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ABSTRACT Gastrointestinal diseases are the most frequently reported clinical problems
in captive common marmosets (Callithrix jacchus), often affecting the health and welfare
of the animal and ultimately their use as a research subject. The microbiome has been
shown to be intimately connected to diet and gastrointestinal health. Here, we use
shotgun metagenomics and untargeted metabolomics in fecal samples of common
marmosets collected before, during, and after a dietary transition from a biscuit to a
gel diet. The overall health of marmosets, measured as weight recovery and reproduc-
tive outcome, improved after the diet transition. Moreover, each marmoset pair had
significant shifts in the microbiome and metabolome after the diet transition. In general,
we saw a decrease in Escherichia coli and Prevotella species and an increase in Bifidobacte-
rium species. Untargeted metabolic profiles indicated that polyamine levels, specifically
cadaverine and putrescine, were high after diet transition, suggesting either an increase
in excretion or a decrease in intestinal reabsorption at the intestinal level. In conclusion,
our data suggest that Bifidobacterium species could potentially be useful as probiotic
supplements to the laboratory marmoset diet. Future studies with a larger sample size
will be beneficial to show that this is consistent with the diet change.

IMPORTANCE Appropriate diet and health of the common marmoset in captivity are
essential both for the welfare of the animal and to improve experimental outcomes.
Our study shows that a gel diet compared to a biscuit diet improves the health of a
marmoset colony, is linked to increases in Bifidobacterium species, and increases the
removal of molecules associated with disease. The diet transition had an influence on
the molecular changes at both the pair and time point group levels, but only at the
pair level for the microbial changes. It appears to be more important which genes and
functions present changed rather than specific microbes. Further studies are needed to
identify specific components that should be considered when choosing an appropriate
diet and additional supplementary foods, as well as to validate the benefits of providing
probiotics. Probiotics containing Bifidobacterium species appear to be useful as probiotic
supplements to the laboratory marmoset diet, but additional work is needed to validate
these findings.

KEYWORDS microbiome, metabolome, nutrition, physiology, metagenomics,
veterinary microbiology, nonhuman microbiome, nonhuman microbiota, marmoset,
primate

he common marmoset (species: Callithrix jacchus, family: Callitrichidae) is an
increasingly prevalent New World non-human primate used in biomedical research
due to their small size (300-450 g), early maturation, relatively short lifespan (10-12
years), and high fecundity (2-3 offspring every 5-6 months) (1, 2). They are a well-
established animal model used for behavioral testing, neuroscience, aging, toxicology,
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infectious disease, obesity, and reproductive biology (1-4). In the forests of Brazil,
common marmosets are omnivores and exudivores, with a diet that is primarily
composed of plant exudate, insects, fruit, seeds, sap, flowers, and even small animals
(5, 6). In the wild, marmosets primarily eat 45% exudates, 16% fruits, and 39% insects
(7). In the laboratory setting, commercial diets are formulated as biscuit or gel diets and
are provided as the main meal, appropriately meeting the requirements for vitamins
and minerals. Specifically, marmosets do not make vitamin D3 in their bodies, and,
therefore, commercial diets sufficiently provide this need. Captive marmosets should also
be supplemented with a variety of other foods to replicate their natural diet, such as
fresh and dried fruit, vegetables, seeds, and nuts, as well as protein from mealworms
and insects (4). In a captive setting, there is a lack of agreement regarding the appropri-
ate diet since little is known about the optimal husbandry and nutrient requirements
(4). Captive diets vary between institutions, ranging from cafeteria style to commercial
purified and irradiated diets or biscuit and gel diets, typically influenced by anecdotal
experiences and animal preferences (4, 8, 9). Nutritional requirements and diet are key
husbandry factors that can directly influence weight and health. This is especially true
for gastrointestinal diseases, such as inflammatory bowel disease (IBD), chronic enteritis,
and colitis, which are all prevalent issues in captive common marmoset colonies (8, 10).
Underlying health conditions, such as Gl diseases (chronic diarrhea, inflammatory bowel
disease, and chronic lymphocytic enteritis) or metabolic dysfunctions, obesity, and stress
in captivity, can contribute to unexplained experimental variations and even potentially
negatively impact research outcomes (11, 12). Therefore, there is a critical need to further
understand gut and nutritional requirements and to standardize dietary husbandry.

Studies of the marmoset microbiome are still in the early stages, yet there is
increasing interest in understanding the role of the gut microbiome in the health
of marmosets. In particular, the gut microbiome has been shown to be intimately
connected to diet and gastrointestinal health (11, 12). Several studies have used
16S amplicon sequencing and quantitative PCR to show that the captive marmoset
microbiome is dominated by Bacteroidetes, Bifidobacterium, Proteobacteria, Fusobacteria,
and Actinobacteria (11-17). Other studies have found that captive marmosets’ guts were
enriched in Enterobacteriaceae, while wild marmoset guts were enriched with Bifidobac-
terium (5, 18). Bifidobacterium, thought to process host indigestible carbohydrates, has
been shown to be an important component of the gut microbiome since it is vital to
the metabolism of tree gums, which are consumed by wild callitrichids (5, 13). Previ-
ous research has also shown that common marmosets are colonized from infancy and
throughout their lives by a community of Bifidobacterium species with species-specific
genomic content (5, 19). Since 2012, at least five novel species of Bifidobacterium have
been described from the common marmoset feces (20-23). Therefore, further character-
ization of Bifidobacterium is necessary to decipher its role in the microbiome of the
common marmoset.

Sex and age also influence the gut microbiome in group-housed marmosets (15,
17). Geriatric marmosets were found to have significantly altered microbiome composi-
tion, with a higher abundance of Proteobacteria and Succinivibrionaceae and a lower
abundance of Firmicutes and Porphyromonadaceae, compared to young adult marmosets
(15). When males and females were pair-housed to assess social behavior, males had
greater compositional variation than females, and female gut microbial communities
stabilized more gradually (17). While 16S amplicon sequencing has been used in many
studies to assess the microbiome, the metabolome of the common marmoset is also
being explored to characterize the health of the animal in a variety of settings. A few
studies have assessed blood plasma using high-resolution metabolomics to understand
changes during aging (24-26). However, further characterization of the metabolome is
required to determine the effects of diet on the gut microbiome. Taken together, many
studies have evaluated the microbiome and metabolome to integrate nutrition and
metabolism, which we further explore here by using high-resolution metagenomic and
metabolomic analyses.
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Poor clinical health, including decreased weights and reproductive outcomes, was
noted after a breeding colony was established at our facility. In particular, one adult
female marmoset was observed to have significant weight loss, was markedly dehydra-
ted, and did not become pregnant. Clinical blood chemistry values revealed mild anemia
and moderate azotemia, suggestive of kidney issues possibly due to chronic dehydration.
With concern for her health, she was transferred to another internal facility, where the
marmosets were fed the gel diet. After the transfer, her weight, blood values, and overall
health markedly improved. A few weeks later, an adult male marmoset from the same
colony also had significant weight loss and marked dehydration. He was kept in the
facility and switched to a gel diet based on the outcome of the previous case. He also
showed marked clinical improvement after the diet switch. The remainder of the colony
began to present with similar clinical symptoms, and the clinical decision was made
to transition all individuals in the breeding colony from the biscuit to the gel diet for
health. Both the biscuit diet, Lab Diet 5040 (Purina, Wayne County, IN, USA), and gel diet,
Mazuri Callitrichid gel diet (Purina, Arden Hills, MN, USA), used at our facility are common
commercial diets with comparable nutritional benefits, meeting the vitamin and mineral
requirements for common marmosets. However, given that most research facilities either
moisten their biscuit diets or combine them with other moist foods, like a gel or canned
diet, and that our facility’s main colony of marmosets was already being fed the gel
diet without these health concerns, it gave us further motivation to switch the colony
to the gel diet. We hypothesized that the change in diet would result in a shift in the
metabolites and microbes present in the gut, which would be beneficial to the health
of the animals. We aimed to determine what makes the gel diet more beneficial than
the biscuit diet and to use those findings to suggest supplements that can be ideal for
captive common marmoset housed in a laboratory setting. Fecal samples were collected
before, during, and after the diet transition. Fecal samples were collected from cage
liners of paired marmosets at four time points in the month prior to the diet change,
once during the transition, four time points in the month after the diet change, once 10
months post, and once 13 months after the diet change (Fig. 1A). Primary diet samples
were also collected for metabolomics. Dietary supplements and treats (such as crickets,
arabic gum, mealworms, yogurt, and marshmallows) were held constant pre- and
post-diet change. Microbiome (shotgun metagenomics) and metabolome [untargeted
liquid chromatography-tandem mass spectrometry (LC-MS/MS)] were used to evaluate
the microbial and metabolic profiles of fecal samples over time. The overall analysis
aimed to characterize the gut microbiome and metabolome of the colony of common
marmosets to correlate the clinical improvements observed with the diet change.

RESULTS

Dietary switch from biscuit to a gel diet improved overall health and
reproduction of common marmosets

Marmosets fed the biscuit diet displayed a significant decline in clinically observed
health parameters including weight (Fig. 1B). After the transition to the gel diet, there
was a significant improvement in observed clinical presentation and weight for both
males and females (Fig. 1C; Fig. STA). Additionally, there was a significant improvement
in reproductive outcomes post-diet change (Fig. 1D). In the 8 months before the diet
change, four of the eight adult female marmosets in the colony became pregnant and
only 30% of their offspring survived. In contrast, after the diet change, seven of the
eight adult female marmosets became pregnant and 74% of the offspring survived in
the 13 months after the diet change. Therefore, transitioning from the biscuit to gel
diet improved the overall health, weight, and reproductive outcomes in the common
marmosets at UC San Diego’s breeding colony.

Facility of origin and increased weights during pregnancy may be confounding
variables to these conclusions. Although there is not a significant sample size,
there appears to be a better response in weight gain in marmosets that were
originally transferred from an internal facility (pre- vs post-weights, P = 0.007,
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individuals) after quarantine period. They were fed a commercially processed Lab Diet 5040 (biscuit diet). Once weights and reproductive outcomes were noted

Diet change resulted in improved weights and reproduction. (A) Experimental overview: eight pairs of marmosets (1:1 males:females) pair housed (16

to decline, a diet transition was made to an in-house prepared gel diet (Mazuri Callitrichid gel diet). Fecal samples were collected at four time points before,
once during, and at four time points after the diet transition and then collected again at 10 months and 13 months post-diet change—a total of 11 time points.
Created with BioRender.com. (B) Spaghetti plot of marmoset weights over time, from arrival (October 2020), 6 months after introduction and acclimation (April
2021; fed biscuit diet), and 1 year later (April 2022; fed gel diet). (C) Boxplot with swarmplot of marmoset weights, separated by sex, pre-diet change (April 2021;
fed biscuit diet) compared to 1 year later, post-diet change (April 2022; fed gel diet). (D) Barplot of the number of babies born with at least 75% of gestation
before (total of 7 months) and after (total of 13 months) the diet transition, sub-sectioned by how many of the offspring survived until weaning. Significance was
determined by Mann-Whitney-Wilcoxon test two-sided with Bonferroni correction. ***P value < 0.001, **P value < 0.01, and *P value < 0.05.

