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Abstract

Parallel evolution of alternate morphotypes of Chryseobacterium

gleum during experimental evolution with Caenorhabditis elegans

By Marissa Duckett

Microbial communities shape every organism and environment, and shifts in these
communities can cause systemic change within a host that can ultimately affect host health.
Understanding how multiple species evolve under the influence of each other in contrast to
independently is important for acquiring insight into evolution of community composition, and
vice versa. Evolution of community composition is not well understood, but previous research
has revealed that community composition converges over evolutionary time. In this
investigation, twelve slightly variable communities were created and followed over ten passages
in Caenorhabditis elegans hosts. Upon the sixth passage, variable morphotypes were observed
and maintained as the experiment progressed. We aim to understand what selective pressures
could have contributed to this differentiation and maintenance of variable morphotypes.
Chryseobacterium gleum had the greatest relative abundance in these host associated
communities and developed alternate morphologies in two of the twelve communities.
Common phenotypes, growth rate, carrying capacity, and motility were measured in hopes of
revealing causes for this morphotype differentiation. Growth rate and carrying capacity suggest
adaptation to the environment rather than evolution to the inside of the host. Motility was a
more useful gauge for variability in these morphotypes, revealing consistently less spread in
alternate morphs than original morphs. Gliding motility was confirmed through genomics, but
no variability was observed in genetic elements responsible for gliding motility, the Gld
proteins and T9SS genes, between alternate, original, and ancestral isolates. Previous research
observed an increase in motility as nutrient concentration decreased. Our results did not show
this trend, indicating that there are differences in how motility is regulated in
Chryseobacterium. Although community composition converges over time, microbial lineages
evolve differently, likely due to adaptation to environment and regulatory differences in
response to unknown selective pressures.
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Introduction

Microbial communities exist in environmental and organismal settings, and researchers
consistently observe that microbial communities are variable. Community structure is
influenced by the environment that the community inhabits (Estrela et al. 2021). Selective
pressures based on environment shape community structure on a metabolic scale (Louca et al.
2018). Partly as a result of these differences in environment, communities differ in composition
from one another — for example, the gut microbiome is dissimilar from a soil microbiome only
containing 10% as much biodiversity as soil (Blum, Zechmeister-Boltenstern, and Keiblinger
2019). Soil microbiomes and the human gut microbiome vary in several environmental
characteristics and their microbiomes reflect that (Rinninella et al. 2019), (Wei et al. 2019). It is
also observed that community composition will vary even between two communities from the
same type of location (Louca et al. 2018). For example, the composition of the gut microbiome
of two humans will be different (Louca et al. 2018). Microbiomes are also observed to change
with time, as the composition of an infant gut is different that of an adult (Avershina et al.

2016).

In experimental evolution, communities of the same initial structure tend to follow similar
trends in composition over time. The same or similar taxa are present across communities,
which suggests similar selective pressures at some level. However, the specific traits of a given
taxon within these communities can be different, even in communities with similar composition
and structure. Each bacterium will experience different selective pressures. This selection can
generate within-species variability. Species, as a result of this selection, evolve variably in
community contexts, resulting in differences in phenotype within and between communities and
passages. This species-level evolution shapes community composition and evolution (Taylor and

Vega 2021). (Estrela et al. 2021),(Taylor, Janasky, and Vega 2022), (Morella et al. 2019).



Host-associated communities are also observed to evolve to their environment, which is the
host. Community composition differences corresponding to host genotypes have been observed,
but the importance of host association is still debated (Morella et al. 2019). Host-associated and
host-independent communities are both observed to converge in composition over time,
revealing community convergence is a staple of community evolution (Chang et al. 2021).
Causes of this convergence are still not understood, nor are the selective pressures that cause

their fast-slow convergence in various community structures.

