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potential, especially during stress. The contribu-
tion of diversity-generating mechanisms such
as epigenetic regulation, noise in gene expression,
or variability in the microenvironment (217, 22)
may offer insight into CRC cell heterogeneity.
There is growing evidence of evolutionary
selection for diversity-generating mechanisms in
other disciplines, such as ecology (23, 24) and
microbiology (25-27). For example, genetically
homogeneous pools of single-cell prokaryotes
display heterogeneity, where a small portion of
cells naturally display drug resistance that is
not caused by genetic mutation or acquisition
of plasmids encoding antibiotic resistance genes.
Rather, this phenomenon is due to mechanisms
that reduce cell proliferation and induce a dor-
mant nondividing state (28). We consistently ob-
served a relatively dormant cell population in
CRC, which suggests that cancer cells may take
advantage of this “ancient” mechanism and use
dormancy as an adaptive strategy during times of
stress. We provide evidence for a relatively dor-
mant or slowly proliferating cell population in
primary human CRC cells that still retains potent
tumor propagation potential, thereby preferentially
driving tumor growth after chemotherapy. These
findings may provide a biological basis for re-
current and metastatic disease following standard-
of-care treatment (29). Our findings should focus
efforts to uncover the molecular mechanisms driv-
ing chemotherapeutic tolerance in CRC cells.
The often unstated assumption in considering
cellular response to stress is that cells react in a
uniform manner to the inducing signal, because
the classical techniques used bulk populations.
However, averaging data across millions of cells
has the effect of masking any heterogeneity that
might exist at the single-cell level. Such con-

ventions are changing as methodological advances
(30) are fueling a surge of interest in the processes
governing cell-to-cell variability (/4). By coupling
genetic analysis to functional tumor growth as-
says, we find that when cells are tracked at single-
cell resolution while still being part of a population
of cancer cells, variable cellular behaviors can be
detected. These observations set a precedent for
future studies examining the basis of intraclonal
behavior of single cells, especially with respect to
tumor propagation and other functional properties.
In a broader sense, our findings reveal another layer
of complexity, beyond genetic diversity, that drives
the intratumoral heterogeneity of CRC. The pros-
pect of understanding how genetic and non-
genetic determinants interact to influence the
functional diversity and therapy response for oth-
er cancers should drive future cancer research.
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Gut Microbiomes of Malawian Twin
Pairs Discordant for Kwashiorkor
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Kwashiorkor, an enigmatic form of severe acute malnutrition, is the consequence of inadequate
nutrient intake plus additional environmental insults. To investigate the role of the gut microbiome,

we studied 317 Malawian twin pairs during the first 3 years of life. During this time, half of the twin pairs
remained well nourished, whereas 43% became discordant, and 7% manifested concordance for acute
malnutrition. Both children in twin pairs discordant for kwashiorkor were treated with a peanut-based,
ready-to-use therapeutic food (RUTF). Time-series metagenomic studies revealed that RUTF produced a
transient maturation of metabolic functions in kwashiorkor gut microbiomes that regressed when
administration of RUTF was stopped. Previously frozen fecal communities from several discordant pairs
were each transplanted into gnotobiotic mice. The combination of Malawian diet and kwashiorkor
microbiome produced marked weight loss in recipient mice, accompanied by perturbations in amino acid,
carbohydrate, and intermediary metabolism that were only transiently ameliorated with RUTF. These
findings implicate the gut microbiome as a causal factor in kwashiorkor.

mortality worldwide (7). Moderate acute ~ between two and three standard deviations below

Malnutn'tion is the leading cause of child ~ wasting with a weight-for-height z (WHZ) score
malnutrition (MAM) refers to simple the median defined by World Health Organiza-

tion (WHO) Child Growth Standards (2, 3). Se-
vere acute malnutrition (SAM) refers to either
marasmus, which is extreme wasting with WHZ
scores less than —3, or kwashiorkor, a virulent
form of SAM characterized by generalized edema,
hepatic steatosis, skin rashes and ulcerations, and
anorexia (4, 5). The cause of kwashiorkor remains
obscure. Speculation regarding its pathogenesis
has focused on inadequate protein intake and/or
excessive oxidative stress, but substantial evidence
to refute these hypotheses has come from epi-
demiologic surveys and clinical trials (6-9). Our
comparative metagenomic study of the gut micro-
biomes of 531 healthy infants, children, and adults
living in the United States, Venezuela, and Malawi
revealed a maturational program in which the
proportional representation of genes encoding
functions related to micro- and macronutrient bio-
synthesis and metabolism changes during postnatal
development (10). Together, these observations
give rise to the following testable hypotheses: (i)
The gut microbiome provides essential functions
needed for healthy postnatal growth and devel-
opment; (i) disturbances in microbiome assem-
bly and function (for instance, those prompted by
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enteropathogen infection) affect the risk for
kwashiorkor; and (iii) in a self-reinforcing pathogenic
cascade, malnutrition affects the gut microbiome
functions involved in determining nutritional status,
thus further worsening health status. To complicate
matters, several gut microbiome configurations
may be associated with kwashiorkor among
different hosts and even within a given host over
time. Moreover, microbiome configurations asso-
ciated with kwashiorkor may be differentially af-
fected by therapeutic food interventions, and features
that are reconfigured during treatment may not
persist after withdrawal of treatment.

