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Understanding the collective behavior of microbial communities

food particles can serve as platforms for attachment of bacterial
taxa (including potential syntrophic partners). Crypts were colo-
nized by a sparse, taxonomically mixed community (Fig. 3D),
suggesting that they were colonized from the lumen and did not

serve as microhabitats for any select groups within the 15-member
model human gut microbiota.
The overall composition of the microbial community differed only

modestly from microhabitat to microhabitat within a cross-section
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Fig. 3. Colonization patterns in distinct microhabitats in the colon. Tiled images show the distribution of microbes relative to host tissue and large autofluorescent
food particles. Images shown are representative of the region proximal to the epithelium (A andB), the region distal to the epithelium (lumen;C), and crypts (D). White
boxes show the positions of higher magnification views (Lower) where individual bacterial cells are visible; low-magnification image in C shows the image location in
the lumen. Microbes were spatially mixed at micrometer scales in all microhabitats. Legend in A also applies to C. Scale bars in D apply throughout the figure.
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Gut microbiome as a model system for studying evolution

The difference in convergence between point
mutations (2.6%) and functional units (31.5%)
suggests that we have not explored the diversity
of possible adaptive mutations. To illustrate this
result qualitatively, we plotted the number of
different beneficial mutations at various levels
(i.e., mutation, gene, operon, or functional unit)
as a function of the number of sequenced lines
(14). This exercise indicates that we are far from
detecting all possible beneficial mutations (Fig.
2B). However, the discovery of affected genes,
operons, and functional units was nearly saturated,
which suggested that fewer replicates may have
recovered the major targets of selection.

To estimate the number of sites that contribute
to an adaptive response, we developed a simple
model of mutation sampling analogous to the
coupon collector’s problem (19). Assuming that
beneficial mutations are sampled from a set of L
mutations, all with an equal mutation rate (m) and
selective coefficient (s), we fit the model to the
saturation curves in Fig. 2B (14). For genes with
>3 point mutations, we estimate that L = 850
possible sites of beneficial mutations are required
to yield our 400 observed pointmutations (Fig. 2C).
L = 850 is a minimum, because our approach
assumes no variance in m and s among sites. With
the addition of variance (20), the estimated num-

ber of sites increases, potentially reaching several
thousand sites (Fig. 2C).We conclude that a large
number of potentially beneficial sites are clustered
within a few operational units. This was expected
for the case of gene inactivation, for which differ-
ent mutations lead to the same phenotype, but the
diversity of possible solutions in essential func-
tions, like RNApol, is more surprising (table S2).

Do interactions among beneficial mutations
shape the adaptive trajectory? By examining all
combinations of a small number of beneficial
mutations, recent studies have demonstrated neg-
ative epistasis between beneficial mutations in dif-
ferent genes (3–5) and sign epistasis—in which a

Fig. 1. (A) Mutations in 114 independently evolved clones represented
along the E. coli B chromosome (15). Downward and upward triangles are
insertions and deletions, respectively. Mutational types are colored as in (C).
(B) The density of mutations along the genome in 5-kb sliding windows. (C)

The distribution of events according to mutational type. Point mutations are
split into nonsynonymous mutations (red), synonymous (white), and inter-
genic (orange). (D) The number of lines sharing mutational types (means T
SEM). All synonymous mutations were singletons.
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Experimental evolution

Tenaillon et al (2012)

thus, scale-eating may require an extreme phe-
notype, not recovered in hybrids, for successful
performance. Alternatively, field enclosures may
not support the scale-eating niche; however, we
consider this unlikely because the frequency of
hybrids resembling scale-eaters within high-density
enclosures (CP, 0.6%; LL, 0.9%) was similar to
wild scale-eater frequencies [1.4% (20 )], prey
density was higher in enclosures, and fitness did
not vary between density treatments. Overall, the
reduced fitness of intermediate and transgressive
hybrids supports the importance of postzygotic
extrinsic reproductive isolation.

High-density enclosures provided a more com-
petitive environment than low-density enclosures:
Survival was 4 to 7 times higher and growth was
1.4 to 2 times higher in low-density enclosures
(mean survival: CP, 11.4% versus 71.9%; LL,
11.1% versus 43.9%; logistic z = 11.8, P < 10−16;
mean growth: CP, 0.196 versus 0.428 cm; LL,
0.164 versus 0.223 cm; t = –2.8, P = 0.005). The
curvature of the fitness landscape was signifi-
cantly greater in high-density enclosures in both
lakes (Table 2 and figs. S1 and S7), supporting
competition as the driver of multiple fitness peaks
on the adaptive landscape. If intrinsic differ-
ences in fitness among hybrid phenotypes were
responsible, complex fitness landscapes should
occur in both field and laboratory environments.
However, laboratory survival surfaces, estimated
from hybrids that died during laboratory rearing,
were flat (table S2 and fig. S8). Combined, these
data indicate that multiple high-fitness regions
were caused by competition for diverse resources,
not intrinsic survival differences.

This complex fitness landscape paints an in-
triguing picture of niche diversification driven
by competition in Cyprinodon. The generalist spe-
cies sits atop a local fitness maximum separated
by a valley from a higher-fitness region corre-
sponding to specialization on hard-shelled prey.
Stabilizing selection on generalist phenotypes could
explain the rarity of trophic specialists within
Cyprinodon despite their higher fitness: Sym-
patric adaptive radiations of trophic specialists
may have evolved in only two places throughout
the Caribbean because most generalist popu-
lations are stranded on an isolated local max-
imum. When subpopulations escape this generalist
peak, perhaps through increased competition,
ecological opportunity, and large effective popula-
tion size, the higher fitness of trophic specialists
drives a burst of diversification.

The early burst model of adaptive radiation
predicts a fitness landscape with multiple peaks
at the onset of adaptive radiation (1, 2, 4 , 7 , 8 ).
We simulated phenotypic diversity within the
ancestral population that gave rise to an adaptive
radiation of pupfishes in order to measure the
initial topography of the fitness landscape. In
contrast to theory and examples demonstrating
that high-frequency phenotypes cause a fitness
minimum due to negative frequency-dependent
selection (9 , 10 ), some of the most frequent phe-
notypes in our field enclosures occurred on a local

Fig. 2. Probability of F2 hybrid survival in high-density field enclosures within local transects between
species (left column, CP; right column, LL). Smoothing splines (black line) and 95% confidence
intervals (dotted gray lines) indicate hybrid survival along major phenotypic axes between species
ellipses from Fig. 1 (insets at upper left). (A and B) Major axis between hybrids resembling duro-
phage or generalist species. (C and D) Major axis between hybrids resembling generalist or scale-
eater species. Interior rug plots show F2 hybrid survivors (upper) and deaths (lower). Exterior rug
plots show laboratory-reared F1 purebred species (generalist, blue; durophage, green; scale-eater,
red) for reference. Quadratic intervals used for parametric analyses (Table 1) are indicated with sig-
nificance from logistic regression.

Table 2. Effect of competition on fitness landscape curvature. Three permutation tests assessed the
significance of greater survival surface curvature in high-density enclosures relative to low-density
enclosures (fig. S7), controlling for different sample sizes and morphospace coverage. Significance
was determined from the number of randomized samples equal to or greater than the observed
difference between treatments (20). Effective degrees of freedom (EDF) indicate the smoothness of
the surface estimated by generalized cross-validation.

Lake Density n
Thin-plate spline Projection pursuit

regression
Canonical rotation

of g

EDF P EDF P F P

Crescent Pond High 796 7.6 0.071. 3.1 0.065. 3.41 0.018*
Low 96 3.0 2.0 0.01

Little Lake High 875 19.6 0.008** 6.7 0.006** 1.03 0.711
Low 98 3.0 2.4 1.73.P < 0.10, *P < 0.05, **P < 0.01.
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Experimental evolution

Tenaillon et al (2012)
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consider this unlikely because the frequency of
hybrids resembling scale-eaters within high-density
enclosures (CP, 0.6%; LL, 0.9%) was similar to
wild scale-eater frequencies [1.4% (20 )], prey
density was higher in enclosures, and fitness did
not vary between density treatments. Overall, the
reduced fitness of intermediate and transgressive
hybrids supports the importance of postzygotic
extrinsic reproductive isolation.

High-density enclosures provided a more com-
petitive environment than low-density enclosures:
Survival was 4 to 7 times higher and growth was
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lakes (Table 2 and figs. S1 and S7), supporting
competition as the driver of multiple fitness peaks
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responsible, complex fitness landscapes should
occur in both field and laboratory environments.
However, laboratory survival surfaces, estimated
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were flat (table S2 and fig. S8). Combined, these
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were caused by competition for diverse resources,
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drives a burst of diversification.
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predicts a fitness landscape with multiple peaks
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radiation of pupfishes in order to measure the
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nificance from logistic regression.

Table 2. Effect of competition on fitness landscape curvature. Three permutation tests assessed the
significance of greater survival surface curvature in high-density enclosures relative to low-density
enclosures (fig. S7), controlling for different sample sizes and morphospace coverage. Significance
was determined from the number of randomized samples equal to or greater than the observed
difference between treatments (20). Effective degrees of freedom (EDF) indicate the smoothness of
the surface estimated by generalized cross-validation.

Lake Density n
Thin-plate spline Projection pursuit

regression
Canonical rotation

of g

EDF P EDF P F P

Crescent Pond High 796 7.6 0.071. 3.1 0.065. 3.41 0.018*
Low 96 3.0 2.0 0.01

Little Lake High 875 19.6 0.008** 6.7 0.006** 1.03 0.711
Low 98 3.0 2.4 1.73.P < 0.10, *P < 0.05, **P < 0.01.

