini-Hochberg (BH) method.  BH-adjusted P value less than 0.05 was considered 215 

as statistical significance. The significance for α-diversity, β-diversity and phenotypes 216 

(age, female to male ratio, BMI and BMI loss ratio) was set at p < 0.05. 217 

All statistical analyses were conducted using R (version 3.5.0). 218 

 219 
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Result 220 

BMI loss of ETB and ETP subjects responded differentially to CR Intervention 221 

Based on the baseline genera abundance profile, individuals can be robustly clustered 222 

into two enterotypes: enterotype Bacteroides (ETB, n = 28) and enterotype Prevotella 223 

(ETP, n = 13) (See Materials and Methods, Figure 2A).  224 

Comparisons of the baseline phenotypes between two enterotype groups revealed that all 225 

collected phenotypes, including sex distribution (female/male ratio), age, BMI and 226 

weight, showed no significant differences between ETB and ETP subjects (Table 2, 227 

Figure 2B). By contrast, the baseline compositional and functional characteristics of the 228 

gut microbiota showed marked differences between two groups, in agreement with the 229 

previous studies [12, 15, 32]. For instance, genera Prevotella and Paraprevotella and four 230 

species from the two genera were significantly enriched in ETP subjects whereas 19 231 

common species, from such as genera Bacteroides and Clostridium including C. bolteae 232 

and C. ramosum, were significantly enriched in ETB subjects (Wilcoxon rank-sum test, 233 

BH-adjusted P < 0.05; Supplemental Figure 1A, Supplemental Table 5-6).  At the 234 

functional level, multiple pathways in carbohydrate metabolism and membrane transport 235 

were highly enriched in ETB subjects whereas four pathways including biosynthesis of 236 

phenylalanine, tyrosine and tryptophan (map00400), peptidoglycan (map00550), 237 

terpenoid backbone (map00900); and methane metabolism (map00680) were enriched in 238 

ETP subjects ( |Z-score| > 1.96, Supplemental Figure 1B, Supplemental Table 7). 239 

After the 3-week CR intervention, BMI values were decreased significantly in both ETB 240 

and ETP subjects (Figure 2C; Wilcoxon Signed-rank test, p < 0.05). Interestingly, 241 

subsequent analysis revealed that ETP subjects showed significantly greater BMI loss 242 

ratio than ETB subjects (Wilcoxon rank-sum test, p < 0.05; mean BMI loss ratio 3.27% 243 

versus 1.84%; Figure 2D; see Materials and Methods). 244 

Overall gut microbiome composition is stable to CR Intervention  245 

We next investigated the extent and impacts of the CR intervention on gut microbial 246 

composition in subjects of different enterotypes. Principal coordinate analysis (PCoA) 247 

based on species abundance profile of all samples showed that the projected coordinates 248 
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of each enterotype group did not change significantly before and after the intervention 249 

(Figure 3A, p > 0.05). Furthermore, 23 of 28 ETB subjects and 12 of 13 ETP subjects 250 

were assigned to the same enterotypes after the intervention (Supplemental Table 2). In 251 

addition, α-diversity (Figure 3B-C) and β-diversity (Figure 3D-E) at the genera and 252 

species level of fecal samples also showed no significant changes before and after the 253 

intervention in two enterotype groups, respectively (Wilcoxon Signed-rank test, P ＞254 

0.05).  We further revealed that no common species differed significantly in abundance 255 

before and after the intervention in each enterotype group (Supplemental Table 8, BH-256 

adjusted P > 0.05). All these findings suggest overall stable gut microbial composition in 257 

response to a 3-week 50% energy deficit CR intervention. 258 

On the other hand, we observed that the abundances of several functional pathways were 259 

changed after the intervention. For instance, abundances of pathways for pentose and 260 

glucuronate interconversions (map00040) and galactose metabolism (map00052) were 261 

significantly decreased after the CR intervention in both enterotype groups. ETB 262 

individuals additionally exhibited significantly reduced levels of pathways involved in 263 

cofactors metabolism (pantothenate and CoA biosynthesis, map00770; biotin metabolism, 264 

map00780) and increased levels of pathways for amino acids metabolism (phenylalanine 265 

metabolism, map00360; cysteine and methionine metabolism, map00270) after the 266 

intervention (Supplemental Table 9). 267 

Enterotype-independent alterations of blood amino acids to CR Intervention 268 

Reflecting differential gut microbial functional potentials including amino acid 269 

metabolism between two enterotype groups, we asked whether blood amino acid 270 

composition was associated with enterotype. PCA of baseline amino acid profiles showed 271 

no separation of subjects of two enterotypes (Figure 4A, PERMANOVA, p > 0.05, See 272 