To address some of these hypotheses, we per-
formed a longitudinal comparative study of the
fecal microbiomes of monozygotic (MZ) and
dizygotic (DZ) twin pairs born in Malawi who
became discordant for kwashiorkor. Malawi has
one of the highest infant mortality rates in the
world (/, 17). We reasoned that a healthy (well-
nourished) co-twin in a discordant twin pair rep-
resented a very desirable control, given his or her
genetic relatedness to the affected co-twin and the
twins’ similar exposures to diet and microbial re-
servoirs in their shared early environment. Ready-
to-use therapeutic food (RUTF) composed of
peanut paste, sugar, vegetable oil, and milk for-
tified with vitamins and minerals has become
the international standard of treatment for SAM
in community-based treatment programs (/2). In
Malawi, the standard of care for twins discordant
for kwashiorkor is to treat both co-twins with
RUTEF to limit food sharing; this practice allowed
us to compare and contrast their microbiomes be-
fore, during, and after treatment. Following each
child in a twin pair prospectively permitted each
individual to serve as his or her own control. More-
over, if there are many different routes to disrupted
microbiome structure and/or function, then each
discordant twin pair could provide an illustration of
underlying pathology. As an additional set of con-
trols, we defined temporal variation of the fecal
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microbiomes in twin pairs who remained well
nourished, lived in the same geographic locations
as discordant pairs, and never received RUTFE.

Regardless of their health status, a total of 317
twin pairs younger than 3 years old, from five vill-
ages in the southern region of Malawi, were en-
rolled in our study. We followed these children
until they reached 36 months of age. Zygosity test-
ing (13) revealed that 46 (15%) twin pairs were MZ.
We used WHO criteria (3) to diagnose kwashiorkor
based on the presence of bilateral pitting pedal
edema, marasmus when a child had a WHZ score
less than —3, and MAM when the WHZ score was
between —2 and —3 and bilateral pitting pedal edema
was absent (2, 3). We treated SAM with RUTF and
MAM with a soy-peanut ready-to-use supplemen-
tary food (/4). After diagnosis with SAM, we as-
sessed anthropometry and collected a fecal sample
every 2 weeks until the child recovered (defined as
WHZ score greater than —2 and no edema).

Fifty percent of twin pairs remained well nour-
ished throughout the study, whereas 43% became
discordant, and 7% manifested concordance for
acute malnutrition. The prevalence of discor-
dant compared with concordant phenotypes was
significantly different (P < 10~", binomial and
x* tests). MAM was significantly more frequent
than SAM, affecting 81 (60%) of the 135 dis-
cordant twin pairs (P =0.02, XZ test) (table S1A).
Of'the 634 children in the study, 7.4% developed
kwashiorkor, 2.5% had marasmus, and 13.9%
were diagnosed with MAM; 10.7% had multiple
episodes of malnutrition, with the most frequent
combination being marasmus and MAM (5.5%
of the children) (table S1B). There was no sig-
nificant relationship between concordance for
acute malnutrition and zygosity, nor did we find
significant differences in the number of MZ ver-
sus DZ twin pairs affected with kwashiorkor,
marasmus, or MAM in our cohort (% *and Fisher’s
exact tests). Taking all 135 discordant pairs into
account, there was no statistically significant
difference in the incidence of discordance for
kwashiorkor, marasmus, or MAM in MZ versus
DZ twin pairs (table S1A). In addition, we did not
find any association between gender or geograph-
ic location and the type or incidence of malnutri-
tion or in the discordance rate for MAM or SAM
among twin pairs (table S1, B and C). For the
current study, we chose to focus on children with
kwashiorkor because: (i) survival of both members
of a twin pair with kwashiorkor was significantly
higher than with marasmus; (ii) onset occurred at
a later age, allowing us to better assess the state of
functional development of the gut microbiome;
(iii) the duration of RUTF treatment was more
uniform than in cases of marasmus; and (iv) there
was a lower incidence of relapse to SAM (see
supplementary text for additional details).

Microbiomes of healthy twins and pairs dis-
cordant for kwashiorkor. We selected nine same-
gender twin pairs who remained well nourished
in our study cohort and 13 of 19 same-gender twin
pairs who became discordant for kwashiorkor
for metagenomic analyses of their microbiomes
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[n =5 MZ and 4 DZ healthy pairs and 7 MZ
and 6 DZ pairs discordant for kwashiorkor; for
12 of the 13 discordant pairs, there was a single
episode of kwashiorkor during the study pe-
riod] (see supplementary text for the criteria used
for participant selection and table S2A for ad-
ditional information about participants and their
samples). DNA prepared from fecal samples was
subjected to multiplex shotgun pyrosequenc-
ing, and the resulting reads were annotated by
comparison to the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database and to a database
0f462 sequenced human gut microbes (table S3).
To visualize the variation in this data set, we
used principal coordinates analysis of Hellinger
distances computed from the KEGG enzyme
commission number (EC) content of fecal micro-
biomes (Fig. 1A and fig. S1). Principal coordinate
1 (PC1), which explained the largest amount of
variation, was strongly associated with age and
family membership (Fig. 1A). Because age encom-
passes a variety of metabolic and dietary changes,
we used the positions of microbiomes along PC1
to assess functional development of the micro-
biomes of twin pairs who remained healthy and
twin pairs who became discordant for kwashiorkor.
When microbiomes from three consecutive time
points from twins who remained healthy were
plotted along PC1, there was a steady progression
toward a configuration found in older children
(Fig. 1B). We observed a similar result in healthy
co-twins from discordant twin pairs. This was not
the case for their siblings with kwashiorkor: Their
fecal microbiomes, sampled at the time of diagno-
sis, as well as during and following administration
of RUTEF, did not show significant differences in
their positions in the ordination plot (Fig. 1C). We
obtained the same results for KEGG orthology
groups. We used Fisher’s exact test to compare the
representation of KEGG ECs between a healthy
and a malnourished co-twin within each family, and
we identified ECs that were significantly different
in as few as one and as many as six of the twin
pairs (table S5).