11 JANUARY 2013 VOL 339 SCIENCE www.sciencemag.org210

REPORTS

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia Santa B
arbara on July 06, 2022

Natural variation

Martin & Wainright (2013)

Commensal
gut bacteria

greater control greater realism

1. Hosts = semi-isolated,
   complex ecosystems

>10    cells, ~100 species12

Advantages:



Gut microbiome as a model system for studying evolution
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suggests that we have not explored the diversity
of possible adaptive mutations. To illustrate this
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L = 850 is a minimum, because our approach
assumes no variance in m and s among sites. With
the addition of variance (20), the estimated num-

ber of sites increases, potentially reaching several
thousand sites (Fig. 2C).We conclude that a large
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within a few operational units. This was expected
for the case of gene inactivation, for which differ-
ent mutations lead to the same phenotype, but the
diversity of possible solutions in essential func-
tions, like RNApol, is more surprising (table S2).
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shape the adaptive trajectory? By examining all
combinations of a small number of beneficial
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hybrids supports the importance of postzygotic
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competition as the driver of multiple fitness peaks
on the adaptive landscape. If intrinsic differ-
ences in fitness among hybrid phenotypes were
responsible, complex fitness landscapes should
occur in both field and laboratory environments.
However, laboratory survival surfaces, estimated
from hybrids that died during laboratory rearing,
were flat (table S2 and fig. S8). Combined, these
data indicate that multiple high-fitness regions
were caused by competition for diverse resources,
not intrinsic survival differences.
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Stabilizing selection on generalist phenotypes could
explain the rarity of trophic specialists within
Cyprinodon despite their higher fitness: Sym-
patric adaptive radiations of trophic specialists
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the Caribbean because most generalist popu-
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drives a burst of diversification.
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predicts a fitness landscape with multiple peaks
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We simulated phenotypic diversity within the
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radiation of pupfishes in order to measure the
initial topography of the fitness landscape. In
contrast to theory and examples demonstrating
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minimum due to negative frequency-dependent
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ellipses from Fig. 1 (insets at upper left). (A and B) Major axis between hybrids resembling duro-
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Table 2. Effect of competition on fitness landscape curvature. Three permutation tests assessed the
significance of greater survival surface curvature in high-density enclosures relative to low-density
enclosures (fig. S7), controlling for different sample sizes and morphospace coverage. Significance
was determined from the number of randomized samples equal to or greater than the observed
difference between treatments (20). Effective degrees of freedom (EDF) indicate the smoothness of
the surface estimated by generalized cross-validation.
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Gut microbiome as a model system for studying evolution

The difference in convergence between point
mutations (2.6%) and functional units (31.5%)
suggests that we have not explored the diversity
of possible adaptive mutations. To illustrate this
result qualitatively, we plotted the number of
different beneficial mutations at various levels
(i.e., mutation, gene, operon, or functional unit)
as a function of the number of sequenced lines
(14). This exercise indicates that we are far from
detecting all possible beneficial mutations (Fig.
2B). However, the discovery of affected genes,
operons, and functional units was nearly saturated,
which suggested that fewer replicates may have
recovered the major targets of selection.

To estimate the number of sites that contribute
to an adaptive response, we developed a simple
model of mutation sampling analogous to the
coupon collector’s problem (19). Assuming that
beneficial mutations are sampled from a set of L
mutations, all with an equal mutation rate (m) and
selective coefficient (s), we fit the model to the
saturation curves in Fig. 2B (14). For genes with
>3 point mutations, we estimate that L = 850
possible sites of beneficial mutations are required
to yield our 400 observed pointmutations (Fig. 2C).
L = 850 is a minimum, because our approach
assumes no variance in m and s among sites. With
the addition of variance (20), the estimated num-

ber of sites increases, potentially reaching several
thousand sites (Fig. 2C).We conclude that a large
number of potentially beneficial sites are clustered
within a few operational units. This was expected
for the case of gene inactivation, for which differ-
ent mutations lead to the same phenotype, but the
diversity of possible solutions in essential func-
tions, like RNApol, is more surprising (table S2).

Do interactions among beneficial mutations
shape the adaptive trajectory? By examining all
combinations of a small number of beneficial
mutations, recent studies have demonstrated neg-
ative epistasis between beneficial mutations in dif-
ferent genes (3–5) and sign epistasis—in which a

Fig. 1. (A) Mutations in 114 independently evolved clones represented
along the E. coli B chromosome (15). Downward and upward triangles are
insertions and deletions, respectively. Mutational types are colored as in (C).
(B) The density of mutations along the genome in 5-kb sliding windows. (C)

The distribution of events according to mutational type. Point mutations are
split into nonsynonymous mutations (red), synonymous (white), and inter-
genic (orange). (D) The number of lines sharing mutational types (means T
SEM). All synonymous mutations were singletons.
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Experimental evolution

Tenaillon et al (2012)

thus, scale-eating may require an extreme phe-
notype, not recovered in hybrids, for successful
performance. Alternatively, field enclosures may
not support the scale-eating niche; however, we
consider this unlikely because the frequency of
hybrids resembling scale-eaters within high-density
enclosures (CP, 0.6%; LL, 0.9%) was similar to
wild scale-eater frequencies [1.4% (20 )], prey
density was higher in enclosures, and fitness did
not vary between density treatments. Overall, the
reduced fitness of intermediate and transgressive
hybrids supports the importance of postzygotic
extrinsic reproductive isolation.

High-density enclosures provided a more com-
petitive environment than low-density enclosures:
Survival was 4 to 7 times higher and growth was
1.4 to 2 times higher in low-density enclosures
(mean survival: CP, 11.4% versus 71.9%; LL,
11.1% versus 43.9%; logistic z = 11.8, P < 10−16;
mean growth: CP, 0.196 versus 0.428 cm; LL,
0.164 versus 0.223 cm; t = –2.8, P = 0.005). The
curvature of the fitness landscape was signifi-
cantly greater in high-density enclosures in both
lakes (Table 2 and figs. S1 and S7), supporting
competition as the driver of multiple fitness peaks
on the adaptive landscape. If intrinsic differ-
ences in fitness among hybrid phenotypes were
responsible, complex fitness landscapes should
occur in both field and laboratory environments.
However, laboratory survival surfaces, estimated
from hybrids that died during laboratory rearing,
were flat (table S2 and fig. S8). Combined, these
data indicate that multiple high-fitness regions
were caused by competition for diverse resources,
not intrinsic survival differences.

This complex fitness landscape paints an in-
triguing picture of niche diversification driven
by competition in Cyprinodon. The generalist spe-
cies sits atop a local fitness maximum separated
by a valley from a higher-fitness region corre-
sponding to specialization on hard-shelled prey.
Stabilizing selection on generalist phenotypes could
explain the rarity of trophic specialists within
Cyprinodon despite their higher fitness: Sym-
patric adaptive radiations of trophic specialists
may have evolved in only two places throughout
the Caribbean because most generalist popu-
lations are stranded on an isolated local max-
imum. When subpopulations escape this generalist
peak, perhaps through increased competition,
ecological opportunity, and large effective popula-
tion size, the higher fitness of trophic specialists
drives a burst of diversification.

The early burst model of adaptive radiation
predicts a fitness landscape with multiple peaks
at the onset of adaptive radiation (1, 2, 4 , 7 , 8 ).
We simulated phenotypic diversity within the
ancestral population that gave rise to an adaptive
radiation of pupfishes in order to measure the
initial topography of the fitness landscape. In
contrast to theory and examples demonstrating
that high-frequency phenotypes cause a fitness
minimum due to negative frequency-dependent
selection (9 , 10 ), some of the most frequent phe-
notypes in our field enclosures occurred on a local

Fig. 2. Probability of F2 hybrid survival in high-density field enclosures within local transects between
species (left column, CP; right column, LL). Smoothing splines (black line) and 95% confidence
intervals (dotted gray lines) indicate hybrid survival along major phenotypic axes between species
ellipses from Fig. 1 (insets at upper left). (A and B) Major axis between hybrids resembling duro-
phage or generalist species. (C and D) Major axis between hybrids resembling generalist or scale-
eater species. Interior rug plots show F2 hybrid survivors (upper) and deaths (lower). Exterior rug
plots show laboratory-reared F1 purebred species (generalist, blue; durophage, green; scale-eater,
red) for reference. Quadratic intervals used for parametric analyses (Table 1) are indicated with sig-
nificance from logistic regression.

Table 2. Effect of competition on fitness landscape curvature. Three permutation tests assessed the
significance of greater survival surface curvature in high-density enclosures relative to low-density
enclosures (fig. S7), controlling for different sample sizes and morphospace coverage. Significance
was determined from the number of randomized samples equal to or greater than the observed
difference between treatments (20). Effective degrees of freedom (EDF) indicate the smoothness of
the surface estimated by generalized cross-validation.

Lake Density n
Thin-plate spline Projection pursuit

regression
Canonical rotation

of g

EDF P EDF P F P

Crescent Pond High 796 7.6 0.071. 3.1 0.065. 3.41 0.018*
Low 96 3.0 2.0 0.01

Little Lake High 875 19.6 0.008** 6.7 0.006** 1.03 0.711
Low 98 3.0 2.4 1.73.P < 0.10, *P < 0.05, **P < 0.01.

11 JANUARY 2013 VOL 339 SCIENCE www.sciencemag.org210

REPORTS

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia Santa B
arbara on July 06, 2022

Natural variation

Martin & Wainright (2013)

Commensal
gut bacteria

greater control greater realism

3. Biomedical applications
   >> genomic resources

1. Hosts = semi-isolated,
   complex ecosystems
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• What are relevant timescales for within-host evolution? Does it happen at all?
• What do population genetics of this process look like? 
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• Genetic structure of typical resident population?
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Next steps: dense time series data to infer dynamics of this process

Mike Snyder
(Stanford)

Microbial
Load

Figure S2: Microbiota density over time. Top: Microbiota density estimated by microbial
DNA quantification (concentration of extracted DNA per ⇠200mg feces) for a subset of the study
timepoints, labeled using the same color scheme as in Fig. 1. Vertical lines indicate ±20% error
bars, as estimated from the precision of our sample mass measurements. These data show that
overall microbiota density was not significantly reduced at the end of antibiotic treatment. Bottom:
Absolute species abundance dynamics obtained by scaling the relative abundance measurements in
Fig. 1C by the microbiota density measurements in the top panel.
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Absolute species abundance dynamics obtained by scaling the relative abundance measurements in
Fig. 1C by the microbiota density measurements in the top panel.
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Next steps: dense time series data to infer dynamics of this process
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Figure S2: Microbiota density over time. Top: Microbiota density estimated by microbial
DNA quantification (concentration of extracted DNA per ⇠200mg feces) for a subset of the study
timepoints, labeled using the same color scheme as in Fig. 1. Vertical lines indicate ±20% error
bars, as estimated from the precision of our sample mass measurements. These data show that
overall microbiota density was not significantly reduced at the end of antibiotic treatment. Bottom:
Absolute species abundance dynamics obtained by scaling the relative abundance measurements in
Fig. 1C by the microbiota density measurements in the top panel.

4

ABX

Figures

(a)

(c) (d)

(b)

HMW 
DNA

barcode

1. Metagenomic 
HMW DNA

3. Barcoded
read clouds

4. Pooled 
sequencing

2. Enclose in
microfluidic

droplets

barcode

(b)

Figure 1: Read cloud sequencing of the gut microbiome of a single individual during disease, antibiotic
treatment, and recovery.