Caenorhabditis elegans is a good simple host model for studies of host-associated evolution.
Fast host life cycles allow for large numbers of individuals over multiple generations in a short
period of time, so host-associated evolution can be observed on a faster time scale. Due to small
body size, large numbers, and ease of handling, multiple conditions and/or communities can be
run in a single experiment, allowing easy replication of samples and comparison over many
conditions within a single run. C. elegans is a well-studied host, with a breadth of community

composition information published for the gut microbiome (Ford and King 2020).

In this work, we investigate emergence of within-species variation in C. elegans-associated
communities. During experimental adaptation of minimal communities, we observe emergence
of morphological variants in Chryseobacterium gleum, which was initially present in half of the
starting communities. To attempt to identify the selective pressures that lead to morphological
variation, we performed persistence, motility, growth rate, and competition assays of each
Chryseobacterium gleum morphotype. By assessing variation of phenotypic traits both within-
and between-morphotypes, as well as at the community and passage levels, we observed
differences in motility, but no consistent selection on this trait. The selective pressure that
produced the variation remains unclear. We aim to understand these evolutionary aspects of
species variation so that we can make larger-scale generalizations about community structure

and emergence of variants.



Results

In this experiment, twelve communities were created and replicated. Each community started
off with a slightly different composition, varying at a species level, but from the same genera (see
Methods). Each of these communities were experimentally evolved on NGM plates with C.
elegans for ten passages. Each passage had a 7 day period, after which communities were
passaged to fresh plates and a sample of worms was digested and plated to visualize the species
composition. Cryo-preservation of samples allowed phenotypic and genotypic comparisons of

isolates from different passes and communities to measure the outcomes of selection (Figure 1).
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Figure 1 Experimental workflow for community-based evolution. The experimental set up for the previous
project consisted of 12 seven member communities, similar at a genus level but variable on a species level.
Each community had a replicate made, resulting in A1 and A2 communities and the like. These
communities were grown with worms and passaged every seven days to fresh NGM agar plates. Worm
digests were conducted to reveal the bacterial community composition. Isolates were picked, this revealed
species variability. Isolates reflective of original and alternate morphologies were used in phenotypic
variability testing. Growth rates and carrying capacity were measured in a plate reader. Motility assays
were conducted on agar plates with variable agar. Competition assays were conducted by growing an
alternate and original morph together then plating them, the amount of each morphotype was counted to
quantify which was a stronger competitor. Genomics were conducted with specific strains, SNPS and their
corresponding genes were identified. The image displays a SNP on a C. gleum genome.



As previously observed (Taylor, Janasky, and Vega 2022) experimental passaging of
combinatorial bacterial communities with C. elegans (Figure 1) resulted in coherent trajectories
of community composition (Figure 2). These trajectories were characterized by rapid loss of
community richness, resulting in communities comprised almost entirely of Chryseobacterium
gleum/indologenes (CX), Microbacterium oxydans (MO), and Ochrobactrum anthropi (OA).
Composition of worm gut contents converged to one of two states; communities initiated with C.
gleum came to be dominated by that species, whereas communities initiated with C.
indologenes were numerically dominated by M. oxydans and O. anthropi (Figure 2 C). While
this fast-slow pattern in compositional change was also observed in communities passaged
without C. elegans (Figure 2 A), community composition was very different (Figure 2 B),

indicating that the worm played an important role in shaping these communities.

Morphological variants were observed in Chryseobacterium and M. oxydans beginning around
passage 6 of these experiments (Figure 2 D). With some exceptions, variants emerged nearly in
synchrony across communities. These variants were detected as novel colony morphologies on
nutrient agar plates (Figure 3). Timing of variant emergence in C. gleum corresponded with
time-series minimums of compositional diversity (Figure 4). Not all communities produced
variants; in most cases, only one of a given pair of replicate communities did so. No

communities produced variants of both Chryseobacterium and M. oxydans.