These associations between the configura-
tions of gut microbial communities and health sta-
tus do not establish whether the microbiome is a
causal factor in the pathogenesis of kwashiorkor.
We reasoned that transplanting previously frozen
fecal microbial communities, obtained from dis-
cordant twin pairs at the time one of the co-twins
presented with kwashiorkor, into gnotobiotic mice
would allow us to assess the degree to which do-
nor phenotypes could be transmitted via their gut
microbiomes and to identify features of micro-
bial community structure, metabolism, and host-
microbial cometabolism associated with donor
health status and diet. In the absence of a distinct
and consistent taxonomic signature of kwashiorkor
(supplementary text), we selected pretreatment
fecal samples from three discordant twins based
on the following criteria: All twin pairs were of
similar age, and neither co-twin in any pair had
diarrhea or vomiting or was consuming antibiot-
ics at the time that fecal samples were collected.
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The twins selected included DZ pair 196 (aged
16.5 months), DZ pair 56 (aged 18 months), and
MZ twin pair 57 (aged 21 months) (see fig. S5
and table S2A for clinical characteristics).

Transplantation of fecal microbial com-
munities into gnotobiotic mice. Fecal micro-
biota samples from the six selected human donors
were each transplanted, with a single oral gavage,
into separate groups of adult 8-week-old male
C57BL/6J germ-free mice. Beginning 1 week be-
fore gavage, animals were freely fed a sterilized
diet based on the staple foods consumed by in-
dividuals living in rural southern Malawi (see
table S6 for the composition of this low caloric
density, nutrient-deficient diet and fig. S6 for ex-
perimental design) (/0). In two of the three
discordant twin pairs (families 196 and 57), trans-
plantation of the kwashiorkor co-twin’s microbiota
resulted in significantly greater weight loss in
recipient mice over the ensuing 3 weeks than in
those harboring the healthy sibling’s microbiota
(Fig. 2A). This discordant weight loss phenotype
was dependent on the combination of Malawian
diet and kwashiorkor microbiota; when separate
groups of animals were placed on a standard mouse
chow, there were no significant differences between
the weights of mice with kwashiorkor compared
to healthy co-twin microbiota (93.6 + 4% versus
93 + 11% of their starting weights after 21 days,
respectively) or compared to mice with a healthy
co-twin microbiota consuming a Malawian diet
(1024 = 11.1%).

Three weeks after gavage, mice consuming
the Malawian diet were switched to the RUTF
given to children with SAM. At the time of the
diet switch, all recipients of kwashiorkor micro-
biota from families 196 and 57 had become
severely anorectic. All mice in each treatment
group rapidly gained weight while consuming
RUTF. In the case of the most discordant set
of recipients (from family 196), mice with the
kwashiorkor co-twin’s microbiota did not ac-
hieve the same body weight as recipients of the
healthy sibling’s microbiota, but these mice did
reach 96.8 + 2.8% of their pre-gavage weight.
After 2 weeks on RUTF, all mice in all treat-
ment groups were returned to the Malawian
diet. Whereas all recipients of microbiota trans-
plants lost weight, this re-exposure did not
produce the profound weight loss that mice col-
onized with the kwashiorkor microbiota had
experienced during their first exposure (Fig.
2A). These results indicate that the gut micro-
biota from two of the three discordant pairs are
able to transmit a discordant malnutrition pheno-
type, manifested by weight loss, to recipient
gnotobiotic mice. Given that the most discordant
weight loss phenotype was produced by micro-
biota from twin pair 196, we initiated a detailed
time-series analyses of the organismal, gene, and
metabolite content of the transplanted microbial
communities as a function of co-twin donor and
diet (fig. S6 and table S2, B and C).

Transplantation was efficient: (i) 62 of 72
species-level taxa present in the input community