1

.CC-BY-NC 4.0 International licenseauthor/funder. It is made available under a
The copyright holder for this preprint (which was not peer-reviewed) is the. https://doi.org/10.1101/2019.12.21.886093doi: bioRxiv preprint 

Species  
(relative)

abundance

Mutations within species:

Alistipes finegoldii

Eubacterium eligens

Phascolarctobacterium 

Strain replacem
ent

Evol m
odification

Interm
ediate (H

G
T

)

+  
33 other species

(18 w/ genetic changes)

ABX can drive rapid genetic changes
w/in species this complex community

Roodgar* & Good* et al (Genome Research, 2021)
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Figure S2: Microbiota density over time. Top: Microbiota density estimated by microbial
DNA quantification (concentration of extracted DNA per ⇠200mg feces) for a subset of the study
timepoints, labeled using the same color scheme as in Fig. 1. Vertical lines indicate ±20% error
bars, as estimated from the precision of our sample mass measurements. These data show that
overall microbiota density was not significantly reduced at the end of antibiotic treatment. Bottom:
Absolute species abundance dynamics obtained by scaling the relative abundance measurements in
Fig. 1C by the microbiota density measurements in the top panel.
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Figure S2: Microbiota density over time. Top: Microbiota density estimated by microbial
DNA quantification (concentration of extracted DNA per ⇠200mg feces) for a subset of the study
timepoints, labeled using the same color scheme as in Fig. 1. Vertical lines indicate ±20% error
bars, as estimated from the precision of our sample mass measurements. These data show that
overall microbiota density was not significantly reduced at the end of antibiotic treatment. Bottom:
Absolute species abundance dynamics obtained by scaling the relative abundance measurements in
Fig. 1C by the microbiota density measurements in the top panel.
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Figure S2: Microbiota density over time. Top: Microbiota density estimated by microbial
DNA quantification (concentration of extracted DNA per ⇠200mg feces) for a subset of the study
timepoints, labeled using the same color scheme as in Fig. 1. Vertical lines indicate ±20% error
bars, as estimated from the precision of our sample mass measurements. These data show that
overall microbiota density was not significantly reduced at the end of antibiotic treatment. Bottom:
Absolute species abundance dynamics obtained by scaling the relative abundance measurements in
Fig. 1C by the microbiota density measurements in the top panel.
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Next steps: dense time series data to infer dynamics of this process
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Figure S2: Microbiota density over time. Top: Microbiota density estimated by microbial
DNA quantification (concentration of extracted DNA per ⇠200mg feces) for a subset of the study
timepoints, labeled using the same color scheme as in Fig. 1. Vertical lines indicate ±20% error
bars, as estimated from the precision of our sample mass measurements. These data show that
overall microbiota density was not significantly reduced at the end of antibiotic treatment. Bottom:
Absolute species abundance dynamics obtained by scaling the relative abundance measurements in
Fig. 1C by the microbiota density measurements in the top panel.
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Figure S2: Microbiota density over time. Top: Microbiota density estimated by microbial
DNA quantification (concentration of extracted DNA per ⇠200mg feces) for a subset of the study
timepoints, labeled using the same color scheme as in Fig. 1. Vertical lines indicate ±20% error
bars, as estimated from the precision of our sample mass measurements. These data show that
overall microbiota density was not significantly reduced at the end of antibiotic treatment. Bottom:
Absolute species abundance dynamics obtained by scaling the relative abundance measurements in
Fig. 1C by the microbiota density measurements in the top panel.

4

ABX

Figures

(a)

(c) (d)

(b)

HMW 
DNA

barcode

1. Metagenomic 
HMW DNA

3. Barcoded
read clouds

4. Pooled 
sequencing

2. Enclose in
microfluidic

droplets

barcode

(b)

Figure 1: Read cloud sequencing of the gut microbiome of a single individual during disease, antibiotic
treatment, and recovery.

1

.CC-BY-NC 4.0 International licenseauthor/funder. It is made available under a
The copyright holder for this preprint (which was not peer-reviewed) is the. https://doi.org/10.1101/2019.12.21.886093doi: bioRxiv preprint 

Species  
(relative)

abundance

Mutations within species:

Alistipes finegoldii

Eubacterium eligens

Phascolarctobacterium 

Strain replacem
ent

Evol m
odification

Interm
ediate (H

G
T

)

+  
33 other species

(18 w/ genetic changes)

Instead, common trends:

• Sweeping variants often  
present at low freqs before ABX

s>30%/day

s>100%/day

Roodgar* & Good* et al (Genome Research, 2021)



Next steps: dense time series data to infer dynamics of this process

Microbial
Load

Figure S2: Microbiota density over time. Top: Microbiota density estimated by microbial
DNA quantification (concentration of extracted DNA per ⇠200mg feces) for a subset of the study
timepoints, labeled using the same color scheme as in Fig. 1. Vertical lines indicate ±20% error
bars, as estimated from the precision of our sample mass measurements. These data show that
overall microbiota density was not significantly reduced at the end of antibiotic treatment. Bottom:
Absolute species abundance dynamics obtained by scaling the relative abundance measurements in
Fig. 1C by the microbiota density measurements in the top panel.
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Figure S2: Microbiota density over time. Top: Microbiota density estimated by microbial
DNA quantification (concentration of extracted DNA per ⇠200mg feces) for a subset of the study
timepoints, labeled using the same color scheme as in Fig. 1. Vertical lines indicate ±20% error
bars, as estimated from the precision of our sample mass measurements. These data show that
overall microbiota density was not significantly reduced at the end of antibiotic treatment. Bottom:
Absolute species abundance dynamics obtained by scaling the relative abundance measurements in
Fig. 1C by the microbiota density measurements in the top panel.
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Figure S2: Microbiota density over time. Top: Microbiota density estimated by microbial
DNA quantification (concentration of extracted DNA per ⇠200mg feces) for a subset of the study
timepoints, labeled using the same color scheme as in Fig. 1. Vertical lines indicate ±20% error
bars, as estimated from the precision of our sample mass measurements. These data show that
overall microbiota density was not significantly reduced at the end of antibiotic treatment. Bottom:
Absolute species abundance dynamics obtained by scaling the relative abundance measurements in
Fig. 1C by the microbiota density measurements in the top panel.
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Figure S2: Microbiota density over time. Top: Microbiota density estimated by microbial
DNA quantification (concentration of extracted DNA per ⇠200mg feces) for a subset of the study
timepoints, labeled using the same color scheme as in Fig. 1. Vertical lines indicate ±20% error
bars, as estimated from the precision of our sample mass measurements. These data show that
overall microbiota density was not significantly reduced at the end of antibiotic treatment. Bottom:
Absolute species abundance dynamics obtained by scaling the relative abundance measurements in
Fig. 1C by the microbiota density measurements in the top panel.
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barcodes. We maintained both populations in batch culture, with a 
1:1,024 dilution every 24 h (10 generations per day with a bottleneck 
of about 500,000 cells; an effective size (Ne) of 5 × 106). An aliquot was 
frozen daily for analysis (Supplementary Information section 1.4). 
One population was maintained in rich medium (YPD) and the other 
in rich medium with 0.3% acetic acid (YPA), which leads to intracel-
lular acidification that pilot studies have suggested leads to stronger 
selection pressures30. In studying these populations, our goal was to 
identify generic features of the evolutionary dynamics rather than 
details of differences between conditions. Our choice of environments 
maintains consistency with previous work, which indicates that these 
environments lead to rapid adaptation involving rich dynamics that 
could not be observed using earlier approaches5–8.

We re-barcoded each population every 100 generations with 
about 50,000 additional unique barcodes. This diversity was cho-
sen to ensure that barcoding does not introduce a substantial bot-
tleneck; at 10% of the daily bottleneck every 10 days, it does not 
change the scale of genetic drift or the effective population size 
(Supplementary Information section 4.4). It also ensures that we can 
detect relevant selection pressures that act on lineages once those 
lineages become large enough that their dynamics are not domi-
nated by drift (Supplementary Information section 4.4). However, 

we note that although our barcoding procedure is designed to be 
minimally perturbative, it does involve propagation and selec-
tion steps. Thus, strictly speaking we are studying evolution in a 
fluctuating environment that alternates between ‘evolution’ and 
‘barcoding’ conditions—although, as we see below, the role of these 
fluctuations is minor.

After 1,000 generations of evolution (ten 100-generation ‘epochs’), 
we sequenced the barcode locus at a depth of around 105 reads in every 
frozen time point. This yielded 110 sequenced time points per popula-
tion (11 time points per epoch at 10-generation intervals, although we 
excluded the final epoch of the YPD population owing to barcoding 
failure; see Supplementary Information section 1.4). We use this data 
to infer which lineages contain mutations that are beneficial in either 
evolution or barcoding conditions, and we exploit phylogeny to infer 
in which epoch each mutation was established (that is, within 100-gen-
eration resolution; Fig. 1d, Supplementary Information section 5). 
This allows us to group barcodes into ‘clones’, each founded by a new 
mutation. We then jointly infer the fitness effects of all mutations in 
evolution and barcoding conditions. Because we barcode frequently, 
the dynamics are determined by the average fitness across the two 
conditions (Supplementary Information section 6.2). We therefore use 
this average fitness for the analysis below (although simply neglecting 
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Fig. 2 | Inferred clonal dynamics. a, b, Muller diagrams showing dynamics of 
inferred beneficial mutations in YPD (a) and YPA (b) populations. Time is 
expressed in terms of epoch and generation (for example, 4.100 refers to 
generation 100 of epoch 4). Stars denote the establishment epoch of each new 
beneficial mutation (see Supplementary Information section 5). The opacity of 
the colours denotes the fitness of the corresponding lineage; mutant lineages 

that did not acquire additional beneficial mutations are grey. Grey bars denote 
barcoding intervals. c, d, Muller diagrams showing within-lineage dynamics in 
select lineages in the YPD (c) and YPA (d) populations. Colours are consistent 
with corresponding lineages in a and b. White space indicates periods during 
which the selected lineage was not observed.
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Genetic barcoding in lab yeast  
(e.g. Nguyen Ba et al 2019)
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but not between orthogonal types. Each site can be inactivated by two 
specific arm disruptions (one in each of the two Cre-binding regions), 
but retains high activity with only one disruption. We used this system to 
design barcoded plasmid libraries with complementary Cre–lox archi-
tecture, which we use to integrate barcodes at a designated genomic 
‘landing pad’ locus (Fig. 1b, Supplementary Information section 1).  
At each barcode addition, Cre-mediated recombination combines arm 
disruptions to inactivate an old lox site, and adds a new orthogonal lox 
site with a single arm disruption to be used for the next barcode addition 
with a complementary plasmid library (Supplementary Information 
section 1). Each plasmid also contains an inactive drug marker that  
lacks a start codon; correct integration activates this marker by combin-
ing it with a start codon in the landing pad, separated by an artificial 
intron.

This system integrates new DNA barcodes immediately downstream 
of existing barcodes. Each individual thus acquires a string of barcodes 
that encode its ancestry, which can be read by sequencing. We read four 
barcodes per 150-bp paired-end Illumina read; when the barcode locus 
exceeds this length, we exploit overlapping fragments to assemble the 
complete locus (after using high barcode diversity to correct sequenc-
ing errors) (Fig. 1c, Supplementary Information sections 1.5, 2). This 
allows us to track the frequencies of all lineages and sublineages and 
hence trace the ancestry of the entire population.

