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In brief

Organisms generate immune responses
during interactions with their microbiota.
Hoang et al. found that this immunity
selects for higher pathogen virulence but
limits molecular evolution.
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SUMMARY

Incomplete immunity in recovered hosts is predicted to favor more virulent pathogens upon re-infection in the
population.! The microbiota colonizing animals can generate a similarly long-lasting, partial immune
response, allowing for infection but dampened disease severity.? We tracked the evolutionary trajectories
of a widespread pathogen (Pseudomonas aeruginosa), experimentally passaged through populations of
nematodes immune-primed by a natural microbiota member (P. berkeleyensis). This bacterium can induce
genes regulated by a mitogen-activated protein kinase (MAPK) signaling pathway effective at conferring pro-
tection against pathogen-induced death despite infection.® Across host populations, this incomplete immu-
nity selected for pathogens more than twice as likely to kill as those evolved in non-primed (i.e., naive) or im-
mune-compromised (mutants with a knockout of the MAPK ortholog) control populations. Despite the higher
virulence, pathogen molecular evolution in immune-primed hosts was slow and constrained. In comparison,
evolving pathogens in immune-compromised hosts were characterized by substantial genomic differentia-
tion and attenuated virulence. These findings directly attribute the incomplete host immunity induced from
microbiota as a significant force shaping the virulence and evolutionary dynamics of novel infectious dis-

eases.

RESULTS AND DISCUSSION

When an animal clears an infection, immune memory—a phe-
nomenon that occurs in invertebrates and vertebrates—can pro-
tect against future infection.” Incomplete immunity occurs when
a pathogen can re-infect, although the outcome is likely to result
in reduced disease severity and death.® The commensal mi-
crobes colonizing hosts (i.e., microbiota) can also generate a
protective and long-lasting host immune response, even if the
microbes themselves are cleared.®® Heightened expression of
defense genes in the host can be primed through detection of
microbe-associated molecular patterns found in both pathogens
and microbiota.’ This is a common mechanism in nature by
which host microbiota can help against infectious disease.? %"
Although direct interactions between commensal microbes and
pathogens can select for lower virulence, '*'® immune-mediated
mechanisms may have the opposite effect if pathogen coloniza-
tion can still occur.”'*'® Incomplete immunity can reduce the
costs of virulence to pathogens, an outcome that suggests the
leakiness of infection-induced immune protection might favor
more virulent pathogens.” It is unclear whether incomplete im-
munity from host-microbiota interactions can similarly drive the
evolution of pathogens that cause higher host mortality.

Qe Current Biology 34, 1357-1363, March 25, 2024 © 2024 The Author(s). Published by Elsevier Inc.

ates

To directly test whether host microbiota can shape pathogen
virulence via immune responses, we experimentally evolved a
widespread, disease-causing animal pathogen (Pseudomonas
aeruginosa) upon introduction to a natural host-commensal
interaction. Caenorhabditis elegans nematodes can be infected
by the bacterium P. aeruginosa, which harms them by accumu-
lating in the host intestine and destroying tissue over time.'®
Nematodes are found naturally with Pseudomonas spp.'” and
are frequently associated with a commensal species, Pseudo-
monas berkeleyensis.>'® The pathogen isolate used here
(PA14), however, was from burn wounds in humans'® and thus
novel to C. elegans. Hosts exposed to P. berkeleyensis and sub-
sequently shifted to the pathogen lose their commensal
upon pathogen colonization. However, initial exposure to
P. berkeleyensis is sufficient to induce genes regulated by
mitogen-activated protein kinase (MAPK)—an ancient innate im-
mune pathway found in plants and animals.>*° Expression of
these genes enhances nematode host survival during
P. aeruginosa infection (Figure 1A).> By comparison, immune-
compromised mutants were killed readily by P. aeruginosa,
with no protective effect elicited by P. berkeleyensis colonization
(Figure 1A). The immunity conferred by P. berkeleyensis for wild-
type (WT) hosts was incomplete. The pathogen can form a stable
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infection in protected hosts but had a lower load (Figure 1B).
P. berkeleyensis is mildly pathogenic in the absence of threat,
similar to other protective microbes (Figure S1A)."?* Consistent
with earlier work on vaccines®® and vertebrate-infectious dis-
ease interactions,' nematode immunity here reduced the costs
of virulence by protecting hosts from the disease-induced mor-
tality that would likely limit onward pathogen transmission.*
Reduced pathogen load in immune-primed hosts also exerts
strong selection on pathogens that have better abilities to infect
and colonize hosts. We thus tested whether incomplete immu-
nity caused by the microbiota favors more virulent pathogens.

