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GUT MICROBIOME AND ITS ROLE IN OBESITY AND AGING
IN C57BL/6J MALE MICE

YONGBIN YANG
NUTRITION SCIENCES
ABSTRACT

The gut microbiome has been found to be assocwitbdbesity, type 2 diabetes
and many other diseases. Many studies have shoerolial composition changes with
obese status or switching of diets. However, fewhem have investigated the long-term
microbial changes in subjects under the same emwviental factors. This study examined
gut microbiome changes in multiple aspects witheehtrolled diet-induced obese mice
models and demonstrated the following: there weeatgvariations in gut microbiome
composition and diversity in the same strain ofé@bmice under the same environment
and diet; certain lineages of bacteria were assatiaith digestive efficiency; gut
microbiome changes were dose dependent on differeslis of calorie restriction; gut
microbiome were relatively stable in adult aginglenfixed feeding regimen; weight
cycling through manipulating the amounts of dieake could have differential effects on
microbiome composition and specific categoriesanftéria; and microbial compositions
at a younger age were different between short-lauedilong-lived mice. In summary,
this study provides substantial insight into thiesaf gut microbiome in obesity, calorie
restriction and aging with well-controlled experimt& subjects and conditions. These
results also provide a rationale for future inteti@nal study and subsequent clinical
application in the prevention and treatment of digeas well as potential strategies for
promoting longevity.
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INTRODUCTION

The prevalence of obesity has been increasingtbedast few decades and is a
major burden to public health and healthcare ressuObesity is related to the
imbalance between energy intake and energy expgadind is influenced by host
genetic background and environmental or lifestgledrs such as diet. Recent insight
suggests that the intestinal microbiome shoulddmsidered as a subset of genetic
factors, together with host genotype and lifesfglegergy intake and expenditure),
contributing to variations in adiposity [1].

Studies have found marked interpersonal differencepecies level diversity of
the gut microbiota [2-5], which might be explaingdfactors including diet [6], the use
of antibiotics [7], the genetic background of tleesh[8] and others. However, one study
of 59 mammalian species revealed that their feealainiota clustered according to diet
rather than host phylogeny [5]. Later studies fotivat high-fat diet, not the obese state,
accounts for the altered microbial communities inenj6], and that the structure and
function of the gut microbiome were significantlgsaciated with high-fat diet feeding
[9]. But it is poorly understood how exactly diateracts with gut microbiome in their
association with obesity.

Calorie restriction, without malnutrition, has lobgen shown to improve health
and increase lifespan in multiple species [10],thatunderlying mechanism is still not
well understood. Reduced cellular divisions, lowmtabolic rates, reduced production of

free radicals and hormesis have all been suggeastpdssible explanations



[11-15]. Recent studies have found that gut miaota might be altered during CR. It
was reported [16] that short-term CR-induced welgbs$ in human adolescents had an
impact on the composition of the gut microbiotébjeats with greater weight loss had
significantly different changes in gut microbiotangposition compared to those with less
weight loss. Nonetheless, there is little inforrmaton how the gut microbial
communities respond to sustained CR.

Although extensive studies have been conductetlitty snicrobiota in adults,
investigation into structural changes and compmsdti evolution from young to the
elderly is rarely done. The composition of the stiteal microbiota in older people (>65
years) is extremely variable among individuals [4dl differs from the core microbiota
and diversity levels of younger adults [17, 18}w#s hypothesized that the aging process
could affect the gut microbiota after age 65 (whgthe common criteria for defining
elderly), and that the aged microbiota stabilizeth@ age of 75-80 years [18]. However,
evidence is scarce regarding microbial changes tématural aging process.

The overall objective of this proposed researdb isnderstand gut microbiome
changes in diet-induced obesity, subsequent wéghktthrough calorie restriction and
weight cycling and aging.

LITERATURE REVIEW

The human intestine contains ~10 to 100 trillionnwix¢al cells, which is 10 times
more cells than the human body. Microbes in thedmugut undergo selective pressure
from the host and environmental factors (such astimn), as well as from microbial
competitors, which leads to a homeostasis of theystem, with some in high

abundance and others in low abundance [19]. Thengubbiota has important metabolic



functions, such as detoxification, micronutriemthesis, fermentation of indigestible
food substances and assistance in the absorptigertain electrolytes and trace minerals
[20-22]. It has been suggested that gut microbgstbeéoreak down otherwise
indigestible foods and contribute to energy hareest obesity [1, 23]; for example,
microbial fermentation of polysaccharides to slubin fatty acids (SCFA) can account
for up to 10% of human daily caloric intake [24heélTenergy from microbial

fermentation will positively contribute to adipgsgiven that even small, sustained
changes in energy balance over a long time catt iessignificant changes in body
weight (BW) [25]. It was shown thaty/ob mice are more effective at harvesting or
acquiring calories from food during digestion thhair lean siblings, and this feature is
transmissible (through bacteria transplant) to giaa recipients, resulting in greater
adiposity [1]. Furthermore, a bacterially relatadtbr, as well as the abundance of certain
bacteria species, has been suggested to be rdsigdiosihigh-fat diet—induced obesity
[26], since germ-free mice fed a high-fat diet gainhe same weight as those with low-
fat diet [11]. Studies have consistently found tihat proportional changes of
BacteroidetesandFirmicutes which are the two dominant bacterial phyla in lamsand
many animals, are associated with obesity [27, 2Bhilar differences in this bacterial
ratio have been observed in human studies betwaeseand lean subjects [2, 3, 29], but
no correlation between BMI and tRe@micutegBacteroidetesatio was observed in
humans [30]. On the contrary, despite weight ldss,e were no changes in the relative
counts of thBacteroidesspp. or the percentage leifmicutes[29, 31];Bacteroidetes

was significantly correlated to weight loss but teototal caloric intake [2], thus



suggesting that it is not necessarily just theoratiFirmicutesandBacteroideteshat is
important but rather the amount of SCFA produced.

For a given individual with gut microbiota alterlbg obesity status or by high-fat
diets, the aberrant microbiota can affect diffeggmgsiological mechanisms regulating
body energy metabolism, lipid homeostasis and inerfunction. But currently, there is
no consensus as to whether the gut microbiome plagsisative role in obesity or is
secondary in response to the diet associated Wehity. In addition to the commonly
agreed on abundancefmicutesandBacteroidetesActinobacteriawas also found to
be abundant in obese animals [32ctobacillusspecies, which are widely used as
growth promoters in the farm industry, were recefdlind to be increased in some obese
individuals compared to lean individuals [33]. Mover, high-fat diet—fed mice treated
with antibiotics were found to be partially proigetagainst diabetes, which was
proposed to be caused by the alteration of gutahiota composition [7]. On the other
hand, prebiotics have been shown [34] to incr&leéobacterig lower endotoxaemia,
improve glucose tolerance and regulate body wegght in high-fat diet—fed mice. One
study suggested that supplementation of Baficdobacteriumand conjugated linoleic
acid improved fatty acid composition of the hogefiand white adipose tissue
significantly over either supplemented alone, iatiiig that dietary manipulation
represents a realistic target for modificationhef fatty acid composition and
proinflammatory cytokine profile of the host tissy85]. While obesity and gut
microbiome changes are possibly secondary to raghdiét feeding, it is unknown
whether there is any causality between changedgirbbiota and obesity. In our

previous work, we observed large variations inrthesponses to prolonged high-fat diet



feeding, with over twofold differences in their lyodeight and over fivefold differences
in fat mass; however, these mice were an inbredC&d strain, of the same age,
receiving the same diet and singly housed. We fdahadiverage daily energy intake was
significantly correlated with body weight gain. Hewver, in the mice receiving the same
amount of food, large variations in body weighll stisted.

While calorie restriction has been an effective walpsing weight and beneficial
in metabolic, hormonal and functional changes fose individuals, calorie restriction
without malnutrition has also been shown to prolbfegpan in mammalian and
invertebrate species [36, 37]. Reduced metabdiécanoxidative metabolism is one of
the possible explanations for the anti-aging effeftCR [38]. Additionally, CR is
hypothesized to lessen oxidative damage by redwenieggy flux and metabolism [39].
Reduced energy intake by CR results in loss of bodgs and a reduction in metabolism.
The human body was described to have a “metabdéptation,” exemplified by a
reduction in the metabolic rate concomitant with tlecreased body mass [40]. This
adaption may be caused by many factors, includargetic, metabolic, social or
behavioral [38]. Nonetheless, it is speculated ithatthe reduction in food intake (FI),
and not a reduction in fat mass, that is the ber@ftomponent of CR [41]. Another
study suggested [42] that the changes in gut battmmmunity structure during diet-
induced weight loss are a reflection of the effe¢teeduced nutrient load rather than the
actual weight loss. A possible explanation is thatgut or residing microorganism
senses alterations in nutrient availability andssgfuently modulated the nutrient
absorption. The presence of gut microbiota is fdsod to enhance the supply of a

nutrient source (ketone bodies) during fastingemgfree mice [43]. Furthermore,



decreased plasma concentrations of inflammatogkayes were reported in mice under
CR [44], while gut microbiota is significantly assated with plasma concentration of
lipopolysaccharide (LPS) [45]. One study [46] rdpdrseveral gut microbiota family
changes after gastric bypass surgery, which mi@R$y restricting the amount and
types of food ingested, albeit following surgerydiation exposures and potentially
altered nutrient delivery for the lower intestiGut microbiota composition changes
rapidly after feeding a high-fat diet [32]; howeyigéwas suggested that the capability of
increasing energy harvesting associated with tleeabiota profile is not constant after
prolonged exposure, because the fecal energy dectéa obese animals over a short
period after switching to high-fat diet, while leanimals remained stable [47]. It is
unclear whether an association exists betweenuhmigrobiome composition changes
and sustained CR. Additional information concerrtimgse aspects is needed.

There have been few studies looking at the gutohiome changes in individuals
with aging. Yatsunenket al.[48] found age-associated changes in the gent® @jut
microbiota involved in vitamin biosynthesis and at®ilism and that bacterial
complexity increased with age in individuals offeliEnt geographic locations. Claesson
et al.[49] reported intestinal microbiota differencedonr residence locations
(community-dwelling, outpatient, short-term rehahtion hospital care and long-term
residential care). They observed correlations betvwgit microbiota and food diversity
categories, as well as several health status mevasuats [49]. Additionally, the core
microbiota of elderly subjects was distinct fronupger adults, with a greater proportion
of BacteroidetesandClostridiumand a lesser proportion of bifidobacteria [50, $lhe

study [18] observed that the microbial compositowl diversity of the gut ecosystem of



young adults and 70-year-old people is highly samylet differs significantly from that

of centenarians, with centenarians having a mame ténfold increase in
Eubacterium.limosumnthe signature bacteria of long life that has matiriaflammatory
property [52]. However, these observations werssssectional instead of longitudinal
and might be confounded by many other factorsa evidenced that the ageing process
is deeply associated with the structure of the hugwa microbiota and its homeostasis
with the host’'s immune system [1&roteobacteriavere seen as “pathobionts” in late
stage of life [53, 54], which might overtake mutsit symbionts and induce pathology.
The abundance of some bacteria, likestridiales[30], has been found to be negatively
related to age. However, it is unknown whethergiiemicrobiota can influence the
ageing process contrarily.

For obese individuals, losing weight is possiblg, the maintenance of weight
loss for a prolonged period is seldom successhil [&s a result, repeated weight losses
and regains (yo-yo dieting) have become a commtermpaor obese individuals [55-57].
Although the bulk of observational epidemiologisearch shows an association of
weight variability with morbidity and mortality, &se observations might be confounded
by a number of issues — for instance, unintentiar@aght loss and concurrent diseases
[58]. A very recent study with a relatively smadinsple size concluded that weight-
cycled mice switching between high-fat and lowewts had no significant difference in
lifespan as compared to low-fat diet—fed contredsile being overweight and eating a
high-fat diet led to a significantly shorter lifesp[59]. On the other hand, weight cycling
may have some “temporarily” healthy benefits inrdasing resting metabolic rate [60]

and serum glucose and insulin levels [61]. The malgective of a longevity study, from



which the animals proposed to be used in this @alpderive, is to determine whether
repeated bouts of weight loss and regain amongealoelents increase or decrease
mortality rate relative to maintaining an obesegheior to achieving sustained weight
loss. While the gut microbiome is associated widt ohtake and possibly the obese state,
we hypothesize that gut microbiome should be cateel with food intake changes;
however, there are no extant data in this regard.

The Human Microbiome Project (HMP) has been laudaherldwide [62] to
identify new ways of determining health and predgfon to diseases by gut
microbiome and optimizing its performance in thateat of an individual’s physiology
[62]. There are several important questions tortssvared by the HMP project, some of
which would not be feasible in the short term —dgample, the stability and resilience of
an individual’s microbiota through lifespan and e there is an identifiable “core”
microbiome shared by the population. Literature destrates [32, 63] that defining the
effects of diet and age on gut microbiota compaositind function will be essential for
analyzing and interpreting the massive data setsrgéed in the different meta-genomics
projects worldwide.

The animal model to be used in this study is dieticed obese mice, which more
closely reflect the situation in humans than geadlit mutated animals (though these
animals are still inbred). The high-fat contenttad diet used takes up 45% of the energy
content, which is close to typical calorie intakenh fat in the U.S. [64]. Furthermore,
there is considerable similarity between humanrandse distal gut microbiotas at the
division level [27]. Many factors in unrestrictedrhan subjects, such as lifestyle-related

factors like exercise level and energy intake, germckground, habitation and overall



fitness, which are more important in causing anthtaming obesity, will be controlled

in this study. To our knowledge, there have beereported long-term longitudinal
evaluations of the gut microbe composition, andréhatively shorter lifespan of mice
would enable us to track the aging effects. Ovgtiailt unique inbred, non-mutant, singly
housed mouse model with controlled diet and lomgyteample collection would provide
insightful and comprehensive data in addressingjtlestions that arise from the specific

aims.



EXPERIMENTAL AIMS AND HYPOTHESES

The mice longevity project has provided invalualdéa and opportunities to
explore many aspects of science related to dieteied obesity, calorie restriction and
aging. By utilizing the fecal samples and physiatagmeasurements, we will be able to
test many hypotheses relating to gut microbiomepmsitions during diet-induced
obesity, calorie restriction and aging. The ovendikctive of this dissertation is to
investigate gut microbiome compositions and changeset-induced obesity variability,
digestive efficiencies, different levels of caloréstriction, repeated weight loss and
regain cycles and the aging process, as well agloty. Specifically, there are three
experimental aims and seven null hypotheses, sl

Experimental Aim 1

This experimental aim will assess fecal microbigedsity in genetically similar
mice under the same feeding regimen but differiragdtically in body weight or food
intake. There are two hypotheses under this exgatiah aim:

Hypothesis 1a. There will be no differences betweeal bacteria populations in
hosts with significantly different levels of adipiysunder the same feeding regimen.

Hypothesis 1b. Fecal bacteria compositions (orifipetrains of bacteria) are not
associated with digestive efficiency (DE) or feeakrgy density.

Experimental Aim 2

Experimental aim 2 will test fecal microbiota chaagfter changes in the amount

of food intake in both the short term and the Itergn. There are three hypotheses under

this experimental aim:
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Hypothesis 2a. Fecal bacteria compositions (oriBpetrains of bacteria) would
have similar changes in mice under different leeélsaloric restriction compared with
ad libitumfed mice.

Hypothesis 2b. Fecal bacteria will not respondhimnic diet changes.

Hypothesis 2c. Fecal bacteria composition will e $ame after the mice go
through repeated weight loss and regain cyclesitfir@alorie restriction anad libitum
refeeding.

Experimental Aim 3

Experimental aim 3 will evaluate longitudinal feoacrobial stabilities with
aging under a fixed feeding regimen. There arehlymotheses under this aim:

Hypothesis 3a. Fecal bacteria composition wilstadble under a fixed diet
regimen independent of time effect.

Hypothesis 3b. Baseline fecal composition (or gpmestrains of bacteria) will be

the same at baseline between short-lived and limeg-ice.
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METHODS
The study animals are from an ongoing NIH-fundestaech project
(RO1AG033682, PI — Allison DB, body compositiongegetics and longevity). This
proposal is designed independently and is notaelad the original RO1 research project.
This proposal will collect non-invasive samplesyofiecal pellets) and will use part of
the body weight, food intake and body compositiatadrom the RO1 research project.
Study Animals
375 C57BL/6J male mice were purchased from Thesdackaboratory (Bar
Harbor, ME) at 6 weeks of age and singly housed hwigh-fat diet feeding (45% kcal fat
and 20% protein; D11112301, Research Diets, Newm®mwick, NJ) at 8 weeks of age
and thereafter. The heaviest 2/3 mice (n=252) wardomized at 11 months of age into
four groups (with the same high-fat diet): Ever €8O, n=43) — continued ad libitum
(AL) feeding; Obese Weight Losers (OWL, n=42, awd@% restriction of the EO) —
diet restricted to a body weight similar to low-fegd animals (low-fat diet, 10% kcal
fat); Weight Cyclers (WC, n=82) — diet restrictéallowed by AL refeeding cycles over
the course of life with average body weight betwdenEO and OWL groups; and Obese
Weight Losers Moderate (OWLM, n=83, around 20%rietsdn of the EO) — diet
restricted to approximate a stable, average bodghtven the middle of EO and OWL.
Additionally, 10 of the culled 1/3 ever lean (CULjice with lowest body weight are
maintained on the AL high-fat diet feeding for campon with other groups. For

detailed projected body weight curves, please tefErgure 1 below.
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Projected Body Weight Change with Time
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Figure 1. Time point of sample collection in the study des (Note the data used in th
chart are from a previous study cohort of the sdesgn; solid blue arrows repres
sample collection for microbiome sequencing; holldue arrows represent additior
sample collection for fecal energy output measuwsksrterarrows represent samg
collection for WConly; low-fat—fed animal and CULIgroup are not showt
C57BL/6J is the most widely used inbred mouserstiad is susceptible to c-
induced obesity and other metabolic dise [65]. The definition of ambred strain it
that mice are produced using at least 20 consecgénerations of sister x brother
parent x offspring matings, or mice draceable to single ancestral pair in th™ or
subsequent generation. They are as geneticallg akpossible and homozygou:
virtually all of their loci[66]. Male C57BL/6J mice have a mean lifespan of 2
months [67].The 45% hig-fat diet was to mimic the typical western diet. Wwibrk and
procedures are approved by the UAB Institutionailh#al Care and Use Comirtee.
Sample and Data Collection

Body weight and food intake are recorded weeklyn thebeginning of this

study. Noninvasive body composition measurement (fat masda-free mass, b
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quantitative magnetic resonance, QMR, Echo MR-in-1 V2.1; Echo Medical
Systems, Houston, TX) is conducted at each weigatand fall of the WC for all mice.
Mortality events were recorded to the nearest dat, information regarding the
natural/spontaneous death versus euthanized anionatgribund conditions recorded.
Gross necropsy is conducted upon death of the mice.

Fresh feces (2~4 pellets) were collected beforeaiamhtion (11 months of age)
and with each weight change cycle (based on teeans fall of WC mice, ~ 2 month
intervals, Figure 1) for all groups and frozen8a°C until microbiome analysis. Fecal
pellets contain bacterial populations resembliragéhpresent in the lower gastrointestinal
tract and may therefore provide a convenient sasqlece [4]. Samples will be
collected until 50% mortality of all mice, whichughly covers a period of at least one
year (age from 11 to 23 months). Proposed samikction and utilization were shown
in Table 1

Prior to 44 weeks of age, all of the mice receigrdctly the same treatment,
includingad libitumfeeding of a high-fat diet. Due to the fact thas tproposal was
conceived later than the beginning of the origlR@l project, there were no samples
collected from an early age. However, the sampdected at 44 weeks could be used as
a baseline to investigate the relationship betwgdmicrobial diversity and individual
adiposity variations, effects of calorie restriation gut microbiome and gut microbiome
stabilities with aging. To investigate the longitual changes of gut microbiome
composition changes, only samples from those rhiaesurvived longer than 104 weeks

were selected. Thus 20 or 10 samples, which were al 104 weeks of age and did not
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have any severe health consequences, such astivieei@matitis, were randomly
selected for microbiome sequencing.

Table 1.Proposed time points and sample sizes for collectio

Time points and mice ages in weeks

Group 0 1 2 3 4 5 6 7 8 9
44w 61w 75w 76w 79w 88w 89w 91w 103w 104w

EO 20 10 10 _10 8

OowL 20 20 20 _20 20

oOwLM 30 20 20 70 _20 20

wC 30 20 20 20 20 _20 20 20 20 20

EL 10 5 5 5 5

Note: Underlined numbers represent samples cotldotefecal energy output measures
in addition to microbiome sequencing. In total réhevill be 505 samples to be sequenced
for microbiome composition and approximately 80fpgkes to be measured for digestive
efficiency.
DNA Extraction and Amplification

Fecal DNA from frozen samples will be extractechgsa ZYMO ZR-96 Fecal
DNA Kit ™ following the manufacturer’s instructions (www.zgresearch.com). PCR
amplification of the 16S rDNA region will be perfoed with bar coded primers specific
for the 16S rRNA region as previously described.[68e 16s rRNA gene is found in all
microorganisms and has enough sequence conserf@atiaocurate alignment and
enough variation for phylogenetic analyses.

To determine the possible contribution of bactéoan the diet on the mice’s

intestinal bacteria populations, representativel fpellets have been selected to test the

bacteria composition.
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Microbiome Analysis

The 16S rDNA V4 region of the bacteria will be peesed and sequenced using
NextGen sequencing (MiSeq platform) by the UAB CCEAR Microarray core
(Comprehensive Cancer Center, Center for AIDS Rebgalrhe amplicons will be
sequenced at 250 bp. Taxonomy of the gut microbisegeiences is assigned to the
representative sequence of each operational taxienont (OTU ) using QIIME’s
parallel wrappers for the RDP classifier [69]. Thest detailed taxonomic level assigned
to an OTU’s representative sequence at confidehgeeater than or equal to 0.8 will be
taken as the taxon of the OTU. The proportion achegaxon will be calculated as the
proportion of each probe signal compared to tha ggnal.