Mann-Whitney-Wilcoxon test two-sided) (Fig. S1B) compared to those transferred from
an external facility (pre vs post, P = 0.1775, Mann-Whitney-Wilcoxon test two-sided)
(Fig. S1C and D). However, less than half of the marmosets (6 [4 female, 2 male] out
of 16) were transferred from multiple external facilities, so the sample size from each
unique facility is small. Multiple external facilities were chosen in order to increase the
genetic diversity of the breeding group. The diet provided by the separate external
facilities also reportedly varied. Together, these variables make conclusions based on the
facility of origin unclear, but a significant increase in weight was observed when the
facility of origin is ignored. Furthermore, the observed increased weight post-diet change
for females is confounded by increased rates of pregnancy (Fig. S1D). However, male
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marmosets not subject to that confounding variable did display a significant increase in
weight.

Due to the method of fecal sample collection (see Materials and Methods), the
following molecular and microbial analyses are not specific to the changes in the
individual animals but rather are specific to the eight male-female pairs.

Diet transition changes the composition of the gut microbiome

Because diet is known to have large and reproducible effects on the gut microbiome
(27), we expected to see significant shifts in the gut microbiome after switching from
the biscuit to the gel diet. However, despite strong clinical and phenotypic changes,
we did not see significant overall community differences in either alpha (Faith’s PD
Kruskal-Wallis P = 0.32, Shannon Kruskal-Wallis P = 0.52, observed features Kruskal-Wallis
P =0.31) or beta diversity [Fig. S2A, RPCA permutational multivariate analysis of variance
(PERMANOQVA), P > 0.8; phylo-RPCA PERMANOVA, P > 0.8; weighted UniFrac PERMANOVA,
P > 0.8] when grouped by experimental phase (pre-/post-diet change).

Although we did not see significant overall effects of diet change, we did see a
strong response to diet change for each unique pair (Fig. S2B, PERMANOVA P = 0.0001).
When cohoused pair marmoset samples were examined, the expected strong effects
of diet change were seen. Like in humans, the marmoset gut microbiome appears to
have individualized responses to dietary changes (28). Both marmosets that had gel diet
available as part of their supplemental foods (Fig. S2C, Asami and Beryl, Johnny and
Rene) and those that did not (Fig. S2D, Ellen and Mac, Tammy and Bane [TB]) respon-
ded to the change in their primary diet. Pair responses even extended to differential
abundance (ANCOM-BC and RPCA ranked differentials) and resulting log ratios (Fig. S2E
and F). Log ratios were used instead of relative abundances since they are much more
reliable and repeatable due to the compositional nature of microbiome data (29, 30). Log
ratios made from differentially abundant features for Tammy/Bane at the genus (Fig. S2E)
and operational genomic unit (OGU) level (Fig. S2F) did not generalize to the rest of the
pairs. Even in the case of Fig. S2F, where pair Johnny/Rene had significant differences in
the log ratio between pre- and post-samples just like TB, the log ratio balance was tipped
in the opposite direction.

Since responses to diet change were unique to each pair, TB are highlighted since
they had a strong response to diet change, including fertility. TB did not have detectable
pregnancy prior to the diet change but did have a successful pregnancy after the diet
change (Fig. 2A and B). Unfortunately, sample size for unique pairs is small and lacks
enough power to find all but the largest of differences. Future studies with a larger
sample size will be beneficial to show that this is consistent with the diet change. We
found no significant differences between pre-diet-change and post-diet-change samples
for alpha diversity metrics that assessed biodiversity (Faith’s PD Kruskal-Wallis P = 0.61)
and the presence of unique bacteria (observed features Kruskal-Wallis P = 0.61), but
did find significant differences in the richness and evenness of taxa present (Shannon
Kruskal-Wallis P = 0.02) (Fig. 2C). This is supported by the observed changes in the
relative abundance of the top 10 most prevalent bacteria over time (Fig. 2D). In general,
no significant differences in beta diversity were seen (weighted UniFrac PERMANOVA
P = 0.064, RPCA PERMANOVA P = 0.082, and phyloRPCA PERMANOVA P = 0.108), but
samples pre- and post-diet change did appear to cluster together (Fig. 2E). Natural log
ratios made from the top ranked differentially abundant bacteria for TB at the genus
(Fig. 2F) and OGU level (Fig. 2G) were made and demonstrated strong changes over
time. Both log ratios indicate that bacteria such as Escherichia coli and Bacteroides spp.
predominate TB’s gut microbiome on the biscuit diet, whereas Bifidobacterium spp. and
Prevotella copri predominate when the pair are on the gel diet. This is consistent with
previous findings that increased levels of Bifidobacterium and Prevotella are important for
marmoset digestion (5, 13).

We also examined the KEGG ortholog gene pathways present and found pathways
associated with copper and iron (copper chaperone, iron-complex transporter, and
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FIG 2 Diet change response for Tammy and Bane over time. (A) Lineplot of marmoset “Bane” (male) weight over time. Gray shaded region indicates weights
before moved to the common breeding facility of the study. (B) Lineplot of marmoset “Tammy” (female) weight over time. Pink shaded region indicates
pregnancy. (C) Shannon alpha diversity for Tammy and Bane before and after diet change. Significance was determined by Kruskal-Wallis Test. *P value < 0.05.
(D) Relative abundance of the top 10 most prevalent bacteria post-diet change, over time. (E) RPCA Emperor PCA biplot colored by time point category. Arrows
(gray) indicate the top eight OGU drivers of the data. (F) (Genus level—all OGU in each genus) Natural log (Ln) ratio of Bifidobacterium and Prevotella spp.
compared to Escherichia and Bacteroides spp. for TB over time. Comparison to other marmosets can be found in Fig. S4E. (G) Natural log (Ln) ratio of seven OGU of
interest for TB over time. Comparison to other marmosets can be found in Fig. S4F.

heme-complex transporter) to be differentially regulated (Fig. S2G). Metal ions are in
high demand in the gut environment and have been linked to gut dysbiosis (31).

Metabolites correlated with the improved health of common marmosets
after diet change

Fecal samples, dietary samples (gel and biscuit), as well as additional supplements and
treats, were assessed using untargeted LC-MS/MS. The acquired data were analyzed
using molecular networking within the GNPS infrastructure (32, 33). A total of 6,094
detected molecules (from both fecal and dietary samples) with 1,183 unique features
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were annotated using spectral libraries resulting in a ~19% annotation rate with a 1%
false discovery rate (FDR) (34-36). After the analysis of the fecal samples corresponding
to time points 1-4 (pre-diet change) and 6-9 (immediate post-diet change), there were
only 189 unique molecular features with significant changes [log,(fold change) at 0.05
FDR] (Fig. S3; Table S1) and high VIP scores from PLS-DA analysis (Fig. 3a; Table S2).
There was a significant shift in fecal metabolites between pre- and post-diet transition
(all metabolites, RPCA distance matrix, pre vs post, PERMANOVA P < 0.001). Significant
shifts were seen as a group (Fig. 3a) as well as in unique pairs (Fig. S4A through J).
Pairs have similar but unique responses to diet change with some pairs responding
more strongly than others (Fig. S4A through J). This information was merged into
the generated molecular network to facilitate the visualization of chemically related
molecules. Members of the polyamine molecular family (Fig. 3b through d) were selected
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as features of importance by statistical analysis, indicating the significant impact of the
diet change on the polyamine pathway.

Correlational analysis of metabolomics and metagenomics indicates that
there is a link between the microbes and metabolites of interest

Overall, feruloyl putrescines (cinnamate coumaric acid) and N-oleoyl-phenylalanine (fatty
acyl amide) are higher pre-diet transition and lower post-diet and during long-term
follow-up for all marmosets (Fig. 4a and b). Phenylalanine (amino acid), N-acetylphe-
nylalanine (cyclic amino acid), valine (amino acid), 5-aminovaleric acid (omega-amino
fatty acid), isoleucine (@amino acid), N-acetylputrescine (polyamine), and N-acetylcadaver-
ine (polyamine) increase immediately post-diet change but drop off during long-term
follow-up for all marmosets (Fig. 4c). When we look at a unique pair, we see that
those trends are not fully replicated. For Tammy and Bane, we see that N-acetylcada-
verine increases post-diet change and persists at elevated levels long term. Unlike the
marmosets overall, Tammy and Bane show phenylalanine and N-acetylphenylalanine
start at high levels that drop off over time.

When looking at the microbes of interest, we generally found that E. coli, CAG-267
species, and a few Prevotella species (not including copri) were higher during pre-diet
transition and lower post-diet and during long-term follow-up for all marmosets (Fig. 4d).
Most Prevotella species for all marmosets, including P. copri, were generally low during
both pre- and post-dietary transition with higher levels seen during long-term follow-up.
In addition, Bifidobacterium species, including Bifidobacterium callitrichos, were generally
present at moderate levels before diet transition, high levels in the month immediately
post-diet, and low levels during long-term follow-up (Fig. 4e). Bacteroides faecis and
Phocaeicola coprocola were two species that were lowest during the pre-diet transition
and gradually increased over time to their highest levels during long-term follow-up
when looking at all marmosets but were very different when looking at Tammy and Bane
alone. Different individual microbial responses likely contributed to the unique microbial
compositions and metabolite levels seen.

DISCUSSION

Molecular and microbial analyses of fecal samples collected during a dietary transition
in a breeding colony of common marmosets confirmed that a gel diet (Mazuri Callitri-
chid gel diet) with an insect-based protein source is more beneficial as determined by
clinically observed improvements in physiologic and reproductive outcomes compared
to a biscuit diet (Lab Diet 5040) with an animal-based protein source. Since an insect-
based diet may reflect the diet eaten in the wild better, it may contribute to the health
improvements seen, but more research is needed.