from the healthy co-twin and 58 of 67 species-
level taxa from the kwashiorkor co-twin were
detected in fecal microbiota collected from all
transplant recipients across time points and diets
(table S7); (ii) 90.6 and 89.6% of the 859 ECs
detected in each of the healthy and kwashiorkor
input communities were identified in the fecal
microbiota of transplant recipients after 3 weeks
on the Malawian diet; and (iii) the proportional
representation of ECs in input versus output fecal
communities was highly correlated (correlation
coefficient R* = 0.893 to 0.936) (fig. S7, A and
B). Polymerase chain reaction-Luminex assays
(15-18) for 22 common bacterial, parasitic, and
viral enteropathogens in the input human micro-
biota, as well as in recipient mouse fecal samples,
indicated that the markedly discordant weight loss
phenotype in recipients of these microbiota was
not due to transfer and/or subsistence of any of
the surveyed pathogens (fig. S8, A and B, and
supplementary text).
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Comparison of the two groups of gnotobiotic
recipients while they consumed a Malawian diet
showed significant differences in the proportional
representation of 37 species-level taxa. Organisms
with the most statistically significant differences,
and whose relative proportions were higher in
mice with the kwashiorkor microbiota, were (i)
Bilophila wadsworthia, a hydrogen-consuming,
sulfite-reducing organism that is related to mem-
bers of Desulfovibrio (phylum Proteobacteria)
and has been linked to inflammatory bowel dis-
ease (IBD) in humans and induces a proinflam-
matory T helper 1 response in a mouse model of
IBD (19), and (ii) Clostridium innocuum, a gut
symbiont that can function as an opportunist
in immunocompromised hosts (table S8B) (20).
B. wadsworthia and members of the order
Clostridiales were also overrepresented in the fecal
microbiota of the kwashiorkor co-twin from fam-
ily 196 compared with his healthy co-twin at the
time he presented with kwashiorkor (table S§B).
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Fig. 1. Functional development of the gut
microbiomes of Malawian twin pairs concor-
dant for healthy status and twin pairs who be-
came discordant for kwashiorkor. (A) Principal
coordinates analysis of Hellinger distances be-
tween KEGG EC profiles. The position of each
fecal microbiome along PC1, which describes
the largest amount of variation (17%) in this
data set of 308 sequenced twin fecal micro-
biomes, is plotted against age. Each circle rep-
resents a microbiome colored by the age of
the human donor. PC1 is strongly associated
with age, as well as with family membership
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(linear mixed-effects model, table S4). We did
not find significant associations between the
positions of samples along other principal co-
ordinates and the other host parameters pres-
ented in table S2A. On average, the degree

of intrapersonal variation in a co-twin was not smaller than the variation between co-twins (fig. S2).
Similar to twins who remained healthy, the temporal variation within a co-twin member of a discordant
twin pair was equal to the variation between co-twins, but still smaller compared with unrelated
children (fig. S2). (B) Average + SEM (error bars) PC1 coordinate obtained from the data shown in (A)
for microbiomes sampled at three consecutive time points from nine twin pairs who remained well
nourished (healthy) during the study (participants surveyed between 3 weeks and 24.5 months of age).
(C) Average + SEM (error bars) PC1 coordinate obtained from (A) for microbiomes sampled before,
during, and after RUTF treatment from co-twins discordant for kwashiorkor. *P < 0.05, Friedman test
with Dunn’s post-hoc test applied to data shown in (B) and (C). Similar results were obtained using other
distance metrics [Bray Curtis, Euclidian, and Kulzyncki (fig. S3)]. (See also fig. S4, which shows how
changes in the relative proportion of Actinobacteria parallel the patterns observed with the changes
along PC1. Children with kwashiorkor manifested a statistically significant decrease in Actinobacteria
with the introduction of RUTF, unlike their healthy co-twins).
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Switching from a Malawian diet to RUTF
produced a rapid change in configuration of the
fecal microbiota that was most pronounced in
recipients of the kwashiorkor co-twin’s com-
munity (Fig. 2B and fig. S9, A and B). Thirty
species-level taxa exhibited statistically signifi-
cant changes in their representation in kwashior-
kor microbiota transplant recipients (Fig. 2C and
tables S7B and S8A), with prominent increases
in Bifidobacteria (B. longum, B. bifidum, plus
another unclassified taxon), two Lactobacilli
[L. reuteri and L. gasseri, which can produce bac-

Fig. 2. Transplantation of fecal microbiota from
kwashiorkor and healthy co-twins from family 196 into
gnotobiotic mice fed Malawian and RUTF diets. (A)
Discordant weight loss in recipient mice (7 = 10 mice
per group, *P < 0.05, Student’s ¢ test). Data points are
colored by recipient group: blue, kwashiorkor co-twin
fecal microbiota recipients; red, healthy co-twin fecal
microbiota recipients. Error bars indicate SEM. (B)
Average = SEM (error bars) PC1 coordinate obtained
from the weighted UniFrac distances shown in fig. S9,
A and B, for fecal microbiota sampled from mice over
time. Same color key as in (A). (C) Heatmap of phy-
lotypes assigned to species-level taxa whose repre-
sentation in the fecal microbiota of gnotobiotic mice
changed significantly (P < 0.05, Student’s ¢ test with
Bonferroni correction) as a function of donor micro-
biota and Malawian versus RUTF diets. Asterisks in-
dicate taxa that changed significantly in both healthy
and kwashiorkor microbiota transplant recipients. Spe-
cies level taxa are colored by phylum: red, Firmicutes;
blue, Actinobacteria; black, Bacteroidetes; and green,
Proteobacteria. Switching from a Malawian diet to
RUTF produces a rapid change in the configuration
of the transplanted kwashiorkor microbiota. A bloom
in Lactobacilli occurs early during treatment with
RUTF but regresses by the end of this diet period
and remains unchanged when animals are returned
to the Malawian diet. Bifidobacterium spp. also
bloom early during administration of RUTF. Unlike
the Lactobacilli, the increase of Bifidobacterium is
sustained into the early phases of M2, after which
they diminish. Like the members of Bifidobacterium,
R. torques increases its representation during RUTF
and then rapidly diminishes when mice returned to
a Malawian diet. The increase in F. prausnitzii is sus-
tained into and through M2. The responses of the
Bacteroidales were opposite to that of the other
three groups: Bacteroidales decrease with the ad-
ministration of RUTF and re-emerge with M2. The re-
sponse of the Lactobacilli observed in the kwashiorkor
transplant recipients is not seen in gnotobiotic mice
containing the healthy co-twin’s microbiota. The
pattern of change of the two Ruminococcus spp.,
B. uniformis, P. distasonis, B. longum, and an un-
classified Bifidobacterium taxon is shared by both
recipient groups (healthy and kwashiorkor), although
the Bifidobacterium response is more diminutive
in the healthy microbiota treatment group. Para-
bacteroides merdae, an unclassified taxon from the
genus Faecalibacterium, as well as a member of
the Coriobacteriaceae, are specifically elevated in
the healthy co-twin’s microbiota when mice switch
to a RUTF diet. Of these, only P. merdae does not

