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Methods 1 

KEY RESOURCES TABLE 2 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Deposited data 
NCBI Short Read Archive: raw sequencing data from all 
samples, including sample metadata 

Kap et al., 2018 PRJAN693190 

Software and algorithms 
R code required to reproduce all analyses This paper https://github.com/sa

sugden/marmosets 
 3 

Resource Availability 4 

Lead contact 5 

All inquiries and requests for further information should be directed to and will be fulfilled 6 

by the Lead Contact, Jens Walter, jenswalter@ucc.ie. 7 

 8 

Materials availability 9 

This study did not generate any new specimens or materials.  10 

 11 

Data and code availability 12 

The raw sequencing data obtained by Kap et al. has been deposited under the NCBI 13 

BioProject accession PRJAN693190. The R code required to reproduce all analyses is 14 

available from https://github.com/sasugden/marmosets.  15 

 16 

Experimental Model and Subject Details 17 

This study is based exclusively on publicly available data generated by Kap et al. (2018). 18 

All experiments were conducted on eight adult dizygotic bone marrow-chimeric common 19 

marmoset (Callithrix jacchus) twin pairs of equal gender that were housed at the 20 
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Biomedical Primate Research Centre (Rijswijk, the Netherlands). Full details on animal 21 

models, husbandry, and care are available in the original manuscript. 22 

 23 

Method Details 24 

In Kap et al.’s experiment, one sibling from each of the marmoset twin pairs was reverted 25 

to the WBS diet, while the other sibling was kept on the YBS diet for the duration of the 26 

experiment. EAE was induced via injection of rhMOG into the dorsal skin eight weeks after 27 

the dietary change. Marmosets were euthanized within three days of developing an EAE 28 

score of 2.5 (paresis of one or more limbs) or at the predetermined end day of the study 29 

(120 days after immunization) if they did not reach that EAE score. Microbiome samples 30 

were collected at four separate time points, which we identified using the same titles at 31 

Kap et al.(2018): day -56 refers to the baseline (time point before diet change, 56 days 32 

before EAE induction), day -7 refers to animals seven weeks after the diet change (or one 33 

week before EAE induction), and day 21 and day 49 refer to three and seven weeks after 34 

disease induction, respectively. 35 

 36 

Quantification and Statistical Analysis 37 

16S rRNA gene sequence processing 38 

Although Kap et al. used the PANDAseq QIIME pipeline for read processing, we chose to 39 

use a previously established pipeline in our lab (Deehan et al., 2020; Nguyen et al., 2020; 40 

Patry et al., 2019) that uses a combination of publicly available tools. This decision was 41 

made in recognition of the fact that there is no single best bioinformatics pipeline. Our goal 42 
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was to mirror the natural variation in results associated with different bioinformatics 43 

approaches as a way of getting a different perspective of the data.  44 

 45 

In our pipeline, raw paired-end reads provided by Kap et al.(2018) were trimmed to 250 46 

bases using the FASTX-toolkit (hannonlab.cshl.edu/fastx_toolkit/index.html). Reads were 47 

quality-filtered and paired using the merge-illumina-pairs application from Illumina utils 48 

(Eren et al., 2013). Sequences that did not meet the quality criteria (p-value of 0.03 or 49 

three or fewer mismatches in the overlapped region, enforced Q30 check, perfect 50 

matching to primers, and no ambiguous nucleotides) were discarded. If data for a later 51 

time point was missing (as in the case of marmosets that met endpoint criteria before day 52 

49), data obtained from the samples collected at necropsy was carried forward.  53 

 54 

After trimming and quality filtering, we obtained a total of 4,315,807 paired sequences 55 

(average 55,331±12,922; minimum=16,413; maximum=83,126). Files were subsampled 56 

to 16,000 sequences based on the sample with the lowest number of reads. Usearch v.10 57 

(Edgar, 2013) was used to compile and dereplicate sequences, discard singletons, 58 

remove chimeras, cluster OTUs at 98% identity, identify representative sequences for 59 

OTUs, and generate a final OTU table. Non-chimeric sequences were binned by 60 

sample/subject and submitted to the Ribosomal Database Project Classifier (Wang et al., 61 

2007) for taxonomic assignment from phyla to genera. OTUs were assigned a species 62 

identity by submitting representative sequences to the Silva ACT database (Quast et al., 63 