Lineage tracking in evolving populations
We used this system to evolve two diploid yeast populations founded 
from identical clonal ancestors, each labelled with about 50,000 diverse 
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Fig. 1 | Renewable barcoding system and lineage dynamics. a, Experimental 
design. Diverse DNA barcodes are introduced into an initially clonal 
population, with each barcode labelling a small lineage. Every 100 generations 
(gens), we introduce new diverse barcodes immediately adjacent to existing 
barcodes, thereby subdividing each lineage into sublineages. b, Renewable 
barcoding system. The Cre–lox system consists of three orthogonal lox sites 
(coloured triangles), each of which can be modified with two arm disruptions 
(red) that are individually tolerated but jointly inactivating (Supplementary 
Information section 1). At each barcode addition, we combine arm disruptions 
to inactivate the old lox site, while adding a new orthogonal active lox site. 
Alternating lox orientations further limit undesired recombination. Drug 
markers (Kan, kanamycin (G418) resistance; Hyg, hygromycin B resistance) 
contain an intron 3′ splice-accepting site and must correctly integrate at the 
landing pad that contains the 5′ splice donor to be functional. c, When the 
barcode locus exceeds the length of an Illumina read, we use custom priming 

sites to sequence overlapping sets of four consecutive barcodes. After 
exploiting barcode diversity to identify and correct sequencing errors, we use 
these overlaps to unambiguously reconstruct the full barcode locus 
(Supplementary Information section 2). d, Inference pipeline. Left, raw 
barcode frequencies over time (left to right; colours chosen at random). For 
legibility, we only show lineages or sublineages with a frequency that exceeds 
0.1% in at least one time point. Combined frequencies of lineages that do not 
individually reach 0.1% are shown as white space (or the colour of the parent 
when that parent exceeds a frequency of 0.1%). Middle, summary of the model 
used for identifying selected lineages (see Supplementary Information 
section 4 for details. In brief, we use the data to construct a parametric model 
for the strength of noise from genetic drift and sequencing and discard 
trajectories that are explained by noise alone, at a false discovery rate (FDR) of 
5%. We then jointly infer the fitness of all remaining lineages and group lineages 
of indistinguishable fitness into clones (right).
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Microbial
Load

Figure S2: Microbiota density over time. Top: Microbiota density estimated by microbial
DNA quantification (concentration of extracted DNA per ⇠200mg feces) for a subset of the study
timepoints, labeled using the same color scheme as in Fig. 1. Vertical lines indicate ±20% error
bars, as estimated from the precision of our sample mass measurements. These data show that
overall microbiota density was not significantly reduced at the end of antibiotic treatment. Bottom:
Absolute species abundance dynamics obtained by scaling the relative abundance measurements in
Fig. 1C by the microbiota density measurements in the top panel.
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barcodes. We maintained both populations in batch culture, with a 
1:1,024 dilution every 24 h (10 generations per day with a bottleneck 
of about 500,000 cells; an effective size (Ne) of 5 × 106). An aliquot was 
frozen daily for analysis (Supplementary Information section 1.4). 
One population was maintained in rich medium (YPD) and the other 
in rich medium with 0.3% acetic acid (YPA), which leads to intracel-
lular acidification that pilot studies have suggested leads to stronger 
selection pressures30. In studying these populations, our goal was to 
identify generic features of the evolutionary dynamics rather than 
details of differences between conditions. Our choice of environments 
maintains consistency with previous work, which indicates that these 
environments lead to rapid adaptation involving rich dynamics that 
could not be observed using earlier approaches5–8.

We re-barcoded each population every 100 generations with 
about 50,000 additional unique barcodes. This diversity was cho-
sen to ensure that barcoding does not introduce a substantial bot-
tleneck; at 10% of the daily bottleneck every 10 days, it does not 
change the scale of genetic drift or the effective population size 
(Supplementary Information section 4.4). It also ensures that we can 
detect relevant selection pressures that act on lineages once those 
lineages become large enough that their dynamics are not domi-
nated by drift (Supplementary Information section 4.4). However, 

we note that although our barcoding procedure is designed to be 
minimally perturbative, it does involve propagation and selec-
tion steps. Thus, strictly speaking we are studying evolution in a 
fluctuating environment that alternates between ‘evolution’ and 
‘barcoding’ conditions—although, as we see below, the role of these 
fluctuations is minor.

After 1,000 generations of evolution (ten 100-generation ‘epochs’), 
we sequenced the barcode locus at a depth of around 105 reads in every 
frozen time point. This yielded 110 sequenced time points per popula-
tion (11 time points per epoch at 10-generation intervals, although we 
excluded the final epoch of the YPD population owing to barcoding 
failure; see Supplementary Information section 1.4). We use this data 
to infer which lineages contain mutations that are beneficial in either 
evolution or barcoding conditions, and we exploit phylogeny to infer 
in which epoch each mutation was established (that is, within 100-gen-
eration resolution; Fig. 1d, Supplementary Information section 5). 
This allows us to group barcodes into ‘clones’, each founded by a new 
mutation. We then jointly infer the fitness effects of all mutations in 
evolution and barcoding conditions. Because we barcode frequently, 
the dynamics are determined by the average fitness across the two 
conditions (Supplementary Information section 6.2). We therefore use 
this average fitness for the analysis below (although simply neglecting 
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Fig. 2 | Inferred clonal dynamics. a, b, Muller diagrams showing dynamics of 
inferred beneficial mutations in YPD (a) and YPA (b) populations. Time is 
expressed in terms of epoch and generation (for example, 4.100 refers to 
generation 100 of epoch 4). Stars denote the establishment epoch of each new 
beneficial mutation (see Supplementary Information section 5). The opacity of 
the colours denotes the fitness of the corresponding lineage; mutant lineages 

that did not acquire additional beneficial mutations are grey. Grey bars denote 
barcoding intervals. c, d, Muller diagrams showing within-lineage dynamics in 
select lineages in the YPD (c) and YPA (d) populations. Colours are consistent 
with corresponding lineages in a and b. White space indicates periods during 
which the selected lineage was not observed.

Time (generations)0 1000

Genetic barcoding in lab yeast  
(e.g. Nguyen Ba et al 2019)

Nature | Vol 575 | 21 November 2019 | 495

but not between orthogonal types. Each site can be inactivated by two 
specific arm disruptions (one in each of the two Cre-binding regions), 
but retains high activity with only one disruption. We used this system to 
design barcoded plasmid libraries with complementary Cre–lox archi-
tecture, which we use to integrate barcodes at a designated genomic 
‘landing pad’ locus (Fig. 1b, Supplementary Information section 1).  
At each barcode addition, Cre-mediated recombination combines arm 
disruptions to inactivate an old lox site, and adds a new orthogonal lox 
site with a single arm disruption to be used for the next barcode addition 
with a complementary plasmid library (Supplementary Information 
section 1). Each plasmid also contains an inactive drug marker that  
lacks a start codon; correct integration activates this marker by combin-
ing it with a start codon in the landing pad, separated by an artificial 
intron.

This system integrates new DNA barcodes immediately downstream 
of existing barcodes. Each individual thus acquires a string of barcodes 
that encode its ancestry, which can be read by sequencing. We read four 
barcodes per 150-bp paired-end Illumina read; when the barcode locus 
exceeds this length, we exploit overlapping fragments to assemble the 
complete locus (after using high barcode diversity to correct sequenc-
ing errors) (Fig. 1c, Supplementary Information sections 1.5, 2). This 
allows us to track the frequencies of all lineages and sublineages and 
hence trace the ancestry of the entire population.

Lineage tracking in evolving populations
We used this system to evolve two diploid yeast populations founded 
from identical clonal ancestors, each labelled with about 50,000 diverse 
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Fig. 1 | Renewable barcoding system and lineage dynamics. a, Experimental 
design. Diverse DNA barcodes are introduced into an initially clonal 
population, with each barcode labelling a small lineage. Every 100 generations 
(gens), we introduce new diverse barcodes immediately adjacent to existing 
barcodes, thereby subdividing each lineage into sublineages. b, Renewable 
barcoding system. The Cre–lox system consists of three orthogonal lox sites 
(coloured triangles), each of which can be modified with two arm disruptions 
(red) that are individually tolerated but jointly inactivating (Supplementary 
Information section 1). At each barcode addition, we combine arm disruptions 
to inactivate the old lox site, while adding a new orthogonal active lox site. 
Alternating lox orientations further limit undesired recombination. Drug 
markers (Kan, kanamycin (G418) resistance; Hyg, hygromycin B resistance) 
contain an intron 3′ splice-accepting site and must correctly integrate at the 
landing pad that contains the 5′ splice donor to be functional. c, When the 
barcode locus exceeds the length of an Illumina read, we use custom priming 

sites to sequence overlapping sets of four consecutive barcodes. After 
exploiting barcode diversity to identify and correct sequencing errors, we use 
these overlaps to unambiguously reconstruct the full barcode locus 
(Supplementary Information section 2). d, Inference pipeline. Left, raw 
barcode frequencies over time (left to right; colours chosen at random). For 
legibility, we only show lineages or sublineages with a frequency that exceeds 
0.1% in at least one time point. Combined frequencies of lineages that do not 
individually reach 0.1% are shown as white space (or the colour of the parent 
when that parent exceeds a frequency of 0.1%). Middle, summary of the model 
used for identifying selected lineages (see Supplementary Information 
section 4 for details. In brief, we use the data to construct a parametric model 
for the strength of noise from genetic drift and sequencing and discard 
trajectories that are explained by noise alone, at a false discovery rate (FDR) of 
5%. We then jointly infer the fitness of all remaining lineages and group lineages 
of indistinguishable fitness into clones (right).

vs
10

   
iso

ge
ni

c 
lin

ea
ge

s
6

Fitness measurements  
of ~1000 ben. mut’ns 
in a single population 



High-resolution lineage tracking w/ genome-wide TnSeq libraries

principle mirror the abundance of each mutant in the population.
Putting this population under potentially selective conditions
(e.g., colonization of the intestines of gnotobiotic mice) could
then be used to highlight mutants that change in relative abun-
dance, and thereby identify genes and pathways critical for
fitness under these conditions (Figure 1A).

Using this insertion-sequencing (INSeq) approach, we sub-
jected a mutagenized population of the prominent human gut
symbiont, Bacteroides thetaiotaomicron, to varying selective
pressures: in vitro growth in continuous flow chemostats, mono-
association of wild-type and knockout germ-free mice lacking
major branches of their innate or acquired immune systems,
and as one component of several defined in vivo communities
of human gut-derived microbes. The results provide evidence
that human gut symbionts, like their pathogenic counterparts,
possess dedicated mechanisms critical for interaction with their
host and each other. The relative importance of these mecha-
nisms is not static but instead is shaped by other members of
the microbiota. As a strategy for functional characterization of
newly sequenced genomes in general, and of the human gut
microbiome in particular, INSeq extends existing techniques in
several important aspects.