We chose to focus on characterization of within-species diversity in Chryseobacterium gleum,
which generated two of the three alternate Chryseobacterium morphs that persisted over
passages 6-10 (Figure 2 E). C. gleum alternate morphs were observed in community A replicate
2 and community F replicate 2; the remaining replicate of both communities generated only
colonies of the original morphotype. Taxonomy was confirmed via 16S sequencing, and original
and alternate morphs of CG both had highest homology matches with Chryseobacterium

cucumeris XS (C. gleum group).
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Figure 2 . Community-based adaptation produces convergent community composition along with
diversification within and between communities. (A-C) Community composition follows coherent
trajectories over time in the presence (right) and absence (left) of C. elegans, with compositional
differences associated with the presence of worms. For plates with worms (right), data are from batch
digests of adult worms taken from plates at the end of each passage (n=50 adult worms per batch).
For plates established without worms (left), data are for communities washed from plates. (A) PCA of
community composition data over time (ten passages of experimental evolution) Each point
represents one replicate (12 communities, two replicates each). (B, C) Relative abundance for
communities in passages 1, 5, and 10; each bar represents one replicate as in (A). Communities are
shown in order of community ID and replicate number (community A replicate 1, A replicate 2, B
replicate 1, B replicate 2...; two replicates for each of 12 communities, n=24 bars). Here “CX” refers to
either CG or CI, “RE” refers to RE15D, RE15M, or RE16, and “SX” refers to either SS or ST, according
to the starting composition of the individual communities (Table 2). C. gleum (CG) is the
Chryseobacterium isolate in communities A-B, E-F, and I-J (two replicates each: columns 1-4, 9-12,
17-20 out of 24 in panels B-C). (D) Emergence of morphological diversity in worm-associated
communities. Community replicates are on the y-axis (in reverse order top to bottom, L2->A1).
Passages where two distinct morphotypes were observed for Chryseobacterium (top) and
Microbacterium oxydans (bottom) are marked in red. (Data by Megan Taylor)



Figure 3. Phenotyping of original
(o) and alternate (a) morphs of C.
gleum, based on distinct
phenotypes on salt-free nutrient
agar. The original morph is
brightly colored, glossy, round,
smooth, and slightly mucoid. The
alternate morph is smaller and
flattened, with less opacity and

duller coloration.
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Figure 4. Emergence of alternate morphs of C. gleum (left) but not M. oxydans (right) coincides
with time-series minimums of taxonomic diversity. Each data point represents one of two
replicates of each community (n= 12 points for 6 communities containing C. gleum and 24
points for 12 communities containing M. oxydans at each passage). Communities without
alternate morphs are shown in pink; communities with alternate morphs of the indicated
species are shown in blue. Each row reports a different measure of community diversity
(richness, Shannon H’, inverse Simpson). (Data by Megan Taylor)



C. gleum is a worm pathogen
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Figure 5. Chryseobacterium gleum kills N2 Bristol C. elegans. In

these assays, day 2 synchronized adult worms (n=100) were added
to 6 cm NGM plates with lawns of pass-10 isolates of C. gleum. )
Mortality was assessed at 24 hour intervals. (Data by Megan Taylor) pathogenic toward worms. We

determined that C. gleum was

sought to determine whether
pathogenicity was altered during adaptation in these communities, and in particular whether
alternate and original morphologies differed in pathogenicity. Survival assays (Figure 5)
indicated that pathogenicity of pass-10 C. gleum isolates toward worms was very similar across
communities and morphologies, indicating that pathogenicity was not substantially altered

during adaptation.

There is variability within community and passage and between isolates
Variation was observed within both the original and alternate morphologies. Streaking out
individual colony isolates (here, from community F1) revealed variation in pigment, colony size,

and mucoid nature (Figure 6).
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Figure 6. Variation in colony morphology within the “original” morphotype in Community F1,
passages 4, 6, 9, and 10. Photos were taken of two-day old nutrient agar plates.