Microbiome results indicated that Bifidobacterium species were generally increased
after dietary transition. We know from previous research that common marmosets
are colonized from infancy and throughout their lives by a community of Bifidobacte-
rium species with species-specific genomic content (19). This is supported by previous
literature (13) that shows significant genomic differences between strains of Bifidobacte-
rium that enable the metabolism of marmoset dietary substrates, specifically carbo-
hydrates, within the same host. Considering that Bifidobacterium species, in general,
increased post-diet transition with the gel diet where clinical health outcomes were
improved, we suspect that these microbes are involved in host-microbe interactions,
including relevant biotransformation of food molecules that result in improved clinical
outcomes. In our study, the marmoset-specific strain, Bifidobacterium callitrichosis,
was increased after dietary transition. Previous literature found that Bifidobacterium
callitrichos is more prevalent in wild forest marmosets than in captive ones (39), meaning
that the gel diet with its insect-based protein source may help foster a more “normal”
microbiome for this species. Of importance, this may indicate that commercially available
probiotics containing Bifidobacterium species might be more beneficial than the slightly
more common Lactobacillus strains. In fact, in three follow-up case reports from different
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3). For metabolomics, if there is a direct match to a reference spectrum of a known molecule (spectral library), just the name is reported. If a spectral match is

done to a related molecule (suspects library), the annotation with “related” is reported (36). (b) Clustermap of the key metabolites that were higher before diet

change and lower post-diet change by mean raw absorbances grouped via the phase of experiment Pre (TP1-4), Post (TP6-9), and LTFU (TP10-11), with each

row normalized by z-score for all marmosets (left) and the Tammy/Bane pair (right). (c) Clustermap of the key metabolites that were higher post-diet change by

mean raw absorbances grouped via the phase of the experiment, with each row normalized by z-score for all marmosets (left) and the Tammy/Bane pair (right).

(d) Clustermap same as panel b, but for the key microbes (OGU) that were higher before diet change and lower post-diet change. (e) Clustermap same as panel ¢,

but for the key microbes (OGU) that were higher post-diet change.

buildings on the same campus, marmosets on a gel diet with chronic diarrhea that failed
to resolve after multiple antibiotic therapy courses (enrofloxacin, metronidazole, and
trimethoprim sulfate) and/or corticosteroid therapy (budesonide) were identified. Initial
supportive therapy also included kaopectate/bismuth subsalicylate and a Lactobacillus-
based probiotic. All three cases resolved 4-6 weeks after switching to a Bifidobacterium-
based probiotic (Visbiome, an off-the-shelf product for humans) with no recurrence
of diarrhea after 1-2 months and, therefore, was considered to be useful in diarrhea
resolution. Future studies need to establish the reproducibility of the result with a larger
sample size and the generality of the lack thereof in other strains. Future studies may
also find it beneficial to culture bacteria, such as Bifidobacterium species, from fresh feces
from each individual immediately after being produced for the purposes of identification
and characterization of possible probiotics. Perhaps the culturing and administration of
a marmoset-specific Bifidobacterium strain, such as Bifidobacterium callitrichosis, could
also be pursued. To our knowledge, there are no marmoset host-derived Bifidobacterium
callitrichosis strains on the market, which may be an even better choice as a probiotic.
Further research is required to examine this concept further.

In addition, Prevotella copri was shown to be increased in several unique pairs after
dietary transition when clinical improvement was seen. Prevotella copri is known to help
digest carbohydrates and increased prevalence has been associated with IBD and other
chronic gastrointestinal inflammatory states (12, 40). While we found significantly higher
amounts of many Prevotella species early in the study when the marmosets were not
doing well, Prevotella copri was not among them. It is possible that since 16S is not
accurate for species-level annotations (41), previous reports that Prevotella copri was
associated with disease actually referred to another species of Prevotella or that the
Prevotella copri strains present in these marmosets do not have host detrimental genes
present. Therefore, future work investigating Prevotella strains is suggested to determine
whether there are certain strains of Prevotella and the functions of those strains that
correspond to health and disease in captive laboratory marmosets.

Of the top 36 differentially present microbial genes determined from our shotgun
metagenomics data, seven involve metal ion transport (iron, copper, or nickel). These
metal ions, considered to be trace elements, can play critical roles in meeting the
host’s demands to maintain normal biological, cellular, and metabolic functions. Previous
literature has described the concentrations of iron uptake and metabolism in Bifidobac-
terium, which contributes to its beneficial effects (42). Bifidobacterium has also been
shown to have constant urease activity, in which nickel cations are necessary for proper
functioning of the gut microbiota. In general, the gut microbiome can compete with
the host to obtain or sequester these trace elements to prevent bacterial access, which
can lead to dysbiosis (31). Trace elements may be required from the diet for normal
biological processes, but when in excess, they are excreted from the gut, as has been
shown in other species like pigs or poultry (43). Excess or inadequate amounts of trace
metal elements in the host can change the intestinal microbial community structure
and function (44). The gut is key to maintaining the homeostasis of trace minerals, with
modulation and excretion into the gut. Thus, there is a dynamic role between the host,
microbiome, and trace elements that help shape the gut microbiome. Trace elements
have also been shown to play a role in the commonly used probiotics, Bifidobacterium
and Lactobacillus, to help balance the gut microbiota and, subsequently, to aid in
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maintaining proper body functioning (31, 42). Therefore, the trace elements found here
and their role in the changes to the bacteria present post-dietary change correspond
to our findings that the gel diet improved the gut health of our common marmosets.
Moreover, the inconsistent group changes and structures in the microbiome do not
necessarily reflect the functional importance of the trace elements and genes of the
microbes present within the common marmoset microbiome. These results mimic the
findings seen in the human microbiome, where there tends to be unique microbial
compositions but commonalities in function (45, 46). This further highlights the value of
common marmosets as a model for human studies since they are less inbred and have
more immunological and microbial diversity than common laboratory mice, which are
genetically homozygous and have minimal variability.

Untargeted metabolomics results highlighted amino acids, fatty acids, phosphocho-
lines, and polyamines as being key changes after dietary transition, which is consistent
with previous metabolomics studies performed on plasma from common marmosets
(24, 30). From the highlighted metabolites (Fig. 2B), two were polyamines and four
were amino acids. These molecular families are important in protein metabolism, cellular
growth and development, immune responses, and gene expressions. Differences in their
pathways are important to understand different disease mechanisms, such as aging
and longevity, cardiovascular and gastrointestinal diseases, as well as neuromodulatory
diseases (24, 30, 31). Notably, polyamines present in the lumen of the gastrointestinal
tract may have different origins, and their levels depend on their uptake from the gut
microbiota or from different dietary conditions. Polyamines, which contribute to the
maintenance of intestinal homeostasis, can be beneficial to the health of the gut, though
at too high concentrations, they can be harmful (47, 48). They are tightly controlled and
their quantities can be altered, which can influence a number of pathological conditions,
such as cancer, obesity, and diabetes (49-51). Specifically, the polyamines, putrescine
and cadaverine, have shown cytotoxicity in intestinal cells, and accumulation of these
toxic compounds can be detrimental to the gut (47). Thus, increased excretion of these
molecules, rather than potential interaction or reabsorption by intestinal cells, may have
a positive outcome and potential benefits. This is consistent with what we found here,
where the increased levels of the polyamines, cadaverine and putrescine, in the fecal
samples post-diet change indicate that they were excreted from the body, such that
they were metabolized in the gut to levels that prove to be beneficial to the animal.
Previous studies have used plasma to analyze fatty acids (24) or have been observational,
focusing on short-chain fatty acids (SCFAs) in cohabitating animals rather than associ-
ated with diet change (52). Our study provides the first public fecal metabolome data set
associated with a diet change. This untargeted metabolomics approach enabled us the
detection of thousands of non-volatile molecules; therefore, SCFAs were not considered.
Although there are no reports on the impact of diet on the metabolism of SCFAs, it would
be of interest to investigate this range of molecules in future studies. Taken together, the
metabolome showed significant compositional shifts that are associated with improved
health of the marmosets after dietary transition. Overall, molecules positively associated
with health and clinical improvement, specifically, the polyamines, which significantly
increased post-diet change, should be considered for follow-up studies investigating
their potential beneficial role.

While we are unable to conclusively determine whether there were additional
external or environmental factors that could have contributed to the decrease in weight
and lack of reproduction, we are confident that diet was the primary factor contributing
to a decline in health. There were no other noted significant events or changes to their
environment that could have led to clinical decline. After the quarantine period and
co-housing, diet was the only major housing component that changed for the colony
during the critical time window. However, based on experience, we would have expected
the animals to have acclimated to their new environment and partners within 2-3
months. We also considered that pregnancies, whether successful or not, could have
influenced our interpretation of the weight gains and that compatibility, or lack thereof,
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between the male-female pairs could have influenced the breeding potentials. However,
our overall assessment over the course of the year analyzing the colony leads us to
believe that there was a significant improvement in weights with the gel diet compared
to the biscuit diet, regardless of pregnancy status, due to the significant weight changes
in the male marmosets.

Another consideration to be made is that water intake of the individual animals was
not measured. In the future, we plan to note whether the water intake remained the
same or increased when fed a biscuit versus a gel diet. If water content appears to be
a critical factor, we also plan to examine how adding moisture such as Tang juice or
apple juice to a biscuit diet might make a difference. In the few cases we observed
where additional moisture was added, marmosets did not appear to consume more
pellets nor did clinical signs appear to resolve. This anecdotal evidence that moisture
content alone is not the key factor needs data from a well-designed study to confirm.
Additionally, while only one specific biscuit diet (Lab Diet 5040) and gel diet (Mazuri
Callitrichid gel diet) were analyzed and compared in our study, it would be worthwhile to
analyze the nutritional compositions of other forms of biscuit and gel diets, as well as the
fecal microbial and metabolic profiles of marmosets fed these diets. Moreover, analyses
for other forms of diets, such as a canned diet like Zupreem, should be performed to
determine whether there is a hydration component to the diets fed that led to clinical
improvements.

Since additional food supplements are typical of most university institutions, there
can be a wide variety of enrichments provided to a colony, including live or freeze-dried
feed (e.g., crickets and mealworms) or treats (e.g., yogurt, trail mix, and marshmallows).
While additional food supplements were provided to our colony as a source of enrich-
ment, such as acacia gum, mealworms, crickets, and hard-boiled eggs, these were held
constant pre- and post-primary diet change, and we cannot determine how changes
in these components may have affected health parameters. We acknowledge and
emphasize the importance of the exudivorous nature of common marmosets and the
need to have tree gum and insects included in their captive diet to replicate their
wild diet. Since the focus of our paper was on the main diet in captivity, we highly
recommend that further work be done to study how changes in these food enrichments,
especially tree exudates/gum, affect health. This is warranted as they encourage normal
behavior and can help us more closely mimic the natural diets of marmosets.