teriocins and stimulate the innate immune sys-
tem to inhibit the growth and eliminate various
enteropathogens (2/-23)], and two members of
Ruminococcus [R. torques, a mucus degrader (24),
and Faecalibacterium prausnitzii, a member of the
order Clostridiales that exhibits anti-inflammatory
activity in a mouse model of colitis and whose
decreased representation is associated with in-
creased risk of ileal Crohn’s disease (25)]. We
observed statistically significant decreases in the
representation of members of the Bacteroidales
(B. uniformis, Parabacteroides distasonis, plus
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an unclassified Parabacteroides taxon) (see Fig.
2C and legend for time courses). Twenty-eight
bacterial species-level taxa also exhibited signif-
icant changes in their representation in gnotobiotic
mice harboring the healthy co-twin’s microbiota in
response to RUTF. The pattern of change of 13
different taxa—including the two Ruminococcus
spp., B. uniformis, P, distasonis, B. longum, and an
unclassified Bifidobacterium taxon—was shared
by both recipient groups (healthy and kwashi-
orkor), although the Bifidobacterium response
was less pronounced in the healthy microbiota
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0 7 14 21 28 35 42 49 56 63 0 7 14 21 28 35 42 49 56 63
Time (days) Time (days)
-o— Healthy -=- Kwashiorkor
c RUTF
Day ,3,.7,19_1_5 _13_1 5 _13 29 Family; Genus; Species
1 5 13 256 3 8 25 3 7 20

Significantly different in Kwashiorkor group only

Firmicutes

Significantly different in Healthy group only

25 1.7 0.8 0.0 -0.8 -1.7-2.5
I

Actinomycetaceae;Varibaculum;Varibaculum_cambriense
Bifidobacteriaceae;Bifi
Bifidobacteriacea
Lachnospiraceae;Dorea;Dorea_form
Bifidobacteriaceae;
Lachnospiraceae;Other;Other
Clostridiaceae;Clostridium;Clostridium_lactatifermentans
Unclassified Clostridales *

Ruminococcaceae;Ruminococcus;Other
Ruminococcaceae;Ruminococcus;Ruminococcus_torques *
Coriobacteriaceae;Collinsella;Collinsella_aerofaciens *
Clostridiaceae;Clostridium;Clostridium_sp_S2_1
Ruminococcaceae;Faecalibacterium;Faecalibacterium_prausnitzii *
Veillonellaceae;Megamonas;Other
Lactobacillaceae;Lactobacillus;Lactobacillus_gasseri
Lactobacillaceae;Lactobacillus;Lactobacillus_reuteri

Unclassified Bacteria *

Lactobacillaceae;Lactobacillus;Other

Veillonellaceae;Other;Other
Bacteroidaceae;Bacteroides;Bacteroides_vulgatus

Clostridiaceae;
Streptococcaceae;Lactococcus;Lactococcus_lactis
Desulfovibrionaceae;Bilophila;Bilophila_wadsworthia *
Bacteroidaceae;Bacteroides;Bacteroides_uniformis *
Porphyromonadaceae;Parabacteroides;Other
Porphyromonadaceae;Parabacteroides;Parabacteroides_distasonis *
Unclassified Bacillales

Clostridiaceae;Clostridium;Other
Streptococcaceae;Streptococcus;Other
Enterobacteriaceae;Other;Other *
Leuconostocaceae;Weissella;Other
Leuconostocaceae;Weissella;Weissella_koreensis
Ruminococcaceae;Subdoligranulum;Subdoligranulum_variabile
Clostridiaceae;Other;Other
Porphyromonadaceae;Odoribacter;Odoribacter_splanchnicus
Rikenellaceae;Alistipes;Alistipes_shahii

Unclassified Bacteroidetes
Oscillospiraceae;Oscillibacter;Oscillibacter_sp_G2
Bacteroidetes;Other;Other;Other;Other;Other

Ruminococcacea
Ruminococcacea
Uunclassified_Clostridiales;Blautia;Other
Bacteroidaceae;Bacteroides;Other *
Erysipelotrichaceae;unclassified_Erysipelotrichaceae;Clostridium_innocuum
Unclassified Burkholderiales *
Sutterellaceae;Sutterella;Sutterella_wadsworthensis

obacterium;Bifidobacterium_bifidum
fidobacterium er *
generans
fidobacterium;Bifidobacterium_longum *

lostridium;Clostridium_saccharolyticum

uminococcus;Ruminococcus_obeum
ther;Other

Bacteroidaceae;Bacteroides;Bacteroides_fragilis
Porphyromonadaceae;Parabacteroides;Parabacteroides_merdae
Coriobacteriaceae;Other;Other
Coriobacteriaceae;Slackia;Slackia_isoflavoniconvertens
Ruminococcaceae;Faecalibacterium;Other
Porphyromonadaceae;Other;Other
Erysipelotrichaceae;unclassified_Erysipelotrichaceae;Clostridium_ramosum
Unclassified Firmicutes
Enterococcaceae;Enterococcus;Enterococcus_faecalis
Enterococcaceae;Enterococcus;Other