We experimentally passaged pathogen populations indepen-
dently in nematode populations either previously colonized by
P. berkeleyensis or in naive (non-primed) populations (Figure 2A).
The pathogen was also passaged in a nematode mutant (omk-17)
not capable of mounting the primed immune response (Fig-
ure 2A). These treatments were conducted alongside a no-host
control for lab adaptation. We carried out phenotypic assays of
host mortality upon infection (metric for pathogen virulence)
and load (metric for pathogen fitness) across pathogen genera-
tions and treatments. We then used shotgun sequencing of
pools of 40 colonies to measure evolutionary changes in the
genomic composition of P. aeruginosa populations.

Microbiota-induced incomplete immunity favored more viru-
lent pathogens compared with naive hosts (Figure 2B). These
findings support theoretical models on incomplete immunity
generated from prior pathogen exposure and vaccines.'**
That microbiota in an invertebrate host can affect pathogens
similarly to antibody-generating vaccines, and cross-immunity
in vertebrates from previous pathogen exposure, points to a
more general role of incomplete immunity in virulence evolution,
regardless of the specific priming mechanism. Hosts with only
genome-encoded defense maintained the ancestral virulence
level, similar to immunocompromised hosts harboring micro-
biota. Here, weak immune responses may have allowed the mi-
crobiota to persist longer in the host. Resource competition be-
tween microbiota and pathogen is predicted to select for
increased virulence, '***° which may have favored moderate viru-
lence despite weaker immune protection. Although more viru-
lent, pathogens did not evolve to overcome the protective effects
of microbiota exposure (Figure 2C). Immune priming can still
offer harm reduction (e.g., WT + protective microbiota [PM] path-
ogens infecting WT + PM hosts) from increasingly virulent path-
ogens (e.g., WT + PM pathogens infecting WT — PM hosts) able
to colonize (Figure S1B).
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Hosts exposed to P. berkeleyensis selected for reduced viru-
lence in naive immune-compromised hosts, but there were no
significant host or interaction effects (Figure S1D). This result
points to a trade-off in virulence for pathogens evolving in primed
hosts. These pathogens had the highest virulence in naive im-
mune-competent hosts relative to other evolved pathogens,
but lower virulence in naive immune-compromised hosts.
Evolved pathogens did not significantly differ in effects on im-
mune-compromised hosts harboring microbiota (Figure S1E).
Collectively, our phenotypic findings demonstrate that the imme-
diate benefits of increased survival and pathogen tolerance
conferred by the microbiota can ultimately lead to extremely
negative impacts on the host.”®

Pathogen virulence and load evolved along different trajec-
tories. The levels of host mortality caused during infection and
bacterial accumulation per host were not correlated across
treatments (Figure 2D). This result corroborates previous
research showing that virulence in novel pathogens can evolve
along independent trajectories in experimental replicates and
in wild populations.?”?® We hypothesized that density-indepen-
dent virulence factors, such as toxin production or motility, may
be contributors to the higher virulence emerging in pathogens
from immune-primed hosts. To identify potential targets of se-
lection on virulence mechanisms, we pool-sequenced evolved
pathogen populations (STAR Methods) and quantified the muta-
tions arising over time. Each population had 400-500 mutations,
with most partially increasing to <50% of the population (Fig-
ure S2A). Further pairwise comparisons between treatments re-
vealed allele frequency differences in genes involved in diverse
biological pathways (Figure S2B), and treatment replicates had
few unique mutations in common (Figures S2C and S2D). These
results suggest that virulence under selection in our experiment
has a polygenic basis, as found in other pathogens with broad
host ranges.”? '

We compared the population genomic composition between
treatments with the largest difference in evolved virulence (i.e.,
immune-primed versus naive, immune-compromised hosts; Fig-
ure 2B). We found an intergenic mutation between two genes
involved in bacterial flagella function (flgE/flgF). Alterations in
regulatory regions are less likely to disrupt function.®**® Muta-
tion frequency across replicates was positively correlated with
infected host mortality (Figures S3A and S3B). Because flagella
are virulence factors®*®® and are necessary for motility, we
compared the swimming ability of evolved populations (STAR
Methods; Figure 2, inset). Pathogen motility significantly differed
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between these extreme treatments (Figure 2E), although differ-
ences across all treatments were marginally insignificant (Fig-
ure S3C). Only a small proportion (<30%) of each pathogen pop-
ulation had the flgE/flgF mutation (Figure S3A), suggesting that it
is not the sole contributor of virulence. Increased virulence may
have emerged from the effects of interactions between this mu-
tation and other loci across the genome.*® A subpopulation of
cells with this mutation may alternatively be interacting with cells
harboring other mutations.®” By contrast, disruption in meta-
bolism may be playing a role in the reduced virulence®* evolved
in immune-compromised hosts. A mutation prominent across
treatments and negatively correlated with host mortality
(Figures S3D and S3E) was in the fmt (methionyl-tRNA formyl-
transferase) gene responsible for translation initiation.*®
Although P. aeruginosa utilized different genetic pathways to
adapt to immune-primed and immune-compromised hosts,
both groups converged on similar fitness levels.>%*°