Digestive Efficiency

Fecal samples for the digestive efficiency assaycallected from mice at the
second weight fall of the WC groups (~ 20 monthag¥) for all groups. At the start of
the collection, mice are placed in a clean cagh wimeasured amount of food and a cup
of wood chip beddings. After 4 days, the food isemhed, and the mice are given
another clean cage. All fecal pellets will be cotézl and weighed for future analysis.
Digestive efficiency will be assessed by compathegcalories consumed with the
calories excreted in the feces. The feces collesttdbe dried to constant weight (at
60°C). The energy content of the food and the dieeds produced will be determined
using a bomb calorimeter (Model 1261, Parr InstmtsieMoline, IL). Digestive
efficiency will be calculated as: (food energy isgg - fecal energy output) / (food

energy ingested) *100%.
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Statistical Analysis

The OTU data will be filtered before analyses beeaue do not want to consider
those OTUs with low abundance, which may severdlyedthe multiple testing power.
Here are the criteria that we decided for therfilig at all levels: average absolute reads
of OTUs are greater or equal to 20 (percentage, Wifd% ~ 0.1%); more than 50%
samples under the same test have a read; and samiffidotal read counts are greater
than 10,000.

Alpha diversity and beta diversity will be genethbyy QIIME [69]. Alpha
diversity captures both the organismal richnessnfser) of a sample and the evenness
(distribution) of the organism’s abundance of disttion within a single population and
is defined by the Chaol index (richness, or thelnnor the Shannon index
(distribution, equitability or the evenness). Bdtzersity represents the extent of
similarity (or difference) in organismal compositibetween samples by measuring the
degree to which membership or structure is shaeddden communities [70], as
indicated by the Bray-Curtis dissimilarity (taxaeolap), weighted UniFrac or
unweighted UniFrac (quantification of phylogeneticersity) [71]. Sample similarities
were projected onto two dimensions using princquairdinate analysis (PCoA).

Repeated measures analysis of variance (ANOVA)heilused to compare the
body weight, body composition and food intake amgrayips over time. The Kruskal-
Wallis or Mann-Whitney test will be used to idewgtstatistically significant differences
in microbial taxap diversity and other nonparametric measures. Spgd@sneorrelation
will be used to describe the relationship betwegmgcrobiome composition and body

weight and energy intake. UniFrac will be useddsess the overall differences among
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the study groups by principal coordinates analysisaddition, multivariate regression
analysis will be used to explore associations betwaultiple exposure factors and
microbiota composition. All analyses will be doreng SAS 9.3 (SAS Institute Inc, NC)
or R (www.r-project.org).

Terminology Disclaimer

Microbiome is defined as “ecological communitycoinmensal, symbiotic and
pathogenic microorganisms that literally share huimady space” [72]. In the literature,
microbiome and microbiota are often used synonyiyoursthis study, we would focus
only on the bacteria in murine feces samples, iitérms microbiome, microbiota and
microbes are also used interchangeably to repré&semine fecal bacteria.”

Operational taxonomic unit is abbreviated as OfTd i defined as distinctive
taxonomic level unit of sampling selected by therus be used in a study, such as
individuals, populations, species, genera or bacstrains [73, 74]. Those categorized as
the same OTU usually share a percent similaritysthold. In this dissertation, OTU is

used to refer to the same bacterial category awsitevels.
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RESULTS AND DISCUSSION

Here | present the basic characteristics, folloiwedesults and discussions, for
each of the seven hypotheses. Only the data refatibese mice included in this
dissertation were included in this section.

Body weight, body composition and food intake dtiahe points are shown in
Figure 2. Body compositions were scheduled to be measureasaline and at each peak
and trough of the WC group for all groups. Bodygtiand food intake were measured
at the time of fecal sample collection for micrab® analysis and were obtained four
times more from the WC group than from other grodys to the special interest in
chronic changes of microbiome along with weightlicye

Overall, these sub-samples followed the patteth@briginal study in terms of
body weight changes. Specifically, EO had gradodybwveight increase with time as
well as weight loss at later stages; OWLM and OVdH lower body weight than EO,
respectively, and remained stable; WC group hadbwds of weight loss and regain
cycles from baseline to the end; CULL group haddybweight lower than EO, despite
continuedad libitumfeeding. Fat mass resembles body weight in eateafroups,
while the differences in fat-free mass are muchliemd he food intake was provisioned
at certain amounts for OWL, OWLM and weight lossgsts of the WC group. For EO,
CULL and weight regain stages of the WC groaghJibitumfeeding was provided. As
seen inFigure 2, the food intake for the EO group increases aed tiradually decreases

as they age. The food intakes for OWL and OWLM wetatively stable because of
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their targeted stable body weight. The food intakdhe WC group was constantly
adjusted to meet the designed body weight curves.

Overall, fecal samples from 507 samples (the migjofiwhich were repeatedly
selected) were measured by bar-coded pyrosequeoficthg V4 region of 16S rDNA
genes. After quality control of the sequencing ltssthere were a total of 45,735,335
OTU counts with an average of 90,928 counts pep&a(t26,235 s.d.). Froigure 3
we can see that there were great variations inthetiChaol (A) and Shannon index (B),
which represents richness (the number of bactand)evenness (equality of the
distribution of bacterial groups), respectivelyite PCoA plots of diversity by
group*time, samples from different groups and timeats were generally separated from
each other, which suggest the effects of grouptiamel on bacterial diversity in these
samples. The Bray-Curtsdiversity (C, F, I) represents the dissimilarity@g samples.
UniFrac (weighted: D, G, J; unweighted: E, H, Kpnesents the phylogenetic diversity
among samples.

The most abundant OTUs at the phylum level vienmicutes(93.41%+5.52%),
followed byActinobacteria(2.96%+3.05%) anBacteroidete$2.73%+2.83%). Within
theFirmicutesphylum, there were three abundant clasGésstridia (57.25%+19.00%),
Erysipelotrichi(28.84%+20.47%) anBacilli (7.23%=+7.73%). Most of thBacteroidetes
was accounted for bgacteroidiaclass (2.73%+2.83%). UndActinobacteriaphylum,
there were two major bacterial class&stinobacteria(1.71%+2.43%) and

Coriobacteriia(1.25%=2.43%).
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Figure 2. Basic characteristics for all mice: A. Body weiglfecal sample collection; B. Fat mass at eachk ped trough; C. Fat-
free mass at each peak and trough; D. Daily fotakenaround fecal sample collection. (n=10 for EOfor OWL, OWLM and WC,
5 for CULL; week 44 was pre-randomization; all ggpelthad the same type of high-fat diet.)
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Figure 3. Diversity of the gut microbiota: A. Chaol diveysior all samples; B. Shannon
diversity for all samples; C.D.E.: beta diversitydroup for all samples (Bray-Curtis,
unweighted UniFrac, weighted UniFrac); F.G.H.: bditeersity by time point; 1.J.K.: beta
diversity by group*time point.
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This study has included robust sample sizes tmtethe microbiome changes
along with caloric restriction, weight cycling aading in inbred C57BL/6J male mice.
Because all of these mice were singly housed frame@&ks of age under controlled
environment and diets, we were able to minimizenfaential factors such as cage-
specific variations and inter-individual differeiscd o our knowledge, this is the first
study to look at mice gut microbiome compositiond & changes in different levels of
calorie restriction and weight cycling, as well@asgevity and aging. We showed that
specific bacteria genera were different betweeh bigdy weight and low body weight
mice (both consumingd libitumhigh-fat diet), related to digestive efficiencyriehed
or decreased during calorie restriction, changethddong-term weight loss or regain,
enriched during aging under fixed feeding regimed, #ast, related to longevity.

First of all, of these ~500 hundred samples se@eribere were great variability
in a andp diversity. It is generally recognized that fanmhembers have a more similar
community structure than unrelated individuals. Wlie animals in this study are an
inbred strain, they still have individual variat®oim body weight, food intake and body
composition under the same environment and feddibig which might be related to the
variations and diversities in the microbial comntymmr maternal influences. Different
microbes metabolize dietary products in distinctixagys, but various diets also promote
specific populations of microbial communities withthe mother, the blood from which
the fetus received could be substantially altenethb mother's microbes [76]. Contrary
to the belief that the fetus develops within ailgenmvironment, recent evidence has
shown that bacteria colonize the fetus before hitT). After birth, the microbial

communities are influenced by interactions with neos, other individuals as well as
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environmental factors. A recent study suggestshbst genotype has a measurable
contribution to gut microbiome variation [78]. Ina\, separating littermates into
different cages (in this study all the mice wereghr housed) can drive the differences in
their microbiota further [79]. Unfortunately, weddnot collect samples when the mice
arrived, nor do we have maternal information.

Second, we found that the mice gut microbiome deasinated byFirmicutes
phylum, which were much higher than previously régabin the same strain of mice [1,
27, 28, 32]. This could be caused by the diet tbffiees, as the high-fat diet in this study
was primarily composed of lard (45% kcal from fatd vs. soybean oil: 7.1:1 in weight),
since diet itself [6] and the sources of dietaty{8] could account for changes in gut
microbiota compositions. For example, a low-fat ehas found to promotEirmicutes
[81], but others found that a Western diet (tygicabmposed of high fat) had higher
abundance dFirmicutes as well [28]. A greater amount of plant polysaaties was
found to be associated with low levelsFafmicutesand increased levels of
Bacteroidete$82]. In terms of fat source, milk-derived satuthfat resulted in a higher
abundance dBacteroidetesind a lower abundance Bfmicutes while lard-based
saturated fat has differential effects on phyla sumlfite-reducing bacteria compared to
milk fat—based saturated fat or other fat sour8é$ [Therefore, the abnormal high
abundance dFirmicutesfound in this study could be caused by the spéatal

composition (primarily lard) used in the high-fagtd
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Hypothesis la.
There Will Be No Differences between Fecal BactBapulations in Hosts with
Significantly Different Levels of Adiposity undené Same Feeding Regimen
Results
Our previous study found that great variationstexi in the body weight and fat
mass in this strain of inbred C57BL/6J mice uratlibitumfeeding with the same diet
[75]. This chapter of the results tested the gutrafiiome compositions related with
body weight variations in two aspects: 1) the conspa of gut microbiome between the
100 high body weight mice and 10 low body weighteribefore randomization, before
which time point all mice had been receiving exastdme high-fat diet feeding; 2)
association of specific gut microbiome species Wity weight, fat mass, fat-free mass
and daily food intake at the time of sample coltatt
Figure 4 shows that there were significant differencesHaid.0001) in body
weight, fat mass and fat-free mass, as well as ilo@te, between the high body weight
mice (n=100) and the low body weight mice (n=10)e body weight of high body
weight mice ranged from 40 grams to almost 60 gravhde that of the low body weight
mice was lower than 40 gram. A similar phenomenas 8een in fat mass and fat-free
mass. However, the food intake of both groups hadtgariations, which failed to
explain that the body weight difference was prifmyacaused by food intake.
At randomization, the high body weight mice wened@amized into four different
dietary treatment groups after this time point, #relow body weight mice were culled
from the study because only those with diet-indugleésity models would be included to

test the effect of weight cycling and calorie riesion.
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Figure 4. Body weight (A), fat mass (B), fat-free mass (Cyl &mod intake (D) of the
high body weight (n=100) and low body weight mineX0) before randomization at
week 44. (Mean value of each parameter was showttm¢he scatters; P-values were
from the Wilcoxon-Mann-Whitney test.)
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Alpha diversity within group richness and evenngsaol index, Shannon
Index, respectively) and principal-coordinates-blas®aracterization (PCoA) of overall
community structuref(diversity) for this hypothesis are showrFigure 5 below. As
seen in the figure, there was no significant défere between these two groups in the
Chaol index score (P=0.0823, two sided, Mann-Wiitast) or the Shannon index score
(P=0.7016), which indicates that the distributiohsnicrobes were similar between the
two body weight groups, and the trend is that ttal humber of microbes could be
different if sample sizes are increased. Furtheemm®CoA analysis based on Bray-Curtis,
weighted UniFrac or unweighted UniFrac did not sleoelear clustering of groups.

To investigate the roles of specific gut microbiom&ody weight variation, two
regression models have been applied between marebabundance (%OTU) and
bodyweight or food intake: 1a.1: %OTU = high bodgight/low body weight; and 1a.2:
%O0TU = body weight + food intake. There were 149J3Tof these 110 samples)
passed the filtering criteria (50% or more of thgting samples have an abundance of
greater than O for each OTU; average reads greatgual to 20 [~0.01%-0.1%]). After
Bonferroni correction (0.05/149=0.0003), only th@€Us met the level of significance,
and these three OTUs were in the same lineagettierfamily level:Firmicutes
(phylum),Bacilli (class)Lactobacillales(order),Streptococcaceagamily)
(estimate=21.32, std. error=2.83, t value=7.53,.P3H#-11), Lactococcus (genus)
(estimate=21.41, std. error=2.84, t value=7.54,1PH6-11) and unnamed (species)
(estimate=21.43, std. error=2.84, t value=7.54,.628-11). These close values indicate
that there was an unnamed species of bacteria uadecoccugyenus that was

significantly different between the high body weigind low body mice. The average
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Figure 5. Alpha and beta diversity for hypothesis.1 (between the 100 high body weigand 10 low body weight mice at week -
A. Chaol index for richness (P=0.0823); B. Shanindex for diversity (P=0.7016); C. Br-Curtisbeta diversity fc dissimilarity; D.
unweighted UniFrac beta diversitly. weighted UniFre beta diversity. In C—Eged represents the high body we mice and blue the
low body weight mice.
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abundance dfactococcugyenus for the high body weight group was 0.67%3%0and
it was 2.29%:=0.63% for the low body weight group.

In the second regression model of 1a.2, food enteds been adjusted to look at
the associations between bacteria abundance arydamaght. After Bonferroni
correction (0.05/149=0.0003), the same three OTadsed the tesBtreptococcaceae
(family) (estimate=-181.36, std. error=39.90, tued-4.55, P=1.46E-05)actococcus
(genus) (estimate=-182.23, std. error=40.00, te=ld.56, P=1.369E-05) and unnamed
(species) (estimate=-182.36, std. error=40.03|uera4.56, P=1.40E-05). These results
suggest that the unnamed species of bacteria Wwadeycoccuggenus was significantly
negatively associated with body weight after adipgstor food intake. The average
abundance of high body weight and low body weigimloined was 0.82%=0.61%.
Nevertheless, if the correlation model was appicethese two groups separately, there
was no significant correlation between any of tHdJS and body weight or food intake.
The Spearman correlation coefficient (rho) betweactococcuggenus and body weight
was -0.25829 (P=0.0070). Notably, there were adsersl other OTUs that could be
associated with body weight but didn’t reach Border corrected P-value. These were:
the Clostridiaceagfamily (estimate=12.01, P=0.0006, abundance=16,52#6elation
with body weight rho=0.27160, P=0.0045 ), unnamexug and species under the
Clostridiaceaefamily (estimate=12.43, P=0.0006), unnamed famgépls/species under
the Clostridialesorder (estimate=-24.04, P=0.0008), @lestriduiumcelatumspecies
(estimate=1715.90, P=0.0051) and @=xillospiragenus (estimate=-33.69, P=0.006).

In addition, selected CULL (low body weight, n=5)d EO (high body weight,

n=10) mice were compared (from 61 to 102 weekge} & observe the long-term
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changes of gut microbiome between high body weight) and low body weight
(CULL) animals. The body weight and food intakelu#se two groups were shown in
Figure 6. Although same strain of inbred mice under saeelding high-fat diead
libitum feeding, the body weight (P<0.0001) and food iaték<0.0001) were
significantly different between the CULL and EO gps. With four time points
combined, the alpha diversity (Chaol and Shanndexinboth P<0.0001) was
significantly different between these two groupse EO group had greater richness
(Chaol index) and evenness (Shannon index) in i@otemposition than CULL group
(Figure 7). In microbial community structure, these two grewgere clearly separated
from each other in the PCoA analysis between goiwgrsity (Bray-Curtis, unweighted
UniFrac and weighted UniFrac). If the two groupsewaewed by different time points
separately, there were significant differenceshadl at all time points (P=0.0027,
0.0059, 0.0027 and 0.0338, respectively), and HanSon index was only different at
time points 1 (P=0.0059) and 5 (P=0.0027), butat¢ime points 2 (P=0.0576) and 8
(P=0.5101).

Several statistical models were used to test fid Qifferences between EO and
CULL groups. Similar results were yielded betwe®OTU=EO/CULL + time point”
and “%OTU=EO/CULL + body weight + food intake.” Thest model looked at group
differences controlling for time points, while teecond model controlled for body
weight, food intake and repeated effects. One geh&dB53 under th€lostridiaceae
family and the unnamed species under it were sagmfly different between the two
groups (P=2.79E-4 for modell, P=1.49E-4). HoweN¢he two models were merged

into one, none of the OTUs was significantly diffietr between the two groups.
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Figure 6. Body weight and food intake of the obese-resigi@hiLL) and obese-prone
EO) C57BL/6J male mice: A. Body weight (meanzsiimin 8 weeks of age to 102
weeks of age; B. Average daily food intake (g/ddlyD, 45% cal from fat) at selected
time points same as body weight. (Mice in both geohadad libitumfood intake across
the study; weeks 8 to 43 were diet-induced obas#age; weeks 67, 75, 88 and 102
coincided with the end of each weight loss or negeariod for the WC group.)

A.
—— EO (n=10)
601 —O— CULL (n=5)
D 50 -
=
Ry
()
< 40 -
>
°
(@]
m
30 -
20 -
8 14 23 30 3843 61 75 88 102
Age (week)
B.
351 —e— EO
—O— CULL
=
© 3.0 -
S
S
O
©
E 2.5 1
§®)]
o
o
(I
2.0 -
8 14 23 30 3843 61 75 88 102
Age (week)

31



Figure 7. Alpha and beta diversity for hypothesis 1a.. (obese-prone EO group/n=10 and obeststant CULL group/n=tT1—
week 61, T2—week 75, T5—week 88, T8—w&6R, see Figure 6 for detalDhaol index for richness (P<0.0001); B. Shannoexi
for diversity (P<0.0001); C. Bragurtis dissimilarity; D. unweight¢ UniFrac; E. weighted UniFrac. In E-red represents the EO
group and blue the CULL group.
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Discussion

Previous studies have found that obesity was &gsdowith a reduction in alpha
diversity [3]. We found that the richness (Chaodeix) and evenness (Shannon index) of
bacteria were not significantly different betweba high body weight and low body
weight mice, which suggests that the overall badteumber or evenness of distribution
might not be associated with diet-induced obesitythermore, the bacterial lineage of
Lactococcuggenus was found to be significantly different betw high body weight
(n=100) and low body weight (n=10) animals at rang@tion point. Additionally, after
adjusting for food intake, this strain was sigrafitly associated with body weight with
the two groups combined but was not significant mtinee analysis was done separately
for either of the groups. This suggests that tgaificant correlation between
Lactococcugenus and body weight of the two groups combinasl possibly caused by
distinct higher abundance in the low body weiglougr. The genukactococcuss one of
the lactic acid—producing bacteria [83], which mategral components of fermented food,
where they produce lactic acid from glucose ferragon. Lactococcusncludes seven
different species. Some of these species are iadalvtechnological food processing,
while some can acquire antibiotic resistance usdkactive pressure [84]. An earlier
study showed that high-fat—fed mice showed inciethaetococcugproportion
(0.6%x0.1%) compared to low-fat—fed controls (0.4/4£6) [85]. While in this study,
we found a similar proportion afactococcusn the high body weight mice
(0.68%x0.03%); however, the low body weight miceemthe same high-fat diet had
significantly higher abundance (2.31%+0.63%). Thetches another study that found a

higher abundance of ti&reptococcaceamily (which includes théactococcus
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genus) in cecum samples from lean minipigs comprethese minipigs under the same
diet [86].Lactococcusvas also found to be positively correlated withgexpression
levels in the inguinal fat of inflammation markéBaa3andPail) [87]. These evidences
suggest that both the diets and body weight cafldancelactococcusbundance, and
that the abundance bactococcusould be associated with the development of obesity
and underlying gene expression in fat.

The ratio ofFirmicutes:Bacteroidetewas once proposed to be related to obesity
[2], but we were unable to observe that betweernitjie body weight
(Firmicutes:Bacteroidete=21.93) and low body weight mice (20.98) due toaheormal
high abundance dfirmicutes This is in agreement with other studies, whichgasts
that the link between obesity and the microbiotigkedy to be more sophisticated than
the simple phylum-levdtirmicutes:Bacteroidetesatio [3, 88].

Contrary to the above, we also found that thengsis (Chaol index) and
evenness (Shannon index) were significantly diffeketween obese-prone (EO) and
obese-resistant (CULL) groups. These two group®\atso clearly separated from each
other in the PCoA plots. This discrepancy mighgimate from selection bias because
these samples were not randomly selected frommatias from the original mice
longevity study. The results indicate that thosesahprone and obese-resistant mice
under the same high-fat died libitumfeeding had dissimilarity in gut microbiome
communities and that there were phylogenetic séipasabetween the two groups. This
could be caused by the differences in the amouritsod intake, which could be further

tested below in the comparisons between EO andicaéstricted groups.
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Overall, although all the mice in this hypothessl received the same high-fat
diet feeding and were singly housed under the samaegonment, there still were
significant differences in certain bacteria, sushactococcusWhether these differences
are the cause or consequence of the variationdy eight is still unknown and needs

further investigation with larger sample sizes.

Hypothesis 1b.
Fecal Bacteria Compositions (or Specific StrainBaéteria) Are Not Associated with
Digestive Efficiency (DE) or Fecal Energy Density

Figure 8. Average body weight for samples in hypothesishighlighted in red).