While data were not actively collected after the year of monitoring and analyzing the
colony, several of the co-authors are laboratory animal veterinarians and can confirm
that the breeding colony continues to thrive, and the breeding outcomes and success
have continued to the present day. Our study is the first to use both shotgun metage-
nomics and LC-MS/MS untargeted metabolomics to identify features that were beneficial
to the gut when fed a gel diet like Mazuri Callitrichid gel diet, compared to a biscuit
diet like Lab Diet 5040. However, since our findings were more pair-specific rather than
consistent across the entire colony, further studies are needed to decipher whether these
molecules and metabolites are beneficial for individual marmosets in a larger population
and whether there are age and sex differences. Age and sex were not considered a factor
when determining the differences in molecular and microbial profiles from food and
feces due to the pooled collection method but can and should be considered in future
studies. We also acknowledge that the cost and personnel time required to prepare
and maintain a gel diet is more than that for a biscuit diet for a colony of marmosets.
While those factors often heavily influence choosing the biscuit over the gel diet, our
study provides evidence of other factors that should also be heavily weighted in this
decision. Many of the molecules and microbes identified in our study have been found
in the gut microbial composition of humans, which further enhances our knowledge of
translatability between common marmosets and human beings. This study also suggests
that the marmoset may serve as a useful model to study gut microbial diversity and
proposes that the microbiome should be considered as a biological variability, as it is
fundamental to the host phenotype, which can be influenced by the source, the genetic
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makeup, the housing conditions, and, in particular, their diet. Therefore, differences in
the microbiome and its changes depending on the diet fed and other environmental
factors can impact the health of the animal and the data being produced and should be
documented in experiments. In conclusion, diet can clearly affect both the microbiome
and metabolome in ways that impact the health of the animal and, subsequently, the
experimental outcomes.

MATERIALS AND METHODS
Animal and dietary information

A total of 16 adult common marmosets (eight males and eight females) of mixed
age and body mass were housed in male-female pairs at an off-campus AAALAC-
accredited facility at the University of California, San Diego, in accordance with the
Guide for Care and Use of Laboratory Animals (“The Guide”). Of the 16 marmosets,
9 arrived from two external institutions, and the remaining 7 of 16 were intro-
duced from the internal main-campus colony at UCSD, with the intent to create a
breeding colony and increase genetic diversity. Arrival and pairing dates varied. All
animals received general health exams, including hematological and chemistry blood
work, fecal flotation for ova and parasites, and fecal culture for Shigella, Yersinia,
Campylobacter, and Salmonella. The animals also received intradermal tuberculin
tests, which were checked daily for 72 hours. Blood tests performed were overall
unremarkable, fecal floats and cultures were negative for parasites and bacteria, and
Tb tests were noted to be negative. All animals were reported to be healthy with
good body condition and hydration status. All marmosets were fed Lab Diet 5040
(Purina, Wayne County, IN, USA) after arrival, which is a commercially processed
biscuit diet, in addition to supplementary foods and treats. Lab Diet 5040 is a
New World primate diet that is 20% protein (animal-based), 9% fat, and 6% fiber.
Deterioration of health was observed in the colony over time. After 8 months in the
facility, marmosets were transitioned off the Lab Diet 5040 and on to the Mazuri
Callitrichid gel diet (Purina, Arden Hills, MN, USA), which was prepared in-house.
Mazuri Callitrichid gel diet is 20% protein (insect-based), 7% fat, and 4% fiber.
They continued to be fed the same supplementary foods and treats as before.
Supplementary foods and treats included marshmallows, yogurt drops, fresh fruits,
vegetables, mealworms, crickets, hard-boiled eggs, arabic gum, Ensure, and yogurt.
Weights and reproductive outcomes were monitored and recorded over the course
of the experiment.

Sample collection

Fecal samples were collected from cage liners from the eight pairs of marmosets at
approximately the same time each morning (within a 4-hour window—=8 a.m. to noon;
ZT2-6), placed in individual sterile 1.7 mL Eppendorf tubes, and frozen at —80°C until
analysis. Since samples were collected from cage liners, we acknowledge that it is not
possible to differentiate samples per individual. Additionally, the feces may have residual
environmental and/or urinary microbes and molecules from being on the cage floor.
These fecal samples were collected at four time points prior to the diet change (twice
3 weeks before, once 2 weeks, and once 1 week before the diet change; biscuit diet
only), once during the transition week (gel and biscuit), and at four time points post-diet
change (twice in the first week, once in the second week, and once 1 month post-diet
change; gel diet only). Fecal samples were also collected approximately 10 and 13
months post-diet change (gel diet only). These fecal samples were divided for both
metagenomic and metabolic analyses. Samples of both the biscuit and gel diet, as well
as a variety of supplementary foods and treats, were also collected in sterile 1.7 mL
Eppendorf tubes and frozen at —80°C until metabolomic analysis.
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Untargeted tandem mass spectrometry-based metabolomics
Sample extraction

Extraction solvent (methanol:water, 50:50, vol/vol) was prepared and stored at 4°C the
day before the extraction procedure. Samples were extracted by adding 800 pL of cold
solvent (4°C methanol:water, 50:50, vol/vol) per 20 mg of stool (sample to solvent ratio
1:40) containing a clean steel bead. Samples were homogenized at 25 Hz for 5 min using
a tissue lyzer, incubated at 4°C for 30 min, and centrifuged at max speed (>15,000 X g)
for 10 min at 4°C (Sorvall Legend RT, Marshall Scientific, Hampton, NH, USA). A volume
of 440 pL of each sample was transferred to a 96-shallow-well plate. Samples were dried
down using a Centrifugal Vacuum Concentrator, Centrivap (Labconco, Kansas City, MO,
USA) and stored at —80°C until LC-MS/MS analysis.

LC-MS/MS acquisition

Sample extracts were dissolved in 200 pL of 50% methanol:water containing 1 pM
sulfadimethoxine as an internal standard for LC-MS monitoring. Untargeted LC-MS/MS
acquisition was performed on a Vanquish Ultrahigh Performance Liquid Chromatog-
raphy system coupled to a Q-Exactive Hybrid Quadrupole-Orbitrap (Thermo Fisher
Scientific, Bremen, Germany). Chromatographic separation was performed on a Kinetex
2.6 um 100 A pore size Polar C18 reversed-phase UHPLC column 150 x 2.1 mm (Phe-
nomenex, Torrance, CA, USA) with a constant flow rate of 0.5 mL/min. The following
solvents were used during the LC-MS/MS acquisition: water with 0.1% formic acid (vol/
vol), Optima LC/MS Grade, Thermo Scientific (solvent A) and acetonitrile with 0.1% formic
acid (vol/vol), Optima LC/MS Grade, Thermo Scientific (solvent B). After injection of 5 pL
of sample into the LC system and eluted with an isocratic gradient of 5% B from 0 to 1
min and linear gradient from 5% to 25% B (1-5 min), 25% to 99% B (5-7 min), 99% B
(7-8 min), 99% to 5% B (8-8.5 min), and 5% B (8.5-10 min). Data-dependent acquisition
(DDA) mode was used for the acquisition of tandem MS (MS/MS) with a default charge
state of 1. Full MS was acquired using one microscan at a resolution (R) of 35,000 at
200 m/z, automatic gain control (AGC) target 5e5, maximum injection time of 100 ms,
scan range of 80-1,200 m/z, and data acquired in profile mode. DDA of MS/MS was
acquired using one microscan at a resolution (R) of 17,500 at 200 m/z, AGC target of
5e5, top five ions selected for MS/MS with isolation window of 1.0 m/z with a scan range
of 200-2,000 m/z, fixed first mass of 50 m/z, and stepped normalized collision energy
of 20, 25, and 30 eV, minimum AGC target of 2.50e4, intensity threshold of 2.5e5, apex
trigger from 2 to 15 s, all multiple charges included, isotopes were excluded, and a
dynamic exclusion window of 5 s. Analytical blanks and a mixture of sulfamethazine,
sulfamethizole, sulfachloropyridazine, sulfadimethoxine, amitriptyline, and coumarin-314
(10 uM) were injected after every 48 samples as quality control for monitoring instru-
ment (LC-MS) performance.

Pre-processing and molecular networking

Pre-processing was performed using MZmine3 (53) to generate input tables for
feature-based molecular networking. A molecular network was created using the online
workflow (https://ccms-ucsd.github.io/GNPSDocumentation/) on the GNPS website (35)
(http://gnps.ucsd.edu). The data were filtered by removing all MS/MS fragment ions
within £17 Da of the precursor m/z. MS/MS spectra were window filtered by choosing
only the top six fragment ions in the +50-Da window throughout the spectrum. The
precursor ion mass tolerance was set to 0.02 Da with an MS/MS fragment ion tolerance
of 0.02 Da. A network was then created, where edges were filtered to have a cosine
score above 0.65 and more than four matched peaks. Furthermore, edges between two
nodes were kept in the network if and only if each of the nodes appeared in each
other’s respective top 10 most similar nodes. Finally, the maximum size of a molecular
family was set to 100, and the lowest-scoring edges were removed from molecular
families until the molecular family size was below this threshold. The spectra in the
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network were then searched against GNPS’ spectral libraries (35, 36). All matches kept
between network spectra and library spectra were required to have a score above 0.83
and at least four matched peaks to achieve a 1% FDR. This method resulted in 1,183
annotated metabolites (20% of all detected metabolites). The molecular networking
analysis can be accessed through the link: https://gnps.ucsd.edu/ProteoSAFe/status.jsp?
task=2af71670bbd84788bfa63782cefe6e3f.

Additionally, molecular networking using bile acid libraries was performed and can
be accessed through the following link: https://gnps.ucsd.edu/ProteoSAFe/status.jsp?
task=7165f4739598461db161973709a856¢2.