MORTALITY OF WT+PM HOSTS
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EVOLVED PATHOGEN
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Figure 2. Incomplete immunity from micro-
biota selects for more virulent pathogens
(A) Experimental evolution design. WT, wild-type
host; IC, immunocompromised host; PM, protective
microbiota (P. berkeleyensis, purple dots); green
dots, pathogen (P. aeruginosa). Incomplete immu-
nity occurs when hosts exhibit increased survival
upon pathogen exposure due to immune priming,
but the pathogen is still able to colonize hosts (WT +
PM treatment). Greater survival of WT + PM hosts
decreases the cost of virulence, while increased
defenses in WT + PM hosts may exclude lower
virulence strains, establishing the conditions under
which high virulence is favored.'
(B) Mortality of wild-type hosts without microbiota
(y axis) when infected with pathogen evolved under
conditions indicated on x axis (Xg =55.39, p<0.001.
Each population had three technical replicates, with
~100-200 nematodes per replicate).
(C) Mortality of wild-type hosts with prior exposure
to protective microbiota (y axis), infected with
. pathogen evolved under conditions indicated on x
e axis (microbiota, x3 = 2.36, p = 0.12; host,
x? = 0.066, p = 0.80; interaction, x? = 2.35, p = 0.13.
Each population had three technical replicates,
o with ~100-200 nematodes per replicate.).
’ (D) Load (y axis) of pathogen evolved under condi-
tions indicated on x axis in wild-type hosts without
. microbiota ()@ = 5.99, p = 0.014. Each population
had three technical replicates, with 10 nematodes
per replicate.).
(B-D) Shaded dashed line indicates mean + SE for
hosts infected by no-host control pathogen. Dotted
line indicates mean for hosts infected by ancestral
pathogen.
(E) Swimming motility of most virulent and least
virulent pathogens. Inset: example of bacterial
diameter measured for swimming motility assess-
ment.
All error bars are mean + SE. Different letters indi-
cate significant differences.
See also Figures S1 and S3 and Tables S1 and S2.
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The strength of the host immune
response induced by microbiota can shape
genomic evolution in novel pathogens.
Pathogen replication in the presence of
weak selection—such as exhibited in im-
mune-compromised hosts*' —can make it easier for mutations
to accumulate, resulting in extensive genomic diversification.
Such rapid changes in genome evolution have been shown in
bacterial pathogens responsible for zoonotic diseases’*® as
well as in viral pathogens.** The initial lower pathogen load in im-
mune-primed hosts (Figure 1B) may also dampen the number of
new mutations that can be acquired in these populations.*®

We constructed phylogenies based on point mutations to
assess the relationship between individual pathogen colonies
and the ancestor (Figure 3). Most mutations identified in each in-
dividual colony had fixed in the pooled samples (Figures S4A-
S4E). Pathogens evolving in immune-compromised hosts
diverged substantially from the ancestor (5.57 + 0.80 mutations
per individual colony; Figure 3). These colonies also shared similar
distances from the ancestor as those evolving in vitro (Figures 3
and S4F), in addition to converging on similar virulence levels (Fig-
ure 2B). The acoA (Acetoin dehydrogenase E1 component

IC-PM
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Figure 3. Incomplete immunity from microbiota dampens pathogen
molecular evolution

Maximum parsimony phylogeny of colonies sampled from evolved pathogen
populations. We sampled more colonies from the two treatments with the most
contrast in virulence level: pathogens evolved in immune-primed hosts and
naive immune-compromised hosts. Inset: genetic distance from the ancestor
(mean + SE) for colonies isolated from immune-primed hosts and naive im-
mune-compromised hosts. Values were square-root-transformed to meet the
condition for normal distribution. WT, wild-type host; IC, immunocompro-
mised host; PM, protective microbiota. **p < 0.01.