Hypothesis 1b.
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Results
A frequently proposed mechanism of gut microbiooagtsing obesity is that

certain types of intestinal bacteria are relatechédabolism and energy conversion of
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normally unabsorbed food material by host, whidbsgguently contributes to the energy
available to the host. Studies have found thatlobi@e have significantly higher acetate
and butyrate content in the cecal contents butdaesgy remaining in their feces relative
to their lean littermates, along with increasedacdty for energy harvest from the diet
[1]. At week 88, when the WC group was in its begsight trough, there was no
significant difference in body weight between WG &WL (P=0.9999). There were
significant differences between any other pairsady weight (all P<0.0001). EO had
significantly lower fecal energy density than OV\R=0.0006) and WC (P=0.0366); there
were no significant differences between any otivergroups (all P>0.05). At week 103,
when the WC group was on its body weight peak etexs no significant difference in
body weight between EO and WC (P=0.9660), EO and_-R&WP=0.1203); there were
significant differences in body weight between attyer two pairs (OWL vs. OWLM:
P=0.0006; OWL vs. WC: P=<0.0001, OWL vs. EO: P<ONMWLM vs. WC:
P=0.0011). For fecal energy density, #uelibitum-fed EO group had significantly lower
fecal energy density than other groups with lowahbweight (P=0.0014 for OWL,
P=0.0019 for OWLM) Figure 9.A and 9.B. Similarly, WC had significantly lower

fecal energy density than OWL (P<0.0001) and OWIR{.0001). Digestive efficiency
is negatively proportional to fecal energy denstiynsequently, the EO group should
have higher digestive efficiency than other restdayroups. However, there were no
significant differences among any groups at weeln&8gestive efficiency. At week

103, EO had significantly higher digestive effiaggrthan OWL (P=0.0002) and OWLM

(P=0.0384); WC also had significantly higher digesefficiency than OWL (P<0.0001)
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and OWLM (P=0.0003); there was no significant difece between EO and WC
(P=0.9819).

Within the WC group only, at first there was argfigant increase in fecal energy
density between weeks 88 and 89 (P=0.0046), bext thfat, fecal energy density kept
decreasing, despite the stable increase in bodyhivé?<0.0001), until week 103
(Figure 9.C). From weeks 103 to 104, when the WC group wemwigh one week of
restriction after the body weight plateau, the Fereergy density was decreasing
(P=0.0241). For digestive efficiencligure 9.D), week 89 had higher but not
significantly (P=0.3151) different digestive effecicy than week 88, and the significant
increase occurred since week 91 (P=0.0033). Froeksve&03 to 104, the digestive
efficiency decreased, as well (not statisticalgngicant, P=0.2059). These results
showed fecal energy density and digestive effigrastanged with the changes in food
intake (or body weight) in the WC group. As the paekight of the WC group went up
from peak to trough, fecal energy density decreé&sdide same level of the EO group of
similar body weight. The changes in digestive eficy were exactly in accordance with

the changes in body weight, which was caused bygd®in food intake.
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Figure 9. Fecal energy density and digestive efficiency: écd energy density and B. Digestive efficienctirate points 5 (week
88) and 8 (week 103) for all four groups; C. Femargy density and D. Digestive efficiency for WE group only. (Different letters
represent significant differences among groupsOrfe EO, 20 for WC, OWL and OWLM; approximate baagight trend lines
were shown in A&C; for detail, see Figure 2.)
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Figure 10showedx andp diversity for the four experimental groups at tipaent
5 (age 88 weeks), when WC group was at its bodghterough. The EO group had both
higher Chaol (P<0.0001 with OWL and OWLM, P=0.00dt WC) and Shannon
(P=0.0023 with OWL, P<0.0001 with OWLM and WC) sesthan the other three
groups, indicating that this group had a greatenler of OTUs, and they were more
equally distributed within the group. There weresmgnificant differences in Chaol or
the Shannon Index among WC, OWL or OWLM (all P>0.0%e unweighted UniFrac
PCoA analysis showed that the community structéE® (in red) and WC (in dark
blue) clustered separately from the other two gso&@mmilarly,Figure 11 showedy and
B diversity for these groups at time point 8 (ag8 W@eks), when the WC group
regained the lost weight and was at its peak. isttthne, there were only 8 animals left
in the EO group. There were no significant differenin Chaol (P=0.2335) or Shannon
scores (P=0.1942) among these groups. Within thegvdGp, longitudinally, Chaol
score significantly increased from weeks 88 toB80(0275), which was one week after
ad libitumfeeding, while the Shannon index remained unchaiige0.2503). From
weeks 88 to 91 (three weeks after libitumfeeding), neither the Chaol (P=0.3793) nor

the Shannon (P=0.4407) score changed significantly.
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Figure 10.Alpha diversity (Chaol and Shannon In, meanzts.e.) and beta diversity (Br@ystis, unweighted UniFrac, weight
UniFrac) for time point 5 (week 88econd body weight trough point for WC gr) for all four groups. &r C-E: red — EO; light
green — OWL,; bright blue — OWLMark blu¢— WC.
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Figure 11. Alpha diversity (Chaol and Shannon Index, meangarel beta diversity (Bray-Curtis, unweighted Uad; weighted
UniFrac) for time point 8 (week 103, second bodygepeak for WC group) for all four groups. ForEE+ed — EO; light green —
OWL,; bright blue — OWLM; dark blue — WC.
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After filtering the OTU data by specific criteri&d% or more of the testing samples have
an abundance of greater than 0 for each OTU; ageesyls greater or equal to 20
[~0.01%-0.1%]), a total of 149 OTUs were includedhe statistical analysis. Multiple
regression models have been used to explore thaattons among digestive efficiency,
body weight, food intake, different groups and tipoénts.

1b.1. To test the overall relationship betweercdgemicrobiome abundance
(%OTU) and digestive efficiency (DE): %OTU = DE.t&f Bonferroni correction
(0.05/144), about 25 OTUs at various levels shosigdificance Table 2). From the
table, we can see that all the significant hitseAfesm Firmicutesat the phylum level,
which indicates that, overall, the phyldfirmicuteswas related to digestive efficiency.
Furthermore, significant OTUs were at both highat bower hierarchies, for example,
from Erysipelotrichi(class) toAllobaculum(genus) (P=1.01E-07), which means that a
specific group of bacteria at genus or specied lea® been detected to contribute to
digestive efficiency in the bacterium lineage. Speally, a species of bacterium under
Allobaculumgenus was responsible for the significancEmysipelotrichiclass. The
estimate ofAllobaculumgenus (-7.49) in the model suggests these bacteriaegatively
associated with digestive efficiengylostridia class and its lower hierarchies were also
positively associated with digestive efficiencytiwiheClostridialesorder having the
strongest effect. Moreover, t@amaerovoraxgenus (P=1.23E-04), the
Ruminococcus.gnavispecies (P=3.05E-04), tiidostridiaceagfamily (P=1.48E-04) and
some unidentified bacterium under Bacilli class (P=1.01E-01) were also found to be
significantly correlated with digestive efficiendyxcept forAllobaculum the abundance

of all other bacteria was positively correlatedhadigestive efficiency. Of them, there are
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two very high-abundant bacterial clasges;sipelotrichi(30.56%+1.59%) and
Clostridialesclass (58.52%+1.51%). Certain bacteria urigkeilli class were also
significantly correlated with digestive efficiendyyt they accounted for less than 4% of
the total OTUs here in the table. Some other lcatemdant bacteria, such as
Anaerovoraxgenus andRuminococcus.gnavuare under th€lostridialesclass.

1b.2. To test the interaction among gut microbi@pendance, digestive
efficiency and food intake, as well as body weigh©TU= DE + FI + BW. After
Bonferroni correction, nine OTUs at various levadssed the significance te$aple J).
Of these nine OTUs, five shared the same valuestohate (-6.61), std. error (1.40), t
value (-4.73) and P (4.54E-06). These five belanth¢é same bacterial linEirmicutes
(phylum), Erysipelotrichi(class) Erysipelotrichaceagfamily), Allobaculum(genus) and
unnamed (species), which indicates the unnamedespacdetAllobaculumwas
primarily responsible for the statistical signiinz® in the correlation. The other four
were from theClostridia class (estimate=5.73, P= 4.13E-05), @estridialesorder
(estimate=5.73, P= 4.13E-05), tAraerovoraxgenus (estimate=0.007, P=7.67E-05) and
an unnamed species under reerovoraxgenus (estimate=0.007, P=7.67E-05). Adding
variables of food intake and body weight in the elatecreased the total number of
OTUs that showed significance, which suggeststttetorrelations between OTUs and
digestive efficiency were partially explained by ttorrelations between OTUs and food
intake or body weight. Interestingly, even after #djustment of food intake and body
weight, AllobaculumandAnaerovorasxstill remained significant. This indicates thag th
effects of these two genus-level bacteria on digesifficiency are independent of food

intake and body weight.
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Table 2.Significant OTUs for regression model 1b.1 (mo8eDTU=DE, P-value cutoff: 0.0003).

OTUs Mean s.e. Estimate s.e. tvalue Pr(>lt])

k_Bacteria.p_Firmicutes.c_Erysipelotrichi 30.56% 1.59% -7.49214 1.351386 -5.54404 1.01E-07
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erysipechales 30.56% 1.59% -7.49214 1.351386 -5.54404 1.01E-07
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Ery$ipechales.f_Erysipelotrichaceae 30.56% 1.59% 9714 1.351386 -5.54404 1.01E-07
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Ery$igpechales.f_Erysipelotrichaceae.g_Allobaculum 6 1.59% -7.47699 1.349114 -5.54215 1.02E-07
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Ery$ipechales.f_Erysipelotrichaceae.g_Allobaculum.s_30.19% 1.59% -7.47699 1.349114 -5.54215 1.02E-07
k_Bacteria.p_Firmicutes.c_Clostridia 58.52% 1.51% 6.303591 1.306416 4.825103 2.92E-06
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridgle 58.52% 1.51% 6.303591 1.306416 4.825103 2.92E-06
k_Bacteria.p_Firmicutes.c_Bacilli.Other 0.02% 0.00% 0.007253 0.001825 3.973913 0.000101
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other 0.02% 0.00% 0.007253 0.001825 3.973913 0.000101
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Other 0.02% 0.00% 0.007253 0.001825 3.973913 0.000101
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Oteher 0.02% 0.00% 0.007253 0.001825 3.973913 0.000101
k_Bacteria.p_Firmicutes.c_Bacilli.o_Turicibactesale 3.93% 0.41% 1.450112 0.367177 3.949352 0.000111
k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactesafeTuricibacteraceae 3.93% 0.41% 1.450112 0.36713P49352 0.000111

k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactegafeTuricibacteraceae.g_Turicibacter 3.93% 0.41% 450112 0.367177 3.949352 0.000111
k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactegafeTuricibacteraceae.g_Turicibacter.s_ 3.93% 0.41%1.450112 0.367177 3.949352 0.000111
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiaie.Mogibacteriaceae..g_Anaerovorax 0.04% 0.00% 006015 0.001533 3.922512 0.000123
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiale.Mogibacteriaceae..g_Anaerovorax.s_ 0.04% 0.00%0.006015 0.001533 3.922512 0.000123
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiaieClostridiaceae.Other 5.39% 0.49% 1.65419 0.242693.874723 0.000148

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiaieClostridiaceae.Other.Other 5.39% 0.49% 1.654109426918 3.874723 0.000148

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridéaieClostridiaceae 5.65% 0.50% 1.694054 0.437961868049 0.000152

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeLachnospiraceae.g_.Ruminococcus..s_gnavus 1.6R%7% 0.21667 0.058864 3.680881 0.000305
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridéafeLachnospiraceae.g_.s 5.27% 0.16% 0.216112 8P205 3.680405 0.000305

Note: DE — digestive efficiency. Significant P veduhighlighted in bold.
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Table 3.Significant OTUs for regression model 1b.2 (mo@eOTU=DE+BW+FI; P-value cutoff: 0.0003).

S.e.

DE BW Fl

OTUs mean
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erys$ipaechales.f _Erysipelotrichaceae.g_Allobaculum  30.19%
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erysipachales.f _Erysipelotrichaceae.g_Allobaculum.s_ 30.19%
k_Bacteria.p_Firmicutes.c_Erysipelotrichi 30.56%
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erysipechales 30.56%
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erys$ipechales.f _Erysipelotrichaceae 30.56%
k_Bacteria.p_Firmicutes.c_Clostridia 58.52%
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridi&le 58.52%
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridsafe.Mogibacteriaceae..g_Anaerovorax 0.04%
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridsafe.Mogibacteriaceae..g_Anaerovorax.s_ 0.04%
k_Bacteria.p_Firmicutes.c_Bacilli.o_Turicibactesale 3.93%
k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactesafeTuricibacteraceae 3.93%
k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactesafeTuricibacteraceae.g_Turicibacter 3.93%
k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactesafeTuricibacteraceae.g_Turicibacter.s_ 3.93%
k_Bacteria.p_Firmicutes.c_Bacilli.Other 0.02%
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other 0.02%
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Other 0.02%
k Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Otther 0.02%

1.60%
1.60%
1.61%
1.61%
1.61%

1.54%
1.54%
0.00%
0.00%

0.27%
0.27%
0.27%
0.27%

0.00%
0.00%
0.00%
0.00%

4.54E-06 0.0453 0.00681
4.54E-06 0.0453 0.00681
4.67E-06 0.04324 0.00733
4.67E-06 0.04324 0.00733
4.67E-06 0.04324 0.00733

4.13E-05 0.15797 0.0101
4.13E-05 0.15797 0.0101
7.67E-05 0.39464 0.06095
7.67E-05 0.39464 0.06095

0.012798394 8.48E-050.49001
0.012798394 8.48E-050.49001
0.012798394 8.48E-050.49001
0.012798394 8.48E-050.49001

0.013394823 4.48E-050.45654
0.013394823 4.48E-050.45654
0.013394823 4.48E-050.45654
0.013394823 4.48E-050.45654

Note: DE — digestive efficiency; BW — body weight;— food intake. Significant P values highlightadold.
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Table 4. Significant OTUs for regression model 1b.2a (mo8l@®TU=BW+FI; P-value cutoff: 0.0003).

OTUs mean S.e. BW FI
k_Bacteria.p_Firmicutes.c_Bacilli.Other 0.02% 0.00% 3.55E-07 0.478653
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other 0.02% 0.00% 3.55E-07 0.478653
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Other 0.02% 0.00% 3.55E-07 0.478653
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Otther 0.02% 0.00% 3.55E-07 0.478653
k_Bacteria.p_Firmicutes.c_Bacilli.o_Turicibactesale 3.93% 0.27% 8.35E-07 0.532401
k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactesafeTuricibacteraceae 3.93% 0.27% 8.35E-07 0.532401
k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactesafeTuricibacteraceae.g_Turicibacter 3.93% 0.27% 8.35E-07 0.532401
k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactesafeTuricibacteraceae.g_Turicibacter.s_  3.93% 0.27% 8.35E-07 0.532401
k_Bacteria.p_Firmicutes.c_Bacilli 5.21% 0.29% 1.09E-05 0.75103
k_Bacteria.p_Actinobacteria.c_Coriobacteriia 1.35% 0.13% 5.18E-05 0.086821
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Glaicteriales 1.35% 0.13% 5.18E-05 0.086821
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Ghaicteriales.f_Coriobacteriaceae 1.35% 0.13% 5.18E-05 0.086821
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Ghaicteriales.f_Coriobacteriaceae.g_ 1.12% 0.12% 9.53E-05 0.051696
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Gbaicteriales.f_Coriobacteriaceae.g_.s_ 1.12% 0.12% 9.53E-05 0.051696
k_Bacteria.p_Actinobacteria 2.62% 0.18% 0.000136 0.371689
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsateClostridiaceae.g_ 0.07% 0.01% 0.000235 0.644467
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsateClostridiaceae.g_.s 0.07% 0.01% 0.000235 0.644467
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostrids&aleRuminococcaceae.Other 0.55% 0.02% 0.000286 0.038828
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridi&aleRuminococcaceae.Other.Other 0.55% 0.02% 0.000286 0.038828
k_Bacteria.p_Firmicutes.Other 0.08% 0.01% 0.98187 6.77E-05
k_Bacteria.p_Firmicutes.Other.Other 0.08% 0.01% 0.98187 6.77E-05
k_Bacteria.p_Firmicutes.Other.Other.Other 0.08% 0.01% 0.98187 6.77E-05
k_Bacteria.p_Firmicutes.Other.Other.Other.Other 0.08% 0.01% 0.98187 6.77E-05
k Bacteria.p_Firmicutes.Other.Other.Other.OthereDth 0.08% 0.01% 0.98187 6.77E-05

Note: BW — body weight; FI — food intake. Signifitd® values highlighted in bold.



1b.2a. To test the interaction between gut mianoia abundance, food intake and
body weight: %OTU = FI + BW. Compared to 1b.2, tmsdel removed the dependent
variable of digestive efficiency to further tesettelationship between OTU abundances
and body weight/food intak& &ble 4). Four bacterial lineages with low abundances
were significantly correlated with body weight: dentified species under tBacilli
class, thel'uricibactergenus under thBacilli class, theCoriobacteriaceadamily under
the Actinobacteriaphylum, theClostridiaceaefamily and theRuminococcaceaamily
under theClostridia class. One bacterial lineage was significantlpeaiséed with food
intake: an unidentified species und@micutes All of these bacterial lineages had lower
abundances (from 0.02% to 5.21%).

1b.3. To test the interaction among microbiomenadlance, digestive efficiency,
food intake, body weight and group (EO as conttWL, OWLM and WC as contrasts)
at time point 5 (week 88, the body weight trougMé&E group): %OTU = DE + FI + BW
+ group (results shown ifable 5). There were 70 samples in this model: 10 for BO® a
20 for the other three groups each. After Bonfaromnrection, there were no significant
differences among any of the OTUs and digestiveieffcy. However, one lineage of
bacterium reached significance between OTU aburedand body weight (all levels of
P=3.35E-04)Verrucomicrobia(phylum),Verrucomicrobiagclass) Verrucomicrobiales
(order),Verrucomicrobiaceaéfamily), Akkermansiggenus) andanuciniphila(species).
Consequently, the other three groups were sigmifigalifferent compared to the EO
group, OWL (P=3.06E-07), OWLM (P=8.50E-07) and WR&z2.67E-04), and these

significances remained the same for all levelhisVYerrucomicrobialineage.
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1b.4. To test the interaction among microbiomenadlance, digestive efficiency,
food intake, body weight and group at time poiiftv@ek 103, the body weight peak of
WC group): %OTU = DE + FI + BW + group (results almoin Table 6). There were 70
samples in this model. Although this model wastiigr same animals but at a different
time point from 1b.3, the bacteria that passediogimce were different. After
Bonferroni correction, one genus (and the speaésA) of bacterium unddfirmicutes
(phylum), Clostridia (class),Clostridiales(order) andClostridiaceagfamily) showed
significant differences, after adjusting for digestefficiency, body weight and food
intake, between EO and three other groups: OWL (PAE45), OWLM (P=3.53E-07)
and WC (P=2.00E-06¥lostridium(genus) of the santélostdiaceadamily was also
significant (P=2.18E-04), but only between OWLM &1@. A bacterial lineage under
Firmicutes Bacilli (class) remained significant between these threeps (P=7.09E-05
for OWL, P=3.48E-06 for OWLM and P=2.64E-05 for W&)d EO. Another bacterial
lineage was significantly different between the & OWLM groupsActinobacteria
(phylum, P=1.7E-04)Coriobacteriia(class, P=0.0001¥;oriobacterialeqorder,
P=0.0001)Coriobacteriaceadfamily, P=0.0001), unnamed genus (P=0.000277) and
species (P=0.000277). Furthermaokéd)ercreutziagenus and the unnamed species (under
Coriobacteriaceadamily) below were significantly different betwegnoups OWL and
EO (p=0.000244). BotRlostridium(genus) andlostridium.methylpentosufthe
Firmicutesphylum, theClostridia class, theClostridialesorder and the
Ruminococcaceakamily) were significantly different between WChRO

(P=0.000262).
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1b.5. This model combines 1b.3 and 1b.4 and clsntine effect of time point and
animal ID: %OTU = DE + FI + BW + group + time poiitanimal ID (results shown in
Table 7). After controlling for body weight, food intakgroup and time point, two
bacterial lineages undéirmicutesphylum showed significance between %OTU and
digestive efficiencyErysipelotrichi(class) Erysipelotrichaleqorder),
Erysipelotrichaceadfamily), Allobaculum(genus) and unnamed species (all P=7.20E-
07); Clostridia (class) andClostridiales(order) (both P=2.35E-05). An unnamed
bacterial lineage und@&acilli class from order to species also showed signifiean
between %OTU and body weight (all P=4.42E-06), el as %OTU and group (all
P=2.69E-06). Th&uricibacteralesorder, theluribacteraceadamily, the Turicibacter
genus and an unnamed species undeB#udli class all showed statistical significance
between %OTU and body weight (all P=7.42E-05). leus and species under the
Clostridiaceagfamily, theClostridialesorder, theClostridia class and thEirmicutes
phylum both showed statistical significance betwgerups (both P=1.29E-04). The
Clostridiumgenus andC.ruminantiumunder thePeptostreptococcacedamily, the
Clostridialesorder and th€lostridia classhad statistical significances between groups
(both P=3.42E-05). The SMB53 genus and an unnapeaes below under the
Clostridiaceaefamily also showed significant differences betwgewsups (both
P=8.71E-06).

1b.6 used only a paired t-test to investigatedibestive efficiency differences
between time points 5 and 8 with all groups comthiigE = time point + animal ID and

found that time point 8 has a significantly higlegestive efficiency than time point 5
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(P=0.0048). This could be explained by the increasigestive efficiency in the WC
group.

1b.7 looked at the digestive efficiency differenbetween time points but
controlled for food intake and body weight: DE mé point + Fl + BW + animal ID.
There were significant differences between timenfsoafter controlling for food intake
and body weight (P=0.0042). Body weight was assediwith digestive efficiency
(P=0.0036), but food intake was not (P=0.9205).

1b.8 included only the WC group to test the relathips between bacteria
abundance and digestive efficiency, food intakeybweight and time point: %0TU =
DE + FI + BW + time point + animal IDT@ble 8). Erysipelotrichi(class),
Erysipelotrichaleqorder),Erysipelotrichacea¢family), Allobaculum(genus) and an
unnamed species showed significant associatiomgebat%OTU and digestive
efficiency (all P=3.93E-07), as well as %OTU andpweight (all P=1.1E-04). The
Clostridia class and th€lostridialesorder undefFirmicutesalso showed statistical
significances in digestive efficiencies (both P=Q%)- A bacterial lineage of the
Actinobacteriaphylum (P=2.1E-05), th€oriobacteriiaclass (P=8.92E-05), the
Coriobacterialesorder (P=0.0000892), tl&oriobacteriaceadamily (P=8.92E-05) and
an unnamed genus (P=5.42E-05) and species (P=b3thereafter showed statistical
significance in digestive efficiency. The unnametgs and species under
Coriobacteriaceadamily also showed statistical significance in pegeight (both
P=1.36E-04). An unidentified genus and species withdd-irmicutesphylum, the
Clostridiaclass, theClostridialesorder and théachnospiraceaégamily showed

statistical significance in digestive efficiencytb P=2.37E-04). Several other OTUs
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under theClostridialesorder had marginal statistical significance ineditive efficiency,
as well (with P-values slightly over Bonferroni cexted 0.0003).