RESULTS

We constructed pSAM, a sequencing-adapted mariner trans-
poson delivery vector with three major features: an antibiotic
resistance cassette flanked by MmeI-modified mariner IRs,
a multiple cloning site immediately upstream of the himar1C9
mariner transposase (Lampe et al., 1999), and machinery for
replication in the donor strain and transfer by conjugation (see
Figures S1A–S1C available online). B. thetaiotaomicron was
chosen as the recipient species to test this approach for several
reasons (Figure S2A). First, it is highly adapted to life in the distal

human gut (Zocco et al., 2007). A prominent member of the
gut microbiota, this mutualist is richly endowed with a broad
arsenal of genes encoding glycoside hydrolases and polysac-
charide lyases not represented in the human genome (Xu et al.,
2003). These genes are incorporated together with genes
encoding nutrient sensors and carbohydrate transporters into
88 polysaccharide utilization loci (PULs) representing 18% of
the organism’s genome (Martens et al., 2008). Thus equipped,
B. thetaiotaomicron functions as a flexible forager of otherwise
indigestible dietary glycans, as well as host glycans when
dietary polysaccharides are not available (Martens et al., 2008).
Second, >200 GeneChip data sets of B. thetaiotaomicron’s
transcriptome have been collected during growth in vitro under
a variety of conditions, after monocolonization of germ-free
mice fed different diets, as well as after cocolonization with
another human gut bacterial or archaeal species (NCBI GEO
archive). Third, functional genomic studies conducted in gnoto-
biotic mice have shown that monoassociation with B. thetaiotao-
micron can recapitulate a number of host responses evoked
by a complete mouse gut microbiota. Fourth, a limited number
of in vivo competition experiments conducted in gnotobiotic
mice colonized with isogenic wild-type and mutant B. thetaiotao-
micron have identified a few fitness determinants that could
serve as reference controls for the present study (Peterson
et al., 2007).

Construction and Characterization of a Transposon
Mutant Population by INSeq
We found that transfer of the MmeI-modified mariner transposon
into the genome of B. thetaiotaomicron occurs with high effi-
ciency (Figure S2). To identify the site of transposon insertion
and the relative abundance of each mutant in an otherwise
isogenic population, we developed a straightforward procedure
to extract the two 16 bp genomic sequences adjacent to each

Figure 1. Mapping and Quantifying Tens of
Thousands of Transposon Insertion Strains
by High-Throughput INSeq
(A) A negative selection scheme for identification

of genes required for colonization in vivo. Mutants

in genes important for competitive growth (red) are

expected to decrease in relative abundance in the

output population.

(B) Preparation of an INSeq library. Genomic DNA

is extracted from the mutagenized bacterial

population, digested with MmeI, and separated

by polyacrylamide gel electrophoresis (PAGE).

Transposon-sized fragments are appended with

double-stranded oligonucleotide adapters by liga-

tion. Limited cycles of PCR create the final library

molecules for sequencing.

(C) Map of insertion sites in the B. thetaiotaomi-

cron genome. An arrow marks the origin of

replication.

(D) Reproducibility of library preparation and

sequencing protocols. Technical replicates were

prepared and sequenced from a single transposon

mutant population. Each point represents the

abundance of insertions in a single gene; the

coefficient of determination, R2, on log-trans-

formed abundance values is 0.92.
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principle mirror the abundance of each mutant in the population.
Putting this population under potentially selective conditions
(e.g., colonization of the intestines of gnotobiotic mice) could
then be used to highlight mutants that change in relative abun-
dance, and thereby identify genes and pathways critical for
fitness under these conditions (Figure 1A).

Using this insertion-sequencing (INSeq) approach, we sub-
jected a mutagenized population of the prominent human gut
symbiont, Bacteroides thetaiotaomicron, to varying selective
pressures: in vitro growth in continuous flow chemostats, mono-
association of wild-type and knockout germ-free mice lacking
major branches of their innate or acquired immune systems,
and as one component of several defined in vivo communities
of human gut-derived microbes. The results provide evidence
that human gut symbionts, like their pathogenic counterparts,
possess dedicated mechanisms critical for interaction with their
host and each other. The relative importance of these mecha-
nisms is not static but instead is shaped by other members of
the microbiota. As a strategy for functional characterization of
newly sequenced genomes in general, and of the human gut
microbiome in particular, INSeq extends existing techniques in
several important aspects.

RESULTS

We constructed pSAM, a sequencing-adapted mariner trans-
poson delivery vector with three major features: an antibiotic
resistance cassette flanked by MmeI-modified mariner IRs,
a multiple cloning site immediately upstream of the himar1C9
mariner transposase (Lampe et al., 1999), and machinery for
replication in the donor strain and transfer by conjugation (see
Figures S1A–S1C available online). B. thetaiotaomicron was
chosen as the recipient species to test this approach for several
reasons (Figure S2A). First, it is highly adapted to life in the distal

human gut (Zocco et al., 2007). A prominent member of the
gut microbiota, this mutualist is richly endowed with a broad
arsenal of genes encoding glycoside hydrolases and polysac-
charide lyases not represented in the human genome (Xu et al.,
2003). These genes are incorporated together with genes
encoding nutrient sensors and carbohydrate transporters into
88 polysaccharide utilization loci (PULs) representing 18% of
the organism’s genome (Martens et al., 2008). Thus equipped,
B. thetaiotaomicron functions as a flexible forager of otherwise
indigestible dietary glycans, as well as host glycans when
dietary polysaccharides are not available (Martens et al., 2008).
Second, >200 GeneChip data sets of B. thetaiotaomicron’s
transcriptome have been collected during growth in vitro under
a variety of conditions, after monocolonization of germ-free
mice fed different diets, as well as after cocolonization with
another human gut bacterial or archaeal species (NCBI GEO
archive). Third, functional genomic studies conducted in gnoto-
biotic mice have shown that monoassociation with B. thetaiotao-
micron can recapitulate a number of host responses evoked
by a complete mouse gut microbiota. Fourth, a limited number
of in vivo competition experiments conducted in gnotobiotic
mice colonized with isogenic wild-type and mutant B. thetaiotao-
micron have identified a few fitness determinants that could
serve as reference controls for the present study (Peterson
et al., 2007).

Construction and Characterization of a Transposon
Mutant Population by INSeq
We found that transfer of the MmeI-modified mariner transposon
into the genome of B. thetaiotaomicron occurs with high effi-
ciency (Figure S2). To identify the site of transposon insertion
and the relative abundance of each mutant in an otherwise
isogenic population, we developed a straightforward procedure
to extract the two 16 bp genomic sequences adjacent to each
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principle mirror the abundance of each mutant in the population.
Putting this population under potentially selective conditions
(e.g., colonization of the intestines of gnotobiotic mice) could
then be used to highlight mutants that change in relative abun-
dance, and thereby identify genes and pathways critical for
fitness under these conditions (Figure 1A).

Using this insertion-sequencing (INSeq) approach, we sub-
jected a mutagenized population of the prominent human gut
symbiont, Bacteroides thetaiotaomicron, to varying selective
pressures: in vitro growth in continuous flow chemostats, mono-
association of wild-type and knockout germ-free mice lacking
major branches of their innate or acquired immune systems,
and as one component of several defined in vivo communities
of human gut-derived microbes. The results provide evidence
that human gut symbionts, like their pathogenic counterparts,
possess dedicated mechanisms critical for interaction with their
host and each other. The relative importance of these mecha-
nisms is not static but instead is shaped by other members of
the microbiota. As a strategy for functional characterization of
newly sequenced genomes in general, and of the human gut
microbiome in particular, INSeq extends existing techniques in
several important aspects.

RESULTS

We constructed pSAM, a sequencing-adapted mariner trans-
poson delivery vector with three major features: an antibiotic
resistance cassette flanked by MmeI-modified mariner IRs,
a multiple cloning site immediately upstream of the himar1C9
mariner transposase (Lampe et al., 1999), and machinery for
replication in the donor strain and transfer by conjugation (see
Figures S1A–S1C available online). B. thetaiotaomicron was
chosen as the recipient species to test this approach for several
reasons (Figure S2A). First, it is highly adapted to life in the distal

human gut (Zocco et al., 2007). A prominent member of the
gut microbiota, this mutualist is richly endowed with a broad
arsenal of genes encoding glycoside hydrolases and polysac-
charide lyases not represented in the human genome (Xu et al.,
2003). These genes are incorporated together with genes
encoding nutrient sensors and carbohydrate transporters into
88 polysaccharide utilization loci (PULs) representing 18% of
the organism’s genome (Martens et al., 2008). Thus equipped,
B. thetaiotaomicron functions as a flexible forager of otherwise
indigestible dietary glycans, as well as host glycans when
dietary polysaccharides are not available (Martens et al., 2008).
Second, >200 GeneChip data sets of B. thetaiotaomicron’s
transcriptome have been collected during growth in vitro under
a variety of conditions, after monocolonization of germ-free
mice fed different diets, as well as after cocolonization with
another human gut bacterial or archaeal species (NCBI GEO
archive). Third, functional genomic studies conducted in gnoto-
biotic mice have shown that monoassociation with B. thetaiotao-
micron can recapitulate a number of host responses evoked
by a complete mouse gut microbiota. Fourth, a limited number
of in vivo competition experiments conducted in gnotobiotic
mice colonized with isogenic wild-type and mutant B. thetaiotao-
micron have identified a few fitness determinants that could
serve as reference controls for the present study (Peterson
et al., 2007).

Construction and Characterization of a Transposon
Mutant Population by INSeq
We found that transfer of the MmeI-modified mariner transposon
into the genome of B. thetaiotaomicron occurs with high effi-
ciency (Figure S2). To identify the site of transposon insertion
and the relative abundance of each mutant in an otherwise
isogenic population, we developed a straightforward procedure
to extract the two 16 bp genomic sequences adjacent to each
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principle mirror the abundance of each mutant in the population.
Putting this population under potentially selective conditions
(e.g., colonization of the intestines of gnotobiotic mice) could
then be used to highlight mutants that change in relative abun-
dance, and thereby identify genes and pathways critical for
fitness under these conditions (Figure 1A).

Using this insertion-sequencing (INSeq) approach, we sub-
jected a mutagenized population of the prominent human gut
symbiont, Bacteroides thetaiotaomicron, to varying selective
pressures: in vitro growth in continuous flow chemostats, mono-
association of wild-type and knockout germ-free mice lacking
major branches of their innate or acquired immune systems,
and as one component of several defined in vivo communities
of human gut-derived microbes. The results provide evidence
that human gut symbionts, like their pathogenic counterparts,
possess dedicated mechanisms critical for interaction with their
host and each other. The relative importance of these mecha-
nisms is not static but instead is shaped by other members of
the microbiota. As a strategy for functional characterization of
newly sequenced genomes in general, and of the human gut
microbiome in particular, INSeq extends existing techniques in
several important aspects.