See also Figure S4.

alpha-subunit) gene has more mutations and higher proportions
of nonsynonymous and small indels in pathogens evolved in naive
immune-compromised hosts and without a host compared with
those evolved inimmune-primed hosts (Figures S4G-S4K). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis
revealed that this gene is involved in microbial metabolism in
diverse environments, metabolic pathways, and biosynthesis of
secondary metabolites.*® Similar to fmt, mutations in acoA may
play some role in the reduced virulence exhibited by these patho-
gens. These results indicate that mutations acquired from weak
selection can reduce virulence and increase genetic diversity.
Similar outcomes have been found for pathogens infecting hosts
with defects in their immune system,*>*”+* where less virulent
pathogens may be able to better compete against more virulent
ones.“? By contrast, pathogens evolving in immune-primed hosts
had maintained only moderate genetic distance from the ancestor
(8.21 + 0.46 mutations per individual colony; Figure 3), suggesting
that the phenotypes we observed were due to interactions of large
effect mutations. Despite selecting strongly for high virulence,
incomplete immunity ultimately limited pathogen evolution at the
molecular level.

Host immune responses altered the degree of divergence be-
tween pathogen populations. Compromised host defenses (i.e.,
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weaker selection) may cause greater pathogen genetic diver-
gence between populations compared to hosts with stronger
defenses.”®>® Strong immune responses can otherwise in-
crease the predictability of microbial adaptation to hosts.*" We
calculated pairwise Fgt for each SNP between replicate popula-
tions within each treatment to determine how host defense
impacted pathogen population divergence. Pathogens evolving
in immune-primed hosts had fewer significant Fst loci compared
with those evolving in hosts protected only by genome-encoded
defense (Figure 4A). Although the absence of microbiota contrib-
uted to an increase in significant Fst loci across treatments, this
effect is likely driven by the differences between the two WT host
treatments. There is no host effect, potentially due to other selec-
tive forces not tested in our study (e.g., resource competition be-
tween microbiota and pathogen in immune-compromised
hosts). All treatments exhibited differentiation in genes involved
in the bacterial secretion system and two-component systems.
These results indicate that incomplete immunity generated by
host microbiota limited the genetic differentiation across repli-
cate populations compared with that in non-primed treatments.

We also evaluated temporal shifts in the genetic composition
of the whole population by calculating Fst between the ancestral
pathogen and evolved populations at the midpoint (i.e., passage
7 [P7]) and endpoint of the experiment. At the midpoint, patho-
gens evolving in naive hosts had more significant Fsr loci
compared with those evolving in immune-primed hosts (Fig-
ure 4B, “ancestor vs. P7”). The absence of microbiota increased
the number of significant loci that differed between the ancestor
and P7 (p = 0.011), particularly in immune-compromised hosts
(p = 0.006). Fewer differences were detected between P7 and
passage 14 (P14). Pathogen populations evolved in hosts with
only genome-encoded defense differed more across time than
those evolved in immune-primed hosts (p = 0.034) and in naive
immune-compromised hosts (p = 0.045). By the end of the
experiment, treatments no longer varied in terms of the number
of significant Fsr loci (Figure 4B, “ancestor vs. P14”). Earlier in
evolutionary time, the absence of commensal microbiota gener-
ated more genetic differences between the ancestor and
evolved pathogens, but eventually all populations exhibited
similar rates of change. Taken together, the results suggest
that the dynamics shaping pathogen evolution at the very begin-
ning of emergence can become different after a period of
adaptation.***°

Host microbiota can play a significant role in protecting hosts
across the tree of life from harmful infection.’">*>> Qver evolu-
tionary time, however, we found that the incomplete immunity
induced by host microbiota can act similarly to evolutionary fore-
casts of leaky vaccines®®*® and previous infection' in favoring
highly virulent pathogens. Conversely, immune-compromised
hosts may serve as environments where pathogens can accu-
mulate mutations, leading to genome degradation and host re-
striction.“? Host microbiota-immune interactions might therefore
be a major source of selection shaping the ongoing evolution of
emerging infectious diseases. Usage of probiotic microbes is
becoming more prevalent across agricultural and wild sys-
tems,*”*® including in species at risk of extinction due to rapid
pathogen spread.®®:%° For long-lived hosts, application of probi-
otic microbes is a powerful tool to combat infectious dis-
eases.®""%? |dentifying the mechanisms by which these microbes
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Figure 4. Host defenses induced by micro-
biota alter pathogen evolutionary paths

Count of loci (A) between replicate populations at
passage 14 (treatment, 3 = 10.29, p = 0.016; mi-

TREATMENT

by crobiota, 2 = 4.15, p = 0.042; host, x2 = 0.66,
* :gj':“';l" p = 0.42) and (B) between time points (ancestor vs.