Unclassified Lactobacillales

Unclassified Bacilli

Unclassified Gammaproteobacteria

Actinobacteria

Bacteroidetes Proteobacteria

persist when animals are returned to the Malawian diet (also see tables S7A and S8A).
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treatment group (Fig. 2C and tables S7A, S7B,
and S8A). These changes were representative of
those that occurred in the human donors; the
change in Bifidobacterium was unique to the
kwashiorkor co-twin (table S9).

Metabolic profiles associated with kwashiorkor.
Gas chromatography—mass spectrometry analy-
ses of short-chain fatty acids and 69 other products
of carbohydrate, amino acid, nucleotide, and
lipid (fatty acid) metabolism in cecal and fecal
samples collected during the different diet pe-
riods (n = 4 to 5 mice per family-196 micro-
biota donor) showed that levels of the majority
of these metabolites increased when mice were
switched to RUTE. In contrast, levels of several
di- and monosaccharides (maltose, gentibiose,
and tagatose) decreased (fig. S10). There were a
number of significant differences between the
two groups of mice while they were consuming
the different diets (Fig. 3). Although switching
to RUTF produced a significant increase in fecal
levels of six essential amino acids (valine, leucine,
isoleucine, methionine, phenylalanine, and threo-
nine) and three nonessential amino acids (alanine,
tyrosine, and serine) in both groups, the response
was initially greater in the kwashiorkor group.
Four weeks after returning to a Malawian diet,
levels of six of these amino acids remained
higher in the healthy microbiota recipient group
than before consumption of RUTEF, but in the
kwashiorkor group, these values fell to pre-
RUTF-treatment levels (fig. S11, A and B). We
observed the same pattern of transient response
with urea cycle intermediates in the kwashiorkor
group (fig. S11C). RUTF-associated increases in
levels of propionate, butyrate, lactate, and suc-
cinate were generally greater in mice harboring
the healthy co-twin’s microbiota (fig. S12A). Sim-
ilarly, acetate levels were elevated early on during
RUTF in the healthy but not the kwashiorkor
microbiota (fig. S12A). Increases in these end
products of fermentation were accompanied by
reductions in the levels of a number of mono-
and disaccharides (fig. S12B). The observed
differences in metabolic profiles were not at-
tributable to differences in microbial community
biomass: There were no statistically significant
differences in fecal DNA content between recip-
ients of the healthy and kwashiorkor co-twin
microbiota when assayed at the midpoint of
RUTF treatment [986.5 = 108.3 (mean £ SEM)
versus 903.2 £ 97.7 ng DNA/mg feces, respec-
tively; P = 0.22, Student’s ¢ test] or 4 weeks
after cessation of treatment (559.7 + 62.2 ver-
sus 651.6 = 98.9 ng DNA/mg feces, respectively;
P = 0.44). (For characterization of gnotobiotic
recipients of family-57 transplants, including
taxonomic and metabolic responses to the dif-
ferent diets that they share with family-196 recip-
ients, see supplementary text; fig. S7, C and D;
and tables S7C, S7D, S8C, S8D, S9, and S10.)

Microbial-host cometabolism as a function of
donor microbiota and host diet. We used stan-
dard '"H nuclear magnetic resonance (NMR)
spectroscopy to generate urine metabolite pro-

files (Table 1, fig. S15, and supplementary text)
(26). A pronounced metabolic shift seen in re-
sponse to RUTF was not sustained on reintro-
duction of the Malawian diet; urinary metabolic
profiles at the end of the second Malawian diet
period (M2) resembled those from the first period
(M1), with renewed differentiation between healthy
and kwashiorkor microbiota transplant groups.
The kwashiorkor microbiota—associated meta-
bolic phenotype was not as distinctive in M2 as
it was during M1. When we reanalyzed the data
after excluding the RUTF samples, the metabolic
differentiation was more apparent between the
two Malawian dietary periods (fig. S15, A to C).

Among the notable results, we found that
levels of urinary taurine were affected by both
donor microbiota and diet. Mice colonized with
microbiota from a healthy donor excreted more
taurine while consuming both the Malawian diet
and RUTF compared with mice with a kwashi-
orkor microbiota; in both recipient groups, urinary
taurine levels were higher when mice consumed a