Statistical analysis of features detected by LC-MS/MS

Statistical analyses were performed using the MetaboAnalyst 5.0 platform (54). The peak
intensity table obtained after preprocessing with MZmine3 software was filtered to only
consider fecal samples from paired marmosets and then uploaded to MetaboAnalyst.
The uploaded data file contains 80 (samples) by 6,094 [peaks (m/z/rt)] data matrix. The
data were organized into two groups corresponding to PRE- and POST-diet change
for sample collection and contained all time points (TP1-11, Fig. 1) for only paired
marmosets analyzed in this study. Standard deviation was used to filter variables with
nearly constant values. After filtering, the data containing 80 samples and 3,392 [peaks
(m/z/rt)] were normalized by using quantile normalization. The normalized table used for
downstream analysis can be found as Table S1 (data normalized TP1-11). The data were
additionally filtered to consider only the time points TP1-4 and TP6-9 and organized
into two groups, PRE and POST, corresponding to the pre- and post-diet change (Table
S2, TP1-4 and TP6-9 data normalized). This file contains 64 (samples) by 2,007 [peaks
(m/z/rt)] data matrix.

Shotgun metagenomics
DNA extraction

Fecal samples were transferred (0.03-0.04 g) into 1 mL Matrix Tubes (ThermoFisher,
Waltham, MA, USA) before gDNA extraction. Fecal samples were extracted for micro-
biome sequencing using reagents from the MagMAX Microbiome Ultra Nucleic Acid
Isolation Kit (ThermoFisher Scientific, Waltham, MA, USA), as updated in reference 55. The
protocol was adapted in order to perform the lysis and bead beating extraction steps in
the 1 mL Matrix Tube sample collection devices, eliminating the sample-to-bead plate
transfer step and minimizing potential cross-contamination from vortexing during bead
beating . After bead beating, samples were transferred to KingFisher plates (Thermo-
Fisher, Waltham, MA, USA), and the remaining gDNA extraction steps were performed as
outlined in reference 55.

Metagenomics library preparation

Extracted gDNA was quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitro-
gen, Waltham, MA, USA) and normalized to 5 ng in 3.5 pL sterile water for library
preparation, which was performed using a miniaturized adaptation of the KAPA
HyperPlus Library Kit (Roche, Basel, Switzerland), as outlined in reference 56.

iSeq normalized pooling

The library was quantified via PicoGreen Assay (Invitrogen), and all samples were equal
volume pooled, PCR cleaned (Qiagen), and size selected from 300 to 700 bp using a
Pippin HT (Sage Sciences). QC was run on an Agilent 4000 Tapestation (Agilent, Santa
Clara, CA, USA) to confirm expected library sizes after PCR cleanup and size selection. The
equal volume pool was sequenced on an iSeq100 (lllumina, San Diego, CA, USA). Utilizing
the sample concentration and read counts per sample obtained from the iSeq 100 run, a
normalized pooling value was calculated for each sample to optimize pooling efficiency
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to obtain more even read counts per sample during NovaSeq sequencing (57). After
re-pooling the library with the iSeq normalized pool values, samples were PCR cleaned,
size selected (300-700 bp), and QC was performed using an Agilent tapestation.

Sequencing and post-sequencing processing

The PCR-cleaned, size-selected, iSeqg-normalized pool was sequenced on a NovaSeq
6000 (lllumina, San Diego, CA, USA) at the Institute for Genomic Medicine at the
University of California, San Diego with an S4 flow cell and 2 x 150 bp chemistry.
Raw sequence reads (BCL files) were demultiplexed to per sample FASTQ and quality
filtered (58). Adapter trimming was performed by fastp (59), and human filtering to
ensure compliance with database regulations was performed via minimap2 (60) by
alignment to two databases: one containing the human reference genome GRCh38 and
PhiX, and the second containing the human reference genome CHM13. The resulting
FASTQ were uploaded into Qiita (61) (study ID #14577) and processed with default
shotgun metagenomic parameters. Using the graphical interface, the default shotgun
metagenomic analysis pipeline was performed using Woltka (version 0.1.4) (62). In brief,
direct genome alignments were made against the “Web of Life” database (release 2)
(63), which contains 10,575 microbial genomes of bacteria and archaea. The sequence
alignment is performed using a bowtie2 aligner (64) and by mapping sequencing data
to microbial reference genomes. Reads mapped to a microbial reference genome are
counted as hits such that the resultant feature table comprises samples (rows) by
microbial genome IDs (columns) and concomitant abundances. If a sequence maps to
multiple genomes by Bowtie2 (up to 16), each genome is counted 1/k times, where k
is the number of genomes to which a sequence is mapped. Microbial genome IDs are
considered operational genomic units and provide a shotgun metagenomic equivalent
to amplicon sequence variants in 16S rRNA amplicon sequencing data (62). The OGU
frequencies were then summed after the entire alignment was processed and rounded
to the nearest even integer, thereby making the sum of OGU frequencies per sample
nearly equal (considering rounding) to the number of aligned sequences in the data set.
The resultant count matrix is saved as a biom format table (65).

We attempted to identify individual marmosets but were unsuccessful, possibly due
to mutual grooming behaviors that would have led to the presence of both individuals
DNA in the digestive tract. We first tried to identify the host sex using the y-chromosome
(NCBI NC_048406.1) via BWA-MEM and bowtie2 (66, 67). Further investigation revealed
that the y-chromosome partially aligns with the x-chromosome (NCBI NC_048405.1),
which may be why reads are mapped indiscriminately. We also attempted to identify the
host sex by looking at alignments to the sry (NCBI NC_071465.1) and zfy genes (NCBI
AY220126.1) via BWA-MEM and BWA-FastMap (68). Unfortunately, this approach was
also unsuccessful in providing a definitive sex determination of samples. An additional
attempt at individual identification was made by attempting alignments to several
different marmoset mitochondria or mitochondrial D-loop segments (NCBI NC_025586.1,
AB525908.1, AB572419.1, U86526.1, U88840.1, and KJ020024.1) via BWA-MEM and
bowtie2, which also failed to align sufficient reads for the analysis for all samples (69).

Bioinformatic microbiome analysis

The biom file generated by the Qiita pipeline was subsequently downloaded and
converted to a giime2 (70) (v2023.2) artifact. Due to the overpooling of blanks during the
iSeq normalization step, samples with either low starting DNA concentration (including
blanks) or poor amplification with less than 3,000 counts/pooled volume were dropped
from further analysis. The resulting table contained 55,995,612 reads for 82 samples
with an average of 682,873 reads per sample. The feature table was rarified to a depth
of 167,000 reads/sample to control for sequencing effort before performing standard
alpha (Faith’s phylogenetic diversity [71], Shannon index [72], observed features [73]) and
beta diversity (weighted UniFrac [74]) metrics. For log-based diversity metrics (Aitchison
[75]; RPCA, phyloRPCA, and CTF [38]), an unrarified table was used for calculations
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and downstream analyses. Beta diversity differences were determined by permutational
multivariate analysis of variance with a multiple-testing correction and an alpha level of
0.05 (76). Clustermaps, hierarchically clustered heatmaps based on Euclidean distances,
were used to display some of the data (77). Data were visualized using custom Python
scripts (the Python code is available at https://github.com/knightlab-analyses/marmo-
set-diet-change).

Combined microbiome and metabolome analysis

We used Joint-RPCA to look at connections between the microbiome and metabolome
data (37, 38). In brief, the microbiome and metabolome raw feature tables were used
as input and were transformed through the robust-centered-log-ratio transformation
(robust-clr). Robust-clr handles the sparsity often found in microbiome and metabolome
data well. The raw observed values were only computed on the non-zero entries and
then averaged and optimized. A shared matrix was estimated across the shared samples
of all input matrices. To ensure consistency, the estimated shared matrix and the matrix
of shared eigenvalues across all input matrices were recalculated at each iteration.
Minimization was performed across iterations by gradient descent. Cross-validation of
the reconstruction was performed in order to prevent overfitting of the joint factoriza-
tion. Correlations of features across the two input matrices were calculated from the final
estimated matrices.

ACKNOWLEDGMENTS

We thank the veterinarians and technicians of the Animal Care Program (ACP) as well
as the lab manager and researchers in Dr. Cory Miller’s lab for their support, guidance,
and continuous care for the common marmoset colonies at UCSD. We specifically want
to thank Drs. Michelle Farkas, Louise Qu, and Ashley Inji Wang for their ongoing clinical
support with the marmosets. We thank the technicians in Dr. Rob Knight's wet lab
for performing the DNA extraction and library preparation for shotgun metagenomic
sequencing. We also thank Rodolfo Antonio Salido Benitez for his assistance with a
technical issue.

C.A. is supported by R01DK136117. The project was internally funded, Project
#100005754, from the UCSD Animal Care Program. This publication includes data
generated at the UC San Diego IGM Genomics Center utilizing an Illumina NovaSeq
6000 that was purchased with funding from a National Institutes of Health SIG grant
(#510 0D026929).

C.T.-W. collected fecal and food samples. C.T.-W. and A.M.C.-R. performed samples
extraction for LC-MS/MS. A.M.C.-R. processed metabolomics samples and performed
LC-MS/MS data acquisition. M.B. processed metagenomics samples and aided in data
acquisition. K.M. provided follow-up clinical data. CT.-W., AM.C-R, CA, and LM.
performed data analysis. PC.D., RK., and K.J. provided supervision and funding for the
project. C.T.-W,, CA., AM.C-R, and .M. wrote the initial manuscript draft. All authors
contributed to the writing and editing of the final manuscript.