P7, Fa16 = 5.34, p = 0.010; P7 vs. P14, x3 = 10.09,
p = 0.018; ancestor vs. P14, F3 ¢ = 0.77, p = 0.53)
within each treatment, with significant genetic
differentiation  (Fs7). Dashed line indicates

theoretical expectation. WT, wild-type host; IC, immunocompromised host; PM, protective microbiota; P7, passage 7; P14, passage 14. All error bars are

mean + SE. *p < 0.05.
See also Figure S2.

protect seems crucial to predicting their longer-term sustainabil-
ity in the field. We have found that the efficacy of these microbial
therapeutics may be preserved despite pathogen evolution.
However, proper precautions should be taken before potentially
facilitating the spread of more virulent pathogen variants,
balancing future risks with the immediate benefits to host
individuals.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:
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O Materials availability

O Data and code availability

EXPERIMENTAL MODEL AND SUBJECT DETAILS
METHOD DETAILS

O Survival and CFU assays with ancestral P. aeruginosa
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O Swimming motility

O DNA extraction and sequencing

® QUANTIFICATION AND STATISTICAL ANALYSIS
O Analysis of ancestral pathogen data

O Analysis of evolved pathogen data

O Analysis of pooled samples

O Analysis of individual colony samples
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M9 medium Prepared by the media kitchen, Department ~ N/A
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Nematode growth medium (NGM) agar Prepared by the media kitchen, Department ~ N/A

Triton X-100
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DNeasy Blood and Tissue Kit
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Whole genome resequencing data of ancestral
and evolved pathogen populations

Phenotypic and processed genomic data

National Center for Biotechnology
Information (NCBI)

Mendeley Data

BioProject: PRUNA998467

Mendeley Data: https://doi.org/10.17632/
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Experimental models: Organisms/strains

Organism: Caenorhabditis elegans strain N2 Bristol ~ Caenorhabditis Genetics Center N2

Organism: Caenorhabditis elegans strain pmk-1 Jonathan Hodgkin (University of Oxford) Km25

(MO3F8.4(0p497), pmk-1(km25))
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California at Berkeley)
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(kim.hoang@emory.edu).

Materials availability

Evolved populations are available on request from Kim Hoang.

Data and code availability

® Raw sequences were deposited in the NCBI Sequence Read Archive under BioProject:PRJNA998467. Phenotypic data have
been published in Mendeley Data:https://doi.org/10.17632/xz9t9gjtw6.1.

® R code used for the analyses in the paper is available on request.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

N2 and pmk-1 C. elegans nematodes were initiated from stocks stored at -80°C and maintained on nematode growth medium (NGM)
plates with E. coli OP50 at 20C. Pseudomonas berkeleyensis MSPm1, P. aeruginosa PA14-GFP, and E. coli OP50 were initiated from
stocks stored at -80C and cultured on lysogeny broth (LB) agar plates overnight at 30C. Pseudomonas berkeleyensis and E. coli were
revived from frozen stock for each passage of experimental evolution and each assay. Stock nematode populations were regularly
resurrected from -80C throughout experimental evolution and for assays.

METHOD DETAILS

Survival and CFU assays with ancestral P. aeruginosa

Host survival

To prepare the bacteria, we grew one random individual colony of P. berkeleyensis, E. coli, or P. aeruginosa in LB in a shaking incu-
bator at 30°C overnight. We then seeded the bacteria on 9cm NGM plates and incubated them at 30°C for one day. Eggs from N2 and
pmk-1 nematodes were collected, surface-sterilized, and age-synchronized following a standard sodium hypochlorite protocol.®
After hatching, about 200 L1 larvae were spotted onto either lawns of P. berkeleyensis or E. coli on NGM. These nematodes were
incubated at 20°C for two days. L4/young adults were then transferred to a lawn of P. aeruginosa on NGM and kept at 20°C. After
three days, the number of live nematodes were determined by prodding nematodes with a platinum pick to determine signs of
movement.