Growth rate is lower and carrying capacity is greater in alternate morphs than
ancestor

Growth rate and carrying capacity are traits often selected on in changing environments. We
hypothesized that there would be differences in growth rate and/or carrying capacity within and
between isolates of C. gleum from A1, A2, F1, and F2 communities and passages 6 and 10. This
information would help inform what selective pressures contribute to the emergence of alternate
morphologies by providing insight into how growth parameters differ between morphotype,
passage, and community and ancestral isolates. Alternate morphotypes are rare in the C. gleum

population. However, growth rate and/or carrying capacity has allowed for a rare morphotype to
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coexist with and find a stable fixed point with original morphotypes. Higher exponential growth
rate could allow for the rare morphotype to reach carrying capacity more quickly, allowing it to
coexist with the dominant morphotypes. Alternatively, a higher carrying capacity and a slow
growth rate would allow for an alternate morphotype to be sustained in a system. These
examples of stable states could explain the conditions that allowed emergence of alternate
morphotypes and resulted in coexistence. Based on the experimental results, it could be asserted
that growth rate and/or carrying capacity could be selected for or against in variable
communities, and that this differentiation in selection could be a reason for the emergence of
alternate morphotypes. To measure growth rate and saturation density under the nutrient
conditions in the original environment, individual isolates were grown in liquid NGM for 24
hours in a plate reader, and cultures were dilution plated at the end of the run to determine
density in colony forming units (CFU)/mL. This experiment revealed that growth rate was
slightly lower in alternate morphs and F2010 than in the ancestral and the remaining original
morphs (Figure 7 A). OD600 at saturation was relatively similar across all samples (Figure 7 B),
but dilution plates revealed consistently greater carrying capacity in alternate morphs as
compared with ancestor (Figure 7 C). Several original morphs (A1010 (p<=0.01), A2010
(p<=0.001), F106 (p<=0.01), and F2010 (p<=0.05)) also showed higher saturation density than
the ancestor. These results also suggest an increase in carrying capacity over time in original

morphs.
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Figure 7. Phenotyping of C. gleum original (o) and alternate (a) morphs from communities A and F.
Ancestral isolates are shown as “WT”. Maximum exponential growth rate (h-t) (A) and OD600
saturation density (B) were estimated from plate reader growth curves in liquid NGM media at 25°C.
Saturation density in CFU/mL (C) was estimated by dilution plating the same cultures after 24 hours
growth in plate reader. Data represent three independent experiments on separate days, using the
same isolates in all runs (n=4 from each community and passage). Results of pairwise Wilcoxon rank
sum tests against the ancestor are shown above each data set (¥, p<=0.05; **, p<=0.01; ***,
pP<=0.001; ¥**** p<=0.0001).
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Pairwise competition in vitro

Next, we sought to determine why we observed alternate morphs in one replicate community
but not the other. If alternate morphs could not compete successfully against original morphs
from communities where morphological diversity was not seen, that would provide an
explanation for why alternate morphs were found in some communities/replicates but not
others. To assess competitive interactions, we co-cultured alternate and original morphologies
on NGM agar with the same seven-day passage window used during experimental evolution and
measured the fraction of each morphotype present. We observed that alternate morphs were
maintained in all pairwise combinations over time, frequently dominating these populations,
and that neither morphotype was excluded in any combination (maximum alternate morph
relative abundance 99.45%). Alternate morphs rarely decreased in relative abundance, and
sometimes even increased as they were passaged (Figure 8). This indicates that intra-species
competitive exclusion does not explain the absence of alternate morphs in communities A1 and
F1 (Figure 8). Nor did alternate morphs consistently perform better or worse in competition with
original morphs from the same community and passage, indicating no evidence for Red Queen-

type arms-race dynamics (Morran et al. 2011).
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In Vitro Competition
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Figure 8. Alternate morphs of Chryseobacterium gleum persist in vitro on 1.5% NGM agar plates in co-
culture with original morphs. Plates were handled identically to those in experimental evolution
(Methods). Populations were similar at the end of the first (day 7) and second (day 14) passages for most
combinations, and extending a subset of conditions to include one additional passage had no further
effect on ratios or abundances (not shown), suggesting that a local ecological equilibrium had been
reached for most pairs. Coexistence was observed in all pairs, regardless of whether the original morph
was taken from the same passage (6 or 10) as the alternate morph and whether the original morph was
from a replicate where alternate morphs did (A2, F2) or did not (A1, F1) exist at passage 10. Ancestral C.
gleum (CG 0) is used as a reference. Each replicate represents one isolate from the alternate morphology
(n=3); the same number of isolates of the original morph within each community and passage were
grown individually and pooled to create a common competitor. (Data by Megan Taylor and Marissa
Duckett)