AUTHOR AFFILIATIONS

'Animal Care Program, University of California, San Diego, La Jolla, California, USA
2Skaggs School of Pharmacy, University of California, San Diego, La Jolla, California, USA
*Department of Pediatrics, University of California, San Diego, La Jolla, California, USA
“Bioinformatics Graduate Program, University of California, San Diego, La Jolla, California,
USA

Center for Microbiome Innovation, University of California, San Diego, La Jolla, California,
USA

®Department of Computer Science and Engineering, University of California, San Diego,
La Jolla, California, USA

August 2024 Volume 9 Issue 8

mSystems

10.1128/msystems.00108-24 17


https://github.com/knightlab-analyses/marmoset-diet-change
https://doi.org/10.1128/msystems.00108-24

Research Article

’Shu Chien-Gene Lay Department of Bioengineering, University of California, San Diego,
La Jolla, California, USA

®Halicioglu Data Science Institute, University of California, San Diego, La Jolla, California,
USA

AUTHOR ORCIDs

Rob Knight 2 http://orcid.org/0000-0002-0975-9019

Andrés Mauricio Caraballo-Rodriguez 2 http://orcid.org/0000-0001-5499-2728
Celeste Allaband  http://orcid.org/0000-0003-1832-4858

Keith Jenné (2 http://orcid.org/0009-0007-7763-5644

FUNDING

Funder Grant(s) Author(s)

HHS | National Institutes of $10 0D026929 Cassandra Tang-Wing
Health (NIH)

Ipsita Mohanty

MacKenzie Bryant

Katherine Makowski

Daira Melendez

Pieter C. Dorrestein

Rob Knight

Andrés Mauricio Caraballo-Rodriguez
Celeste Allaband

Keith Jenné

AUTHOR CONTRIBUTIONS

Cassandra Tang-Wing, Conceptualization, Data curation, Formal analysis, Resources,
Visualization, Writing - original draft, Writing - review and editing | Ipsita Mohanty,
Formal analysis, Visualization, Writing - review and editing | MacKenzie Bryant,
Methodology, Project administration, Resources, Writing — review and editing | Katherine
Makowski, Writing — review and editing | Daira Melendez, Formal analysis, Investigation,
Writing — review and editing | Pieter C. Dorrestein, Project administration, Supervision,
Writing — review and editing | Rob Knight, Project administration, Supervision, Valida-
tion, Writing - review and editing | Andrés Mauricio Caraballo-Rodriguez, Conceptualiza-
tion, Formal analysis, Investigation, Methodology, Supervision, Validation, Visualization,
Writing — original draft, Writing — review and editing | Celeste Allaband, Conceptuali-
zation, Formal analysis, Investigation, Methodology, Software, Supervision, Validation,
Visualization, Writing — original draft, Writing — review and editing | Keith Jenné, Funding
acquisition, Project administration, Writing — review and editing

DATA AVAILABILITY

Microbiome data are publicly available in Qiita under study ID #14577 (https://
giita.ucsd.edu/public/?study_id=14577). Raw sequencing data have been deposited to
EBI/ENA, study PRJEB64278 (ERP149415). The metabolome data set generated for this
study has been deposited online in the public repository Mass Spectrometry Interactive
Virtual Environment (MassIVE) (https://massive.ucsd.edu/), MassIVE ID# MSV000090940.
Code is available at https://github.com/knightlab-analyses/marmoset-diet-change.

ETHICS APPROVAL

Marmosets were housed in an AAALAC-accredited facility at the University of California,
San Diego, in accordance with the Guide for Care and Use of Laboratory Animals. As

August 2024 Volume 9 Issue 8

mSystems

10.1128/msystems.00108-24 18


https://qiita.ucsd.edu/public/?study_id=14577
https://www.ebi.ac.uk/ena/browser/view/PRJEB64278
https://massive.ucsd.edu/
https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?task=5dbf9e88f5404c27a77f900b00c72fa5
https://github.com/knightlab-analyses/marmoset-diet-change
https://doi.org/10.1128/msystems.00108-24

Research Article

mSystems

marmosets were part of a breeding colony and no handling or manipulation of the
animals was required for this study, animals are exempt from an IACUC protocol.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental Material (mSystems00108-24-s0001.docx). Supplemental figures and
supplemental table legends.

Table S1 (mSystems00108-24-s0002.csv). Metabolomics.
Table S2 (mSystems00108-24-s0003.csv). Metabolomics.

REFERENCES

1.

August 2024 Volume 9

Inoue T, Yurimoto T, Seki F, Sato K, Sasaki E. 2023. The common
marmoset in biomedical research: experimental disease models and
veterinary management. Exp Anim 72:140-150. https://doi.org/10.1538/
expanim.22-0107

Han H-J, Powers SJ, Gabrielson KL. 2022. The common marmoset—
biomedical research animal model applications and common
spontaneous diseases. Toxicol Pathol 50:628-637. https://doi.org/10.
1177/01926233221095449

Carrion R, Patterson JL. 2012. An animal model that reflects human
disease: the common marmoset (Callithrix jacchus). Curr Opin Virol
2:357-362. https://doi.org/10.1016/j.coviro.2012.02.007

Ross CN, Colman R, Power M, Tardif S. 2020. Marmoset metabolism,
nutrition, and obesity. ILAR J 61:179-187. https://doi.org/10.1093/ilar/
ilab014

Malukiewicz J, Cartwright RA, Dergam JA, Igayara CS, Kessler SE, Moreira
SB, Nash LT, Nicola PA, Pereira LCM, Pissinatti A, Ruiz-Miranda CR, Ozga
AT, Quirino AA, Roos C, Silva DL, Stone AC, Grativol AD. 2022. The gut
microbiome of exudivorous marmosets in the wild and captivity. Sci Rep
12:5049. https://doi.org/10.1038/541598-022-08797-7

Schiel N, Souto A. 2017. The common marmoset: an overview of its
natural history, ecology and behavior: common marmoset: an overview.
Dev Neurobiol 77:244-262. https://doi.org/10.1002/dneu.22458
Susanne R, Ann-Kathrin O. 2005. Husbandry and management of new
world species: marmosets and tamarins, p 145-162. In The laboratory
primate. Elsevier.

Fitz C, Goodroe A, Wierenga L, Mejia A, Simmons H. 2020. Clinical
management of gastrointestinal disease in the common marmoset
(Callithrix  jacchus). ILAR J 61:199-217. https://doi.org/10.1093/ilar/
ilab012

Power ML, Adams J, Solonika K, Colman RJ, Ross C, Tardif SD. 2019. Diet,
digestion and energy intake in captive common marmosets (Callithrix
jacchus): research and management implications. Sci Rep 9:12134. https:
//doi.org/10.1038/541598-019-48643-x

Burns M, Silva AC. 2020. Current topics in research, care, and welfare of
common marmosets. ILAR J 61:107-109. https://doi.org/10.1093/ilar/
ilac001

Sheh A. 2020. The gastrointestinal microbiota of the common marmoset
(Callithrix jacchus). ILAR J 61:188-198. https://doi.org/10.1093/ilar/
ilaa025

Sheh A, Artim SC, Burns MA, Molina-Mora JA, Lee MA, Dzink-Fox J,
Muthupalani S, Fox JG. 2022. Analysis of gut microbiome profiles in
common marmosets (Callithrix jacchus) in health and intestinal disease.
Sci Rep 12:4430. https://doi.org/10.1038/s41598-022-08255-4

Albert K, Rani A, Sela DA. 2018. The comparative genomics of
Bifidobacterium callitrichos reflects dietary carbohydrate utilization
within the common marmoset gut. Microb Genom 4:e000183. https://
doi.org/10.1099/mgen.0.000183

Shigeno Y, Toyama M, Nakamura M, Niimi K, Takahashi E, Benno Y. 2018.
Comparison of gut microbiota composition between laboratory-bred
marmosets (Callithrix jacchus) with chronic diarrhea and healthy animals
using terminal restriction fragment length polymorphism analysis:
chronic diarrhea microbiota in marmoset. Microbiol Immunol 62:702—
710. https://doi.org/10.1111/1348-0421.12655

Issue 8

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Reveles KR, Patel S, Forney L, Ross CN. 2019. Age-related changes in the
marmoset gut microbiome. Am J Primatol 81:22960. https://doi.org/10.
1002/ajp.22960

Takehara S, Zeredo JL, Kumei Y, Kagiyama K, Fukasawa K, Oshiro A, Ueno
M, Kojimahara N, Minakuchi S, Kawaguchi Y. 2019. Characterization of
oral microbiota in marmosets: feasibility of using the marmoset as a
human oral disease model. PLoS One 14:e0207560. https://doi.org/10.
1371/journal.pone.0207560

Zhu L, Clayton JB, Suhr Van Haute MJ, Yang Q, Hassenstab HR, Mustoe
AC, Knights D, Benson AK, French JA. 2020. Sex bias in gut microbiome
transmission in newly paired marmosets (Callithrix jacchus). mSystems
5:200910-19. https://doi.org/10.1128/mSystems.00910-19

Malukiewicz J, D’arc M, Dias CA, Cartwright RA, Grativol AD, Moreira SB,
Souza AR, Tavares MCH, Pissinatti A, Ruiz-Miranda CR, Santos AFA. 2022.
Bifidobacteria define gut microbiome profiles of golden lion tamarin
(Leontopithecus rosalia) and marmoset (Callithrix sp.) metagenomic
shotgun pools. In review. https://doi.org/10.21203/rs.3.rs-1917568/v1
Zhu L, Yang Q, Suhr Van Haute MJ, Kok CR, Gomes-Neto JC, Pavlovikj N,
Pillai R, Sinha R, Hassenstab H, Mustoe A, Moriyama EN, Hutkins R,
French J, Benson AK. 2021. Captive common marmosets (Callithrix
jacchus) are colonized throughout their lives by a community of
Bifidobacterium species with species-specific genomic content that can
support adaptation to distinct metabolic niches. mBio 12:e0115321.
https://doi.org/10.1128/mBi0.01153-21

Endo A, Futagawa-Endo Y, Schumann P, Pukall R, Dicks LMT. 2012.
Bifidobacterium reuteri sp. nov., Bifidobacterium callitrichos sp. nov.,
Bifidobacterium saguini sp. nov., Bifidobacterium stellenboschense sp. nov.
and Bifidobacterium biavatii sp. nov. isolated from faeces of common
marmoset (Callithrix jacchus) and red-handed tamarin (Saguinus midas).
Syst Appl Microbiol 35:92-97. https://doi.org/10.1016/j.syapm.2011.11.
006

Modesto M, Michelini S, Stefanini |, Ferrara A, Tacconi S, Biavati B,
Mattarelli P. 2014. Bifidobacterium aesculapii sp. nov., from the faeces of
the baby common marmoset (Callithrix jacchus). Int J Syst Evol Microbiol
64:2819-2827. https://doi.org/10.1099/ijs.0.056937-0

Michelini S, Modesto M, Oki K, Stenico V, Stefanini |, Biavati B, Watanabe
K, Ferrara A, Mattarelli P. 2015. Isolation and identification of cultivable
Bifidobacterium spp. from the faeces of 5 baby common marmosets
(Callithrix jacchus L.). Anaerobe 33:101-104. https://doi.org/10.1016/j.
anaerobe.2015.03.001

Michelini S, Oki K, Yanokura E, Shimakawa Y, Modesto M, Mattarelli P,
Biavati B, Watanabe K. 2016. Bifidobacterium myosotis sp. nov.,
Bifidobacterium tissieri sp. nov. and Bifidobacterium hapali sp. nov.,
isolated from faeces of baby common marmosets (Callithrix jacchus L.).
Int J Syst Evol Microbiol 66:255-265. https://doi.org/10.1099/ijsem.0.
000708