Pathogen CFU

Following the steps above to infect nematodes for three days, we followed a modified protocol from Vega and Gore® to determine
the pathogen load in infected nematodes. Briefly, ten nematodes per population were picked into and washed twice with cold M9
buffer containing 0.01% Triton X-100 (M9-T), then chilled on ice for ~30 minutes to stop peristalsis. We then added enough cold
bleach such that the final concentration is 0.3% in the nematode/M9 mixture. After briefly mixing, the mixture was kept on ice for
10 minutes, then cold M9-T added to stop the bleaching process. Nematodes were washed once more with cold M9-T and super-
natant plated to check for efficiency of bleaching. Under a dissecting scope, we pipetted 10 individuals into another tube containing
zirconium beads in about 100ul M9-T. Samples were shaken in a bead beater for 2 minutes at 27 1/s in a TissuelLyser. After brief
centrifugation, serially diluted homogenates were spread onto 9cm LB agar plates and incubated at 30°C. The number of colony
forming units were quantified after two days.

Host fecundity

We followed the steps as above to rear N2 or pmk-1 nematodes on either P. berkeleyensis or E. coli. We reared L1s on 9cm NGM
plates either seeded with P. berkeleyensis or E. coli until L4/young adulthood (~2 days at 20°C), then picked individual nematodes
onto 6cm NGM plates spotted with the respective bacteria to produce offspring, which were then incubated at 20°C. We counted the
number of larvae under a microscope three days later, on the same day we measured host mortality for nematodes infected with
P. aeruginosa.

Experimental evolution

We passaged P. aeruginosa PA14-GFP under five treatments (Figure 2A): four host treatments and one no host treatment. To start,
one individual colony of PA14-GFP was grown overnight in LB broth and spread onto nematode growth medium,® with subsequent
incubation at 30°C for one day. About 1000 nematodes were transferred from their respective rearing plates (described below) onto
the P. aeruginosa plates and incubated at 20°C. Nematodes were washed off each plate after one day, rinsed three times with M9
buffer. Ten percent of the M9/nematode mixture were crushed using a BeadBeater, and homogenates were plated onto LB plates.
After overnight incubation, we picked 100 colonies into broth to start the next passage. Each treatment consisted of five replicate
rearing and P. aeruginosa plates across 14 passages.

Nematodes were kept evolutionarily static (i.e., not evolving) throughout the experiment. N2 and pmk-1 populations were reared as
described in the survival and CFU assays with ancestral P. aeruginosa section. L4/young adults were transferred to P. aeruginosa
plates as described above. For each passage, eggs were collected from stock nematode populations that were regularly resurrected
from -80°C to limit accumulation of de novo mutations in host lineages throughout the experiment.

Mortality and CFU assays with evolved P. aeruginosa

Mortality and CFU assays for evolved populations follow similar protocols as those for ancestral P. aeruginosa (survival and CFU as-
says with ancestral P. aeruginosa section). Assays were performed in triplicates. For Figures 2B and 2D, we infected N2 nematodes
that had been reared on OP50. For Figures 2C and S1B, we infected N2 nematodes reared on P. berkeleyensis. For Figures S1C and
S1D, we infected pmk-1 nematodes reared on E. coli or P. berkeleyensis, respectively, and quantified mortality after two days instead
of three days due to high mortality of these hosts.

Swimming motility

To measure motility of ancestral and evolved P. aeruginosa, we followed the protocol from Ha et al.®® to inoculate swimming motility
plates. We incubated plates at 30°C for one day as this was the temperature NGM plates were incubated before nematodes were put
on the pathogen. We used the diameter of bacterial growth on this day as the initial diameter. We then incubated plates at 20°C for
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three days following the infection timeline for the host mortality assay, then measured the final diameter. The initial diameter was sub-
tracted from the final diameter to obtain the change in swimming diameter.

DNA extraction and sequencing

For pooled samples, we grew 40 individual colonies for each replicate population separately overnight in LB broth, then standardized
the ODgqo of each individual colony before pooling them into one tube to perform DNA extraction. For single colony samples, we grew
individual colonies separately in LB broth overnight, then performed DNA extraction. We extracted genomic DNA using DNeasy
Blood and Tissue Kit (Qiagen) following the manufacturer’s instructions. Sample libraries were prepared using the lllumina DNA
Prep kit and sequenced on an lllumina NextSeq 2000. Sequence quality was assessed using FastQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and sequences were trimmed using fastP.®” We sequenced all five replicate pop-
ulations of each host treatment and three random populations from the no host treatment. For single colony samples, we sequenced
three random individual colonies from each population of the WT+PM and IC-PM treatments, and one random individual colony from
each population of the other treatments.