RESULTS

We constructed pSAM, a sequencing-adapted mariner trans-
poson delivery vector with three major features: an antibiotic
resistance cassette flanked by MmeI-modified mariner IRs,
a multiple cloning site immediately upstream of the himar1C9
mariner transposase (Lampe et al., 1999), and machinery for
replication in the donor strain and transfer by conjugation (see
Figures S1A–S1C available online). B. thetaiotaomicron was
chosen as the recipient species to test this approach for several
reasons (Figure S2A). First, it is highly adapted to life in the distal

human gut (Zocco et al., 2007). A prominent member of the
gut microbiota, this mutualist is richly endowed with a broad
arsenal of genes encoding glycoside hydrolases and polysac-
charide lyases not represented in the human genome (Xu et al.,
2003). These genes are incorporated together with genes
encoding nutrient sensors and carbohydrate transporters into
88 polysaccharide utilization loci (PULs) representing 18% of
the organism’s genome (Martens et al., 2008). Thus equipped,
B. thetaiotaomicron functions as a flexible forager of otherwise
indigestible dietary glycans, as well as host glycans when
dietary polysaccharides are not available (Martens et al., 2008).
Second, >200 GeneChip data sets of B. thetaiotaomicron’s
transcriptome have been collected during growth in vitro under
a variety of conditions, after monocolonization of germ-free
mice fed different diets, as well as after cocolonization with
another human gut bacterial or archaeal species (NCBI GEO
archive). Third, functional genomic studies conducted in gnoto-
biotic mice have shown that monoassociation with B. thetaiotao-
micron can recapitulate a number of host responses evoked
by a complete mouse gut microbiota. Fourth, a limited number
of in vivo competition experiments conducted in gnotobiotic
mice colonized with isogenic wild-type and mutant B. thetaiotao-
micron have identified a few fitness determinants that could
serve as reference controls for the present study (Peterson
et al., 2007).

Construction and Characterization of a Transposon
Mutant Population by INSeq
We found that transfer of the MmeI-modified mariner transposon
into the genome of B. thetaiotaomicron occurs with high effi-
ciency (Figure S2). To identify the site of transposon insertion
and the relative abundance of each mutant in an otherwise
isogenic population, we developed a straightforward procedure
to extract the two 16 bp genomic sequences adjacent to each

Figure 1. Mapping and Quantifying Tens of
Thousands of Transposon Insertion Strains
by High-Throughput INSeq
(A) A negative selection scheme for identification

of genes required for colonization in vivo. Mutants

in genes important for competitive growth (red) are

expected to decrease in relative abundance in the

output population.

(B) Preparation of an INSeq library. Genomic DNA

is extracted from the mutagenized bacterial

population, digested with MmeI, and separated

by polyacrylamide gel electrophoresis (PAGE).

Transposon-sized fragments are appended with

double-stranded oligonucleotide adapters by liga-

tion. Limited cycles of PCR create the final library

molecules for sequencing.

(C) Map of insertion sites in the B. thetaiotaomi-

cron genome. An arrow marks the origin of

replication.

(D) Reproducibility of library preparation and

sequencing protocols. Technical replicates were

prepared and sequenced from a single transposon

mutant population. Each point represents the

abundance of insertions in a single gene; the

coefficient of determination, R2, on log-trans-

formed abundance values is 0.92.
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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principle mirror the abundance of each mutant in the population.
Putting this population under potentially selective conditions
(e.g., colonization of the intestines of gnotobiotic mice) could
then be used to highlight mutants that change in relative abun-
dance, and thereby identify genes and pathways critical for
fitness under these conditions (Figure 1A).

Using this insertion-sequencing (INSeq) approach, we sub-
jected a mutagenized population of the prominent human gut
symbiont, Bacteroides thetaiotaomicron, to varying selective
pressures: in vitro growth in continuous flow chemostats, mono-
association of wild-type and knockout germ-free mice lacking
major branches of their innate or acquired immune systems,
and as one component of several defined in vivo communities
of human gut-derived microbes. The results provide evidence
that human gut symbionts, like their pathogenic counterparts,
possess dedicated mechanisms critical for interaction with their
host and each other. The relative importance of these mecha-
nisms is not static but instead is shaped by other members of
the microbiota. As a strategy for functional characterization of
newly sequenced genomes in general, and of the human gut
microbiome in particular, INSeq extends existing techniques in
several important aspects.

RESULTS

We constructed pSAM, a sequencing-adapted mariner trans-
poson delivery vector with three major features: an antibiotic
resistance cassette flanked by MmeI-modified mariner IRs,
a multiple cloning site immediately upstream of the himar1C9
mariner transposase (Lampe et al., 1999), and machinery for
replication in the donor strain and transfer by conjugation (see
Figures S1A–S1C available online). B. thetaiotaomicron was
chosen as the recipient species to test this approach for several
reasons (Figure S2A). First, it is highly adapted to life in the distal

human gut (Zocco et al., 2007). A prominent member of the
gut microbiota, this mutualist is richly endowed with a broad
arsenal of genes encoding glycoside hydrolases and polysac-
charide lyases not represented in the human genome (Xu et al.,
2003). These genes are incorporated together with genes
encoding nutrient sensors and carbohydrate transporters into
88 polysaccharide utilization loci (PULs) representing 18% of
the organism’s genome (Martens et al., 2008). Thus equipped,
B. thetaiotaomicron functions as a flexible forager of otherwise
indigestible dietary glycans, as well as host glycans when
dietary polysaccharides are not available (Martens et al., 2008).
Second, >200 GeneChip data sets of B. thetaiotaomicron’s
transcriptome have been collected during growth in vitro under
a variety of conditions, after monocolonization of germ-free
mice fed different diets, as well as after cocolonization with
another human gut bacterial or archaeal species (NCBI GEO
archive). Third, functional genomic studies conducted in gnoto-
biotic mice have shown that monoassociation with B. thetaiotao-
micron can recapitulate a number of host responses evoked
by a complete mouse gut microbiota. Fourth, a limited number
of in vivo competition experiments conducted in gnotobiotic
mice colonized with isogenic wild-type and mutant B. thetaiotao-
micron have identified a few fitness determinants that could
serve as reference controls for the present study (Peterson
et al., 2007).

Construction and Characterization of a Transposon
Mutant Population by INSeq
We found that transfer of the MmeI-modified mariner transposon
into the genome of B. thetaiotaomicron occurs with high effi-
ciency (Figure S2). To identify the site of transposon insertion
and the relative abundance of each mutant in an otherwise
isogenic population, we developed a straightforward procedure
to extract the two 16 bp genomic sequences adjacent to each

Figure 1. Mapping and Quantifying Tens of
Thousands of Transposon Insertion Strains
by High-Throughput INSeq
(A) A negative selection scheme for identification

of genes required for colonization in vivo. Mutants

in genes important for competitive growth (red) are

expected to decrease in relative abundance in the

output population.

(B) Preparation of an INSeq library. Genomic DNA

is extracted from the mutagenized bacterial

population, digested with MmeI, and separated

by polyacrylamide gel electrophoresis (PAGE).

Transposon-sized fragments are appended with

double-stranded oligonucleotide adapters by liga-

tion. Limited cycles of PCR create the final library

molecules for sequencing.

(C) Map of insertion sites in the B. thetaiotaomi-

cron genome. An arrow marks the origin of

replication.

(D) Reproducibility of library preparation and

sequencing protocols. Technical replicates were

prepared and sequenced from a single transposon

mutant population. Each point represents the

abundance of insertions in a single gene; the

coefficient of determination, R2, on log-trans-

formed abundance values is 0.92.
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dance, and thereby identify genes and pathways critical for
fitness under these conditions (Figure 1A).
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charide lyases not represented in the human genome (Xu et al.,
2003). These genes are incorporated together with genes
encoding nutrient sensors and carbohydrate transporters into
88 polysaccharide utilization loci (PULs) representing 18% of
the organism’s genome (Martens et al., 2008). Thus equipped,
B. thetaiotaomicron functions as a flexible forager of otherwise
indigestible dietary glycans, as well as host glycans when
dietary polysaccharides are not available (Martens et al., 2008).
Second, >200 GeneChip data sets of B. thetaiotaomicron’s
transcriptome have been collected during growth in vitro under
a variety of conditions, after monocolonization of germ-free
mice fed different diets, as well as after cocolonization with
another human gut bacterial or archaeal species (NCBI GEO
archive). Third, functional genomic studies conducted in gnoto-
biotic mice have shown that monoassociation with B. thetaiotao-
micron can recapitulate a number of host responses evoked
by a complete mouse gut microbiota. Fourth, a limited number
of in vivo competition experiments conducted in gnotobiotic
mice colonized with isogenic wild-type and mutant B. thetaiotao-
micron have identified a few fitness determinants that could
serve as reference controls for the present study (Peterson
et al., 2007).

Construction and Characterization of a Transposon
Mutant Population by INSeq
We found that transfer of the MmeI-modified mariner transposon
into the genome of B. thetaiotaomicron occurs with high effi-
ciency (Figure S2). To identify the site of transposon insertion
and the relative abundance of each mutant in an otherwise
isogenic population, we developed a straightforward procedure
to extract the two 16 bp genomic sequences adjacent to each
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principle mirror the abundance of each mutant in the population.
Putting this population under potentially selective conditions
(e.g., colonization of the intestines of gnotobiotic mice) could
then be used to highlight mutants that change in relative abun-
dance, and thereby identify genes and pathways critical for
fitness under these conditions (Figure 1A).
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jected a mutagenized population of the prominent human gut
symbiont, Bacteroides thetaiotaomicron, to varying selective
pressures: in vitro growth in continuous flow chemostats, mono-
association of wild-type and knockout germ-free mice lacking
major branches of their innate or acquired immune systems,
and as one component of several defined in vivo communities
of human gut-derived microbes. The results provide evidence
that human gut symbionts, like their pathogenic counterparts,
possess dedicated mechanisms critical for interaction with their
host and each other. The relative importance of these mecha-
nisms is not static but instead is shaped by other members of
the microbiota. As a strategy for functional characterization of
newly sequenced genomes in general, and of the human gut
microbiome in particular, INSeq extends existing techniques in
several important aspects.