As we observed variation in growth between individual isolates and across isolates from
different communities and passages, we sought to determine whether these differences could
explain the variability in fraction of the alternate morph supported during pairwise competition.
We hypothesized that greater growth rate and/or carrying capacity might allow competitive

dominance. We therefore plotted differences in growth rate (raix-ro.i) and differences in



14

saturation log,o(CFU/mL) in NGM medium (Kai-Kori) against the final fraction of alternate

morph in pairwise competitions (fai) for all pairs of isolates to identify any trends in those data.

We observed (Figure 9) that there was no correlation between either exponential growth rate or

carrying capacity in liquid NGM and competitive performance in pairwise combinations (Figure

9). Neither of these traits were sufficient to explain the outcomes of inter-specific competition.
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these results on community and passage. (Data by Megan Taylor and Marissa Duckett)
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Alternate morphs are less motile than original morphs

Previous work has suggested motility as a target for selection (van Ditmarsch et al. 2013). C.
gleum canonically lacks flagellar motility (Steinberg and Burd 2015). However, several studies
have suggested that this clade is capable of gliding motility on the surface of soft (0.35%) agar
plates, a trait shared with other members of the Flavobacteriales (Sato et al. 2021). Surface
motility assays were therefore conducted on soft (0.35%), swarming (0.5%), and solid (1.5%)
agar to investigate variations in motility associated with isolates of original and alternate
morphs from different communities and passages. We observed surface motility in both
alternate and original morphs (Figure 10). As described previously for Chryseobacterium
(Khare, Chandwadkar, and Acharya 2022), spreading colonies were surface iridescent (Figure
11). Motility increased as agar concentration decreased, and colonies were confined to the agar
surface, consistent with gliding motility. This observation was consistent across community,
passage, and morph. Alternate morphs were consistently less motile than original
morphologies, regardless of community ID and passage number (Wilcoxon rank sum tests on
0.35% agar pass 6 p=1.16e-05, pass 10 4.24e-07; 0.5% agar pass 6 p=2.24e-14, pass 10 p=1.07e-
4; 1.5% agar pass 6 p=0.0044, pass 10 p=0.011). Some original morphs appeared to be more
motile than the ancestral wild-type; however, variability in these data were high, and small

differences cannot be supported with confidence.
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Figure 10. Surface motility of original and alternate morphs of C. gleum on 0.35%, 0.5% and
1.5% NGM agar. Diameter of motility in cm is the vertical axis and passage (6 or 10) is the
horizontal axis. The red line represents the median diameter of ancestral colonies on the
indicated concentration of agar. Blue points are original morphs, red points are alternate
morphs; each shape represents one community and replicate (n=4 isolates from single colony
picks for each combination of community, replicate, and passage).
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There is no observable trend in motility of original morphotypes during
adaptation

From initial motility assays, it appeared that motility decreased over passages 6-10. We
therefore sought to determine whether there was evidence for directional selection on C. gleum
motility in these communities. To assess trends in motility over the course of adaptation,
isolates of the original morphotype were selected from passages 1-10 of communities A and F,
and motility was assessed on soft 0.35% agar; the ancestral strain was used as a baseline. If we
observed an increase in motility, this would be an indicator of hypermotility being a developed
asset selected for in each community. If we observed a decrease in motility as evolution
progressed, this would help explain the rationale for the development and maintenance of less
motile alternate morphs. We did not observe any trend in motility over evolutionary time in
these isolates, nor did we observe consistent differences in motility between original morphs
and the ancestral wild-type (Figure 12). These data do not indicate directional selection on