Material and Methods). In line with this result, we found no significant differences of 273 

baseline levels of blood amino acids between two enterotype groups (Wilcoxon rank-sum 274 

test, BH-adjusted P > 0.05, Figure 4B, Supplemental Table 10).  275 

We next examined the potential impacts of the CR diet on blood amino acids.  Notably, 276 

we observed similar changes in multiple blood amino acid concentrations in subjects of 277 
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both enterotypes in response to the CR intervention (Figure 4C, Supplemental Table 278 

11). We therefore combined all samples and found that levels of 13 blood amino acids or 279 

amino acid derivatives such as α-aminoisobutyric acid, β-alanine, glycine, serine, lysine 280 

and its degradation product 2-aminoadipic acid, and 3-methyl-histidine were significantly 281 

increased whereas only one measured amino acid tyrosine was significantly decreased 282 

after the intervention (Wilcoxon Signed-rank test, BH-adjusted P < 0.05, Figure 4D). In 283 

addition, we observed no significant differences in levels of blood amino acids between 284 

ETB and ETP subjects after the CR intervention (Wilcoxon rank-sum test, BH-adjusted 285 

P > 0.05, Supplemental Table 12), suggesting the effects of the CR intervention on 286 

blood amino acids were enterotype independent. 287 

Prediction of BMI loss ratio induced by CR intervention using gut microbial species 288 

Considering the differential response in the BMI loss ratio to the CR intervention in two 289 

enterotypes, we next asked whether we could predict BMI loss ratio from the baseline 290 

omics measures. We thus built a Lasso shrinkage model between baseline levels of gut 291 

microbial species and blood amino acids and BMI loss ratio (See Materials and 292 

Methods). We successfully selected 7 gut microbial species showing associations with 293 

BMI loss ratio (Coefficient estimate > 0, Figure 5A). Interestingly, the relative 294 

abundances of 2 selected species C. bolteae and C. ramosum, which were enriched in 295 

ETB (Wilcoxon rank-sum test, BH-adjusted P < 0.05, Supplemental Figure 1A, 296 

Supplemental Table 8), were negatively correlated with BMI loss ratio. On the other 297 

hand, the relative abundance of D. longicatena which was slightly enriched in ETP 298 

(Wilcoxon rank-sum test, BH-adjusted P = 0.06) was positively correlated with BMI loss 299 

ratio (Figure 5A). Baseline abundances of the other 4 Lasso selected species, however, 300 

showed no significant differences between two enterotype groups (BH-adjusted P > 0.05, 301 

Supplemental Table 6). Among them, the abundances of Coprococcus eutactus, 302 

Streptococcus mitis and Clostridiales genomosp. BVAB3 were positively associated with 303 

BMI loss ratio whereas the abundance of Mobiluncus curtisii was negatively associated 304 

with BMI loss ratio (Figure 5A). 305 

To estimate the performance of 7 gut microbial species on the prediction of BMI loss 306 

ratio, we applied a general linear model between predicted BMI loss ratios and true 307 
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values using leave-one-out cross validation (LOOCV). Notably, the result showed the 308 

predicted BMI loss ratio was significantly correlated with the true BMI loss ratio with a 309 

Spearman’s rho of 0.646 (Figure 5B, See Materials and Methods).  By contrast, we 310 

found that the individual baseline BMI could hardly predict their BMI loss after the CR 311 

intervention (Spearman’s rho = -0.016, Supplemental Figure2). 312 

 313 

Discussion  314 

Here we evaluated changes in BMI, blood amino acids and the gut microbiota of 41 315 

nonobese subjects stratified by enterotype after a 3-week 50% energy deficit CR 316 

intervention. We revealed that CR had significant effects on BMI and ETP subjects had 317 

higher BMI loss ratio than ETB subjects. Additionally, CR showed only minor impacts 318 

on gut microbial composition but significantly impacted blood amino acids in an 319 

enterotype-independent manner. We further selected 7 gut bacterial species whose 320 

baseline relative abundances could well predict BMI loss ratio induced by the CR 321 

intervention. 322 

In this study, nonobese ETP individuals showed greater BMI loss than ETB individuals 323 

after our 3-week intervention. Similar findings were also reported in overweight 324 

individuals that high Prevotella/Bacteroides ratio group had higher weight loss than low 325 

Prevotella/Bacteroides ratio group when receiving the New Nordic Diet [17] and a 500 326 

kcal/day energy deficit diet [9]. Importantly, we successfully constructed a BMI loss ratio 327 

prediction model based on baseline relative abundance of 7 gut microbial species. Among 328 

them, C. ramosum and C. bolteae (negatively associated with BMI loss ratio in our model) 329 

were significantly more enriched in ETB subjects while D. longicatena (positively 330 

associated with BMI loss ratio in our model) was slightly more enriched in ETP subjects. 331 