1b.9 used the same regression model as 1b8 batreehthe food intake variable
to test the model without adjusting food intake: Ta&O= DE + BW + time point +
animal ID. Same as 1b.8, the bacterial lineag&llobaculumshowed statistical
significance in digestive efficiency (all P=3.75E}@&nd body weight (from the
Erysipelotrichiclass to thé&rysipelotrichacea¢amily, all P=1.16E-04Allobaculumand
its subordinate species, both P=1.1E-04), as weh éime point (from the
Erysipelotrichiclass to thé&rysipelotrichacea¢amily, all P=3.39E-04Allobaculumand
its subordinate species, both P=2.88E-04). Clostridia class and th€lostridiales
order (both P=1.04E-05) and an unidentified gemasspecies dfachnospiraceae
family (both P=2.16E-04) showed statistical sigrafices in digestive efficiency. The
Actinobacteriaphylum (P=0.2E-05), th€oriobacteriiaclass (P=8.22E-05), the
Coriobacterialesorder (P=8.22E-05), th@oriobacteriaceadamily (P=8.22E-05) and an
unnamed subordinate genus and species (both P=0%)athowed statistical
significance in digestive efficiency. Of thigtinobacteriadineage, the unnamed genus
and species (both P=1.2E-04) and the three OTUgealiilmm class to family, all
P=2.88E-05) showed statistical significances inybedight, as well.

1b.10 removed body weight in the regression motiéb.8: %OTU = DE + FI +
time point + animal ID. Again, the bacterial lineagf Allobaculum(from class to
species) showed statistical significance in digesgfficiency (all P=4.02E-07) and in
food intake, as well (P=9.52E-06 from class to fgni#=7.14E-06 for the genus and

species). Th€lostridia class and th€lostridialesorder (both P=8.85E-06) and an
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unidentified genus and species undachnospiraceaéamily (both P=2.34E-04) showed
statistical significance in digestive efficiencyhdActinobacteriaphylum (P=2.50E-05),
the Coriobacteriiaclass (P=9.37E-05), ti@oriobacterialesorder (P=9.37E-05), the
Coriobacteriaceadamily (P=9.37E-05) and an unnamed genus and epéooth
P=5.88E-05) showed statistical significance in ditye efficiency, as well.

1b.11 removed both food intake and body weighthftbe model: %OTU = DE +
time point + animal ID. Similar to the above, thecterial lineage aAllobaculum
remained significance in digestive efficiency (fratass to family, P=3.25E-07; genus
and species, P=3.83E-07). Since the variablesaaf imtake and body weight were
removed, time point showed significance in this eldérom class to family, P=3.92E-
07; genus and species, P=3.25E-07). Clostridia class (P=9.19E-06) and the
Clostridialesorder (P=9.19E-06), as well as an unidentifiedugeand species (both
P=0.000212) unddrachnospiraceaeemained significant in digestive efficiency. The
Actinobacteria— Coriobacteriaceadineage also showed statistical significance in
digestive efficiency (P=2.29E-05 for phylum, P=8&595 for class, order and family,
P=5.37E-05 for genus and species). Additionalli, lineage showed statistical
differences between time points from the classlldoe/n (P=1.49E-04 for class, order
and family, P=7.45E-05 for genus and species).

1b.12 removed the variables of digestive efficieand body weight from the
model: %0OTU = FI + time point + animal ID. This neddested the OTU difference
between time points adjusting for food intake. legtingly, all of the significant OTUs
were at class level or higher. The major ptAtdinobacteria BacteroidetesFirmicutes

ProteobacteriaTenericuteandVerrucomicrobiawere significantly associated with food
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intake. At the class leveActinobacteria Coriobacteriig Bacteroidig Bacilli, Clostridia,
Erysipelotrichi GammaproteobacterjdollicutesandVerrucomicrobiaevere
significantly associated with food intake. Howewbeese significant OTUs had a weak
Spearman correlation coefficient. Take, for examible Spearman correlation coefficient
between food intake and tAetinobacteriaphylum (rho=0.33317, P=0.0008) and the
Erysipelotrichiphylum (rho=0.35316, P=0.0004).

1b.13. To test the relationship between body weagll digestive efficiency for
OWLM and OWL group at time points 5 and 8, at whiche the daily food intake was
constant: BW=DE + time point. There was no stai@tsignificance in digestive

efficiency (P=0.134088) or time point (P=0.705682).
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Table 5. Significant OTUs for regression model 1b.3 (mo8OTU = DE + FI + BW + group; P-value cutoff: 0.0003

Group  Group  Group

OTUs mean _s.e. DE BW Fl OWL OWLM WC

k_Bacteria.p_Verrucomicrobia 0.53% 0.10% 0.78265 0.00014 0.20271 3.06E-07 8.50E-07 0.00027
k_Bacteria.p_Verrucomicrobia.c_Verrucomicrobiae 0.53% 0.10% 0.78265 0.00014 0.20271 3.06E-07 8.50E-07 0.00027
k_Bacteria.p_Verrucomicrobia.c_Verrucomicrobiae.errdcomicrobiales 0.53% 0.10% 0.78265 0.00014 0.20271 3.06E-07 8.50E-07 0.00027

k_Bacteria.p_Verrucomicrobia.c_Verrucomicrobiae.erfdcomicrobiales.f_Verrucomicrobiacee0.53% 0.10% 0.78265 0.00014 0.20271 3.06E-07 8.50E-07 0.00027
k_Bacteria.p_Verrucomicrobia.c_Verrucomicrobiae.erfdcomicrobiales.f_Verrucomicrobiacee

g_Akkermansia 0.53% 0.10% 0.78265 0.00014 0.20271 3.06E-07 8.50E-07 0.00027
k_Bacteria.p_Verrucomicrobia.c_Verrucomicrobiae.erfdcomicrobiales.f_Verrucomicrobiacee

g_Akkermansia.s_muciniphila 0.53% 0.10% 0.78265 0.00014 0.20271 3.06E-07 8.50E-07 0.00027
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeLachnospiraceae.g_ 5.27% 0.14% 0.8693 0.08033 0.84944 0.00365 0.00025 0.0085%
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeLachnospiraceae.g_.Ruminococcus. 1.64% 0.07% 0.8693 0.08033 0.84944 0.00365 0.00025 0.0085¢
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeDehalobacteriaceae 0.04% 0.00% 0.03308 0.10408 0.40613 0.0002 9.49E-070.0077¢€

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiafeDehalobacteriaceae.g_Dehalobacterium 0.04% 0.00% 0.03308 0.10408 0.40613 0.0002 9.49E-070.0077¢€
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridi&afeDehalobacteriaceae.g_Dehalobacterium.0.04% 0.00% 0.03308 0.10408 0.40613 0.0002 9.49E-070.0077¢€

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae 12.63%0.36% 0.08799 0.44809 0.56287 0.02937 0.0003 0.09161
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.g_ SMB53 0.11% 0.01% 0.9633 0.61292 0.39637 0.01732 0.00012 0.00797
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.g SMB53.s 0.11% 0.01% 0.9633 0.61292 0.39637 0.01732 0.00012 0.00797

Note: DE — digestive efficiency, Fl — food intal8)V — body weight. Significant P values highlighiadold.
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Table 6. Significant OTUs for regression model 1b.4 (mo8OTU = DE + FI + BW + group; P-value cutoff: 0.0003

Group Group Group
OTUs mean _ s.e. DE BW Fl OWL OWLM WC
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiaieClostridiaceae.g_ 0.07% 0.01% 0.857827 0.767609 0.076028 4.77E-05 3.53E-07 2.00E-06
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.g_.s_ 0.07% 0.01% 0.857827 0.767609 0.076028 4.77E-05 3.53E-07 2.00E-06
k_Bacteria.p_Firmicutes.c_Bacilli.Other 0.02% 0.00% 0.616153 0.350444 0.19104 7.09E-05 3.48E-06 2.64E-05
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other 0.02% 0.00% 0.616153 0.350444 0.19104 7.09E-05 3.48E-06 2.64E-05
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Other 0.02% 0.00% 0.616153 0.350444 0.19104 7.09E-05 3.48E-06 2.64E-05
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Otfxeher 0.02% 0.00% 0.616153 0.350444 0.19104 7.09E-05 3.48E-06 2.64E-05
k_Bacteria.p_Actinobacteria.c_Coriobacteriia 1.35% 0.13% 0.243686 0.193473 0.406678 0.00256 0.0001 0.310353
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Gbaicteriales 1.35% 0.13% 0.243686 0.193473 0.406678 0.00256 0.0001 0.310353
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Ghbaicteriales.f_Coriobacteriaceae 1.35% 0.13% 0.243686 0.193473 0.406678 0.00256 0.0001  0.310353
k_Bacteria.p_Actinobacteria 2.62% 0.18% 0.262379 0.266245 0.55815 0.009176 0.00017 0.643635
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.g_Clostridium 0.08% 0.01% 0.845105 0.463861 0.313723 0.001262 0.000218 0.00091
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Ghbaicteriales.f_Coriobacteriaceae.g.1.12% 0.12% 0.24389 0.198347 0.43255 0.006484 0.000277 0.471141
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Ghbaicteriales.f_Coriobacteriaceae.g.1.12% 0.12% 0.24389 0.198347 0.43255 0.006484 0.000277 0.471141
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Glaicteriales.f_Coriobacteriaceae.g.
dlercreutzia 0.22% 0.01% 0.904879 0.807216 0.583763 0.000244 0.00043 0.001312
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Glaicteriales.f_Coriobacteriaceae.g.
dlercreutzia.s_ 0.22% 0.01% 0.904879 0.807216 0.583763 0.000244 0.00043 0.001312
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiafeRuminococcaceae.g_Clostridium0.07% 0.00% 0.969094 0.929416 0.395366 0.305872 0.189119 0.000262
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.g_Clostridiurr
methylpentosum 0.07% 0.00% 0.969094 0.929416 0.395366 0.305872 0.189119 0.000262

Note: DE — digestive efficiency, FI — food intal8)V — body weight. Significant P values highlighiadold.
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Table 7.Significant OTUs for regression model 1b.5 (mo8OTU= DE + FI + BW + group + time point + animal;|P-value

cutoff: 0.0003).

Time

OTUs mean s.e. DE BW BW Group point
k_Bacteria.p_Firmicutes.c_Erysipelotrichi 30.56%1.61% 7.20E-07 0.02108 0.10016 0.00188 0.01465
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erysipechales 30.56%1.61% 7.20E-07 0.02108 0.10016 0.00188 0.01465
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erys$ipechales.f_Erysipelotrichaceae 30.56%1.61% 7.20E-07 0.02108 0.10016 0.00188 0.01465
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erys$ipechales.f_Erysipelotrichaceae.g_Allobacul30.19%1.60% 7.39E-07 0.02184  0.09543 0.00196 0.01644
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Ery$ipechales.f_Erysipelotrichaceae.g_Allobacul

S_ 30.19%1.60% 7.39E-07 0.02184  0.09543 0.00196 0.01644
k_Bacteria.p_Firmicutes.c_Clostridia 58.52%1.54% 2.35E-05 0.14005 0.21132 0.00857 0.05305
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridéale 58.52%1.54% 2.35E-05 0.14005 0.21132 0.00857 0.05305
k_Bacteria.p_Firmicutes.c_Bacilli.Other 0.02% 0.00% 0.00141  4.42E-06 0.77272 2.69E-06 0.87569
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other 0.02% 0.00% 0.00141  4.42E-06 0.77272 2.69E-06 0.87569
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Other 0.02% 0.00% 0.00141  4.42E-06 0.77272 2.69E-06 0.87569
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Otfxeher 0.02% 0.00% 0.00141  4.42E-06 0.77272 2.69E-06 0.87569
k_Bacteria.p_Firmicutes.c_Bacilli.o_Turicibactesle 3.93% 0.27% 0.00421  7.42E-05 0.93012 0.13794 0.24133
k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactesafeTuricibacteraceae 3.93% 0.27% 0.00421  7.42E-05 0.93012 0.13794 0.24133
k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactegafeTuricibacteraceae.g_Turicibacter 3.93% 0.27% 0.00421  7.42E-05 0.93012 0.13794 0.24133
k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactesafeTuricibacteraceae.g_Turicibacter.s_ 3.93% 0.27% 0.00421  7.42E-05 0.93012 0.13794 0.24133
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiafeClostridiaceae.g_ 0.07% 0.01% 0.01698  0.0015 0.67626 0.00013 0.13431
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.g_.s_ 0.07% 0.01% 0.01698  0.0015 0.67626 0.00013 0.13431
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiafePeptostreptococcaceae.g_Clostridium  0.03% 0.00% 0.19995  0.93098 0.00639 3.42E-05 0.60274
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialePeptostreptococcaceae.g_Clostridium.s_r

nantium 0.03% 0.00% 0.19995 0.93098 0.00639 3.42E-05 0.60274
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiafeClostridiaceae.g_ SMB53 0.11% 0.01% 0.63704  0.13454  0.25287 8.71E-06 0.3801
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.g SMB53.s 0.11% 0.01% 0.63704  0.13454  0.25287 8.71E-06 0.3801

Note: DE — digestive efficiency, FI — food intal8)V — body weight. Significant P values highlighiadold.
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Table 8. Significant OTUs for regression model 1b.8 (mo@eOTU= DE + FI + BW + group + time point + anim&l for WC only;

P-value cutoff: 0.0003).

OTUs mean  s.e. DE BW FI Time point
k_Bacteria.p_Firmicutes.c_Erysipelotrichi 30.56% 1.61% 3.93E-07 0.00011 0.00142 0.04708
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erys$ipechales 30.56% 1.61% 3.93E-07 0.00011 0.00142 0.04708
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erys$ipechales.f_Erysipelotrichaceae 30.56% 1.61% 3.93E-07 0.00011 0.00142 0.04708
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Ery$ipechales.f_Erysipelotrichaceae.g_Allobaculum 30.19% 1.60% 4.58E-07  0.0001 0.00113 0.04681
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Ery$ipechales.f_Erysipelotrichaceae.g_Allobaculum.s_30.19% 1.60% 4.58E-07  0.0001 0.00113 0.04681
k_Bacteria.p_Firmicutes.c_Clostridia 58.52% 1.54% 1.00E-05 0.02304 0.01342 0.43307
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostrid&ale 58.52% 1.54% 1.00E-05 0.02304 0.01342 0.43307
k_Bacteria.p_Actinobacteria 2.62% 0.18% 2.10E-05 0.00158 0.21242 0.88734
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Ghaicteriales.f_Coriobacteriaceae.g_ 1.12% 0.12% 5.42E-05 0.00014 0.12479 0.23039
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Glaicteriales.f_Coriobacteriaceae.g_.s_ 1.12% 0.12% 5.42E-05 0.00014 0.12479 0.23039
k_Bacteria.p_Actinobacteria.c_Coriobacteriia 1.35% 0.13% 8.92E-05 0.00032 0.13889 0.2317
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Ghbaicteriales 1.35% 0.13% 8.92E-05 0.00032 0.13889 0.2317
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Glaicteriales.f_Coriobacteriaceae 1.35% 0.13% 8.92E-05 0.00032 0.13889 0.2317
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiafeLachnospiraceae.Other 3.58% 0.11% 0.00024 0.22912 0.38391 0.70912
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeLachnospiraceae.Other.Other 3.58% 0.11% 0.00024 0.22912 0.38391 0.70912

Note: DE — digestive efficiency, Fl — food intal8) — body weight. Significant P values highlightadold.



Discussion

It was initially hypothesized that to compensateréduced caloric intake (calorie
restriction), animals may increase their digeséffeciency to extract more energy from
the ingested food, but later study did not supfiostargument when no difference was
found in digestive efficiency between controls 286 restricted animals [89]. It was
found that the changes in gut microbiota afteriaatrload alteration were directly
correlated with stool energy loss such that a 20&teiase in Firmicutes and a
corresponding decrease in Bacteroidetes were assdavith an increased energy
harvest of about 150 kcal [42]. Here in this study,the first time, we tested the energy
outputs of feces for animals that had undergoneatepl weight loss and regain cycles, in
addition to two different levels of calorie restian, which shall provide adequate
evidence to test the relationships among calostiotion, digestive efficiency and gut
microbiome composition.

At week 88 (~40 weeks of calorie restriction), warid that there was a
significant difference between the OWL group (~2&%itriction) and the EO group, with
the OWL group having higher energy content per goulry feces than the EO group.
Although not statistically significant, EO had, average, lower fecal energy content
than OWLM and then WC, which suggests an inverss beeight—dependent
relationship. Since digestive efficiency is invéysessociated with fecal energy content,
the digestive efficiency was highest in #weklibitum-fed EO group, lower in the OWLM
group and lowest in the OWL group. However, theegeanno significant differences in
digestive efficiency between any of the two grouftsweek 103, which was at about 60

weeks of calorie restriction for the OWLM and OWitogps, or two bouts of weight loss
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and regain cycles for the WC group, the WC group atats body weight peak, which
was close to the body weight of the EO group. T@ealid WC groups had significantly
lower fecal energy density and significantly higdegestive efficiency than OWL and
OWLM. The information above suggests that fecargyeontent is inversely related to
food intake, and digestive efficiency is positive®yated to food intake.

For the relationships between OTU abundance ayebtive efficiency, two
bacterial lineages with high abundances were assatwith digestive efficiency overall:
the Allobaculumgenus and th€lostridialesorder.Allobaculum a Gram-positive non-
spore-forming anaerobic rod [90], was previouslgveh to be one of the intestinal
genera that are the most sensitive to change indmetg87]. Allobaculumwas also found
to be enriched after exercise [91] and increasesuipplementation with algal dietary
fibers [92] or resistant starch from high-amylos&ize, and its abundance was positively
correlated with the proportions Biffidobacteriumand negatively witiTuricibacter[93].
We did observe a strong inverse relationship betvilee generéllobaculumand
Turicibacter(rho=-0.60996, P<0.0001), as well as the claEsgsipelotrichiand
Clostridia, suggesting these are competing bacteria in theAgiditionally, the major
end product oAllobaculumfermentation is butyrate, which is of particulalevance in
the gut because this short chain fatty acid isdtgpgaken up by colonocytes, where it
serves as a main energy source [94] and has beamgb stimulate the expression of
gut peptides (PYY and proglucagon) in cecal tis$88k It was proposed that butyrate
generation by gut microbes has generally been edsdavith beneficial effects,
including satiety promotion, rather than with obgsaic features, indicating that more

complex mechanisms related to fatty acid metabotisuid link Firmicuteswith obesity

59



[96]. Cecal proportion aAllobaculumwas directly related to digestive tract weight and
to the quantity of food consumed after an overnfghkt [93]. Furthermore, the abundance
of Allobaculumwas strongly inversely correlated with the amowritsirculating leptin
and expression of several genes correlated wittggrexpenditure homeostasis and
inflammation [87]. It was suggested thdlobaculumand several other bacterial are
associated with energy homeostasis in the bodylendrevention of detrimental age-
associated declines in food consumption [93]. Gogtto the finding thafllobaculum
produces butyrate to be absorbed by the intestolahcytes, which would reduce the
total energy content in feces, we found thlibbaculumwas negatively associated with
digestive efficiency, thus positively associatethvwiecal energy density. This suggests
that the butyrate produced Bylobaculumis unlikely to be entirely absorbed by the host,
and thatAllobaculummight affect energy absorption/extraction fromestinal food. We
also observed a weak but significant positive dati@n between the abundance of
Allobaculumand food intake (rh0=0.15452, P=0.0338) and a negabrrelation with
body weight (rho=-0.21615, P=0.0028).

TheClostridia class and th€lostridialesorder are the dominant bacteria among
Firmicutes and they have been shown to be influenced by-fagfeeding or obesity.
Ingestion of a high-fat diet was associated withranease irClostridialescompared
with a low-fat diet, regardless of propensity ftwesity [97]. It was also found that the
proportion ofClostridiawas significantly lower in diabetic patients tharcontrols and
showed a tendency to decrease with higher levgitasfna glucose [98]. This evidence
suggests that thelostridia bacterial lineage might be associated with fageslign and

glucose homeostasis. Here, we foundGhestridia class and th€lostridialesorder to
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be positively associated with digestive efficierfagd negatively correlated with fecal
energy contents), but in weak correlation with faatdke (rho=-0.14239, P=0.0506) and
body weight (rh0=0.17365, P=0.0169). Two bactgd@als under th€lostridia class
found to be significantly correlated with digeste#ficiency were: thénaerovorax
genus andRuminococcus.gnavuBoth of these two bacteria lineages have ferntiesta
metabolism features, but tB@aerovoraxgenus often metabolizes amino adits,
while Ruminococcusises carbohydrates as substfate]. The major products are short-
chain fatty acid such as acetate and butyrate.tiadilly, Ruminococcus.gnavugas
found to be enriched in obese rats [91]. The ficant negative correlation with fecal
energy content in our study confirms the literatina AnaerovoraxandRuminococcus
helped with extraction of energy from intestinabdo

Other bacteria lineages that are significantlyeated with digestive efficiency
include theTuricibactergenusTuricibacteris an anaerobic, Gram-positive, rod-shaped
bacterium among thBacilli class identified in 2002 and related to fermenéati
metabolism with maltose and 5-ketogluconates astihecarbohydrate substrates [101].
Turicibacter spphave been detected in the gastrointestinal tidaeveral mammals,
including humans and mice, as part of the core orabge microbiota [102]Turicibacter
was greatly increased after consumption of ferntedgery products in mice [103],
which again suggests it has fermentative featéeandance of the genefairicibacter
was negatively correlated with food intake aftestifag and gut weight, as well as the
PYY expression level [93]. Here in this study, werid that the abundance of the
Turicibactergenus was relatively low (3.93%+0.27%), and thenalance of

Turicibacterwas positively correlated with body weight (rho42692, P<0.0001), but
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not with food intake (rho=0.06976, P=0.3402). Tiszkpancy in the correlation of
Turicibacterand food intake between the literature and ourystadild partially be
explained by the fact that the food intake was naipunanipulated in our study, and the
animals were not under fasting but fixed calor&nietion.