motility.
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Figure 12. Surface motility of original morphs from passages 1-10 of communities A and F. Isolates
from passes 6 and 10 are the same as in the previous figure; all other isolates were retrieved by
streaking out glycerol stocks of worm-associated community samples and re-streaking single colony
isolates to confirm morphology (n=4 isolates per community and passage). No isolates were available
for passage 2 because no samples were frozen during this passage; glycerol stocks of all pass-8
communities, and of community F1 and A2 in pass 3, did not produce colonies. Note that community-
A and community-F isolates were assayed on separate days, with separate batches of agar plates, and
the raw diameters cannot be compared across runs due to inherent variability in these assays.
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Genomic analysis reveals no variability in gliding genes

We next sought to identify genetic differences that would provide insight into causes of changed
motility. We hypothesized that a noticeable mutation would be present in motility genes that
differentiated alternate and original morphotypes. Eleven strains (A1010, A206, A2a6, A2010,
A2a10, WT/Ancestor, F1010, F206, F2a6, F2010, F2a10) were sequenced to identify genomic
changes during selection. Overall, we observed very little genetic divergence between isolates

(Figure 13).

We sought to identify mutations that might explain observed differences in motility. The genetic
basis of gliding in Chryseobacterium and other Flavobacteriales is known (McBride and Zhu
2013). Gliding motility in this clade depends on a type 9 secretion system (T9SS) and
canonically involves secretion of adhesins (Figure 14). It was hypothesized that genomic
variation in the identified gliding motility operon would explain the development of alternate
morphologies. All sequenced strains had complete sets of homologs to previously identified
components of gliding motility (Figure 14), with the exception that no specific adhesin genes,
like SprB, were identified. As compared with the ancestral genome, no SNPs were observed in
motility or secretion genes or in regulatory regions associated with any of these genes. The lack
of genetic differences between original and alternate morphologies in motility encoding regions
indicates that differences in motility between morphotypes did not arise from simple loss or

alteration of motility components.

In Flavobacterium, motility on firmer (0.5-1%%) agar is dependent on the adhesin SprB
(Shrivastava et al. 2013), (Sato et al. 2021), while motility on softer 0.35% agar can occur
independently of SprB (Sato et al. 2021). Our original and ancestor morphs displayed easy
spreading on soft agar and minimal spreading on agar >0.5%, while the alternate morphs
showed reduced spreading ability compared to original morphs at all agar concentrations. Based

on these observations, motility in our strains is similar to that of F. johnsoniae lacking the SprB
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adhesin. Genomic analysis confirmed the absence of SprB homologs or other adhesins in all
isolates, and a BLAST search against Chryseobacterium revealed no hits for the F. johnsoniae
operon sprCDB (GenBank EF111026.1), indicating the general absence of SprB adhesin in the

genus.

SprB-independent gliding using lipoproteins has been observed in Flavobacteriales. In the
previous studies on Flavobacteria, an initial growth-dependent spreading phase was observed,
followed by a period of SprB-independent gliding motility. Mutants lacking various components
of the T9SS or gliding genes did not exhibit this secondary expansion phase, underscoring the
necessity of gliding for colony expansion. Furthermore, double knockouts lacking both SprB and
specific lipoproteins lost motility entirely, indicating the requirement of lipoproteins for SprB-
independent colony expansion. The annotated genomes of C. gleum do contain the LolA outer
membrane lipoprotein, which can facilitate spreading of Flavobacteria on soft agar in the
absence of adhesin activity (Sato et al. 2021). Notably, we did not observe any SNPs in the lolA
sequence or adjacent regions, consistent with the lack of mutations in other motility-associated

genes.