The ancestral PA14-GFP individual colony was sequenced using Oxford Nanopore Technologies (ONT) in addition to lllumina for
hybrid assembly. Quality control and adapter trimming was performed with bcl2fastq®® and porechop® using default parameters for
lllumina and ONT sequencing, respectively. Hybrid assembly with lllumina and ONT reads was performed with Unicycler,”® and the
resulting assembly was annotated using the Bakta annotation pipeline.”’ Coverage of mapped reads was calculated using Sam-
tools.”? Each pooled sample had at least 200X coverage. Each single colony sample had at least 60X coverage.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses for phenotypic data and processed genomic data were carried out in R version 4.2.0.”° Normality of data were
assessed using histograms, quantile-quantile plots, and Shapiro-Wilk tests. The significance threshold was defined as P < 0.05. Error
bars in figures represent standard errors. The sample size for each assay is indicated in figure legends.

Analysis of ancestral pathogen data

Data for mortality of hosts infected with ancestral pathogen were analyzed using a generalized linear mixed mode with a binomial
distribution followed by Tukey multiple-comparison tests to determine pairwise differences. Ancestral pathogen CFU data were an-
alysed using a t-test, and host fecundity data were analyzed using an ANOVA.

Analysis of evolved pathogen data

Mortality of pmk-1 reared on P. berkeleyensis data were analyzed using a linear mixed model. Pathogen CFU data in N2 reared on
P. berkeleyensis were square-root transformed to meet assumptions of normality and analyzed using a linear mixed model. Mortality
for all other hosts and remaining CFU data were analyzed using generalized linear mixed models (with a binomial distribution or Pois-
son distribution, respectively) followed by Tukey multiple-comparison tests to determine pairwise differences. Motility data were
analyzed using a linear mixed model.

Analysis of pooled samples
We called variants with the ancestor as the reference using the Breseq pipeline polymorphism mode with default parameters.74 We
tested whether the frequencies of flgE/flgF and fmt mutations were correlated with mortality using Spearman’s rank correlation.

To determine the allele frequency differences between treatments, we pooled together the reads across all replicate populations
for each treatment. We then used the Popoolation2 pipeline”® to calculate the exact allele frequency differences and estimated sig-
nificance using Fisher’s Exact Test. For significant loci found in coding regions, we used the Database for Annotation, Visualization
and Integrated Discovery (DAVID)’® tool to map each gene to the KEGG pathways.””

To calculate the per SNP Fst within each treatment, we used the Popoolation2 pipeline on all pairwise combinations of replicate
populations within a treatment. To calculate the per SNP Fst across time points, we used the Popoolation2 pipeline to compare each
population when at passage seven with the ancestor, between passages fourteen and seven, and between passage fourteen and the
ancestor. For both analyses we estimated significance using Fisher’s Exact Test. We then counted the number of significant loci after
Bonferroni corrections. We compared the loci count between populations within each treatment using a chi-square test of goodness-
of-fit, and across time points using linear models or generalized linear models with Poisson distribution followed by Tukey multiple-
comparison tests to determine pairwise differences.