RESULTS

We constructed pSAM, a sequencing-adapted mariner trans-
poson delivery vector with three major features: an antibiotic
resistance cassette flanked by MmeI-modified mariner IRs,
a multiple cloning site immediately upstream of the himar1C9
mariner transposase (Lampe et al., 1999), and machinery for
replication in the donor strain and transfer by conjugation (see
Figures S1A–S1C available online). B. thetaiotaomicron was
chosen as the recipient species to test this approach for several
reasons (Figure S2A). First, it is highly adapted to life in the distal

human gut (Zocco et al., 2007). A prominent member of the
gut microbiota, this mutualist is richly endowed with a broad
arsenal of genes encoding glycoside hydrolases and polysac-
charide lyases not represented in the human genome (Xu et al.,
2003). These genes are incorporated together with genes
encoding nutrient sensors and carbohydrate transporters into
88 polysaccharide utilization loci (PULs) representing 18% of
the organism’s genome (Martens et al., 2008). Thus equipped,
B. thetaiotaomicron functions as a flexible forager of otherwise
indigestible dietary glycans, as well as host glycans when
dietary polysaccharides are not available (Martens et al., 2008).
Second, >200 GeneChip data sets of B. thetaiotaomicron’s
transcriptome have been collected during growth in vitro under
a variety of conditions, after monocolonization of germ-free
mice fed different diets, as well as after cocolonization with
another human gut bacterial or archaeal species (NCBI GEO
archive). Third, functional genomic studies conducted in gnoto-
biotic mice have shown that monoassociation with B. thetaiotao-
micron can recapitulate a number of host responses evoked
by a complete mouse gut microbiota. Fourth, a limited number
of in vivo competition experiments conducted in gnotobiotic
mice colonized with isogenic wild-type and mutant B. thetaiotao-
micron have identified a few fitness determinants that could
serve as reference controls for the present study (Peterson
et al., 2007).

Construction and Characterization of a Transposon
Mutant Population by INSeq
We found that transfer of the MmeI-modified mariner transposon
into the genome of B. thetaiotaomicron occurs with high effi-
ciency (Figure S2). To identify the site of transposon insertion
and the relative abundance of each mutant in an otherwise
isogenic population, we developed a straightforward procedure
to extract the two 16 bp genomic sequences adjacent to each
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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principle mirror the abundance of each mutant in the population.
Putting this population under potentially selective conditions
(e.g., colonization of the intestines of gnotobiotic mice) could
then be used to highlight mutants that change in relative abun-
dance, and thereby identify genes and pathways critical for
fitness under these conditions (Figure 1A).

Using this insertion-sequencing (INSeq) approach, we sub-
jected a mutagenized population of the prominent human gut
symbiont, Bacteroides thetaiotaomicron, to varying selective
pressures: in vitro growth in continuous flow chemostats, mono-
association of wild-type and knockout germ-free mice lacking
major branches of their innate or acquired immune systems,
and as one component of several defined in vivo communities
of human gut-derived microbes. The results provide evidence
that human gut symbionts, like their pathogenic counterparts,
possess dedicated mechanisms critical for interaction with their
host and each other. The relative importance of these mecha-
nisms is not static but instead is shaped by other members of
the microbiota. As a strategy for functional characterization of
newly sequenced genomes in general, and of the human gut
microbiome in particular, INSeq extends existing techniques in
several important aspects.

RESULTS

We constructed pSAM, a sequencing-adapted mariner trans-
poson delivery vector with three major features: an antibiotic
resistance cassette flanked by MmeI-modified mariner IRs,
a multiple cloning site immediately upstream of the himar1C9
mariner transposase (Lampe et al., 1999), and machinery for
replication in the donor strain and transfer by conjugation (see
Figures S1A–S1C available online). B. thetaiotaomicron was
chosen as the recipient species to test this approach for several
reasons (Figure S2A). First, it is highly adapted to life in the distal

human gut (Zocco et al., 2007). A prominent member of the
gut microbiota, this mutualist is richly endowed with a broad
arsenal of genes encoding glycoside hydrolases and polysac-
charide lyases not represented in the human genome (Xu et al.,
2003). These genes are incorporated together with genes
encoding nutrient sensors and carbohydrate transporters into
88 polysaccharide utilization loci (PULs) representing 18% of
the organism’s genome (Martens et al., 2008). Thus equipped,
B. thetaiotaomicron functions as a flexible forager of otherwise
indigestible dietary glycans, as well as host glycans when
dietary polysaccharides are not available (Martens et al., 2008).
Second, >200 GeneChip data sets of B. thetaiotaomicron’s
transcriptome have been collected during growth in vitro under
a variety of conditions, after monocolonization of germ-free
mice fed different diets, as well as after cocolonization with
another human gut bacterial or archaeal species (NCBI GEO
archive). Third, functional genomic studies conducted in gnoto-
biotic mice have shown that monoassociation with B. thetaiotao-
micron can recapitulate a number of host responses evoked
by a complete mouse gut microbiota. Fourth, a limited number
of in vivo competition experiments conducted in gnotobiotic
mice colonized with isogenic wild-type and mutant B. thetaiotao-
micron have identified a few fitness determinants that could
serve as reference controls for the present study (Peterson
et al., 2007).

Construction and Characterization of a Transposon
Mutant Population by INSeq
We found that transfer of the MmeI-modified mariner transposon
into the genome of B. thetaiotaomicron occurs with high effi-
ciency (Figure S2). To identify the site of transposon insertion
and the relative abundance of each mutant in an otherwise
isogenic population, we developed a straightforward procedure
to extract the two 16 bp genomic sequences adjacent to each

Figure 1. Mapping and Quantifying Tens of
Thousands of Transposon Insertion Strains
by High-Throughput INSeq
(A) A negative selection scheme for identification

of genes required for colonization in vivo. Mutants

in genes important for competitive growth (red) are

expected to decrease in relative abundance in the

output population.

(B) Preparation of an INSeq library. Genomic DNA

is extracted from the mutagenized bacterial

population, digested with MmeI, and separated

by polyacrylamide gel electrophoresis (PAGE).

Transposon-sized fragments are appended with

double-stranded oligonucleotide adapters by liga-

tion. Limited cycles of PCR create the final library

molecules for sequencing.

(C) Map of insertion sites in the B. thetaiotaomi-

cron genome. An arrow marks the origin of

replication.

(D) Reproducibility of library preparation and

sequencing protocols. Technical replicates were

prepared and sequenced from a single transposon

mutant population. Each point represents the

abundance of insertions in a single gene; the

coefficient of determination, R2, on log-trans-

formed abundance values is 0.92.
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).

3

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2022. ; https://doi.org/10.1101/2022.05.13.491573doi: bioRxiv preprint 

Mouse 1 Mouse 2

Mouse 3 Mouse 4

HF diet
LF diet

0 Time (days) 16

Mouse 1 Mouse 2

Mouse 3 Mouse 4

Mouse 1 Mouse 2

Mouse 3 Mouse 4

Mouse 1 Mouse 2

Mouse 3 Mouse 4

Input

Day 4

10

16

TnSeq Data: Wu et al (2015)

0 Time (days) 160 Time (days) 160 Time (days) 16

Species 1  
Bt-7330Species 2 (Bo)

Species 3  
Bt-VPISpecies 4 (Bc)

16 replicate mice  
(different diets)

Input: 4 Bacteroides libraries  
+ 11 wildtype commensals 

After pruning these genes…  
     >400k trackable lineages

Re
la

tiv
e 

fre
qu

en
cy

Wu et al: ~10-20% of genes  
important in at least one diet



Fine-scale lineage dynamics reveal rapid adaptation in vivo
12

Fr
ac

tio
n 

of
 li

ne
ag

es

Lineage counts

Competition 
vs. adaptive 

minority

Genetic drift 
& sequencing 

noise

Day 4 Day 0 f

Ti
m

ep
oi

nt
s 

(d
ay

s)

Replicate mice
HF/HS LF/HPP LHL HLH

4

10

16

0

a

Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).

3

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2022. ; https://doi.org/10.1101/2022.05.13.491573doi: bioRxiv preprint 

Mouse 1 Mouse 2

Mouse 3 Mouse 4

HF diet
LF diet

0 Time (days) 16

Mouse 1 Mouse 2

Mouse 3 Mouse 4

Mouse 1 Mouse 2

Mouse 3 Mouse 4

Mouse 1 Mouse 2

Mouse 3 Mouse 4

Input

Day 4

10

16

TnSeq Data: Wu et al (2015)

0 Time (days) 160 Time (days) 160 Time (days) 16

Species 1  
Bt-7330Species 2 (Bo)

Species 3  
Bt-VPISpecies 4 (Bc)

16 replicate mice  
(different diets)

Rates of adaptation vary across species



Fine-scale lineage dynamics reveal rapid adaptation in vivo
12

Fr
ac

tio
n 

of
 li

ne
ag

es

Lineage counts

Competition 
vs. adaptive 

minority

Genetic drift 
& sequencing 

noise

Day 4 Day 0 f

Ti
m

ep
oi

nt
s 

(d
ay

s)

Replicate mice
HF/HS LF/HPP LHL HLH

4

10

16

0

a

Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).

3

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2022. ; https://doi.org/10.1101/2022.05.13.491573doi: bioRxiv preprint 

Mouse 1 Mouse 2

Mouse 3 Mouse 4

HF diet
LF diet

0 Time (days) 16

Mouse 1 Mouse 2

Mouse 3 Mouse 4

Mouse 1 Mouse 2

Mouse 3 Mouse 4

Mouse 1 Mouse 2

Mouse 3 Mouse 4

Input

Day 4

10

16

TnSeq Data: Wu et al (2015)

0 Time (days) 160 Time (days) 160 Time (days) 16

Species 1  
Bt-7330Species 2 (Bo)

Species 3  
Bt-VPISpecies 4 (Bc)

16 replicate mice  
(different diets)

12

Fr
ac

tio
n 

of
 li

ne
ag

es

Lineage counts

Competition 
vs. adaptive 

minority

Genetic drift 
& sequencing 

noise

Day 4 Day 0 f

Ti
m

ep
oi

nt
s 

(d
ay

s)

Replicate mice
HF/HS LF/HPP LHL HLH

4

10

16

0

a

Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.