2013), and taxonomic assignments confirmed using NCBI blastn (Altschul et al., 1990), 64 
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EZ biocloud (Yoon et al., 2017), and Ribosomal Database Project Seqmatch (Michigan 65 

State University, 2016).  66 

 67 

OTU tables were imported into R 3.6.3 (R Core Team, 2018) for statistical analyses. Raw 68 

sequence counts were transformed to relative abundance in percent, and, with the 69 

exception of the yogurt species Lactobacillus delbrueckii, taxa with a mean relative 70 

abundance of ≤0.10% in the entire dataset were removed. All downstream analyses were 71 

performed in the R statistical environment.  72 

 73 

Mixed-effect models and diversity analyses 74 

We used a combination of mixed-effect models and ordination analyses to test for 75 

significant differences in alpha- and beta-diversity between treatment groups and among 76 

time points. Alpha diversity measures, including species richness, Simpson’s diversity, 77 

and Pielou’s evenness, were calculated using the package phyloseq (McMurdie and 78 

Holmes, 2013), and a Bray-Curtis distance matrix was generated using the package 79 

vegan (Oksanen et al., 2019). We calculated inter-individual Bray-Curtis distances at each 80 

time point as the average distance from each sample to every other sample taken at that 81 

same time point and intra-individual Bray-Curtis distances as the average distance among 82 

all samples from the same individual.  83 

 84 

We then used linear mixed-effect models implemented in the package lme4 (Bates et al., 85 

2015) to determine whether diet or the development of pathology affected microbiome 86 

diversity. For each diversity measure, we designed models predicting diversity as a 87 
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function of diet (WBS or YBS), pathology (diseased or healthy), and time point (to account 88 

for the fact that pathology was only observed at the fourth time point). We originally tested 89 

models that included interactions between diet and pathology and between diet and time, 90 

but few of these interactions were significant and, due to the small sample size, including 91 

these terms often led to overfit or singular models, so we therefore proceeded with our 92 

three-predictor model structure. All models also included a random intercept term for 93 

subject nested within twin pair to account for the repeated-measures nature of the study 94 

and natural similarities among marmoset twins, as follows: 95 

Diversity = Diet(WBS or YBS) + Time(day −56,−21,7,49) + Pathology(yes or no) + (1|TwinPair/Subject) 96 

 97 

All response variables were mean-centered and standardized prior to model construction 98 

to facilitate comparisons across models. We fit models using maximum likelihood to 99 

enable among-model comparisons, and we identified the best predictors of diversity by 100 

evaluating all subsets of each model construction using the corrected Akaike’s information 101 

criterion (AICc) and averaging predictor coefficients for all models with a ΔAICc < 2. A 102 

variable was considered significant if the 95% confidence interval of its coefficient did not 103 

overlap zero.  104 

 105 

We tested for differences in overall community composition using a Bray-Curtis distance-106 

based permutational multivariate analysis of variance (PERMANOVA) and the 107 

permutational test for multivariate dispersion (PERMDISP), and we visualized 108 

compositional differences using non-metric dimensional scaling (NMDS). These analyses 109 

were executed using the metaMDS, adonis and betadisper functions from the R package 110 
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vegan (Oksanen et al., 2019). To thoroughly investigate variation throughout the 111 

experiment, we compared communities between diets at each time point, within diets 112 

relative to the previous time point, and between healthy and symptomatic monkeys on 113 

each diet. We used the R2 value from each PERMANOVA comparison as a measure of 114 

the percentage of variation in community composition that was explained by each 115 

analysis, with larger R2 values indicating that a variable was a better indicator of group 116 

differences. 117 

 118 

To identify how individual taxa were related to diet or pathology, we repeated our mixed-119 

effect model procedure (as described above) using log10-transformed taxon abundances 120 

as the response variables, as follows: 121 

log10(relative abundance) = Diet(WBS or YBS) + Time(day −56,−21,7,49) + Pathology(yes or no) + (1|TwinPair/Subject) 122 

We also attempted to pinpoint specific taxonomic changes caused by diet and/or disease 123 

induction on the gut microbiome by calculating the log10-transformed changes in relative 124 

abundance between consecutive time points for each marmoset and running the same 125 

models using the absolute value of this “delta abundance” as a response variable, as 126 

follows: 127 

log10(|delta abundance|) = Diet(WBS or YBS) + Time(day −56,−21,7,49) + Pathology(yes or no) + (1|TwinPair/Subject) 128 