Malawian diet (Table 1). B. wadsworthia grows
well on bile acids and uses taurine from taurine-
conjugated bile acids as a terminal electron
acceptor, converting it to ammonia, acetate, and
sulfide (27). In agreement with this property, fe-
cal levels of B. wadsworthia showed an inverse
relationship with urinary taurine levels. Levels
were higher in the kwashiorkor group; even
when the mice were consuming RUTF, recipi-
ents of the kwashiorkor microbiota exhibited
significantly lower urinary taurine levels and
significantly higher fecal levels of B. wadswor-
thia (Table 1 and table S8, A and B). In addition
to urinary taurine levels, fecal methionine and
cysteine concentrations were significantly lower
in mice harboring kwashiorkor compared with
those carrying healthy co-twin microbiota when
consuming a Malawian diet (Fig. 3). Dietary me-
thionine and cysteine meet most of the human
body’s needs for sulfur; these amino acids are
more abundant in animal and cereal proteins
than in vegetable proteins. The Malawian diet is
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Fig. 3. Metabolites with significant differences in their fecal levels in gnotobiotic mice colonized with
microbiota from discordant twin pair 196 as a function of diet. Data are from fecal samples collected
3 days before the end of (A) the first period of consumption of the Malawian diet (M1, day 16; abbreviated
M1.D16), (B) RUTF treatment (RUTF.D10), and (C) the second period of Malawian diet consumption (M2.
D26). Significant differences are defined as P < 0.05, according to Student’s t test. Procrustes analysis of
data obtained from the transplanted microbiota from discordant co-twins in family 196 (fig. S13) revealed
a significant correlation between metabolic and taxonomical profiles on each diet with an overall
goodness of fit (2 value) of 0.380 (P < 0.0001; 1000 Monte Carlo label permutations) for all diets and

microbiota.
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Table 1. Metabolite analysis of urine samples obtained from mice with transplanted healthy or kwashiorkor
co-twin microbiota from family 196 at each diet phase. R?X represents the variation in *H NMR spectral data
explained by the O-PLS-DA model, where a value of 1 would indicate that 100% of the variation in the spectral
data set is explained by the model. QY represents the predictive ability of the model and is calculated by
leaving a percentage of the data out (15%) while calculating the ability of the model to discriminate between
classes in any pairwise comparison (e.g., kwashiorkor versus healthy). Additionally, QY indicates the level of
robustness or significance of the metabolic differences between two classes. The numbers in each column are
obtained from median fold normalized O-PLS-DA models and represent the correlation between the NMR data
(relative concentration of urinary metabolite) and a given class (e.g., healthy versus kwashiorkor co-twin mi-
crobiota or Malawi diet 1 versus RUTF diet). The greater the QY or predictive value for the O-PLS-DA comparison
of two classes, the stronger or more reliable the composite metabolic differences are between two classes (e.g.,
dietary periods). The closer to 1.0 the correlation value is for any given metabolite, the more weight that
metabolite has in discriminating between those two classes. Metabolites are colored according to their over-
representation in a treatment group. (A) Urinary metabolites with differences in their levels in mice transplanted
with the healthy co-twin versus the kwashiorkor co-twin microbiota within a given diet. Color code: blue, higher
in kwashiorkor co-twin microbiota recipients; red, higher in healthy co-twin microbiota recipients; white, no
significant difference between kwashiorkor and healthy. (B) Urinary metabolites with differences in their repre-
sentation of mice transplanted with healthy or kwashiorkor co-twin microbiota between diets. Color code: red,
higher during the M1 diet phase relative to RUTF or relative to M2; orange, higher on RUTF relative to M1 or M2;
blue, higher on M2 compared to RUTF or M1; white, no significant differences in the indicated diet comparison.

A Mi_ | RUTF | M2 metabote
R2X 0.38 0.49 0.36 concentration
QY 0.62 0.8 0.78 in recipients
2-oxoadipate | 0.8747 | 0.9069 | 0.6603 of kwashiorkor
taurine 0.8578 | 0.6236 co-twin microbiota
lactate 0.4618 Higher
creatine | 0.9303 cr:)i[gs:thrtaetlon
creatinine | 0.7692 in recipients
methylamine | 0.6755 | 0.8338 | 0.7646 of healthy co-twin
dimethylamine | 0.7732 donor microbiota
trimethylamine | 0.8469
trimethylamine N-oxide
phenylacetylglycine | 0.8522 | 0.8816
indoxyl sulfate | 0.6591 | 0.8138
hippurate | 0.6301 | 0.9485 | 0.9786
allantoin | 0.7662
Recipients of healthy Recipients of kwashiorkor
co-twin donor microbiota co-twin donor microbiota
B M1vs | RUTF | M1vs [ Mivs [ RUTF | M1vs
RUTF | vs M2 M2 RUTF | vs M2 M2
R2X 0.66 0.58 0.61 0.74 0.52 0.67
QY 0.57 0.94 0.31 0.87 0.93 0.68
2-oxoglutarate | 0.7448 | 0.8538 0.9062 | 0.8761
citrate | 0.7065 | 0.7921 0.827 | 0.7137
succinate | 0.6794 | 0.6841 0.8348 | 0.846
fumarate | 0.7439 | 0.7553
acetate 0.7
2-oxoadipate | 0.8382 | 0.6198
taurine | 0.632 | 0.7469 0.5998
lactate | 0.5558 0.4733
creatine 0.7432 0.9474 | 0.759 | 0.8781
creatinine 0.8297 | 0.7051 | 0.6838
methylamine 0.7562
dimethylamine 0.7469
trimethylamine | 0.7149 | 0.6639 0.8534 | 0.878
trimethylamine N-oxide 0.799
phenylacetylglycine 0.8447 0.5716 0.6616
indoxyl sulfate | 0.8021 | 0.8699 0.9593
hippurate 0.8602
allantoin 0.8203 0.9133 | 0.93 0.769
1-methylnicotinamide 0.7554

Higher metabolite
concentration

during Malawian diet
phase 1

Higher metabolite
concentration
during RUTF

Higher metabolite
concentration

during Malawian diet
phase 2
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deficient in total protein and in animal protein.
Studies have found a decrease of serum methio-
nine levels and urinary sulfate excretion in patients
with kwashiorkor (28—33). Moreover, cysteine or
methionine deficiency in experimental animals
can produce weight loss (correctable by sulfate
supplementation) (34—36). Our findings suggest
that the combination of a kwashiorkor microbiota
and a Malawian diet may contribute to abnormal
sulfur metabolism, thereby affecting the patho-
genesis and manifestations of this form of SAM.