5

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2022. ; https://doi.org/10.1101/2022.05.13.491573doi: bioRxiv preprint 

Co
un

ts
 (d

ay
 4

, m
ou

se
 2

)

0

20

40

60

80

Counts (day 4, mouse 1)
20 40 600 80

12

Frac
tion o

f line
ages

Lineage counts

Competition 
vs. adaptive 

minority

Genetic drift 
& sequencing 

noise

Day 4 Day 0 f

Time
point

s (da
ys)

Replicate mice
HF/HS LF/HPP LHL HLH

4

10

16

0

a

Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Fine-scale lineage dynamics reveal rapid adaptation in vivo
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Cross-validation reveals 1000’s of strongly adaptive lineages
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Cross-validation reveals 1000’s of strongly adaptive lineages
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Cross-validation reveals 1000’s of strongly adaptive lineages
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Cross-validation reveals 1000’s of strongly adaptive lineages
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Cross-validation reveals 1000’s of strongly adaptive lineages
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Cross-validation reveals 1000’s of strongly adaptive lineages
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Cross-validation reveals 1000’s of strongly adaptive lineages
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Figure S6: Full rank-order curves and distribution of relative fitnesses in the HF/HS and LF/HPP

diets. For the HF/HS diet, 5 mice were used for discovery and 4 mice were used for validation, while
in the LF/HPP diet, 4 mice were used for discovery and 3 were used for validation. Note that different
sets (and numbers) of lineages pass the filtering steps in each diet (SI Section 4) .
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Cross-validation reveals 1000’s of strongly adaptive lineages
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Figure S6: Full rank-order curves and distribution of relative fitnesses in the HF/HS and LF/HPP

diets. For the HF/HS diet, 5 mice were used for discovery and 4 mice were used for validation, while
in the LF/HPP diet, 4 mice were used for discovery and 3 were used for validation. Note that different
sets (and numbers) of lineages pass the filtering steps in each diet (SI Section 4) .
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Cross-validation reveals 1000’s of strongly adaptive lineages
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Figure S6: Full rank-order curves and distribution of relative fitnesses in the HF/HS and LF/HPP

diets. For the HF/HS diet, 5 mice were used for discovery and 4 mice were used for validation, while
in the LF/HPP diet, 4 mice were used for discovery and 3 were used for validation. Note that different
sets (and numbers) of lineages pass the filtering steps in each diet (SI Section 4) .
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Cross-validation reveals 1000’s of strongly adaptive lineages
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Figure S6: Full rank-order curves and distribution of relative fitnesses in the HF/HS and LF/HPP

diets. For the HF/HS diet, 5 mice were used for discovery and 4 mice were used for validation, while
in the LF/HPP diet, 4 mice were used for discovery and 3 were used for validation. Note that different
sets (and numbers) of lineages pass the filtering steps in each diet (SI Section 4) .
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Cross-validation reveals 1000’s of strongly adaptive lineages
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Figure S6: Full rank-order curves and distribution of relative fitnesses in the HF/HS and LF/HPP

diets. For the HF/HS diet, 5 mice were used for discovery and 4 mice were used for validation, while
in the LF/HPP diet, 4 mice were used for discovery and 3 were used for validation. Note that different
sets (and numbers) of lineages pass the filtering steps in each diet (SI Section 4) .
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Figure 2: Positive selection on thousands of lineages that are unrelated to their original gene

knockouts. (a) Joint distribution of day 4 read counts for a subset of Bc lineages in two representative
mice. Lineages were chosen to have similar initial frequencies in the input library (grey regions). (b)
Schematic of cross-validation approach for detecting adaptive lineages. (c,f) Relative fitness in the
validation mice for the fittest 20,000 lineages in the discovery cohort in Bc (c) and Bt-VPI (f). Symbols
denote individual Tn lineages, while lines denote running averages of 100 lineages (blue) or their
corresponding gene complements (purple) (SI Section 4). Triangles indicate the 10 largest lineages in
the HF/HS mice on day 16. (d, g) Relative fitness of putatively adaptive lineages vs their corresponding
gene complement. (e, h) Putatively adaptive lineages continue to expand over time. Colored lines show
the total frequency of ranks 1-1,000, 1,000-10,000, and 10,000-20,000 (light blue to dark blue), as well
as the remaining lineages (black) in different mice.
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Pleiotropic fitness tradeoffs across time and between diets
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 3: Selection pressures shift over time to reveal diet-dependent fitness tradeoffs. (a-c)
Joint distribution of relative fitnesses in (a) HF/HS vs LF/HPP diets over days 0-4, (b) days 0-4 vs
4-10 in the HF/HS diet, and (c) HF/HS vs LF/HPP diets over days 4-10; triangles indicate the 10
largest lineages at day 16 in the HF/HS (orange), LF/HPP (blue), or alternating (purple) diets. (d-g)
Example lineages with strong fitness tradeoffs in different in vivo and in vitro conditions; circles indicate
independent mice or in vitro cultures. (h-k) Pearson correlation coefficients of relative fitness values
of lineages across different pairs of environments. Symbols denote comparisons between individual
pairs of replicates. (SI Section 5). T1=days 0-4; T2=days 4-10; Lib.=library creation; Arab.=arabinose;
Gluc.=glucose; Xyl.=xylose.
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 3: Selection pressures shift over time to reveal diet-dependent fitness tradeoffs. (a-c)
Joint distribution of relative fitnesses in (a) HF/HS vs LF/HPP diets over days 0-4, (b) days 0-4 vs
4-10 in the HF/HS diet, and (c) HF/HS vs LF/HPP diets over days 4-10; triangles indicate the 10
largest lineages at day 16 in the HF/HS (orange), LF/HPP (blue), or alternating (purple) diets. (d-g)
Example lineages with strong fitness tradeoffs in different in vivo and in vitro conditions; circles indicate
independent mice or in vitro cultures. (h-k) Pearson correlation coefficients of relative fitness values
of lineages across different pairs of environments. Symbols denote comparisons between individual
pairs of replicates. (SI Section 5). T1=days 0-4; T2=days 4-10; Lib.=library creation; Arab.=arabinose;
Gluc.=glucose; Xyl.=xylose.
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Figure 3: Selection pressures shift over time to reveal diet-dependent fitness tradeoffs. (a-c)
Joint distribution of relative fitnesses in (a) HF/HS vs LF/HPP diets over days 0-4, (b) days 0-4 vs
4-10 in the HF/HS diet, and (c) HF/HS vs LF/HPP diets over days 4-10; triangles indicate the 10
largest lineages at day 16 in the HF/HS (orange), LF/HPP (blue), or alternating (purple) diets. (d-g)
Example lineages with strong fitness tradeoffs in different in vivo and in vitro conditions; circles indicate
independent mice or in vitro cultures. (h-k) Pearson correlation coefficients of relative fitness values
of lineages across different pairs of environments. Symbols denote comparisons between individual
pairs of replicates. (SI Section 5). T1=days 0-4; T2=days 4-10; Lib.=library creation; Arab.=arabinose;
Gluc.=glucose; Xyl.=xylose.
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 3: Selection pressures shift over time to reveal diet-dependent fitness tradeoffs. (a-c)
Joint distribution of relative fitnesses in (a) HF/HS vs LF/HPP diets over days 0-4, (b) days 0-4 vs
4-10 in the HF/HS diet, and (c) HF/HS vs LF/HPP diets over days 4-10; triangles indicate the 10
largest lineages at day 16 in the HF/HS (orange), LF/HPP (blue), or alternating (purple) diets. (d-g)
Example lineages with strong fitness tradeoffs in different in vivo and in vitro conditions; circles indicate
independent mice or in vitro cultures. (h-k) Pearson correlation coefficients of relative fitness values
of lineages across different pairs of environments. Symbols denote comparisons between individual
pairs of replicates. (SI Section 5). T1=days 0-4; T2=days 4-10; Lib.=library creation; Arab.=arabinose;
Gluc.=glucose; Xyl.=xylose.
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Joint distribution of relative fitnesses in (a) HF/HS vs LF/HPP diets over days 0-4, (b) days 0-4 vs
4-10 in the HF/HS diet, and (c) HF/HS vs LF/HPP diets over days 4-10; triangles indicate the 10
largest lineages at day 16 in the HF/HS (orange), LF/HPP (blue), or alternating (purple) diets. (d-g)
Example lineages with strong fitness tradeoffs in different in vivo and in vitro conditions; circles indicate
independent mice or in vitro cultures. (h-k) Pearson correlation coefficients of relative fitness values
of lineages across different pairs of environments. Symbols denote comparisons between individual
pairs of replicates. (SI Section 5). T1=days 0-4; T2=days 4-10; Lib.=library creation; Arab.=arabinose;
Gluc.=glucose; Xyl.=xylose.
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Joint distribution of relative fitnesses in (a) HF/HS vs LF/HPP diets over days 0-4, (b) days 0-4 vs
4-10 in the HF/HS diet, and (c) HF/HS vs LF/HPP diets over days 4-10; triangles indicate the 10
largest lineages at day 16 in the HF/HS (orange), LF/HPP (blue), or alternating (purple) diets. (d-g)
Example lineages with strong fitness tradeoffs in different in vivo and in vitro conditions; circles indicate
independent mice or in vitro cultures. (h-k) Pearson correlation coefficients of relative fitness values
of lineages across different pairs of environments. Symbols denote comparisons between individual
pairs of replicates. (SI Section 5). T1=days 0-4; T2=days 4-10; Lib.=library creation; Arab.=arabinose;
Gluc.=glucose; Xyl.=xylose.
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure 3: Selection pressures shift over time to reveal diet-dependent fitness tradeoffs. (a-c)
Joint distribution of relative fitnesses in (a) HF/HS vs LF/HPP diets over days 0-4, (b) days 0-4 vs
4-10 in the HF/HS diet, and (c) HF/HS vs LF/HPP diets over days 4-10; triangles indicate the 10
largest lineages at day 16 in the HF/HS (orange), LF/HPP (blue), or alternating (purple) diets. (d-g)
Example lineages with strong fitness tradeoffs in different in vivo and in vitro conditions; circles indicate
independent mice or in vitro cultures. (h-k) Pearson correlation coefficients of relative fitness values
of lineages across different pairs of environments. Symbols denote comparisons between individual
pairs of replicates. (SI Section 5). T1=days 0-4; T2=days 4-10; Lib.=library creation; Arab.=arabinose;
Gluc.=glucose; Xyl.=xylose.
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Figure 1: Collective behavior of Tn lineages reveals rapid in vivo evolution in gnotobiotic mice.

(a) Schematic of Tn-Seq experiment in Ref. (27). Mutant libraries of 4 Bacteroides strains were in-
troduced into gnotobiotic mice and sequenced over time in different diets. (b-e) Individual frequency
trajectories of the 10 largest lineages at day 16 in each of two representative mouse from the HF/HS
(orange) or LF/HPP (blue) diets. (f) Schematic of the simplest evolutionary null model (SI Section 3),
where neutral lineages decline due to competition with fitter lineages in the population and stochastic
fluctuations from genetic drift and sequencing noise. (g-j) Distribution of lineage read counts on day
4 for a subset of the lineages with similar initial frequencies in the input library. Colored lines show
the distributions for each of the four mice in (b-e). Grey distributions show the null expectation from
sequencing noise alone (SI Section 3).
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Figure S12: Analogous version of of Fig. 3C computed for diet-averaged fitnesses. For each
of the lineages in Fig. 3C, we computed a diet-averaged fitness �avg = (�̂`,H,4:10 + �̂`,L,4:10)/2 and
the corresponding off-diagonal component |�̂`,H,4:10 � �̂`,L,4:10| between days 4-10. An analogous
calculation was carried for the other three species. This projection shows that the largest lineages in
the alternating diets (purple triangles) had higher diet-averaged fitness and smaller tradeoffs in Bc,
despite their smaller representation in the underlying distribution.
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