Including food intake and body weight as covasan the statistical model only
resulted in théllobaculumlineage, the&Clostridia class and th&naerovoraxgenus
having statistical significance. This suggestsvidméables of food intake and body weight
could explain the disappearance of other OTUs. i8paty, the Turicibactergenus and
unidentified OTUs under thBacilli class were no longer significantly correlated with
digestive efficiency after controlling for body wéit but were significantly correlated
with body weight. This was tested further with badsight and food intake as the only
dependent variables, and these two bacteria lise@geained significant (see Table 4).
However, none of these significant OTUs in this elagas significant in the results of
la, which tested the correlation between body weighd OTUs in separate samples at
different time points. This evidence indicates faatke and body weight could be
confounding factors in the analyses of microbiome.

Inclusion of the samples at time point 5 (weeksg&;ond body weight trough)
only or 8 (week 103, second body weight peak) gaedronly different significant
OTUs, which suggested time points (or aging) canfidience digestive efficiency or
OTU abundance. When these two time points were cwedbonly theAllobaculumand
Clostridia lineages were significantly associated with diyesefficiency. Within the
WC group only, again thallobaculumandClostridia lineages showed significance in

the association with digestive efficiency. Thisy®se that these two bacterial lineages
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with high abundance are associated with digesfii@ency (independent of dietary
treatment and body weight). Although within the Wi©up,Allobaculumwas
significantly associated with food intake, the etation coefficient was low.
Overall, the bacteria that are related with digesefficiency are primarily
Firmicutesand have fermentation features. The abundandéesé bacteria are
positively associated with the energy content aefeand consequently negatively

associated with the amount of energy absorbeddnaist.

Hypothesis 2a.
Fecal Bacteria Compositions (or Specific StrainBacteria) Would Have Similar
Changes in Mice under Different Levels of CaloresRiction Compared with
Ad Libitum-Fed Mice

Figure 12. Average body weight for samples in hypothesishizggh{ighted in red).
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Results

This hypothesis tested the effects of calorieriegin on gut microbiome
composition changes. Specifically, there were ®@xels of gradual calorie restriction
over 17 weeks (from 44 weeks to 61 weeks, from pmiats O to 1): OWLM for
approximately 15% of restriction and OWL for ab@6840, in addition to thad libitum-
fed EO group. Within each group, there were noiBaant differences in the Chaol
index between time points 0 and 1 (P=0.2083), igmifscant differences existed in the
Shannon index between these two time points (P40)08igure 13). Within each time
point, there were significant differences betweey tavo of the three groups in both the
Chaol and Shannon indices (all P<0.001). The PQoi& frigure 14) revealed distinct
clustering or separations between two time poimtstfe Bray-Curtis, unweighted
UniFrac and weighted UniFrac. The groups wererthitliy separated from each other in

the unweighted UniFrac plots.
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Figure 13. Alpha diversity for hypothesis 2a (by group fomAd B; by time point for C and E; TO: pre-randortimaweek44; T1.
first body weight trough/week 61; different letteepresent significant differences among groups).
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Figure 14.Beta diversity for hypothesis 28or A-C by time point: red — TO, blue — T1; for E-G bypuyp rec — EO, green — OWL,
blue — OWLM.
A. Bray-Curtis for time points B. unweigttUniFrac for time points C. weighted Umié-for timepoints
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Regression models were applied to test the spd@ifiU differences between
time points controlling for body weight, food inaknd group with animal number as
random effect: %OTU = time point + BW +FI + grou@mimal ID. The results were
shown inTable 9. Several bacterial lineages were significantlyedént between time
points 0 and 1the Clostridiaceadamily, theTuricibactergenus, thé\dlercreutzia
genus, th&€lostridiumgenus and thRuminococcugenus. Of thesé&lostridiaceae
(18.60%=1.45%)) andluricibacter(10.51%+1.00%) had relatively high abundance.
Some bacterial lineages were not significantlyetéht between time points but were
significantly associated with body weight, foodaké and group assignment. For
example, the high-abundangobaculumgenus was significantly associated with body
weight. To distinguish the changing directionshefse significant bacteria, the adjusted
means and standard errors of representative bagtere used to make figures by group
and time point, as shown kigure 15. From the figure, we can see that for the
Turicibacteraceadamily (Figure 15.A) andthe Clostridiaceaefamily (Figure 15.B)
(under theBacilli class,Figure 15.E), EO remained relatively unchanged from time
points 0 to 1; however, the other two restrictesugis had a great decrease in abundance.
For the unidentified species under Qlestridialesorder Eigure 15.0), the changing
directions of this bacterium species were simiathie changing directions of body
weight for these three groupSlobaculumwas not significantly different between the
two time points in this model. Howevekllobaculum(Figure 15.D) had the exact
opposite changing directions from their body weigtttile EO had a body weight
increase from time points 0 to 1, andAlfobaculumabundance decreased; OWLM had

moderate body weight reduction through ~15% foottict®n, but itsAllobaculum
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abundance increased moderately; OWL had more rieductbody weight than OWLM,
but itsAllobaculumabundant increased more than OWLM. The abundaince o
Adlercreutziaincreased from time point 0 (0.07%+0.01%) to tipoént 1

(0.14%=0.01%). Due to its low abundance, the chadés abundance were not related

to the changes in body weight.
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Table 9. Significant OTUs for comparing time points for loypesis 2a (P-value cutoff: 0.0003).

mean mean
TO se. T1

S.e.

Time Body Time
point weight  point Group

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.Other
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.Other.Other
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiaieClostridiaceae
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.g_Clostridium.s_celatum

k_Bacteria.p_Firmicutes.c_Bacilli.o_Turicibactesle
k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactesafeTuricibacteraceae
k_Bacteria.p_Firmicutes.c_Bacilli.o_TuricibactesafeTuricibacteraceae.g_Turicibacter
k_Bacteria.p_Firmicutes.c_Bacilli.o_Turicibactesafe Turicibacteraceae.g_Turicibacter.s_

k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Gbaicteriales.f_Coriobacteriaceae.g_Adlercre

a

18.60%1.45%6.01%
18.60%1.45%6.01%
19.37%1.49% 6.54%
0.04% 0.00%0.01%

10.51%1.00% 2.54%
10.51%1.00% 2.54%
10.51%1.00% 2.54%
10.51%1.00% 2.54%

0.07% 0.01%0.14%

k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Gbaicteriales.f_Coriobacteriaceae.g_Adlercre

a.s_

k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridéaie
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiaie.g_
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridéate.g_.s_
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiadeClostridiaceae.g_Clostridium

k_Bacteria.p_Firmicutes.c_Bacilli
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.g_Clostridium.Other
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.g_Ruminococcus.s_
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.g_Ruminococcus
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.g_Clostridium

0.07% 0.01%0.14%

1.06%
1.06%
1.11%
0.00%

0.51%
0.51%
0.51%
0.51%

0.01%

0.01%

10.19%0.58% 18.06%1.31%
10.19%0.58% 18.06%1.31%
10.19%0.58% 18.06%1.31%

0.34% 0.04%0.16%
12.86%1.15% 4.06%
0.27% 0.03%0.11%
0.87% 0.07% 1.36%
0.88% 0.07%1.36%
0.04% 0.00%0.07%

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.g_Clostridium.s_methy

ntosum

k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostrid&a@ther
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridga@ther.Other
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridsa@ther.Other.Other

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.g_SMB53
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiafeClostridiaceae.g_SMB53.s__
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.Other
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.Other.Other

k_Bacteria.p_Firmicutes.c_Bacilli.Other
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Other
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Otfeher

0.04% 0.00%0.07%
2.43% 0.20%4.18%
2.43% 0.20%4.18%
2.43% 0.20%4.18%

0.11% 0.02% 0.24%
0.11% 0.02%0.24%
0.46% 0.03% 0.66%
0.46% 0.03%0.66%

0.08% 0.01% 0.03%
0.08% 0.01%0.03%
0.08% 0.01% 0.03%
0.08% 0.01% 0.03%

0.02%
0.65%
0.02%
0.11%
0.11%
0.01%

0.01%
0.38%
0.38%
0.38%

0.03%
0.03%
0.06%
0.06%

0.01%
0.01%
0.01%
0.01%

8.80E-09 0.00131 8.80E-09 0.587753
8.80E-09 0.00131 8.80E-09 0.587753
1.14E-08 0.001084 1.14E-08 0.718905
5.34E-07 0.00346 5.34E-07 0.005118

5.86E-07 0.001175 5.86E-07 0.285368
5.86E-07 0.001175 5.86E-07 0.285368
5.86E-07 0.001175 5.86E-07 0.285368
5.86E-07 0.001175 5.86E-07 0.285368

9.21E-07 0.003982 9.21E-07 0.414405

9.21E-07 0.003982 9.21E-07 0.414405

1.23E-06 0.039259 1.23E-06 0.002831
1.23E-06 0.039259 1.23E-06 0.002831
1.23E-06 0.039259 1.23E-06 0.002831
2.77E-06 0.038943 2.77E-06 0.02194

4.53E-06 0.000976 4.53E-06 0.135871
1.19E-05 0.037447 1.19E-05 0.011337
1.62E-05 0.801357 1.62E-05 0.000108
1.64E-05 0.781429 1.64E-05 0.000117
2.53E-05 0.659869 2.53E-05 0.009083

2.53E-05 0.659869 2.53E-05 0.009083
8.70E-05 0.908299 8.70E-05 0.041146
8.70E-05 0.908299 8.70E-05 0.041146
8.70E-05 0.908299 8.70E-05 0.041146

0.000158 0.003727 0.000158 0.000181
0.000158 0.003727 0.000158 0.000181
0.000795 0.001442 0.000795 0.000265
0.000795 0.001442 0.000795 0.000265

0.0038220.000203 0.003822 0.052747
0.0038220.000203 0.003822 0.052747
0.0038220.000203 0.003822 0.052747
0.0038220.000203 0.003822 0.052747
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Table 9. (Continued)

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeLachnospiraceae.g_Blautia 0.07% 0.02%0.02% 0.01%
k_Bacteria.p_Actinobacteria.c_Coriobacteriia 0.69% 0.11%1.52% 0.22%
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Gaicteriales 0.69% 0.11%1.52% 0.22%
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Glacteriales.f_Coriobacteriaceae 0.69% 0.11%1.52% 0.22%
k_Bacteria.p_Firmicutes.c_Erysipelotrichi 24.51%2.49% 32.55%2.72%
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erysipechales 24.51%2.49% 32.55%2.72%
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Ery$ipechales.f_Erysipelotrichaceae 24.51%2.49% 32.55%2.72%

k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erysipechales.f Erysipelotrichaceae.g_Allobacul24.25%2.49% 31.66%2.70%

k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Ery$ipechales.f_Erysipelotrichaceae.g_Allobacul
.S 24.25%2.49% 31.66%2.70%

0.018949 0.017188 0.018949 2.42E-07

0.0388510.000267 0.038851 0.969394
0.0388510.000267 0.038851 0.969394
0.0388510.000267 0.038851 0.969394

0.12895 0.000201 0.12895 0.407261
0.12895 0.000201 0.12895 0.407261
0.12895 0.000201 0.12895 0.407261
0.1658810.000208 0.165881 0.45984

0.1658810.000208 0.165881 0.45984




Figure 15. Comparison of representative OTUs by groups betwiege points 0 and 1.
(Time point 0 was randomization point/week 44; tippént 1 was first body weight
trough point/week 64; between these two time polE@ keptad libitumfeeding; OWL
and OWLM received different levels of calorie regton followed by weight loss.)
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Discussion

To our knowledge, very few studies have lookethateffects of calorie
restriction on gut microbiome changes. Of themyamle looked at gut microbiome
changes after different levels of weight loss canmyg both food restriction and exercise
in humans [104]. Earlier studies showed that theient load can influence the gut
(fecal) bacterial community structure over shardiscales [42]. The study found that the
highest weight loss participants had higher coohtsertain bacteria, but it lacked a
control group to compare with. In our study, wekied at the gut microbiome changes at
two levels of calorie restriction (~15% and ~25%peagively), in addition to aad
libitum—fed group (EO) as a control. We not only founduenber of bacterial lineages
that were significantly different before and aftestriction, but we also confirmed that
the directions of changes were generally the santigei two restricted groups while
opposite to the EO group.

For example, the directions of changes in the dance of th& uricibacteraceae
family for these three groups were similar to thiatheir body weight changes. As
previously discussed,uricibacterunder thelTuricibacteraceae familis related to
fermentative metabolism, with carbohydrates astiig substrates, and its abundance
generally increased after consumption of fermendtady or high-grain products. The
only carbohydrates thdiuricibactercan utilize are maltose and 5-ketogluconates [101]
In our study, from time points 0 to 1, the EO grdugpt receivingad libitumfeeding,
while the other two groups were restricted in déolgd intake, which resulted in
subsequent lower availability of carbohydrate im ithtestines. The carbohydrates in the

diet of this study contains corn starch, which barsubsequently hydrolyzed into
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maltose. Thus, the diet restriction reduced maltasglability toTuricibacter, which, as
a result, decreased its abundance. A&\flmbaculum its abundance changed in the exact
opposite direction as the body weight changeshietiiree groups. A previous study has
suggested that both diet composition and body weughe correlated witAllobaculum
abundance, but diet composition alone cannot acdouchanges in its abundance, thus
some metabolic or phenotypic changes caused bytenmaince of lower body weight
must also be involved, as indicated by the strowgrse correlation between circulating
leptin andAllobaculumabundance [93]. Here in our study, the diet contiposwas the
same for these three groups, but the amount of ttald intake was significantly
different. From time points 0 to 1, the group (OWiaving greater weight loss and food
restriction had a greater increaséliftobaculumabundance, while the group without
food intake changes had a significant reductioabundance. We agree with the
literature that the body weight status or foodketamount is related to the abundance of
Allobaculum However, sincéllobaculumhas a fermentation feature and produces
butyrate, greater food intake indicates greateilaviity of energy sources, which
should result in a higher level Aflobaculum The finding of loweAllobaculum
abundance under higher food intake in our studyradicts this hypothesis. Therefore,
more complicated mechanisms related to the intetpdédween the abundance of
Allobaculumand body weight (or food intake) must exist.

In summary, with the same diet and strain of micethe first time, we showed
that calorie restriction results in certain inteatibacterial changes in relative proportion,

and these changes are body weight dependent.
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Hypothesis 2b.
Fecal Bacteria Will Not Respond to Chronic Diet G¢@s
Results

This hypothesis tested the gut microbiome changegight cycling at both short
intervals and long intervals. The weight loss aghin stages were analyzed separately,
with time point 2 (second body weight peak for M€ group) as the starting point for
weight loss and time point 5 (second body weightgh for the WC group) as the
starting point for the weight regain stage. Thesopoints during weight loss (time points
3, 4 and 5) were compared to time point 2, andther points during weight regain (6,

7, 8 and 9) were compared to time point 5. Pairw@aparison of the time points at each
stage for the WC group was conducted. Other studies shown that switch of diet
types could result in shifts in gut community sture after a single day and be stabilized
by seven days [105]. Here, we didn’t look at themicrobial changes in days; instead,
we followed the changes as short as one week. idddity, we didn’t change the type of
diet but manipulated the amount of daily feedingjcl could prevent the influence of
diet composition on gut microbiome.

The weight loss stage was analyzed first (timetsa2 to 5: 2 — weight peak, 3 —
one week after restriction, 4 — four weeks aftstrietion, 5 — 11 weeks after restriction
or body weight trough). There were no significardup differences in the Chaol index
scores (P=0.5120) (s&é&gure 16). The Shannon index was significantly different
between groups (P=0.0072). The weighed UniFrac P@lo#s of bacterial family
indicated high levels of systematic variation wherae than 50% of the variation was

explained by PC1; however, no distinct clusteriraswbserved.
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Pairwise comparisons between T2 and other timetpabntrolling for body
weight with animal number as random effect weralueedetect the OTU differences
during weight loss stage (%OTU = time point [pas&]i+ body weight + animal ID).
Only the few OTUs that were significant in the campons were listed ifiable 10 Of
them, two bacterial lineages were significantlyetént between time points 2 and 3: the
Ruminococcugenus and th€lostridium.methylpentosuspecies. An unidentified
bacterial lineage und&irmicuteswas significantly different between time pointarl
3. TheRuminococcugenus and one unnamed species undegné also significantly
different between time points 2 and 4. The abunésiof the unnamed species under
Ruminococcusduring this weight loss stage were showikigure 17.A The
corresponding body weight changes were shown iarEity/.B.

For the weight regain stage, five time points wactuded in the analysis (time
point 5 to 9: 5 — weight trough; 6 — one week aftexd release; 7 — five weeks after food
release; 8 — 16 weeks after food release or weighk; 9 — one week of restriction after
weight peak). As shown iRigure 18, there were no significant differences in the Chao
index (P=0.0504) between these five time pointslere was a significant difference in
the Shannon index (P=0.0023). The differences Wwete@een time point 5 and time point
8 (P=0.0047), as well as time point 5 and time p®i(P=0.0190). Similarly, at the
weight loss stage, there was no distinct clustanrthe PCoA plots, but the weighted
UniFrac PC1 explained 45.38% of variation.

Pairwise comparisons between time point 5 anather four time points
detected only one bacterial lineage that was sagmfly different between time points 5

and 8: theAllobaculumgenus (P=3.60E-06) (undeérysipelotrichiclass) (se@able 11).
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The abundances @flobaculumgenus during this weight regain stage were shown i

Figurel7.C. The corresponding body weight changes were showigurel7.D.
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Figure 16.Alpha and beta diversity for weight loss si. (Time point 2 to 5, weeks 72, 76, 79 &8 respectively; this period w
the second weight loss stage for WC grageFigure 2 for more detail; red — T2, light greem3; bright blui— T4, dark blue — T5.)
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Table 10.Pairwise comparisons in OTU abundances betweand@dther time points during weight loss stage.

OTUs T2vs. T3 T2vs. T4 T2vs. T5

k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridi&aleRuminococcaceae.g_Ruminococcus.s_ 3.05E-05 2.56E-07 0.00015242
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.g_Clostridium 3.78E-05 0.00281167 0.01394163
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostrids&aleRuminococcaceae.g_Clostridium.s_methylpentossi#8E-05 0.00281167 0.01394163
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiafeRuminococcaceae.g_Ruminococcus 6.12E-05 5.63E-07 0.00036868
k_Bacteria.p_Firmicutes.Other 0.00010215 2.48E-06 0.00031638
k_Bacteria.p_Firmicutes.Other.Other 0.00010215 2.48E-06 0.00031638
k_Bacteria.p_Firmicutes.Other.Other.Other 0.00010215 2.48E-06 0.00031638
k_Bacteria.p_Firmicutes.Other.Other.Other.Other 0.00010215 2.48E-06 0.00031638
k_Bacteria.p_Firmicutes.Other.Other.Other.Othere®th 0.00010215 2.48E-06 0.00031638
k_Bacteria.p_Firmicutes.c_Clostridia 0.00018843 0.00150961 0.88385154
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiale 0.00018843 0.00150961 0.88385154
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae 0.00020228 0.00109424 0.01697571

Table 11.Pairwise comparisons in OTU abundances betweamd@®ther time points during weight regain stagdy(the OTUs in

the table between T5 and T8 were significant).

OTUs T5vs. T8
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erysipechales.f _Erysipelotrichaceae.g_Allobaculum 3.60E-06
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erys$ipechales.f Erysipelotrichaceae.g_Allobaculum.s_ 3.60E-06
k_Bacteria.p_Firmicutes.c_Erysipelotrichi 3.74E-06
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erysipechales 3.74E-06
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Ery$ipechales.f Erysipelotrichaceae 3.74E-06
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Figure 17. Abundances odRuminococcuandAllobaculun during weight loss or weight regain stages T2+ A correspond to th
four highlighted red dots in B; T39 correspond to thfive red dots in D.
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Figure 18.Alpha and beta diversity for weight regain si. (Time point 5-trough to 8-peak, week®, 89, 8 and 103, respectively;
time point 9/weelk 04 was one week after restriction; this period thassecond weight regain stagethe WC group; red — T5, light
green — T6, bright blue — T7, yellowl8; dark blui— T9.)
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Discussion

Previous studies have shown that gut microbioomeposition could change
within days after initiating a new diet, but thdemotype identity remained relatively
stable for as long as 10 days [106, 107]. Herdimdtudy, we seek to investigate the
long-term gut microbiome changes in mice durin@aveek body weight loss stage
induced by gradual calorie restriction, as weladsb-week weight regain stage caused by
ad libitumfeeding.

During the weight loss stage, the richness oftieobial community (as
indicated by the Chaol index) was not significaotignged, which suggests that the
total number of species present in the intestineares relatively stable during calorie
restriction. However, the evenness (as indicatethbyshannon index) first increased but
then deceased, which could be associated withgimg @rocess. As for the weight regain
stage, since the greatest body weight occurreddsgtwwme points 5 and 6, which was
one week of unlimited food intake after a long terfmestriction, the total number of
species in the microbial community increased.

In the pairwise comparison of the OTU differenbetveen starting time point
and follow-up points of the weight loss stage, species under tHeuminococcugenus
was found to be significantly increased from irita of the food restriction. The genus
Ruminococcusomprises anaerobic Gram-positive cocci with a éertative metabolism
for which carbohydrates, but no amino acids, sass/substrates for growth and produce
acetate, succinate and hydrogen as the major piodfiglucose metabolism [108, 109].
Ruminococcusvas also found to be enriched in obese animals [Rdring calorie

restriction, with lower availability of carbohydest to the gut microbial community, the
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abundance dRuminococcushould decrease. Contrarily, our results showttiet
abundance dRuminococcusctually increased when there was less substuptays
Also, when the mice went through calorie restrictitheir body weight decreased. This is
not in agreement with the literature that obesenats have higher levels of
Ruminococcuverall, this suggests that the abundandewhinococcuss not simply
related to obese status or substrate availabdlitgl,there must be more complicated
mechanisms associated with the changédumhinococcus.

During the weight regain stage, only the aburdafAllobaculumhas
significant changes between time points 5 (bodygthtetirough) and 8 (body weight
peak). As previously discussed, the abundan@dlobaculumchanges in the opposite
direction as body weight changes. Here its abureléirat increased and then decreased,
although the constant body weight increased. Tlssipte explanation is that the mice
were under food restriction for a long time, wheduld force them to binge eat when
unlimited food was provided suddenly. This is whistweek had the greatest body
weight increase during the whole weight regainet&ring this week, as a bacterium
with fermentative features, the levelAifobaculumincreased following greater substrate
availability. But it is unclear why its abundanceglan decreasing afterward.