Go Y-M, Liang Y, Uppal K, Soltow QA, Promislow DEL, Wachtman LM,
Jones DP. 2015. Metabolic characterization of the common marmoset
(Callithrix jacchus). PLOS ONE 10:e0142916. https://doi.org/10.1371/
journal.pone.0142916

10.1128/msystems.00108-24 19


https://doi.org/10.1128/msystems.00108-24
https://doi.org/10.1538/expanim.22-0107
https://doi.org/10.1177/01926233221095449
https://doi.org/10.1016/j.coviro.2012.02.007
https://doi.org/10.1093/ilar/ilab014
https://doi.org/10.1038/s41598-022-08797-7
https://doi.org/10.1002/dneu.22458
https://doi.org/10.1093/ilar/ilab012
https://doi.org/10.1038/s41598-019-48643-x
https://doi.org/10.1093/ilar/ilac001
https://doi.org/10.1093/ilar/ilaa025
https://doi.org/10.1038/s41598-022-08255-4
https://doi.org/10.1099/mgen.0.000183
https://doi.org/10.1111/1348-0421.12655
https://doi.org/10.1002/ajp.22960
https://doi.org/10.1371/journal.pone.0207560
https://doi.org/10.1128/mSystems.00910-19
https://doi.org/10.21203/rs.3.rs-1917568/v1
https://doi.org/10.1128/mBio.01153-21
https://doi.org/10.1016/j.syapm.2011.11.006
https://doi.org/10.1099/ijs.0.056937-0
https://doi.org/10.1016/j.anaerobe.2015.03.001
https://doi.org/10.1099/ijsem.0.000708
https://doi.org/10.1371/journal.pone.0142916
https://doi.org/10.1128/msystems.00108-24

Research Article

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

August 2024 Volume 9

Go Y-M, Walker DI, Soltow QA, Uppal K, Wachtman LM, Strobel FH,
Pennell K, Promislow DEL, Jones DP. 2015. Metabolome-wide associa-
tion study of phenylalanine in plasma of common marmosets. Amino
Acids 47:589-601. https://doi.org/10.1007/500726-014-1893-x

Hoffman JM, Tran V, Wachtman LM, Green CL, Jones DP, Promislow DEL.
2016. A longitudinal analysis of the effects of age on the blood plasma
metabolome in the common marmoset, Callithrix jacchus. Exp Gerontol
76:17-24. https://doi.org/10.1016/j.exger.2016.01.007

Bisanz JE, Upadhyay V, Turnbaugh JA, Ly K, Turnbaugh PJ. 2019. Meta-
analysis reveals reproducible gut microbiome alterations in response to
a high-fat diet. Cell Host Microbe 26:265-272. https://doi.org/10.1016/j.
chom.2019.06.013

Valles-Colomer M, Blanco-Miguez A, Manghi P, Asnicar F, Dubois L,
Golzato D, Armanini F, Cumbo F, Huang KD, Manara S, et al. 2023. The
person-to-person transmission landscape of the gut and oral micro-
biomes. Nature 614:125-135. https://doi.org/10.1038/541586-022-
05620-1

Quinn TP, Erb I, Gloor G, Notredame C, Richardson MF, Crowley TM.
2019. A field guide for the compositional analysis of any-omics data.
Gigascience 8:giz107. https://doi.org/10.1093/gigascience/giz107
Morton JT, Marotz C, Washburne A, Silverman J, Zaramela LS, Edlund A,
Zengler K, Knight R. 2019. Establishing microbial composition
measurement standards with reference frames. Nat Commun 10:2719.
https://doi.org/10.1038/s41467-019-10656-5

Pajarillo EAB, Lee E, Kang D-K. 2021. Trace metals and animal health:
interplay of the gut microbiota with iron, manganese, zinc, and copper.
Anim Nutr 7:750-761. https://doi.org/10.1016/j.aninu.2021.03.005

Aron AT, Gentry EC, McPhail KL, Nothias L-F, Nothias-Esposito M,
Bouslimani A, Petras D, Gauglitz JM, Sikora N, Vargas F, et al. 2020.
Reproducible molecular networking of untargeted mass spectrometry
data using GNPS. Nat Protoc 15:1954-1991. https://doi.org/10.1038/
s41596-020-0317-5

Nothias L-F, Petras D, Schmid R, Dihrkop K, Rainer J, Sarvepalli A,
Protsyuk |, Ernst M, Tsugawa H, Fleischauer M, et al. 2020. Feature-based
molecular networking in the GNPS analysis environment. Nat Methods
17:905-908. https://doi.org/10.1038/541592-020-0933-6

Scheubert K, Hufsky F, Petras D, Wang M, Nothias L-F, Diihrkop K,
Bandeira N, Dorrestein PC, Bocker S. 2017. Significance estimation for
large scale metabolomics annotations by spectral matching. Nat
Commun 8:1494. https://doi.org/10.1038/s41467-017-01318-5

Wang M, Carver JJ, Phelan VV, Sanchez LM, Garg N, Peng Y, Nguyen DD,
Watrous J, Kapono CA, Luzzatto-Knaan T, et al. 2016. Sharing and
community curation of mass spectrometry data with global natural
products social molecular networking. Nat Biotechnol 34:828-837. https:
//doi.org/10.1038/nbt.3597

Bittremieux W, Avalon NE, Thomas SP, Kakhkhorov SA, Aksenov AA,
Gomes PWP, Aceves CM, Caraballo-Rodriguez AM, Gauglitz JM, Gerwick
WH, et al. 2023. Open access repository-scale propagated nearest
neighbor suspect spectral library for untargeted metabolomics. Nat
Commun 14:8488. https://doi.org/10.1038/541467-023-44035-y
Burcham ZM, Belk AD, McGivern BB, Bouslimani A, Ghadermazi P,
Martino C, Shenhav L, Zhang AR, Shi P, Emmons A, et al. 2024. A
conserved interdomain  microbial network underpins cadaver
decomposition despite environmental variables. Nat Microbiol 9:595-
613. https://doi.org/10.1038/s41564-023-01580-y

Martino C, Morton JT, Marotz CA, Thompson LR, Tripathi A, Knight R,
Zengler K. 2019. A novel sparse compositional technique reveals
microbial perturbations. mSystems 4:@00016-19. https://doi.org/10.
1128/mSystems.00016-19

Malukiewicz J, D'arc M, Dias CA, Cartwright RA, Grativol AD, Moreira SB,
Souza AR, Tavares MCH, Pissinatti A, Ruiz-Miranda CR, Santos AFA. 2023.
Bifidobacteria define gut microbiome profiles of golden lion tamarin
(Leontopithecus rosalia) and marmoset (Callithrix sp.) metagenomic
shotgun pools. Sci Rep 13:15679. https://doi.org/10.1038/541598-023-
42059-4

Sheh A, Artim SC, Burns MA, Molina-Mora JA, Lee MA, Dzink-Fox J,
Muthupalani S, Fox JG. 2020. Common marmoset gut microbiome
profiles in health and intestinal disease. Microbiology. https://doi.org/10.
1101/2020.08.27.268524

Hassler HB, Probert B, Moore C, Lawson E, Jackson RW, Russell BT,
Richards VP. 2022. Phylogenies of the 16S rRNA gene and its

Issue 8

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

mSystems

hypervariable regions lack concordance with core genome phylogenies.
Microbiome 10:104. https://doi.org/10.1186/s40168-022-01295-y
Bezkorovainy A, Kot E, Miller-Catchpole R, Haloftis G, Furmanov S. 1996.
Iron metabolism in bifidobacteria. Int Dairy J 6:905-919. https://doi.org/
10.1016/50958-6946(96)00003-9

Broom LJ, Monteiro A, Pifion A. 2021. Recent advances in understanding
the influence of zinc, copper, and manganese on the gastrointestinal
environment of pigs and poultry. Animals (Basel) 11:1276. https://doi.
org/10.3390/ani11051276

Ma'Y, Fei Y, Ding S, Jiang H, Fang J, Liu G. 2023. Trace metal elements: a
bridge between host and intestinal microorganisms. Sci China Life Sci
66:1976-1993. https://doi.org/10.1007/s11427-022-2359-4

Lloyd-Price J, Mahurkar A, Rahnavard G, Crabtree J, Orvis J, Hall AB,
Brady A, Creasy HH, McCracken C, Giglio MG, McDonald D, Franzosa EA,
Knight R, White O, Huttenhower C. 2017. Strains, functions and dynamics
in the expanded Human Microbiome Project. Nature 550:61-66. https://
doi.org/10.1038/nature23889

Human Microbiome Project Consortium. 2012. Structure, function and
diversity of the healthy human microbiome. Nature 486:207-214. https:/
/doi.org/10.1038/nature11234

Banton SA, Soltow QA, Liu KH, Uppal K, Promislow DEL, Power ML, Tardif
SD, Wachtman LM, Jones DP. 2016. Plasma metabolomics of common
marmosets (Callithrix jacchus) to evaluate diet and feeding husbandry. J
Am Assoc Lab Anim Sci 55:137-146.