These three enterotype-specific species in our prediction model also have been reported 332 

by several other studies. A previous study showed that C. ramosum could enhance high-333 

fat-diet-induced obesity in gnotobiotic mice, probably by enhancing nutrient absorption 334 

[33]. Two human studies have also reported a positive link between the abundance of C. 335 

ramosum and several obese-related metabolic parameters [34, 35]. In an obese 336 
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postmenopausal women study, the fecal abundance of C. bolteae was positively 337 

correlated with multiple metabolic markers such as fasting glucose and insulin resistance, 338 

whereas D. longicatena was negatively correlated [36].  339 

Combining the results of our prediction model and all the above-mentioned studies, the 340 

different enrichment of C. ramosum, C. bolteae and D. longicatena between ETB and 341 

ETP subjects may help explain why ETP subjects showed significantly larger BMI loss 342 

ratio than ETB subjects. Moreover, all selected 7 species annotated to genera 343 

Coprococcus, Streptococcus, Clostridium, Dorea and Mobiluncus were not the main 344 

contributors to enterotypes, suggesting the need for human gut microbial stratification in 345 

a higher resolution than enterotypes in further microbiome-based personalized 346 

intervention studies. 347 

Attention should also be paid that levels of multiple amino acids and their derivatives 348 

were significantly increased in healthy non-obese subjects after the CR intervention, 349 

including 3-methylhistidine, a well-established biomarker of skeletal muscle protein 350 

turnover [37, 38]. Previous studies have reported that skeletal muscle acted as a fuel 351 

reserve to provide glucose disposal for other organs during fasting in human [38, 39]. 352 

Since the CR in our study was 50% of normal energy-intake and contained much lower 353 

protein than a normal diet, it can be speculated that skeletal muscle proteins might be 354 

partially broken down for supplying energy. By contrast, another previous study which 355 

provided a high-soy-protein diet induced weight loss without losing muscle mass in obese 356 

and pre-obese subjects [40]. All these findings suggest that the availability of adequate 357 

dietary proteins in further diet interventions is important to preserve healthy muscle mass 358 

during weight loss.  359 
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Figures, tables and supplemental materials 528 

Figure 1. Overview of the experimental design. Illustration of our experimental design, 529 

including a 1-week run-in period (baseline) and a 3-week calorie restriction (CR) dietary 530 

intervention trial with 50% energy deficit diet (male, ~1200Kcal/day; female, 531 

~1000Kcal/day). BMI, fasting blood samples and fecal samples of 41 enrolled healthy 532 

subjects were collected before and after the CR intervention to assess its effects on BMI, 533 

blood amino acids and gut microbiome in two enterotype groups.  534 

Figure 2. A short-term CR intervention altered BMI. (A) Principal coordinates 535 

analysis (PCoA) based on genera-level Bray-Curtis distance between all baseline fecal 536 

samples. Orange, subjects of enterotype Bacteroides (ETB) and blue, subjects of 537 

enterotype Prevotella (ETP). (B) Baseline BMI between ETB and ETP subjects. (C) 538 

Changes in BMI before and after intervention in individuals of each enterotype. (D) 539 

Boxplot showing BMI loss ratio between ETB subjects and ETP subjects.  *, P < 0.05; **, 540 

P < 0.01. 541 

Figure 3. Overall gut microbial composition of two enterotypes before and after the 542 

CR. (A) Species-based principal coordinates analysis (PCoA) of subjects before and after 543 

the CR trial. Trangers, samples of ETB; Circles, samples of ETP. Arrows indicate paried 544 

samples from the same indivudul. Boxplot showing the projected coordinate 1 (PCo1) 545 

and PCo2 of samples before and after the intervention. (B-C) α-diversity (Shannon index) 546 

at the gene and species levels before (blue) and after (red) intervention in each enterotype 547 

group. (D-E) β-diversity (Bray-Curtis distance) at the gene and species levels before 548 

(blue) and after (red) the intervention in each enterotype group. ns, no significance, P > 549 

0.05, Wilcoxon signed-rank test.  550 

Figure 4. A short-term CR intervention altered blood amino acids. (A) Principal 551 

component analysis (PCA) of 41 subjects using baseline blood amino acid profiles. 552 