Nevertheless, this finding matches the observaiitise previous hypothesis.
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Hypothesis 2c.
Fecal Bacteria Composition Will Be the Same atterice Go through
Repeated Weight Loss and Regain Cycles throughriédkestriction and
Ad LibitumRefeeding
Figure 19. Average body weight for samples in hypothesiqRed dots
represent body weight peaks of WC and EO at thimee points; blue dots
represent body weight trough of WC group and OWiwat time points.)
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Results

This hypothesis tested the restorability of gutnobiome after repeated
weight loss and regain cycles compared to the EQmfas a control for body
weight peak) and the long-term restricted OWL gr¢aga control for body
weight trough). Pairwise comparisons were usesiopare the OTU abundances

between peaks (time points 0, 2 and 8) or betweighs (1 and 5). The model is
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as follows: OTU = time point (pairwise) + body wieigr animal ID for
corresponding groups and time points.

As for the peak-to-peak comparisons, three timetpo0O, 2 and 8, were
included in the analyses. The alpha diversitiesevedso shown ifrigure 20.
There was no significant difference between thbessettime points in Chaol
index (P=0.2705). There was a significant diffeeebetween time points 2 and 8
in the Shannon index (P=0.0073, overall P=0.014#6he unweighted UniFrac
PCoA plots Figure 21.A-C), the three time points had distinct clustering, the
variation explained by the PC1 was only 7.36%, &/mlthe weighted UniFrac,
the three time points were not well separatedfliPC1+PC2 explained 57.66%
of the variationFigure 22 showed the beta diversity for pairwise comparisons
between time points 0 and 8 and between 2 anddl the PCoA plots, the
compared two time points were distinctly separ&tech each other with
moderate percentages of systematic variation engidiai

The comparison af diversity between the two body weight troughshaf t
WC group (time point 1 and time point 5) revealeatthe Chaol index was not
significantly different (P=0.4570), but the Shanmodex of the first trough was
higher than that of the second trough (P=0.02b@)ufe 20). These indicated
that the second body weight trough had about thees&chness of bacteria as the
first one but was more evenly distributed thanfits trough.p diversity revealed
that these two points were clearly separated frach @ther Eigure 21).

Regression models to test the OTU abundance eliftexs were applied as

follows: %0OTU = time point (pairwise) + body weightanimal ID as random
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effect. There was no OTU that reached significdreteveen time points 0 and 2
for the WC group. However, a number of OTUs wegaisicantly different
between time points 0 and 8, as well as time pdrard 9. The results of
pairwise comparison between time points 0 and &whkown inTable 12 From
time points 0 to 8, the abundanceGdbstridium.methylpentosufander
Ruminococcaceatamily) increased from 0.04%+0.01% to 0.09%z=0.01%e
otherClostridiumgenus under Clostridiaceae family decreased from
0.30%=0.03% to 0.09%=0.01%dlercreutziagenus increased from
0.08%=0.01% to 0.22%=0.02%.uminococcugenus increased from
0.64%=0.05% to 1.59%=+0.18%lostridia class increased from 57.06%+2.59%
to 71.83%=3.03%0Oscillospiragenus increased from 5.82%+0.42% to
10.54%=0.91%.

The results of pairwise comparison between timatp@ and 8 were
shown inTable 13 Most of the OTUs that were significantly diffetdretween
these time points were also significantly differbatween time point 0 and time
point 8, such a€lostridium.methylpentosuandOscillospira However, there
were two new OTUs that were not significant in teenparison between time
points 0 and 8. The abundancedbdstridium.ruminantiundecreased from
0.08%=+0.01% to 0.02%. Allobaculum decreased from@@%+5.15% to
14.30%=2.61%. However, none of the OTUs in anyhefgiairwise comparisons
(between 0, 2 and 8) reached significance for BegEbup. Regression models
controlling for body weight and animal ID showedti1 OTUs at various levels

were significantly different between time pointarid 5 Table 14). At class
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level, Bacilli decreased from 18.7% to 2.3&rysipelotrichiincreased from
20.5% to 41.2%. At order levetrysipelotrichalesncreased from 20.5% to
41.2%. At family level Streptococcaceagecreased from 1.7% to 0.4%;
Erysipelotrichaceaéncreased from 20.5% to 41.2%. These proved kst t
changes in th&rysipelotrichiclass were caused by the changes in the
Erysipelotrichaceadamily; however, changes in tistreptococcaceaamily
accounted for only a small portion of the changeBacilli class. At genus level,
Lactococcuslecreased from 1.7% to 0.4%jobaculumincreased from 20.2% to
40.8% (P=2.25E-05); andldlercreutziaincreased from 0.09% to 0.2%
(P=0.00023606). These results showed that changdkbaculumgenus were
primarily responsible for the changes in Brgsipelotrichaceadamily, and
changes irLactococcusvere the primary changes in t8&eptococcaceammily.
Finally, at species level, the two unnamed spaamekerAllobaculumand
Adlercreutziahad the same proportional changes as these tvavagesuggesting
that changes of these two unnamed species weratises for changes at the
genus level. On the contrary, there was no sigmficlifference in any of the

OTUs between time points 1 and 5 for OWL groupra®enferroni correction.
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Figure 20. Alpha diversity (A&B. Chaol and C&D. Shannon Injiéor WC group among three body weight peaks. (joomts 0, 2
and 8, pre-randomization/week 44; first body weigbdk/week 75; second body weight peak/week 102patween two body
weight troughs (time point 1/week 61 and 5/weekfB8t and second body weight trough).
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Figure 21. Peak-topeak comparison in beta ersity. (A. Bray-Curtis; B. unweighted UniFrac; Weighted UniFre for three body
weight peaks at time points 0, 2 and 8 [we#ks75, 102;ed — TO, green — T2, blue — T8]; D. Bray-Curks unweighted UniFrac;

F. weighted UniFrator two body weight troughs at time pcs 1 and 5 [weeks 61, 88; red — T1, blue =)T5]
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Figure 22.Beta diversity for the comparison between time ts 0 (randomization, week 44) andsgcond body weight regain p,

week 102) and between(frst body weight regain pe, week 75) and 8. Red — TO or T2; blue — T8.
E. unweighted UniFrac for TOB  C. weighted UniFrac f(TO/T8
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Table 12.0TU comparisons between time points 0 and 8 foryTip (TO — week 44; T8 — week 102; model contrglfor body

weight and animal ID, cutoff P-value after Bonfetiroorrectior= 0.0001).

OTUs mean.TC s.e.

TOvs. T8

Beta

BW Beta

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.g_Clostridium 0.04%
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.g_Clostridium.s_n

ylpentosum
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiaieClostridiaceae.g_Clostridium

0.04%
0.30%

k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Ghbaicteriales.f_Coriobacteriaceae.g_Adl
eutzia
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Ghbaicteriales.f_Coriobacteriaceae.g_Adl
eutzia.s

0.08%
0.08%

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.g_Clostridium.Other 0.23%
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae 9.86%
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.g_Ruminococcus.0.64%
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.g_Ruminococcus 0.64%

k_Bacteria.p_Firmicutes.c_Clostridia 57.06%
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridgale 57.06%
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridsaie 12.24%
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiale.g_ 12.24%
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiate.g_.s_ 12.24%

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.g_Oscillospira.s_ 5.81%
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcaceae.g_Oscillospira  5.82%
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeLachnospiraceae.g_Ruminococcus. 1.01%

0.01%

0.01%
0.03%

0.01%

0.01%

0.03%
0.70%
0.05%
0.05%
2.59%
2.59%
0.75%
0.75%
0.75%
0.42%
0.42%
0.11%

16.31% 1.09%

71.83% 3.03%
71.83% 3.03%
22.05% 1.82%
22.05% 1.82%
22.05% 1.82%
10.54% 0.97%
10.54% 0.97%

3.55E-06

3.55E-06
5.38E-06

1.23E-05

1.23E-05

1.41E-05
2.72E-05
5.14E-05
5.22E-05
6.84E-05
6.84E-05
0.0001
0.0001
0.0001
0.00013
0.00013
0.00019

4.88E-05 0.19298 1.86E-05

4.88E-05 0.19298 1.86E-05

-0.0003

0.00018

0.00018

-0.0002
0.00759
0.00122
0.00122
0.0151
0.0151
0.01418
0.01418
0.01418
0.00564
0.00564
0.00097

0.8633 7.62E-06

0.98083 -7.51E-07

0.98083 -7.51E-07

0.80989 9.23E-06
0.76473 0.000547
0.89348 -3.48E-05
0.89257 -3.51E-05
0.44609 0.004001
0.44609 0.004001
0.47334 -0.001987
0.47334 -0.001987
0.47334 -0.001987
0.82964 0.000321
0.83133 0.000318
0.68011 0.000141
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Table 13.0TU comparisons between time points 2 and 8 for §uip (T2 — week 61; T8 — week 102; model contglliior body
weight and animal ID, cutoff P-value after Bonfetiroorrectior= 0.0001).

Bod
Group mean.T2s.e. mean.T8s.e. T2 vs. T8 Beta weigyht Beta
k_Bacteria.p_Firmicutes.Other 0.15% 0.02% 0.05% 0.01% 7.63E-06 -0.00016 0.33467 -2.37E-05
K_Bacteria.p_Firmicutes.Other.Other 0.15% 0.02% 0.05% 0.01% 7.63E-06 -0.00016 0.33467 -2.37E-05
K_Bacteria.p_Firmicutes.Other.Other.Other 0.15% 0.02% 0.05% 0.01% 7.63E-06 -0.00016 0.33467 -2.37E-05
K_Bacteria.p_Firmicutes.Other.Other.Other.Other 0.15% 0.02% 0.05% 0.01% 7.63E-06 -0.00016 0.33467 -2.37E-05
K_Bacteria.p_Firmicutes.Other.Other.Other.Otheredth 0.15% 0.02% 0.05% 0.01% 7.63E-06 -0.00016 0.33467 -2.37E-05
K_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsafeRuminococcaceae 9.50% 0.80% 16.31% 1.09% 9.10E-06 0.011044 0.83853 0.000381
K_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsafeRuminococcaceae.g_Clostridium  0.05% 0.01% 0.09% 0.01% 1.45E-05 6.97E-05 0.48334 1.03E-05
K_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridi&afeRuminococcaceae.g_Clostridium.s_r
hylpentosum 0.05% 0.01% 0.09% 0.01% 1.45E-05 6.97E-05 0.48334 1.03E-05
K_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridafeRuminococcaceae.g_Oscillospira  5.42% 0.47% 10.54% 0.97% 7.38E-05 0.008355 0.82256 0.00032
K_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridg@afePeptostreptococcaceae.g_Clostridiur0.08% 0.01% 0.02% 0.00% 3.52E-05 -9.94E-050.80064 3.35E-06
K_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridgafePeptostreptococcaceae.g_Clostridiur
ruminantium 0.08% 0.01% 0.02% 0.00% 3.52E-05 -9.94E-050.80064 3.35E-06
K_Bacteria.p_Firmicutes.c_Clostridia 50.38% 4.11% 71.83% 3.03% 3.66E-05 0.033515 0.52171 0.004571
K_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridgle 50.38% 4.11% 71.83% 3.03% 3.66E-05 0.033515 0.52171 0.004571
K_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridafeRuminococcaceae.g_Oscillospira.s_5.41% 0.47% 10.54% 0.97% 7.16E-05 0.008365 0.82102 0.000323
K_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erydgigchales.f_Erysipelotrichaceae.g_Allol
culum 37.09% 5.15% 14.30% 2.61% 7.34E-05 -0.03338 0.24182 -0.0095
K_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erysgigchales.f_Erysipelotrichaceae.g_Allol
culum.s_ 37.09% 5.15% 14.30% 2.61% 7.34E-05 -0.03338 0.24182 -0.0095
K_Bacteria.p_Firmicutes.c_Erysipelotrichi 37.35% 5.16% 14.72% 2.61% 8.26E-05 -0.03289 0.2186 -0.00999
K_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erysgidgchales 37.35% 5.16% 14.72% 2.61% 8.26E-05 -0.03289 0.2186 -0.00999
K_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erysgidgchales.f_Erysipelotrichaceae 37.35% 5.16% 14.72% 2.61% 8.26E-05 -0.03289 0.2186 -0.00999
K_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridgfe.Mogibacteriaceae..g_Anaerovorax 0.02% 0.00% 0.05% 0.01% 0.00015 -0.00016 0.33467 -2.37E-05
K_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridgfe.Mogibacteriaceae..g_Anaerovorax.s0.02% 0.00% 0.05% 0.01% 0.00015 -0.00016 0.33467 -2.37E-05
K_Bacteria.p_Firmicutes.c_CIostridia.o_CIostridi;anguminococcaceae.g_Ruminococcus0.77% 0.09% 1.59% 0.18% 0.00026 -0.00016 0.33467 -2.37E-05
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Table 14.0TU comparisons between time points 1 and 5 foryTip (T1 — week 61; T5 — week 88; model contngllior body

weight and animal ID; cutoff P-value after Bonferrcorrection = 0.0003).

OTUs mean. mean.T Time point  Body Time point Body

T1 5 (P) weight (P) () weight (B)
Bacteria.Firmicutes.Bacilli.Lactobacillales.Strepiocaceae 1.71% 0.39% 1.34E-07 0.10037119 -0.0028026 -0.0004001
Bacteria.Firmicutes.Bacilli.Lactobacillales.Strepgocaceae.Lactococcus.s 1.69% 0.38% 1.56E-07 0.08885229 -0.0027343 -0.0004165
Bacteria.Firmicutes.Bacilli.Lactobacillales.Streqtocaceae.Lactococcus 1.69% 0.38% 1.58E-07 0.08894799 -0.0027333 -0.0004162
Bacteria.Firmicutes.Erysipelotrichi 20.46%  41.20% 1.86E-05 0.09395521 0.03573822 0.01274694
Bacteria.Firmicutes.Erysipelotrichi.Erysipelotritds 20.46%  41.20% 1.86E-05 0.09395521 0.03573822 0.01274694
Bacteria.Firmicutes.Erysipelotrichi.Erysipelotritds Erysipelotrichaceae 20.46%  41.20% 1.86E-05 0.09395521 0.03573822 0.01274694
Bacteria.Firmicutes.Erysipelotrichi.Erysipelotritds Erysipelotrichaceae.Allo 20.25%  40.79% 2.25E-05 0.10279591 0.0356558  0.01241584
baculum
Bacteria.Firmicutes.Erysipelotrichi.Erysipelotritds Erysipelotrichaceae.Allo 20.25%  40.79% 2.25E-05 0.10279591 0.0356558  0.01241584
baculum.s_
Bacteria.Firmicutes.Bacilli 18.73% 2.34% 2.31E-05 0.64870749 -0.0383373 -0.0020863
Bacteria.Actinobacteria.Coriobacteriia.Coriobactks.Coriobacteriaceae.Adl  0.09% 0.20% 0.00023606 0.71784137 0.00028151 -1.33E-05
ercreutzia
kacteria.Actinobacteria.Coriobacteriia.Coriobactks.Coriobacteriaceae.Adle  0.09% 0.20% 0.00023606 0.71784137 0.00028151 -1.33E-05

rcreutzia.s_




Discussion

Repeated weight losses and regains (yo-yo dietiag¢ become a common
pattern for obese individuals because of the diffyjcof maintaining a weight loss status
[55]. To date, there has been no study lookinfpegut microbiome changes before and
after weight loss and regain cycles. This studysaiontest whether gut microbiome is
restorable, with special attention to identify gpecific bacteria that might be different
before and after the cycles. One unique featuthisfproject is that the weight cycling
was manipulated in the absence of diet cyclingctieould potentially preclude the
influence of different dietary composition on bacecommunities.

Samples at three body weight peaks (baseling, thftdirst weight cycle and after
the second weight cycle) for the WC group and tr@emporary EO group and two
body weight troughs (the first and second weighsés) for the WC group and the
contemporary OWL group were included in the anayf®er the microbial richness,
there were no significant differences in the WC/EQGups at the three peak points or in
the WC/OWL groups at the trough points. For micabbeivenness, the second weight
peak was significantly less evenly distributed th@mother two peaks, while no
difference was observed for the EO group. The sttmugh point of the WC group also
was significantly less evenly distributed thanfiingt trough, while there was no
difference in the OWL group at these two time pRih between group diversities,
samples at the three peaks were generally sepdrateacach other for the WC group.
So were the samples at the two troughs.

Between the first (time point 0) and second pdtkee point 2), no OTUs were

significantly different after Bonferroni correctioHowever, several OTUs were
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significantly different between the first peak @had peak (time point 8), as well as
between the second and third peaks. Furthermaee there also some OTUs that were
significantly different between the two body weigitttughs (time points 1 and 5). Of
them, the generallobaculumandAdlercreutziawere significant in the comparisons both
between weight peaks and troughs. Most of thesiehadthat were significant between
these time points have fermentative features, asdhe generBuminococcus
AllobaculumandLactococcusas previously describednaerovoraxs a strictly

anaerobic bacterium of fermentative metabolisnerofhetabolizing amino acids into
acetate and butyrate [99]. There were also a fewbeeteria that are related to other
metabolic functions: ThAdlercreutziagenus is involved in the conversion of daidzein to
equol [110]. TheClostridium.methylpentosuspecies could metabolize rhamnose
released via the enzymatic depolymerization ofadiepectin [111]Oscillospirais a

large bacterium often observed in the rumen costehsheep and cattle as well as in the
alimentary tract of other herbivorous animals [118] population was found to be
rapidly changed when animals changed their dietg\ft13]. However, it is hard to
associate the functions of these bacteria witlwikight changes of hosts based on the
current findings.

Since mice at these three body weight peak tinmgpall receivedhd libitum
feeding, the differences between them were: 1) mwiee at different ages; and 2) mice
at the later two points went through weight lossegyain cycle(s). Additionally, mice at
the two body weight troughs also had these twaekfices. Nevertheless, the fact that
there was no significant difference in any of thEU3 between these three same time

points for the EO group and the fact that there masignificant difference between the
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two same time points for the OWL group suggestifferences in the WC groups
before and after weight cycles are not due to adgihgrefore, going through the weight
loss and cycles must have effects on these bactdrese effects could originate from the
physiological changes in hosts after weight cycbngould come from the complicated
interaction of the microbial community themselveotgh cycles of energy source
restrictions and availabilities. However, to ddtere has been insufficient evidence
showing weight cycling has effects on behavior,abhetism and health [58, 114, 115]. A
situation resembling this is the repeated use tibiatics: a human study [116] with
repeated broad spectrum antibiotic perturbationafestnated that the intestinal microbial
community changes after antibiotic use. Howeversé¢hchanges varied among subjects
and between the two courses within subjects. Furtbee, the gut microbiota
composition stabilized by the end of the experinmritwas altered from its initial state.
Similarly, the microbiota after a single adminisima of antibiotics had only partially
recovered to their pre-treatment compositions mesgases [117]. Taken together, the
evidence suggests that there is either complex ettigm within microbial communities,
which leads to permanent changes in some bactepialgtion, or some physiological
changes in the host precludes the restorabilitgiodl microbiome composition.
Therefore, if a copy of gut microbiome in healthgtgs can be stored, then later once the
host encounters unusual status such as disease stateight cycles, the previous
healthy gut microbiome can still be restored fréom topy.
Hypothesis 3a.
Fecal Bacteria Composition Will Be Stable undeina& Diet Regimen

Independent of Time Effect
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Results

This hypothesis tested the gut microbiome strec&und stability for mice under
different dietary treatment: oraal libitum-fed group and two caloric-restricted groups.
About 200 samples at four time points (T1-weekT@s;week 75, T5—week 88, T8—
week 102; EO-n=10, OWL-n=20, OWLM-n=20) were seldcPlease refer to Figure 2
for body weight, fat mass, fat-free mass and foddkie status of these three groups at
four time points.

First, the alpha diversities were viewed by grougfime point for all of these
samplesKigure 23). As seen in the figure, if the samples were sspdrby groups, there
were significant differences in bacterial richn@Shaol index) between each pair of the
three groups (EO vs. OWL, P<0.0001; EO vs. OWLM).P801; OWL vs. OWLM,
P=0.0004), with EO having the highest number otgseand OWL the lowest. For
bacterial evenness (Shannon index), there werdisamt differences between tlael
libitum—fed EO group and both restricted groups (EO vs. OR&0.0001; EO vs.
OWLM, P<0.0001) but no statistical difference beaw®WL and OWLM (P=0.1823).
Figure 24 shows the beta diversity separated by group @ point. The three groups
were separated from each other, especially in teeighted UniFrac PCoA plot. The
lesser separation in the weighted UniFrac suggleatsnajor phylogenetic differences
were caused primarily by the OTUs with low abunasnéiowever, the scatters divided
by time points were not well separated from eatieiot

To reveal the OTU differences between differemietipoints, a regression model
was used as follows: OTU = time point (in paird)ody weight + animal ID + group.

The results of pairwise comparisons between TOTdnd 0 and T2 and TO and T8 were
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shown inTables 15-17respectively. Not many OTUs were significanthege pairwise
comparisons between time points. Only one bactinehge was significantly different
between all three comparisons after controllingofedy weight and group: the
Adlercreutziagenus. The scatter plots of the abundance oAthercreutziagenus were
shown inFigure 25. From the figure, we can see that the abundantedéfdlercreutzia
genus became higher at later time points for aligs, OWLM only and OWL only, but
not for EO only. However, the body weight variallié not reach significance for this
lineage.

To test whether the effects of real age (as amaodas variable) is similar as
arbitrary time points in the statistical model, ey model was used as follows: OTU =
age (week) + body weight + animal ID + group. Tésults were shown ihable 18 The
abundance of six bacterial lineages was signiflgagsociated with age: the RF39 order,
Clostridium.ruminantiumthe SMB53 genus, an unnamed class uRdericutes, the
Christensenellacea@amily and theAdlercreutziagenus. However, all of these OTUs had
a relatively low abundance (0.07% to 0.18%) witlaBrpeta coefficient values.