Where delta abundance = (relative abundance)t+1 − (relative abundance)𝑡𝑡 and t indicates the experimental 129 

time point. In this way, we tested for both (1) consistent microbial associations with diet 130 

and/or pathology throughout the entire experiment and (2) diet and/or pathology-related 131 

shifts in taxon abundances between experimental time points. In the manuscript, we only 132 

display results for taxa present at ≥0.05% relative abundance and for which the absolute 133 

values of predictor coefficients were ≥0.5. 134 
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 135 

All modeling procedures were supported by pairwise comparisons among marmoset 136 

groups separated by diet, time point, and the presence of pathology: we compared WBS- 137 

and YBS-fed monkeys at each time point, as well as diseased and healthy monkeys within 138 

each diet group at the fourth time point. We also tested between-time point comparisons 139 

within each diet group to isolate specific changes caused by the intervention between time 140 

points (day -56 to -7 for the effect of diet, day -7 to day 21 for the effect of disease 141 

induction, and day -7 to 49 for the effect of pathology). These pairwise comparisons were 142 

implemented for alpha-diversity data and both absolute and delta relative abundances. 143 

Alpha diversity data was tested using an ANOVA followed by Tukey's post hoc test, with 144 

pairwise comparisons restricted to only the comparisons of interest (described above). 145 

Species abundances were tested using Student's t-tests, with p-values corrected for 146 

multiple comparisons using the false discovery rate (FDR) correction. Statistical 147 

significance was defined at p < 0.05 after the FDR correction.  148 

 149 

Additional ecological effects 150 

To determine how diet, pathology and other ecological variables (sibling pair, cage, time) 151 

affected overall community composition, or β-diversity, we used both unsupervised and 152 

supervised clustering approaches. In the supervised approach, we performed Bray-Curtis 153 

distance-based redundancy analysis (dbRDA) based on diet, pathology, time point, cage, 154 

sibling pair, and subject identity and used an ANOVA to identify which terms contributed 155 

significantly to community structure. Statistical significance was defined at p<0.05 for all 156 

β-diversity analysis. We additionally determined which predictors had the strongest 157 
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explanatory power by examining the adjusted-R2 values of separate dbRDA models in 158 

which each variable was the sole predictor, as well as using a forward selection procedure 159 

implemented with the ordi2step function in vegan (Oksanen et al., 2019). We evaluated 160 

R2 values from the dbRDA using the same criteria as before.  161 

 162 

We also evaluated the importance of including sibling pair and individual identity as a 163 

nested random effect in our mixed-effect models (above) by comparing the conditional 164 

and marginal R2 values for each model. These values were calculated using the 165 

r.squaredGLMM function in the package MuMIn; we used the marginal R2 as an indicator 166 

of the variance explained by the fixed effects, and the difference between the conditional 167 

and marginal R2 as an indicator of the variance explained by random effects. Larger R2 168 

values indicated that a given component of the model, either the fixed effects (diet, 169 

pathology, and time) or random effects (sibling pair and individual identity), was a better 170 

predictor of taxon abundances.  171 

 172 

Marmoset nutritional demands 173 

To ensure that any diet-related health benefits of the YBS supplement were the result of 174 

any differences in overall nutrient provisioning, we additionally assessed whether both the 175 

YBS and WBS diets met all the nutritional requirements for moderately active marmosets. 176 

Notably, the YBS provided more total protein and calories than the WBS. Of the total 177 

weekly number of calories provided by each supplement, 18% came from protein in the 178 

YBS compared to only 15% in the WBS. With respect to energy requirements, the basal 179 

metabolic rate (BMR) and field metabolic rate (FMR) for non-pregnant marmosets (which 180 
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weigh approximately 250 g) with a moderately active lifestyle have been estimated to be 181 

around 25 kcal/d (102 Kj/d) and 43 kcal (79 Kj), respectively (National Research Council, 182 

2003). The WBS provided approximately 200 kcal (838 Kj) per week, while the YBS 183 

provided around 216 kcal (905 Kj) per week. Therefore, even though both supplements 184 

met more than 100% of the BMR of the marmosets, the WBS and YBS met only 67% and 185 

72% of the marmoset FMR, respectively. To meet the marmoset FMR, Kap et al. (2018) 186 

supplied the difference in energy requirements as food sources other than the supplement 187 

(e.g., nuts, fruits, and gums). It therefore appears that all major nutritional requirements 188 

were met by both diets. 189 

 190 
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