Orange, ETB; blue,  ETP. (B) Comparison of baseline blood amino acid concentrations 553 

between ETB subjects (orange) and ETP subjects (blue). Wilcoxon rank-sum test, P 554 

values are transformed to Z-scores to represent enrichment directions. (C) Amino acid 555 

based PCA of samples before and after the intervention. Trangers, samples of ETB 556 
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subjects; Circles, samples of ETP subjects. Arrows indicate paried samples from the same 557 

indivudul. (D) Changes in blood amino acid concentrations of ETB subjects, ETP 558 

subjects and all subjects before and after the intervention. Wilcoxon rank-sum test, P 559 

values are transformed to Z-scores to represent enrichment directions. Dashlied line 560 

indicates the absolute Z score of 1.96 (P = 0.05). Asterisk (*) indicates significance of 561 

Benjamini-Hochberg (BH) adjusted P < 0.05.  562 

Figure5. Prediction of BMI loss ratio using baseline abundances of gut microbial 563 

species. (A) Bar plot showing the 7 gut microbial species selected by least absolute 564 

shrinkage and selection operator (Lasso). Bar length indicates regression coefficient of 565 

each species estimated by Lasso. Orange, species significantly enriched in ETB subjects 566 

(BH-adjusted P < 0.05); blue, species slightly enriched in ETP subjects (P < 0.05 and 567 

BH-adjusted P = 0.06); grey, species with no significant enrichment between two 568 

enterotypes (P > 0.05). 569 

(B) Scatter plot showing prediction performance of BMI loss ratio based on the 7 selected 570 

species. Leave-one-out cross validation (LOOCV) was applied to evaluate the 571 

performance of generalized liner model (GLM), showing a strong Spearman’s rho 572 

between actual BMI loss ratios and predicted BMI loss ratios of 0.646.  Red circles, ETB 573 

individuals; blue circles, ETP individuals. 574 

Supplemental Figure 1. Baseline gut microbial differences between two enterotype 575 

groups. (A) Differentially enriched species between two enterotype groups. Orange and 576 

blue represent species overrepresented in ETB and ETP subjects, respectively. (B) 577 

Differential enrichment of KEGG pathways between ETB and ETP subjects. Dashed 578 

lines indicate a reporter score of 1.96, corresponding to 95% confidence in a normal 579 

distribution. Orange and blue bars indicate reporter scores of selected KEGG pathway 580 

overrepresented in ETB and ETP subjects, respectively.  581 

Supplemental Figure 2. Performance of baseline BMI for prediction of BMI loss 582 

ratio.  583 
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Scatter plot showing prediction performance of BMI loss ratio using baseline BMI values. 584 

A Spearman’s rho between actual BMI loss ratios and predicted BMI loss ratios was -585 

0.016.  Red circles, ETB individuals; blue circles, ETP individuals. 586 

 587 

Table 1. Cohort description  588 

Table 2. Comparison of baseline phenotypes between ETB and ETP subjects  589 

Supplemental Table 1. Statistics for metagenomic sequencing data of fecal samples 590 

Supplemental Table 2. Enterotype classification of individual fecal samples before and 591 

after the intervention  592 

Supplemental Table 3. List of common genera 593 

Supplemental Table 4. List of common species 594 

Supplemental Table 5. Comparison of baseline genera relative abundance between ETB 595 

and ETP subjects  596 

Supplemental Table 6. Comparison of baseline species relative abundance between ETB 597 

and ETP subjects 598 

Supplemental Table 7. Differential enrichment of KEGG pathway between ETB and 599 

ETP subjects at baseline 600 

Supplemental Table 8. Comparison of species relative abundance before and after the 601 

intervention in each enterotype  602 

Supplemental Table 9. Differential enrichment of KEGG pathway before and after the 603 

intervention in each enterotype  604 

Supplemental Table 10. Comparison of baseline blood amino acid levels between ETB 605 

and ETP subjects 606 

Supplemental Table 11. Comparison of blood amino acid levels before and after the 607 

intervention  608 
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Supplemental Table 12. Comparison of blood amino acid levels between ETB and ETP 609 

subjects after the intervention 610 

 611 
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Table 1. Cohort Description 

 Cohort 
  (Mean ± SD) 

Number of subjects 41 

Sex (female/male) 24/17 

Age  30 ± 6 

BMI (kg/m2) 23.72 ± 2.81 

Weight(kg) 64.84 ± 11.57 

 

Table 2. Comparison of baseline phenotypes of ETB and ETP subjects  

  ETB Group 
(Mean ± SD) 

ETP Group 
(Mean ± SD) 

P value 
ETB vs ETP 

Number of subjects 28 13  

Sex (female/male) 16/12 8/5 1 

Age 29 ± 6 30 ± 7 0.44 

BMI (kg/m2) 23.50 ± 2.81 24.21 ± 2.85 0.42 

Weight (kg) 64.40 ± 11.37 65.81 ± 12.39 0.62 
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