Furthermore, the alpha diversity was also viewétiw groups for different time
points Figure 26). For the EO group, there was a significant ddfexe only in the
Chaol index between T1 and T8 (P=0.0051). For & @roup, only the Shannon
index was significantly different between T1 and(P&0.0024). And for the OWLM
group, there were significant differences betwegraid T2 (P=0.0021), as well as T1
vs. T5 (P=0.0003) in the Chaol index, but no dtesissignificance in the Shannon index

(P=0.3893).
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Figure 23. Alpha diversity by group or time point for hypo#iie 3a. (A&B by group; C&D by time point; T1 — we6k; T2 — week
75; T5 — week 88; T8 — week 102; different lettegresent significant differences between groupsthfese four time points over 40
weeks, EO receiveald libitum feeding; OWL and OWLM received different levelsrestriction with relatively stable body weight.)

A. Chaol index B. Shannon index
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Figure 24.Beta diversity by group (redeO, gree — OWL, blue — OWLM) or time point (red — Meek 6:; green — T2/week 75;
bright blue — T3/week 88; dark blue —/Wek10:) for hypothesis 3a.
A. BrayCurtis for three groups B. unweegl UniFrac for three groups C. weighted UrtHoa three groug

PCoA - PC1 vs PC2 S PCoA - PCL ve PCa
i 035 : - : . 04 T :
2 L]
A Py -
0z b " a i
el ie.  Abm & 020 b : B J |
- & S . . i A "
~ - [3
n ife [ | :.. '5. :.‘i,&ll L 0l5p ol e - 8 Ll
s e 4 -4 . " - -
T oo L] s D80, 8 AL e o
u . . % LAy ry 2 o010 s 0 9 L] n B i
2 ‘@ = A A W e g g ™ 1 il - £ o1f
5 "2 . & e ST -3 iy ok . A B
o LR ™ 4 0es S0 o * s. Lo i
= c a i i ]
L . P & - 2 “e :‘Pﬁ a 2% " - .'_ i 5 oo
£ 0.2 i ., . . E & ooo—2 el ® _my 2 o
2 4 ® & £ ¢ a1l 0. F m g 5 o
£ .t . 5 A‘_J‘.& filag oym £ -01
g Le? B 005 b . A . ‘j 4 5
2 s 2 ” M %, g
. 2ie | 4 St Ry e W 4 -0z
d . A B g —0.10 | & ma“ ™1 - 4 g
I a3t
—01s | il 3 | -0.3
F
06 . ; . — . i . . . 4 . ; . .
Zoa 03 [ 02 04 06 “03 -0z -01 00 o1 02 03 04 “o6 04 -0z 00 02 04 [
PC1 - Percent variation explained 22.81% PC1 - Percent variation explained 10.05% PC1 - Percent variation explained 39.89%
D. BrayCurtis for four time points E. unweigthteniFrac for four time points F. weighted iFrac for four time points
PCoA - PC1 vs PC2
PCod - PC1 ws PC2 025 1 | ' g . ITCGA -PClws PC? .
. : .
] ]
- . 020 b = 1
02} ?’ g -!"'.. A : . LERS . -
g . -
" Pl b L e g £ o1sh i . . & &
i | B . - » y B = s =1 L -t g
A + S 2 = a2 |
I o . = e & » o & 5
2 L T T i piof €% w o “F >
3 oo . | H . F u ] . .
2 O LOry ] $ . a ® S o1t . * -
5 L ¥ ] g & & - B oo . Ll
a o - L > .
b g g UOSE L gl g g, mmg, i o LS B
< Sy 1 2 - » m_® 5 oo a . L .
2 m ] = »
g o2 5 . : g o Y TP g o AR, &
2 e . = = o P : . E—Ol i’l "n. "‘\' B
5 & 5 posh 4 "% 5 - *T AL,
& ug” g L B ’ b s
=z g * 3 .0 & ant
y RE » 4 —o1o L] L 02 b L] i
o0 [] gl L, ‘. o u
=4 [ ] [ L .k (] ‘ & ®
015} g -03 . J
™ L
o =
- . . . 020 \ \ \ . \ o4 : ; . L
Zoa 02 0o 02 04 a6 03 -02 -1 008 01 02 03 04 o6 04 02 00 0z a4 [13

PC1 - Percent variation explained 22.81% PC1 - Percent variation explained 10.03% PC1 - Percent variation explained 39.89%



00T

Table 15.Pairwise comparisons (T1 vs. T2) between timetsaiontrolling for body weight, animal ID and gro{ifl — week 61; T2
—week 75).

OTUs AbundanceT1 vs. T2 Body weight Group
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Gbaicteriales.f_Coriobacteriaceae.g_Adlercreutz0.00185 1.64E-05 0.86072 0.03033
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Gbaicteriales.f_Coriobacteriaceae.g_Adlercreutz0.00185 1.64E-05 0.86072 0.03033

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsaleClostridiaceae.g SMB53 0.00139 0.00512 6.03E-08 0.02328
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsateClostridiaceae.g_ SMB53.s_ 0.00139 0.00512 6.03E-08 0.02328
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostrids&aleRuminococcaceae.Other 0.0055 0.01226 4.77E-07  0.00362
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridi&aleRuminococcaceae.Other.Other 0.0055 0.01226 4.77E-07  0.00362
k_Bacteria.Other 0.00059 0.01492 7.35E-07 0.03111
k_Bacteria.Other.Other 0.00059 0.01492 7.35E-07 0.03111
k_Bacteria.Other.Other.Other 0.00059 0.01492 7.35E-07 0.03111
k_Bacteria.Other.Other.Other.Other 0.00059 0.01492 7.35E-07 0.03111
k_Bacteria.Other.Other.Other.Other.Other 0.00059 0.01492 7.35E-07 0.03111
k_Bacteria.Other.Other.Other.Other.Other.Other 0.00059 0.01492 7.35E-07 0.03111
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridéafeClostridiaceae.g_ 0.00128 0.18275 7.39E-07  0.04599
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridéafeClostridiaceae.g_.s_ 0.00128 0.18275 7.39E-07  0.04599
k_Bacteria.p_Firmicutes.c_Bacilli.Other 0.00037 0.08158 1.71E-06  0.00248
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other 0.00037 0.08158 1.71E-06  0.00248
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Other 0.00037 0.08158 1.71E-06 0.00248
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Ott¢her 0.00037 0.08158 1.71E-06 0.00248
k_Bacteria.p_Firmicutes.c_Bacilli.o_LactobacillafeStreptococcaceae.g_Lactococcus.s 0.00681 0.93256 0.00964 1.05E-07
k_Bacteria.p_Firmicutes.c_Bacilli.o_LactobacillafeStreptococcaceae.g_Lactococcus 0.00681 0.93513 0.00957 1.06E-07
k_Bacteria.p_Firmicutes.c_Bacilli.o_LactobacillafeStreptococcaceae 0.00705 0.95951 0.00934 1.82E-07
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridsafe.Mogibacteriaceae. 0.00158 0.21769 0.26758 8.62E-07
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridsale.Mogibacteriaceae..g_ 0.00128 0.16142 0.22148 3.25E-06

k Bacteria.p_Firmicutes.c_Clostridia.o_Clostridsale.Mogibacteriaceae..g_.s 0.00128 0.16142 0.22148 3.25E-06
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Table 16.Pairwise comparisons (T1 vs. T5) between timetgaiontrolling for body weight, animal ID and gro(ifiL — week 61,

T5 — week 88).

OTUs

Abundance T1vs.T5

Body weight Group

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeChristensenellaceae
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeChristensenellaceae.g_
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsaleChristensenellaceae.g_.s_

0.00072
0.00072
0.00072

k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Ghaicteriales.f_Coriobacteriaceae.g_Adlercreutz0.00185
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Glaicteriales.f_Coriobacteriaceae.g_Adlercreutz0.00185

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsafeClostridiaceae.g SMB53
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsafeClostridiaceae.g SMB53.s_
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsafeRuminococcaceae.Other
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsafeRuminococcaceae.Other.Other
k_Bacteria.p_Firmicutes.c_Bacilli.o_LactobacillafeStreptococcaceae.g_Lactococcus
k_Bacteria.p_Firmicutes.c_Bacilli.o_LactobacillafeStreptococcaceae.g_Lactococcus.s
k_Bacteria.p_Firmicutes.c_Bacilli.o_LactobacillafeStreptococcaceae
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsafeDehalobacteriaceae
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsafeDehalobacteriaceae.g_Dehalobacterium

k Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsafeDehalobacteriaceae.g_Dehalobacterium.s_

0.00139
0.00139
0.0055

0.0055

0.00681
0.00681
0.00705
0.00035
0.00035
0.00035

6.84E-10
6.84E-10
6.84E-10
1.47E-07
1.47E-07
0.00077
0.00077
0.01916
0.01916
0.29353
0.29663
0.2718
0.00399
0.00399
0.00399

0.05815
0.05815
0.05815
0.00955
0.00955
2.30E-05
2.30E-05
3.31E-05
3.31E-05
0.63592
0.63484
0.67465
0.16943
0.16943
0.16943

0.11386
0.11386
0.90988
0.90988
0.02971
0.02971
0.00409
0.00409
2.28E-07
2.36E-07
3.05E-07
2.84E-05
2.84E-05
2.84E-05




Table 17.Pairwise comparisons (T1 vs. T8) between timetsaiontrolling for body weight, animal ID and gro{(ifl — week 61; T8
—week 102; n=10 for EO; n=20 for OWL; n=20 for OW

Abundance T1vs. T8 Body Weight Group
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Ghaicteriales.f_Coriobacteriaceae.g_Adlercreutz0.00185 7.62E-07 0.01311 0.00162
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Ghaicteriales.f_Coriobacteriaceae.g_Adlercreutz0.00185 7.62E-07 0.01311 0.00162

k_Bacteria.p_Firmicutes.c_Bacilli.Other 0.00037 0.01865 9.15E-07 0.01471
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other 0.00037 0.01865 9.15E-07 0.01471
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Other 0.00037 0.01865 9.15E-07 0.01471
k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Ottgher 0.00037 0.01865 9.15E-07 0.01471
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridéafeClostridiaceae.g_ 0.00128 0.07993 2.68E-05 0.00959
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsateClostridiaceae.g_.s 0.00128 0.07993 2.68E-05 0.00959
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridsate.Mogibacteriaceae. 0.00158 0.86355 0.90363 2.47E-06
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiale.Mogibacteriaceae..qg_ 0.00128 0.54353 0.91692 1.65E-05

§ k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridsale.Mogibacteriaceae..g_.s 0.00128 0.54353 0.91692 1.65E-05
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Table 18.Aging effects on the microbiome changes (T1 — W&EKT8 — week 102; n=10 for EO; n=20 for OWL; n%20 OWLM,;

for time points, weeks 61, 75, 88 and 102 as aemldgnt continuous variable).

abundanceP.Week B.Week

P.BW B.BW P.Group B.EO

B.OWL B.OWLM

OoTU

k_Bacteria.p_Tenericutes.c_Mollicutes.o_RF39 0.001078
k_Bacteria.p_Tenericutes.c_Mollicutes.o_RF39.f 0.001078
k_Bacteria.p_Tenericutes.c_Mollicutes.o_RF39.f .g_ 0.001078
k_Bacteria.p_Tenericutes.c_Mollicutes.o_RF39.f sg . 0.001078
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialePeptostreptococc

ceae.g_Clostridium 0.000513
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialePeptostreptococc

ceae.g_Clostridium.s_ruminantium 0.000513
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiafeClostridiaceae.g_

MB53 0.001389
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.g_

MB53.s_ 0.001389
k_Bacteria.p_Firmicutes.Other 0.000949
k_Bacteria.p_Firmicutes.Other.Other 0.000949
k_Bacteria.p_Firmicutes.Other.Other.Other 0.000949
k_Bacteria.p_Firmicutes.Other.Other.Other.Other 0.000949
k_Bacteria.p_Firmicutes.Other.Other.Other.Othere®th 0.000949

k_

e

Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsafeChristensenellac
0.000725

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiaieChristensenellac:

e.g_ 0.000725
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeChristensenellac:

e.g_.s_ 0.000725
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Ghbaicteriales.f_Coric
bacteriaceae.g_Adlercreutzia 0.00185
k_Bacteria.p_Actinobacteria.c_Coriobacteriia.o_Gbaicteriales.f_Coric
bacteriaceae.g_Adlercreutzia.s_ 0.00185
k_Bacteria.p_Firmicutes.c_Bacilli.o_LactobacillafeStreptococcaceae0.00705

k_
_Lactococcus
k_
k_
k_
k_

Bacteria.p_Firmicutes.c_Bacilli.o_LactobacillafeStreptococcaceae
0.00681

Bacteria.p_Firmicutes.c_Bacilli.o_LactobacillafeStreptococcaceae
Lactococcus.s_ 0.006805
Bacteria.p_Firmicutes.c_Bacilli.Other 0.000372
Bacteria.p_Firmicutes.c_Bacilli.Other.Other 0.000372
Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Other 0.000372

1.28E-06 -2.56E-05
1.28E-06 -2.56E-05
1.28E-06 -2.56E-05
1.28E-06 -2.56E-05
5.01E-06 -1.59E-05
5.01E-06 -1.59E-05
2.00E-05 -2.72E-05
2.00E-05 -2.72E-05
3.73E-05 -1.75E-05
3.73E-05 -1.75E-05
3.73E-05 -1.75E-05
3.73E-05 -1.75E-05
3.73E-05 -1.75E-05
4.87E-05 7.98E-06
4.87E-05 7.98E-06
4.87E-05 7.98E-06
7.31E-05 2.13E-05

7.31E-05 2.13E-05
0.003656 8.12E-05

0.004863 7.60E-05

0.004981 7.58E-05

0.006693 -3.60E-06 4.13E-08 1.71E-06 1.17E-05 0.000391 -0.0002
0.006693 -3.60E-06 4.13E-08 1.71E-06 1.17E-05 0.000391 -0.0002
0.006693 -3.60E-06 4.13E-08 1.71E-06 1.17E-05 0.000391 -0.0002

0.747381 1.93E-05 0.115488 -0.00127
0.747381 1.93E-05 0.115488 -0.00127
0.747381 1.93E-05 0.115488 -0.00127
0.747381 1.93E-05 0.115488 -0.00127

-0.00088 -0.00119
-0.00088 -0.00119
-0.00088 -0.00119
-0.00088 -0.00119

0.001107 9.70E-06 0.119983 0.000667 0.000159 0.00022

0.001107 9.70E-06 0.119983 0.000667 0.000159 0.00022

5.39E-08 7.58E-06 6.72E-05 0.002456 3.62E-05 0.000418

5.39E-08 7.58E-06 6.72E-05 0.002456 3.62E-05 0.000418

0.00012
0.00012
0.00012
0.00012
0.00012
0.021157 2.16E-05 0.205043 -0.00019
0.021157 2.16E-05 0.205043 -0.00019
0.021157 2.16E-05 0.205043 -0.00019
0.083285 2.89E-05 0.010434 -0.00111

0.083285 2.89E-05 0.010434 -0.00111
0.014004 -6.00E-051.74E-06 -0.00277

0.010361 -6.60E-051.61E-06 -0.00206

0.010464 -6.63E-051.63E-06 -0.00205

1.85E-05 0.016494 0.000636 0.000338 0.000707
1.85E-05 0.016494 0.000636 0.000338 0.000707
1.85E-05 0.016494 0.000636 0.000338 0.000707
1.85E-05 0.016494 0.000636 0.000338 0.000707
1.85E-05 0.016494 0.000636 0.000338 0.000707

-2.90E-05-0.00026

-2.90E-05-0.00026

-2.90E-05-0.00026

0.000404 0.000171

0.000404 0.000171
-0.00894 -0.00843

-0.00848 -0.00801

-0.00847 -0.00801
-0.00014
-0.00014
-0.00014
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k_Bacteria.p_Firmicutes.c_Bacilli.Other.Other.Otfxher 0.000372
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiaieClostridiaceae.g_0.001276
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiafeClostridiaceae.g_

S 0.001276
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcacee
Other
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcacee
Other.Other

k_Bacteria.Other

k_Bacteria.Other.Other

k_Bacteria.Other.Other.Other

k_Bacteria.Other.Other.Other.Other
k_Bacteria.Other.Other.Other.Other.Other 0.000595
k_Bacteria.Other.Other.Other.Other.Other.Other 0.000595
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeRuminococcacez0.116528
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeDehalobacteriace

e 0.000352
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeDehalobacteriace
e.g_Dehalobacterium
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeDehalobacteriace
e.g_Dehalobacterium.s_

k_Bacteria.p_Firmicutes.c_Erysipelotrichi
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erysgpechales
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Ery$ipechales.f_Erysipe
otrichaceae
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Erysipechales.f_Erysipe
otrichaceae.g_Allobaculum
k_Bacteria.p_Firmicutes.c_Erysipelotrichi.o_Ery$ipechales.f_Erysipe
otrichaceae.g_Allobaculum.s_

k_Bacteria.p_Firmicutes.c_Clostridia
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostrid&ale
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiale.Mogibacteriacea
. 0.001581
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiale.Mogibacteriacea

O
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiale.Mogibacteriacea

.g .S

0.005498
0.005498
0.000595
0.000595

0.000595
0.000595

0.000352
0.000352
0.306578
0.306578
0.306578
0.301559
0.301559

0.560382
0.560382

0.001276

0.001276

0.006693 -3.60E-06
0.029967 -1.38E-05

0.029967 -1.38E-05
0.04851 -2.43E-05
0.04851 -2.43E-05
0.071052 -2.00E-06
0.071052 -2.00E-06
0.071052 -2.00E-06
0.071052 -2.00E-06
0.071052 -2.00E-06
0.071052 -2.00E-06
0.075389 0.000404
0.078335 1.88E-06
0.078335 1.88E-06
0.078335 1.88E-06
0.177167 -0.00147
0.177167 -0.00147
0.177167 -0.00147
0.235562 -0.00136
0.235562 -0.00136
0.260467 0.001283
0.260467 0.001283
0.705011 1.04E-06
0.98419 -6.69E-07

0.98419 -6.69E-07

4.13E-08
3.91E-08

3.91E-08

2.89E-05

2.89E-05
1.19E-05
1.19E-05
1.19E-05
1.19E-05
1.19E-05
1.19E-05
0.353825

0.70151
0.70151
0.70151
0.34803
0.34803
0.34803
0.36987
0.36987
0.38609
0.38609

0.614855

0.486644 9.43E-06 0.000179 -0.00069 -0.00081

0.486644 9.43E-06 0.000179 -0.00069 -0.00081

1.71E-06 1.17E-05 0.000391 -0.0002 -0.00014
2.39E-05 0.000172 0.001754 0.000113 6.36E-05
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Figure 25. Scatter plots oAdlercreutziagenus: A. all groups; B. EO only; C. OWLM only; abdOWL only at four time points (T1
—week 61; T2 — week 75; T5 — week 88; T8 — week).10
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Figure 26. Alpha diversity comparisons of the four time peimatithin group (T1 —week
61; T2 week 75; TS5 week 88; T8 — week 102).
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Discussion

Aging is accompanied by changes in gastrointestiaet physiology and the
immune system, in addition to changes in diet &edtlyle [118, 119], all of which could
further cause the gut microbiota changes [48]. Galyethe human intestinal microbiota
is relatively stable in healthy adults [120]; howewerturbations in the intestinal
microbiota were identified in elderly individual$7, 93, 121]. It was found that there
was an age-related reduction of the abundancensgfsga pathways involved in SCFA
production [122], which might suggest the bactegiated to SCFA production could be
diminishing with age. Here, we monitored the micé microbiome from adulthood to
old age to identify microbial composition of hegliged mice undead libitumfeeding
or caloric restriction with the same diet.

For the within-group diversity, interestingly, tB® group had both the highest
total number of bacterial species (as indicatethbyChaol index) and evenness of
distribution (as indicated by the Shannon indexthe Chaol index, OWLM had a lower
score than EO, with OWL being the lowest, whickxactly the same order in their body
weight or food intake. For the Shannon index, algfothere was no significant
difference between OWL and OWLM, they were botmgigantly lower than EO, with
OWLM having a slightly higher value than OWL. Tisisggests that sustainable lower
food intake or body weight could reduce the micabbpecies number and evenness of
distribution. The insignificance between time psi(ftom week 61 to week 103)
suggests that aging might not influence the nurmbspecies and the evenness of

distribution in gut microbiome communities.
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Only one genus of bacterium was found to be cterdiy significantly different
between time point 1 and the three other time goidlercreutza. This is a bacterium
with very low abundance (less than 0.2%). Its matallunction has not been clearly
elucidated other than to convert daidzein to eqdoke OTUs were significantly
correlated with animal age than the time pointshsasClostridium.ruminantiunand the
Christensenellaceafamily. All of these OTUs had abundances less tha%, on
average. Despite the significant increase with@épn these three mice groups under
fixed feeding, it is unknown yet how this spec@itabundance bacterium is related to
biological aging.

We did not look at the compositions of gut micbe at the extremes of life;
however, these long-term microbial changes in larg: healthy adult mice showed that
the bacteria were relatively stable (except fozwa low-abundant bacterial lineages)

under fixed feeding, which is in agreement with literature [17, 123].

Hypothesis 3b.
Baseline Fecal Composition (or Specific StrainBa€teria) Will Be the Same at
Baseline between Short-lived and Long-lived Mice
Results
A total of 80 samples were selected (EO: 10 lowedl, 10 short-lived; OWLM:

20 long-lived, 10 short-lived; WC: 20 long-lived) $hort-lived). OWL was not included
in this analysis because, at the time of the stlebygn, there was not enough mortality in
the OWL groupFigure 27 below shows the survival curves for all samples @ach

group stratified by long-lived or short-lived statd'he results of survival analyses were
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shown inTable 19 Whether combined or separated, the long-livedigsdad a
significantly longer life span than the short-livgiups. For the basic characteristics at
the time of sample collection, there was no sigaiiit difference between the long-lived
group and the short-lived group in average daibdfmtake (g/day) (P=0.7033), body
weight (P=0.3860), fat mass (P=0.5124) or fat-freesss (P=8108), indicating that these
baseline characteristics might not be predictiviutire lifespan.

As shown inFigure 28 below, for all three groups combined, the Chaghal
diversity of the long-lived group was significantligher than that of the short-lived
group (P=0.0041), while the Shannon index was igoiifscantly different (P=0.6899).
As for the beta diversity, the two groups were dieseparated from each other in the
unweighted UniFrac PCoA plot, but not well sepatatethe Bray-Curtis or weighted
UniFrac PCoA plots. This indicates that the disttibns were relatively similar between
the two groups and that the OTUs causing phylogeddterences were primarily low-
abundant ones.