Analysis of individual colony samples

We called variants with the ancestor as the reference using the breseq pipeline with default parameters. We used the output from the
breseq gdtools COMPARE command to construct phylogenies with PHYLIP dnapars.’® We then used the cophenetic.phylo function
of ape’® to calculate pairwise distances between the ancestor and each individual colony. Data were analysed using linear mixed
models.
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Figure S1. Phenotypic assays. Related to Figure 2. (A) Fecundity of wild-type and
immunocompromised nematodes reared with or without P. berkeleyensis in the absence of
pathogen infection (microbiota: F1g = 23.09, P = 0.0014; host: F1g = 7.25, P = 0.027, interaction:
Fis = 3.51, P = 0.098. Each treatment had three replicates, each replicate had one individual
nematode). (B) Load (y-axis) of pathogen evolved under conditions indicated on x-axis in wild-
type hosts with prior exposure to protective microbiota (microbiota: y;i= 0.66 , P = 0.42; host: yi=
1.76, P = 0.18; interaction: yi= 0.82, P = 0.37. Each population had three technical replicates,
each with 10 nematodes). (C) Mortality of immune-compromised hosts without exposure to
protective microbiota (y-axis) infected with pathogen evolved under conditions indicated on x-axis
(microbiota: y?= 6.31, P = 0.01; host: y?= 0.08, P = 0.78; interaction: y#= 2.55, P = 0.11). (D)
Mortality of immune-compromised hosts with prior exposure to protective microbiota (y-axis)
infected with pathogen evolved under conditions indicated on x-axis (microbiota: F1s4 = 0.43, P =
0.51; host: F1s4 = 0.030, P = 0.86; interaction: F1s4 = 2.11, P = 0.15). All mortality assays had
three technical replicates per population, with ~100 — 200 nematodes per replicate. Shaded
dashed line indicates mean + SE for hosts infected by no-host control pathogen. Dotted line
indicates mean for hosts infected by ancestral pathogen. All error bars are mean + SE. WT = wild-
type host, IC = immunocompromised host, PM = protective microbiota.
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Figure S2. Mutations identified in pooled samples. Related to Figure 4. (A) Distribution of
frequencies of mutations in evolved pathogens within each treatment. (B). Heatmap of genes with
significant differences in allele frequency between treatments mapped to KEGG pathways. Colour
gradient indicates number of genes in each KEGG term. (C) Number of mutations in common or
not in common across all replicate populations within each treatment (D) Out of all the mutations
in common within each treatment (dark blue portion of ((C)), the number of mutations unique to
respective treatment or treatments. For example, there are 6 mutations unique to the WT+PM
treatment not found in other treatments, and 0 mutations in common between IC-PM and no host
that are unique to these two treatments. WT = wild-type host, IC = immunocompromised host,
PM = protective microbiota.
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Figure S3. figelfigf and fmt mutations in pooled samples. Related to Figure 2. (A) Frequency
of flgelflgf mutation in respective treatment. Each bar represents one evolved pathogen
population. (B) Correlation between host mortality and flge/flgf mutation. (C) Swimming motility
(mean * SE) of evolved pathogens (y3 = 7.74, P = 0.052. Each evolved population had six
replicate plates). Shaded dashed line indicates mean + SE of no host treatment. Dotted line
indicates mean of ancestral pathogen. (D) Frequency of fmt mutation in respective treatment.
Each bar represents one evolved pathogen population. (E) Correlation between host mortality
and fmt mutation. WT = wild-type host, IC = immunocompromised host, PM = protective
microbiota.
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Figure S4. Mutations in individual colony samples. Related to Figure 3. (A-E) Frequency of
mutations in pooled samples shared with individual colony samples. The total number of
mutations across all individual colonies sampled are indicated under the treatment name. (F)
Genetic distance from the ancestor for all individual colonies sampled. (G-K). Mutations identified
in individual colony samples. “% of mutation type” indicates the proportion of the “# of mutations
per gene” belonging to respective mutation category. Population refers to replicate population
from experimental evolution. We sampled more colonies from WT+PM and IC-PM treatments (3
per population x 5 populations) than the other treatments (1 per population x 5 populations for
WT-PM and IC+PM, and 1 per population x 3 populations for no host treatment). WT = wild-type
host, IC = immunocompromised host, PM = protective microbiota.



Treatment | Population | Frequency
WT+PM one 0.0
WT+PM two 25.0
WT+PM three 221
WT+PM four 17.4
WT+PM five 0.0
WT-PM one 0.0
WT-PM two 15.6
WT-PM three 0.0
WT-PM four 0.0
WT-PM five 0.0
IC+PM one 29.7
IC+PM two 0.0
IC+PM three 0.0
IC+PM four 0.0
IC+PM five 21.3
IC-PM one 0.0
IC-PM two 0.0
IC-PM three 0.0
IC-PM four 0.0
IC-PM five 0.0
NO HOST | one 21.9
NO HOST | two 0.0
NO HOST | four 0.0

Table S1. Frequency of flgE/flgF mutation from Figure S3 in each evolved pathogen
population. Related to Figure 2. Evolved populations has cytosine at position 2111951
(between genes flgE and flgF) instead of the ancestral adenine. WT = wild-type host, IC =
immunocompromised host, PM = protective microbiota.



Treatment | Population | Frequency
WT+PM one 0.0
WT+PM two 36.0
WT+PM three 0.0
WT+PM four 43.1
WT+PM five 34.1
WT-PM one 68.4
WT-PM two 0.0
WT-PM three 63.4
WT-PM four 100.0
WT-PM five 571
IC+PM one 0.0
IC+PM two 52.9
IC+PM three 0.0
IC+PM four 68.5
IC+PM five 100.0
IC-PM one 100.0
IC-PM two 40.1
IC-PM three 65.4
IC-PM four 34.7
IC-PM five 100.0
NO HOST | one 100.0
NO HOST | two 0.0
NO HOST | four 56.5

Table S2. Frequency of fmt mutation from Figure S3 in each evolved pathogen population.
Related to Figure 2. Evolved populations has cytosine at position 32260 (nonsynonymous
mutation) instead of the ancestral guanine. WT = wild-type host, IC = immunocompromised host,
PM = protective microbiota.
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