Sagar NA, Tarafdar S, Agarwal S, Tarafdar A, Sharma S. 2021. Polyamines:
functions, metabolism, and role in human disease management. Med
Sci 9:44. https://doi.org/10.3390/medsci9020044

Del Rio B, Redruello B, Linares DM, Ladero V, Ruas-Madiedo P, Fernandez
M, Martin MC, Alvarez MA. 2019. The biogenic amines putrescine and
cadaverine show in vitro cytotoxicity at concentrations that can be
found in foods. Sci Rep 9:120. https://doi.org/10.1038/541598-018-
36239-w

Ramos-Molina B, Queipo-Ortufio MI, Lambertos A, Tinahones FJ, Pefafiel
R. 2019. Dietary and gut microbiota polyamines in obesity- and age-
related diseases. Front Nutr 6:24. https://doi.org/10.3389/fnut.2019.
00024

Tofalo R, Cocchi S, Suzzi G. 2019. Polyamines and gut microbiota. Front
Nutr 6:16. https://doi.org/10.3389/fnut.2019.00016

Zhu L, Suhr Van Haute MJ, Hassenstab HR, Smith C, Rose DJ, Mustoe AC,
Benson AK, French JA. 2020. Fecal short-chain fatty acid concentrations
increase in newly paired male marmosets (Callithrix jacchus). mSphere
5:00794-20. https://doi.org/10.1128/mSphere.00794-20

Schmid R, Heuckeroth S, Korf A, Smirnov A, Myers O, Dyrlund TS,
Bushuiev R, Murray KJ, Hoffmann N, Lu M, et al. 2023. Integrative analysis
of multimodal mass spectrometry data in MZmine 3. Nat Biotechnol
41:447-449. https://doi.org/10.1038/541587-023-01690-2

Pang Z, Chong J, Zhou G, de Lima Morais DA, Chang L, Barrette M,
Gauthier C, Jacques P-E, Li S, Xia J. 2021. MetaboAnalyst 5.0: narrowing
the gap between raw spectra and functional insights. Nucleic Acids Res
49:W388-W396. https://doi.org/10.1093/nar/gkab382

Shaffer JP, Marotz C, Belda-Ferre P, Martino C, Wandro S, Estaki M, Salido
RA, Carpenter CS, Zaramela LS, Minich JJ, Bryant M, Sanders K, Fraraccio
S, Ackermann G, Humphrey G, Swafford AD, Miller-Montgomery S,
Knight R. 2021. A comparison of DNA/RNA extraction protocols for high-
throughput sequencing of microbial communities. Biotechniques
70:149-159. https://doi.org/10.2144/btn-2020-0153

Sanders JG, Nurk S, Salido RA, Minich J, Xu ZZ, Zhu Q, Martino C, Fedarko
M, Arthur TD, Chen F, et al. 2019. Optimizing sequencing protocols for
leaderboard metagenomics by combining long and short reads.
Genome Biol 20:226. https://doi.org/10.1186/s13059-019-1834-9
Brennan C, Salido RA, Belda-Ferre P, Bryant M, Cowart C, Tiu MD,
Gonzélez A, McDonald D, Tribelhorn C, Zarrinpar A, Knight R. 2023.
Maximizing the potential of high-throughput next-generation
sequencing through precise normalization based on read count
distribution. mSystems 8:@0000623. https://doi.org/10.1128/msystems.
00006-23

Armstrong G, Martino C, Morris J, Khaleghi B, Kang J, DeReus J, Zhu Q,
Roush D, McDonald D, Gonazlez A, Shaffer JP, Carpenter C, Estaki M,
Wandro S, Eilert S, Akel A, Eno J, Curewitz K, Swafford AD, Moshiri N,
Rosing T, Knight R. 2022. Swapping metagenomics preprocessing

10.1128/msystems.00108-24 20


https://doi.org/10.1007/s00726-014-1893-x
https://doi.org/10.1016/j.exger.2016.01.007
https://doi.org/10.1016/j.chom.2019.06.013
https://doi.org/10.1038/s41586-022-05620-1
https://doi.org/10.1093/gigascience/giz107
https://doi.org/10.1038/s41467-019-10656-5
https://doi.org/10.1016/j.aninu.2021.03.005
https://doi.org/10.1038/s41596-020-0317-5
https://doi.org/10.1038/s41592-020-0933-6
https://doi.org/10.1038/s41467-017-01318-5
https://doi.org/10.1038/nbt.3597
https://doi.org/10.1038/s41467-023-44035-y
https://doi.org/10.1038/s41564-023-01580-y
https://doi.org/10.1128/mSystems.00016-19
https://doi.org/10.1038/s41598-023-42059-4
https://doi.org/10.1101/2020.08.27.268524
https://doi.org/10.1186/s40168-022-01295-y
https://doi.org/10.1016/S0958-6946(96)00003-9
https://doi.org/10.3390/ani11051276
https://doi.org/10.1007/s11427-022-2359-4
https://doi.org/10.1038/nature23889
https://doi.org/10.1038/nature11234
https://doi.org/10.3390/medsci9020044
https://doi.org/10.1038/s41598-018-36239-w
https://doi.org/10.3389/fnut.2019.00024
https://doi.org/10.3389/fnut.2019.00016
https://doi.org/10.1128/mSphere.00794-20
https://doi.org/10.1038/s41587-023-01690-2
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.2144/btn-2020-0153
https://doi.org/10.1186/s13059-019-1834-9
https://doi.org/10.1128/msystems.00006-23
https://doi.org/10.1128/msystems.00108-24

Research Article

59.

60.

61.

62.

63.

64.

65.

66.

67.

August 2024 Volume 9

pipeline components offers speed and sensitivity increases. mSystems
7:e0137821. https://doi.org/10.1128/msystems.01378-21

Chen S, Zhou Y, Chen Y, Gu J. 2018. fastp: an ultra-fast all-in-one FASTQ
preprocessor.  Bioinformatics 34:i884-i890. https://doi.org/10.1093/
bioinformatics/bty560

Li H. 2018. Minimap2: pairwise alignment for nucleotide sequences.
Bioinformatics 34:3094-3100. https://doi.org/10.1093/bioinformatics/
bty191

Gonzalez A, Navas-Molina JA, Kosciolek T, McDonald D, Vazquez-Baeza
Y, Ackermann G, DeReus J, Janssen S, Swafford AD, Orchanian SB,
Sanders JG, Shorenstein J, Holste H, Petrus S, Robbins-Pianka A, Brislawn
CJ, Wang M, Rideout JR, Bolyen E, Dillon M, Caporaso JG, Dorrestein PC,
Knight R. 2018. Qiita: rapid, web-enabled microbiome meta-analysis. Nat
Methods 15:796-798. https://doi.org/10.1038/541592-018-0141-9

Zhu Q, Huang S, Gonzalez A, McGrath |, McDonald D, Haiminen N,
Armstrong G, Vazquez-Baeza Y, Yu J, Kuczynski J, et al. 2022. Phylogeny-
aware analysis of metagenome community ecology based on matched
reference genomes while bypassing taxonomy. mSystems 7:e0016722.
https://doi.org/10.1128/msystems.00167-22

Zhu Q, Mai U, Pfeiffer W, Janssen S, Asnicar F, Sanders JG, Belda-Ferre P,
Al-Ghalith GA, Kopylova E, McDonald D, et al. 2019. Phylogenomics of
10,575 genomes reveals evolutionary proximity between domains
Bacteria and Archaea. Nat Commun 10:5477. https://doi.org/10.1038/
s41467-019-13443-4

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with
Bowtie 2. Nat Methods 9:357-359. https://doi.org/10.1038/nmeth.1923
McDonald D, Clemente JC, Kuczynski J, Rideout JR, Stombaugh J,
Wendel D, Wilke A, Huse S, Hufnagle J, Meyer F, Knight R, Caporaso JG.
2012. The Biological Observation Matrix (BIOM) format or: how | learned
to stop worrying and love the ome-ome. Gigascience 1:7. https://doi.
org/10.1186/2047-217X-1-7

Li H. 2012. Exploring single-sample SNP and INDEL calling with whole-
genome de novo assembly. Bioinformatics 28:1838-1844. https://doi.
org/10.1093/bioinformatics/bts280

Li H, Durbin R. 2009. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25:1754-1760. https://doi.
org/10.1093/bioinformatics/btp324

Issue 8

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

mSystems

Takabayashi S, Katoh H. 2011. Sex identification using the ZFX and ZFY
genes in common marmosets (Callithrix jacchus). Exp Anim 60:417-420.
https://doi.org/10.1538/expanim.60.417

Malukiewicz J, Boere V, Fuzessy LF, Grativol AD, French JA, de Oliveira e
Silva |, Pereira LCM, Ruiz-Miranda CR, Valenca YM, Stone AC. 2014.
Hybridization effects and genetic diversity of the common and black-
tufted marmoset (Callithrix jacchus and Callithrix penicillata) mitochon-
drial control region. Am J Phys Anthropol 155:522-536.
https://doi.org/10.1002/ajpa.22605

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F, et al. 2019. Reproducible,
interactive, scalable and extensible microbiome data science using
QIIME 2. Nat Biotechnol 37:852-857. https://doi.org/10.1038/5s41587-
019-0209-9

Faith DP. 1992. Conservation evaluation and phylogenetic diversity. Biol
Conserv 61:1-10. https://doi.org/10.1016/0006-3207(92)91201-3
Shannon CE, Weaver W, Wiener N. 1950. The mathematical theory of
communication, Vol. 3, p 31-32. Physics Today.

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber
T, Dalevi D, Hu P, Andersen GL. 2006. Greengenes, a chimera-checked
16S rRNA gene database and workbench compatible with ARB. Appl
Environ Microbiol 72:5069-5072. https://doi.org/10.1128/AEM.03006-05
Lozupone CA, Hamady M, Kelley ST, Knight R. 2007. Quantitative and
qualitative B diversity measures lead to different insights into factors
that structure microbial communities. Appl Environ Microbiol 73:1576-
1585. https://doi.org/10.1128/AEM.01996-06

Aitchison J, Barcelo-Vidal C, Martin-Fernandez JA, Pawlowsky-Glahn V.
2000. A concise guide to compositional data analysis. Math Geol 32:271-
275. https://doi.org/10.1023/A:1007529726302

Anderson MJ. 2017. Permutational multivariate analysis of variance
(PERMANOVA), p 1-15. In Kenett RS, Longford NT, Piegorsch WW,
Ruggeri F (ed), Wiley StatsRef: statistics reference online, 1st ed. Wiley.
Waskom M, BotvinnikO, OstblomJ, LukauskasS, HobsonP, Gemperli-
neDC, AugspurgerT, HalchenkoY, ColeJB, et al, MaozGelbart. 2020.
mwaskom/seaborn: v0.9.1 (January 2020) (v0.9.1)

10.1128/msystems.00108-24 21


https://doi.org/10.1128/msystems.01378-21
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1038/s41592-018-0141-9
https://doi.org/10.1128/msystems.00167-22
https://doi.org/10.1038/s41467-019-13443-4
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1186/2047-217X-1-7
https://doi.org/10.1093/bioinformatics/bts280
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1538/expanim.60.417
https://doi.org/10.1002/ajpa.22605
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1128/AEM.01996-06
https://doi.org/10.1023/A:1007529726302
https://doi.org/10.1128/msystems.00108-24

	Impact of diet change on the gut microbiome of common marmosets (Callithrix jacchus)
	RESULTS
	Dietary switch from biscuit to a gel diet improved overall health and reproduction of common marmosets
	Diet transition changes the composition of the gut microbiome
	Metabolites correlated with the improved health of common marmosets after diet change
	Correlational analysis of metabolomics and metagenomics indicates that there is a link between the microbes and metabolites of interest

	DISCUSSION
	MATERIALS AND METHODS
	Animal and dietary information
	Untargeted tandem mass spectrometry-based metabolomics
	Shotgun metagenomics