One possible alternative explanation for motility differences between morphotypes is a change
in regulation of motility, for example through mutation of transcription factor(s). In many of our
sequenced strains, we see SNPs in Crp- and LexA-family transcriptional regulators. Other SNPs
were observed in genes encoding proteins with helix-turn-helix (HTH) domains and IS110
family transposases. At a glance, Crp can regulate transcription by making a Crp-cAMP complex
(Soberdén-Chéavez et al. 2017), LexA acts as a transcriptional repressor in regulation of DNA
repair in the SOS regulatory netweork (Simmons et al. 2008), and HTH transcription factors
bind DNA and regulate transcription (Menon and Lawrence 2013). IS110 is a transposase that
catalyzes transposon movement to another part of the cell (Siguier, Gourbeyre, and Chandler

2014). We do not know what these transcriptional regulators regulate in Chryseobacterium
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since very little of the genome is annotated, but upstream regulation of factors that affect

motility is possible.
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Figure 14. Gliding motility in Flavobacteriales is a function of the Type 9 Secretion System (T9SS).
Figure originally published as Figure 2 of (Trivedi et al. 2022), based on the T9SS of F. johnsoniae and
P. gingivalis. The ancestral CG isolate and all other sequenced isolates lack an annotated SprB homolog;
in fact, no specific adhesins are annotated on these genomes. These C. gleum genomes do show
homologs for SprA, PorV, PorP, PorT and all gld genes. gldN, gldM, gldL, and gldK are adjacent to one
another and appear to be a single operon; the same is true for porV, porU, and gldJ, and for gldB and
gldC. (A) A cartoon of the nuts and bolts of the T9SS motor that drives protein secretion and gliding
motility. T9SS substrates (SprB shown as an example) are transported to the periplasm via the Sec
transport pathway. The CTD of T9SS substrates is cleaved during transport. A recent model suggests
that the proton channel GIdL powers the rotation of T9SS. (B) A cartoon of the molecular rack and
pinion machinery that drives gliding motility. A model based on recent data suggests that the rotary
T9SS pinion drives a cell-surface conveyor belt (rack). Cell-surface adhesins such as SprB are secreted
by T9SS and are loaded onto the conveyor belt. Interaction of SprB with an external substratum results
in screw-like gliding motility of the bacterial cell.
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Regulation of motility by nutrient concentration

To explore regulation of motility, we examined motility in varying nutrient densities. Recent
studies in a related Chryseobacterium (Khare, Chandwadkar, and Acharya 2022) and in
Flavobacterium (Penttinen, Hoikkala, and Sundberg 2018), (Gavriilidou et al. 2020) indicated
that bacteria in this clade alter motility in response to concentration of a rich nutrient source in
the media. Higher media concentrations (Difco LB or Shieh medium) resulted in less spread and
a smoother frontier, which the authors theorized was due to increased cell density restricting
dendritic spread. The 1X NGM medium used in our experiments had a peptone concentration of
2.5 g/L, while the Difco LB medium used in a prior study contained 10 g/L tryptone; 4X NGM is
equivalent to 1X Difco LB in tryptone-equivalent concentration, and increased motility was

observed over 0.5X-0.02X LB (2X-0.08X NGM).

We hypothesized that nutrient concentration would impact motility based on these observations
in previous research. To test this, we assessed motility on 0.35% NGM agar where nutrient
concentration was altered by changing the concentration of peptone (0.2X, 1X or 4X standard).
In both morphs, growth rate and carrying capacity increased with nutrient concentration in
liquid media. Across all conditions, original morphologies were more motile than alternate

morphs.

Original and alternate morphs responded differently to the change in nutrient concentration
(Figure 15 A). Original morphs showed the most spread on 1X peptone, which was the condition
used during experimental evolution. Original morphs expanded almost linearly and to the
greatest diameter in 1X peptone, whereas in 0.2X and 4X peptone, the expansion rate and
amount of spread was consistently lower. This suggests 1X peptone as the optimal agar for
spread of original morphs, inconsistent with previous work on nutrient availability and motility
in other Flavobacteriales. Alternate morphs showed linear expansion across the two lower

nutrient levels, but at 4X peptone, a lag period was observed.
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These trends can be seen more clearly in expansion rates over time (Figure 15 B). For original
morphs, expansion is initially rapid and declines over time, except in 1X peptone where
expansion is nearly constant over this interval. These trends were not observed in alternate
morphs, where rate of spread appears to be constant in all nutrient concentrations, except for an

increase over time in 4X peptone conditions.