The first regression model (OTU = short-lived/ldhnged + group) aimed to find
the differences in specific OTUs at various leastrolling for group differences. As
shown inTable 20 17 OTUs at various levels (six bacterial linegageached statistic
significance after Bonferroni correction. Most bése OTUs had very low average
abundance (from 0.04% to 0.15%). The scatter Higions of six representative OTUs
were shown irFigure 29 (categorized by short-lived/long-lived and growgm)d from
this figure, we can see that the abundances oé tBd4Js were lower in the short-lived
groups than the long-lived groups. Of them, theeeewwo lineages of bacteria that were

unnamed or unidentified under bacteria kingdom Einghicutesphylum, respectively.
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The other identified significant OTUs included Bmstridium.celatunspecies, the
Bacteroidaceadamily, theBacteroidegyenus, th&€lostridiumgenus, the
Clostridium.ruminantiunspecies and thBlautia genus (under thieachnospiraceae
family). In addition, the OWLM group had signifidindifferent proportions of the
Bacteroidaceadamily, theBacteroidegyenus and thBlautia genus when compared to
the EO group. There was no group difference betwleeiO and WC groups in these
OTUs.

Another regression model (OTU = lifespan + growgated lifespan as a
continuous variable while controlling for groupsaple 21). There were fewer significant
OTUs reaching significance at this time. The fushamed lineages under thigmicutes
phylum also appeared in the previous model. Thg OAlU that was significantly
correlated with lifespan except the unnamed lineggeClostridium.celatumwhich also
reached significance in the previous model. Spearmsaociation tests revealed
significant associations between the unnafieahicutues.otherclass abundance and
lifespan (Rho=0.48744, P<0.0001) and betw@mstridium.celatunabundancand
lifespan (Rho=0.34216, P=0.0020). Interestinglyewkhe association was tested for the
short-lived and long-lived groups separately, nohthese pairs reached significance:
Firmicutues.othewrs. short-lived lifespan (Rho=0.00200, P=0.99 E&micutues.other
vs. long-lived lifespan (Rho=0.01454, P=0.921CIpstridium.celatunvs. short-lived
lifespan (Rho=0.15510, P=0.4151)@ostridium.celatunvs. long-lived lifespan
(Rho=0.00765, P=0.9584).

Although after Bonferroni correction, tiBacteroidacea¢amily did not reach

targeted P-value (0.05/145=0.0003), an interegimnomenon was that close to half of
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these samples had zero abundance irBiceroidaceaéamily. Survival analysis was
used to compare the samples with presence or absétiteBacteroidacea¢amily and
showed that there were significant differencesuvisal analysis between these two
categories in all three groups together, OWLM arigd WC only, but not in EO only

(seeFigure 30andTable 22).
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Table 19.Survival analysis for the long-lived and shortelivsamples selected (all:
n=30/50, short-lived/long-lived; EO: n=10/10; OWLMK&=10/20; WC: n=10/20).

Test Chi-Square DF Pr > Chi-Square

ALL Log-Rank 99.6030 1 <0.0001
Wilcoxon 85.9396 1 <0.0001

EO Log-Rank 13.0017 1 0.0003
Wilcoxon 10.3848 1 0.0013

OWLM Log-Rank 40.7188 1 <0.0001
Wilcoxon 36.3636 1 <0.0001

WC Log-Rank 40.7188 1 <0.0001
Wilcoxon 36.3636 1 <0.0001
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Figure 27.Survival curves for the long-lived and short-liveamples selected: A. All three groups combine®@50, short-
lived/long-lived); B. EO group only (n=10/10); CVWA.M group only (n=10/20); D. WC group only (n=10)j20
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Figure 28. Alpha diversity and beta diversity for the sl-lived and longived groups with all three groups combii (short-lived:
n=30; longhved: n=50; all samples were collected at-randomization).
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Table 20.Significantly different OTUs between long-liveddashort-lived groups after controlling for grougfeliences (EO:
n=10/10, short-lived/long-lived; OWLM: n=10/20; W@=10/20; samples were collected at pre-randonoizatieek 44).

Abundance Abundance Dead/Alive Short/LongOWLM OWLM WC wcC
Long-lived Short-lived P-value Beta P-value Beta P-value Beta

k_Bacteria.p_Firmicutes.Other 0.15% 0.01% 0.06% 0.01% 8.63E-07 -0.00095 0.730349 7.58E-05 0.210815 -0.00028
k_Bacteria.p_Firmicutes.Other.Other 0.15% 0.01% 0.06% 0.01% 8.63E-07 -0.00095 0.730349 7.58E-05 0.210815 -0.00028
k_Bacteria.p_Firmicutes.Other.Other.Other 0.15% 0.01% 0.06% 0.01% 8.63E-07 -0.00095 0.730349 7.58E-05 0.210815 -0.00028
k_Bacteria.p_Firmicutes.Other.Other.Other.Other 0.15% 0.01% 0.06% 0.01% 8.63E-07 -0.00095 0.730349 7.58E-05 0.210815 -0.00028
k_Bacteria.p_Firmicutes.Other.Other.Other.Othere®th 0.15% 0.01% 0.06% 0.01% 8.63E-07 -0.00095 0.730349 7.58E-05 0.210815 -0.00028
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsaleClostridiaceae.g_Clostridium.s_cela0.04% 0.00% 0.02% 0.00% 5.73E-06 -0.00027 0.148649 -9.91E-050.022561 -0.00016
k_Bacteria.p_Bacteroidetes.c_Bacteroidia.o_Badalates.f_Bacteroidaceae 0.08% 0.01% 0.00% 0.00% 4.01E-05 -0.00068 1.11E-05 0.000913 0.495757 0.00013:
k_Bacteria.p_Bacteroidetes.c_Bacteroidia.o_Badalafes.f _Bacteroidaceae.g_Bacteroides0.08% 0.01% 0.00% 0.00% 4.01E-05 -0.00068 1.11E-05 0.000913 0.495757 0.00013:
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsalePeptostreptococcaceae.g_Clostridiu0.06% 0.01% 0.02% 0.00% 4.27E-05 -0.00039 0.011734 -0.00029 0.03136 -0.00025
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridéalePeptostreptococcaceae.g_Clostridiu

S_ruminantium 0.06% 0.01% 0.02% 0.00% 4.27E-05 -0.00039 0.011734 -0.00029 0.03136 -0.00025
k_Bacteria.Other 0.09% 0.01% 0.05% 0.01% 4.32E-05 -0.00049 0.000939 -0.00048 0.091512 -0.00024
k_Bacteria.Other.Other 0.09% 0.01% 0.05% 0.01% 4.32E-05 -0.00049 0.000939 -0.00048 0.091512 -0.00024
k_Bacteria.Other.Other.Other 0.09% 0.01% 0.05% 0.01% 4.32E-05 -0.00049 0.000939 -0.00048 0.091512 -0.00024
k_Bacteria.Other.Other.Other.Other 0.09% 0.01% 0.05% 0.01% 4.32E-05 -0.00049 0.000939 -0.00048 0.091512 -0.00024
k_Bacteria.Other.Other.Other.Other.Other 0.09% 0.01% 0.05% 0.01% 4.32E-05 -0.00049 0.000939 -0.00048 0.091512 -0.00024
k_Bacteria.Other.Other.Other.Other.Other.Other 0.09% 0.01% 0.05% 0.01% 4.32E-05 -0.00049 0.000939 -0.00048 0.091512 -0.00024
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridsaleLachnospiraceae.g_Blautia 0.08% 0.02% 0.01% 0.00% 0.000189 -0.00069 4.82E-05 0.000939 0.621727 0.00010¢
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Table 21.0TUs that correlated with lifespan after contradlifor group differences (EO: n=20; OWLM: n=30; W&30; samples
were collected at pre-randomization/week 44).

Average Lifespan Lifespan OWLM OWLM WC wcC

Abundance P-value Beta P-value Beta P-value Beta
k_Bacteria.p_Firmicutes.Other 0.11%0.01% 4.46E-05 2.52E-06 0.747227 7.49E-05 0.196476 -0.0003
k_Bacteria.p_Firmicutes.Other.Other 0.119%0.01% 4.46E-05 2.52E-06 0.747227 7.49E-05 0.196476 -0.0003
k_Bacteria.p_Firmicutes.Other.Other.Other 0.119%0.01% 4.46E-05 2.52E-06 0.747227 7.49E-05 0.196476 -0.0003
k_Bacteria.p_Firmicutes.Other.Other.Other.Other 0.11%0.01% 4.46E-05 2.52E-06 0.747227 7.49E-05 0.196476 -0.0003
k_Bacteria.p_Firmicutes.Other.Other.Other.Othere®th 0.11%0.01% 4.46E-05 2.52E-06 0.747227 7.49E-05 0.196476 -0.0003
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiafeClostridiaceae.g_Clostridium.s_celatt0.03% 0.00% 0.000181 7.05E-07 0.16859 -9.90E-050.023648 -0.00017
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridiafeClostridiaceae.g_ 0.29%0.04% 0.000495 8.04E-06 0.57492 -0.00049 0.240548 -0.00105
k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialeClostridiaceae.g_.s_ 0.299%0.04% 0.000495 8.04E-06 0.57492 -0.00049 0.240548 -0.00105
k_Bacteria.p_Bacteroidetes.c_Bacteroidia.o_Baafeies.f_Bacteroidaceae 0.05%0.01% 0.0006 1.81E-06 2.16E-05 0.000913 0.573961 0.00011F

k_Bacteria.p_Bacteroidetes.c_Bacteroidia.o_Badletes.f Bacteroidaceae.g_Bacteroides 0.05%0.01% 0.0006 1.81E-06 2.16E-05 0.000913 0.573961 0.00011¢

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialePeptostreptococcaceae.g_Clostridiun0.05% 0.00% 0.000839 1.01E-06 0.015782 -0.00029 0.032681 -0.00025

k_Bacteria.p_Firmicutes.c_Clostridia.o_ClostridialePeptostreptococcaceae.g_Clostridiun
S_ruminantium 0.05%0.00% 0.000839 1.01E-06 0.015782 -0.00029 0.032681 -0.00025

k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridi&afelLachnospiraceae.g_Blautia 0.05%0.01% 0.001063 1.91E-06 7.77E-05 0.000934 0.709887 8.41E-05




Figure 29. Scatter distribution of the significantly diffete@TU lineages in short-
lived/long-lived comparisons. (Blue — short-livedcey red — long-lived mice; EO:
n=10/10, short-lived/long-lived; OWLM: n=10/20; W@=10/20; samples were collected
at pre-randomization/week 44.)
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Figure 30. Survival curves for the groups with the preserncabsence dBacteroidaceadamily: A. All three groups combined
(n=31/48, absence/presence); B. EO group only (fr313. OWLM group only (n=10/20); D. WC group or{ly=8/21) (samples

were collected at pre-randomization/week 44).
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Table 22.Survival analysis for the mice with the presenoe absence of the
Bacteroidaceadamily (for EO, OWLM and WC combined and sepangtédr EO
n=13/7, absence/presence; for OWLM, n=10/20, aledpresence; for WC, n=8/21,
absence/presence).

Test Chi-Square  DF Prob>ChiSq
Al Log-Rank 17.8474 1 <0.0001*
Wilcoxon 16.7354 1 <0.0001*
EO Log-Rank 0.1662 1 0.6835
Wilcoxon 0.1019 1 0.7495
Log-Rank 8.1455 1 0.0043*
OWLM Wilcoxon 8.8999 1 0.0029*
Ve Log-Rank 19.9510 1 <.0001*
Wilcoxon 16.5000 1 <.0001*
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Discussion

Previous studies have shown that centenarians kigtinct microbiome
composition with certain bacteria over-represemtbdn compared to elder people or
young people [48, 122]. Zharg al.[124] found that calorie restriction enriches
phylotypes positively correlated with lifespan (Btample, the genusactobacillug and
reduces phylotypes negatively correlated with pees which further suggests that
calorie restriction can establish a structuralllabeed architecture of gut microbiota that
may exert a health benefit to the host via redaatibantigen load from the gut. In this
study, we focused on the relationship between rhioroe compositions in mice at a
younger age (10 months old) and subsequent lifespan

The long-lived group had a significantly greatantber of bacterial species than
the short-lived group, which suggests that havingpae diverse bacterial community at a
younger age, regardless of the dietary treatmeightrbe related to longevity later.
Nevertheless, from our preliminary survival anadyshe EO group has the shortest
lifespan, while other groups have longer lifesgut in our previous results, on the
contrary, the EO group had the greatest numbepexfies compared to OWLM and
OWL groups. Studies have also found that subjetts diseased status had decreased
diversity in fecal microbiome [125]. This contratiiom in the Chaol index further
indicates that the total number of species is Im@tsimple cause for longer lifespan. We
found that there were several OTUs that were samifly different in abundance
between the long-lived and short-lived mi€ostridium.celatumBacteroides genus
Clostridium.ruminantiunandBlautia genusAll of these OTUs had a relatively low

proportion; however, they were generally highethie long-lived mice than the short-
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lived mice. Spearman correlations between thesteha@nd lifespan revealed positive
statistical significance=irmicutues.othe(rho=0.48744, P<0.0001}lostridium.celatum
(rho=0.34216, P=0.0020%lostridium.ruminantiun{rho=0.31671, P=0.0045), and
Blautia (rh0=0.41684, P=0.0001). This suggests that thaseetha might play a role in
promoting longer lifespan, despite their low aburmss. A literature search revealed no
obvious connection between the functions of thesxdnia and health promotidBlautia
was recently isolated from human feces and fourzktable to produce acid from
various carbohydrates and contains cellular sttasghin saturated and mono-
unsaturated fatty acids [126@}jostridium.celatunwas found to reduce sulfite and nitrite
and produce urease [127]. Clearly further studieshnaeded to investigate their potential
roles in health maintenance or life promotion.

In addition, for theBacteroidedamily (and genus), the presence of these bacteria
is related to longer lifespan in the moderatelpgalrestricted OWLM group and weight
cycled WC group, but not in thaa libitum-fed EO group. To date and to our knowledge,
this is the first time that the presence or abundarf one specific bacterium is shown to
be associated with shorter/longer lifespan. Althowg cannot directly infer causality
between these bacteria and lifespan, this mighlyitimat the lifespan potential might be
“pre-determined” by certain factors related to gutrobiome (for example, host genetic

background, individual immune system, etc.) in\ehbft stages.
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GENERAL DISCUSSION AND CONCLUSION

This study investigated the changes of gut mianoia from multiple aspects:
body weight variation, digestive efficiency, diféett levels of calorie restriction, chronic
body weight or food intake changes, restorabilitgraveight cycles, aging under fixed
feeding and longevity prediction. Due to the unigges of the mouse longevity project,
most of the hypotheses were tested for the finst tiAdditional strengths of this study
are that all the animals were the same inbrednsénad received exactly the same type of
diet, which could eliminate many confounding fastor

The fact that gut microbiome changes after dieerations suggests there is a
need to control for dietary variation when evalogtihe composition of the gut
microbiome [6]. Here all the animal subjects reedithe exact same diet throughout the
study, therefore we precluded the effects of d#fiérdiet components on gut microbiome
composition. We found that the gut microbiome cosifpan, similar to body weight,
could have great variations in the same inbrednstrfamice. This variation is hardly
explained by the simple dietary factors and, massiply, could be related to the subtle
genetic differences inherited from maternal partsasly life exposures to different
environmental factors. We identified a number aftbaa related to digestive efficiency,
and the relationship between these bacterial ptpokand fecal energy content is not
simply the extraction of normally indigestible egyerWe found certain bacteria that are

dose dependent on the levels of calorie restrict@npared t@d libitumfeeding. We
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also monitored the long-term bacterial changeshdusngoing weight loss or food
restriction but found the changes occurred only faw low-abundant bacteria.
Furthermore, we were able to detect the microlmatmosition differences after weight
loss and regain cycles, which implies that weigling is not simply regaining the lost
mass but more likely could influence the bactes@hmunity and even the hosts. We
also confirmed the literature that gut microbiome reelatively stable in adult under fixed
feeding, by following up the gut microbiome compiasis over 40 weeks in adult mice.
Last, an intriguing finding of this study is thatving some low-abundant bacteria at a
younger age is associated with longevity, and bssiace or presence of some bacteria at
a younger age could predict lifespan.

Environmental factors and host genetics cleatigract to control the acquisition
and to maintain the stability of gut microbiota [.7Additionally, epigenetic modification
could be one of the reasons explaining the vaitghil adiposity and microbial
compositions within this study. It was suggestext there is broad variation in the
importance of heritable influences and environmlemtatochastic variation to DNA
methylation [128]. Studies with monozygotic twirsvie been used to test this
hypothesis. Previous studies have found that varigsues of monozygotic twins
already show differences in DNA methylation attbiit29, 130]. Another study found
that differences between twins in average genonge-WNA methylation and total
histone acetylation levels increase with age [1@hjch indicates the postnatal
epigenetic changes must be different even betweies.t Therefore in this study the
individual variations in body weight of these sasitrain of inbred C57BL/6J mice could

be caused by the early environmental and stochasditiences. Additionally, recent
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studies suggest that there could be correlatiotvedam epigenetics, caloric restriction
and organismal longevity [132]. On the other hanttrobial metabolites can influence
epigenetics by altering the pool of compounds dsedhodification or by directly
inhibiting enzymes involved in epigenetic pathw§}y33]. Studies have shown that the
gut microbiota in obesity and type 2 diabetes aftfiee epigenetic regulation of genes,
which may involve short chain fatty acids signalpsghways in the gut epithelium [134].
Consequently there must be an interaction betwsehast genetic or epigenetic factors
and their intestinal bacterial community, and tategether this interaction determines
the unique individual microbial compositions. Nehetess, with these variations, there
were still uniformities in the changes of gut mimimme compositions with different
dietary treatments in this study.

Short chain fatty acids (SCFASs) are produced byrobiota in the colon and the
distal small intestine from resistant starch, diefder, and other low-digestible
polysaccharides in fermentation process [118]. €i®GFAs are readily absorbed by
coloncytes as energy sources, in addition to tlod@s as signaling molecules.
Supplementation of SCFA in mice showed that bugyrptopionate and acetate all
protected against diet-induced obesity and ingelsistance, and that butyrate and
propionate induced gut hormones and reduce foadentl35]. Butyrate
supplementation also enhanced adaptive thermogeaedifatty acid oxidation in high-
fat diet fed mice, with increased mitochondrialdtion and biogenesis in skeletal muscle
and brown fat [136]. Although we did not measurd-8Concentration changes in this
project, previous studies showed that SCFA conagatrs were remarkably reduced by

food restriction [137]. Of these SCFA changes dyfood restriction, butyrate had the
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greatest reduction compared to other SCFAs [188.Worthwhile to keep investigating
the health consequences of these short-chaindeitig and once affirmed,
supplementation of specific SCFA might be effectiv@romoting health status,
similarly to the commonly used fish oil (or DHA/ERSupplementation in maintaining
cardiovascular health.

Life-long dietary restriction on both conventiomats and germ-free rats [139]
demonstrated that germ-free rats had slightly lofifgspan than their conventional
counterparts, and there was no additional effedifespan in germ-free rats when food
intake was restricted, which contrasts to theditéending effects of calorie restriction in
conventional rats. It was proposed that the lifeeegion in germ-free rats may be due to
a natural dietary restriction in the germ-freeestétowever, as discussed in the study,
there were two housing variables - stress fromviddal housing in the restricted rats
and stress from crowding in the ad libitum ratsayrhave influenced the outcome of the
study. Nevertheless, similar observations were Effemed in mice models [140].
Furthermore, the life extension in germ-free ratsot related to differences in endocrine
function [141]. This may be due to the reduced foddke and smaller body weight of
germ-free rats, which may be mediated by the alesehenergy sources contributed by
gut microbiome. However, while tta libitumfed conventional rats were heavier than
germ-free counterparts (5109 vs. 435q), surprigirthke dietary restricted germ-free rats
were significantly heavier than the dietary restiicconventional rat (3409 vs. 3009)
[142] when the same amount of food was consumeid.i$ltontradictory to current
belief that gut microbiome help to extract indigiglet energy from food into short chain

fatty acids, which is subsequently available tolibsts and contributes to obesity [1].
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Recent studies proposed that the mechanism unagtiye fat increase in
conventionalization of germ-free mice was the sapped intestinal expression of
fasting-induced adipose factor (Fiaf), which idrawdating lipoprotein lipase leading to
triglyceride accumulation in adipocytes [143]. Guitrobiota can directly or indirectly
modulate gut motility, alter secretion of gut homas, gut permeability and immune
function. For humans, it is not practical or pobkstio maintain a 'germ-free' status, thus
identifying those 'good' or 'life-promoting' bacteand boosting their abundance (for
example thdacteroidacead¢amily identified in this study), and/or eliminag those
'bad’ or 'life-diminishing’ bacteria, could be d@qygial way of lengthening lifespan.
Nevertheless, there are also some limitationkighstudy. First, because this
study was conceived after the initiation of the enmngevity project, the samples were
not collected at baseline at 8 weeks of age, befib@imals received a high-fat diet.
Second, since this was an ongoing longevity stugywere unable to measure
biochemical or histological parameters, nor couddosllect cecal contents to determine
the cecal microbiome composition, because therlldmudifferences between cecal and
fecal microbiome compositions. Third, although thiee were singly housed in a
specific pathogen-free facility, their intestinadberia might be influenced by sharing the
same facility and consuming a diet that was noitad. Fourth, for hypothesis 3b, since
the animals were selected based on their sunigalsat 104 weeks of age, there might
be a selection bias, which might not be represieetaf all mice within each group.
Additionally, the group randomizations in this studere based on body weight and not
microbiome compositions, and there was no intergardesigned to test the actual

functions of specific strains of bacteria; the &bpresented in this study is more
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“correlative” or “observational” rather than “catise.” The exact sequences from
separate reactions are not the same due to thB@Band variation in the DNA that is
on the lllumina chip. Last, bioinformatics procegsto generate diversities and bacterial
proportions is, to some extent, dependent on thipkasizes included.

In conclusion, the results of this study contrébektensive valuable information
to the current literature on the microbiome changeBet-induced obesity, calorie
restriction and aging. These results could seneelaasis for future interventional studies
to investigate the roles of gut microbiome in obyeand aging, and subsequent clinical

applications to obesity treatment and longevitynpogon.
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