For mice containing the healthy co-twin’s micro-
biota, urinary excretion of tricarboxylic acid (TCA)
cycle intermediates 2-oxoglutarate, citrate, succi-
nate, and fumarate were closely coupled together.
These mitochondrial metabolites typically follow
similar reabsorption control mechanisms in the
renal tubule that are closely linked to tubular pH.
In mice containing kwashiorkor microbiota, uri-
nary fumarate excretion was effectively decoupled
from the other TCA intermediates (fig. S15, D to
G). Differential excretion rates of TCA intermedi-
ates can occur where there is selective enzymatic
inhibition of the TCA cycle (37). The TCA cycle
also appears to be disrupted in the kwashiorkor
microbiota itself (threefold increase in cecal levels
of succinate; P < 0.05, unpaired Student’s ¢ test),
and an increased succinate-to-fumarate ratio (0.58
versus 0.23, P < 0.05, unpaired Student’s ¢ test
while on the Malawian diet) suggests inhibition
of succinate dehydrogenase, the enzyme respon-
sible for converting succinate to fumarate. Taken
together, these observations suggest that the
kwashiorkor microbiota examined in these gno-
tobiotic mice may generate chemical products
that result in a selective inhibition of one or more
TCA cycle enzymes, making energy metabolism
a bigger challenge for these children when they are
exposed to a micro- and macronutrient-deficient,
low-calorie diet.

Prospectus. The discordance rate for kwa-
shiorkor is high for both MZ and DZ twins in
our study population. Our results illustrate the
value of using twins discordant for nutritional
phenotypes to characterize the interrelationship
between the functional development of the gut
microbiome in children and their nutritional sta-
tus. Linking metagenomic analyses with dietary
experiments in gnotobiotic mice that have received
gut microbiota transplants from twins discordant
for kwashiorkor allowed us to gain insights into
pathogenesis by identifying transmissible features
associated with healthy versus diseased donors.
By replicating a human donor’s gut community
in multiple recipient mice, we have been able to
mimic a clinical intervention and identify com-
munity characteristics, including differences in
taxonomic composition and in taxonomic and
metabolic responses to RUTF. The resulting data
provide biomarkers of community metabolism
and of microbial-host cometabolism that delin-
eate and discriminate diet and microbiota effects,
including biomarkers indicative of the more la-
bile, short-lived nature of the responses of mi-
crobiota from kwashiorkor donors to RUTF. The
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interrelationships between diet, microbiota, and
many facets of host physiology can be explored in
detail in these “personalized” gnotobiotic mouse
models. These models may be useful for devel-
oping new and more effective approaches for
treatment and/or prevention. In addition, studies
of other forms of malnutrition that take an ap-
proach analogous to that described here could
also provide insights about the contribution of
the gut microbiome to this global health problem.
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A Clock Directly Linking Time
to a Particle’s Mass

Shau-Yu Lan,* Pei-Chen Kuan," Brian Estey,® Damon English," Justin M. Brown,*

Michael A. Hohensee," Holger Miiller*?

Historically, time measurements have been based on oscillation frequencies in systems of particles,
from the motion of celestial bodies to atomic transitions. Relativity and quantum mechanics show that
even a single particle of mass m determines a Compton frequency wo = mc?/A, where c is the speed of
light and 7 is Planck’s constant h divided by 2r. A clock referenced to m, would enable high-precision
mass measurements and a fundamental definition of the second. We demonstrate such a clock using
an optical frequency comb to self-reference a Ramsey-Bordé atom interferometer and synchronize an
oscillator at a subharmonic of wg_ This directly demonstrates the connection between time and mass.
It allows measurement of microscopic masses with 4 x 1077 accuracy in the proposed revision to
Sl units. Together with the Avogadro project, it yields calibrated kilograms.

particle with mass-energy E = mc” is
represented by a wave oscillating at the
Compton frequency o, = mc*/h in the
particle’s rest frame, where c is the speed of light

and 7 is Planck’s constant / divided by 2 (7).
This is the basis of de Broglie’s theory of matter
waves (2) and underpins modern quantum me-
chanics and field theory: The time evolution of

states is given by wave equations whose plane-
wave solutions are proportional to

€™ = exp(-—ip,x*/h) = exp(-imyt) (1)
where p, = (—my, myv) and x* are the momen-
tum and position four-vector, T = #/y is the proper
time, v is the Lorentz factor, and v and ¢ are the
laboratory-frame velocity and time. Much has
been theorized about the physical reality of quan-
tum states as “oscillators” (3—7), but surprisingly
few experiments have been proposed to address
this topic (8). Here, we directly address a conse-
quence of Eq. 1 that has deep physical and per-
haps even cosmological implications: Because
the oscillations of a wave packet accumulate
phase oot just like a clock following the same
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