Neither exponential growth rate (Figure 16) nor carrying capacity (Figure 17) in liquid NGM with
different concentrations of peptone were sufficient to explain these results. Maximum spread
rate within each morph is about the same across all three nutrient concentrations, but in liquid
culture, we see growth rate increasing with nutrient concentration (Figure 16). Saturation
density increases with nutrient concentration, but only in alternate morphs is there any
correlation with diameter (Figure 17). Further, original and alternate morphs show
indistinguishable growth rates at 0.2X and 4X peptone and indistinguishable carrying capacities
at 0.2X peptone, but the original morph is more motile across conditions, indicating that the

motility differences between morphs are not simply due to differences in growth.
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Figure 15. Nutrient concentration alters surface motility on NGM agar. Here, nutrient concentration
was altered by changing the concentration of peptone in NGM agar (0.25X, 1X or 4X standard) while
holding all other components constant. Strains in these experiments were alternate and original morph
isolates from community F2 pass 6 (n=3 isolates per morph, all in technical triplicate; all data points

shown).

(A) Diameter (in cm) over time. (B) Expansion rates (cm/h) calculated from the data in (A).

Lines show log-linear fits to data (y~In(x)).
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Figure 16. Nutrient concentration alters growth rates, but growth rate does not explain most
differences in surface motility. Strains used in these experiments were alternate and original morph
isolates from community F2 pass 6 (n=3 isolates per morph, all in technical triplicate; all data points
shown). (A) Logistic growth rates were inferred from spline fits to OD600 data when isolates were
grown for 24 hours in liquid NGM with 0.25X, 1X or 4X peptone. (B) Logistic growth rates vs
maximum diameter (48h growth) on 0.35% NGM plates at each concentration of peptone. For
alternate morphs, max diameter and saturation OD are positively correlated (linear slope = 3.7,
p=8.8e-06); for original morphs, there is no statistically significant linear correlation (p=0.4). (C)
Logistic growth rate vs maximum surface spreading rate on 0.35% NGM agar at each concentration
of peptone. Maximum spreading rate and saturation OD are not significantly linearly correlated for
either morph (both p~0.25).
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Figure 17. Nutrient concentration alters bacterial density at saturation, but saturation density does not
explain most differences in surface motility. Strains used in these experiments were alternate and
original morph isolates from community F2 pass 6 (n=3 isolates per morph, all in technical triplicate).
(A) Carrying capacities were inferred from logistic model fits to OD600 data when isolates were grown
for 24 hours in liquid NGM with 0.2X, 1X or 4X peptone. (B) K vs maximum diameter (48h growth) on
0.35% NGM plates at each concentration of peptone. For alternate morphs, max diameter and saturation
OD are positively correlated (linear slope = 0.71, p=4.11e-06); for original morphs, there is no statistically
significant linear correlation (p=0.8). (C) K vs maximum surface spreading rate on 0.35% NGM agar at
each concentration of peptone. Maximum spreading rate and saturation OD are not significantly linearly
correlated for either morph (both p~0.2).
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Morphology of the colony frontier, and particularly the branching pattern, were altered by
peptone concentration (Figure 18). Both original and alternate morphs produced dendritic
spreading colonies on soft agar plates. However, whereas prior work in a different soil-isolated
Chryseobacterium (Khare, Chandwadkar, and Acharya 2022) observed increased dendritic
branching of the expansion front in lower concentrations of peptone, in both alternate and
original morphs, the lowest nutrient condition (0.2X peptone) showed nearly smooth edges. In
our original morphs these branches are thickest and most pronounced at the intermediate
peptone concentration (1X NGM) and are smaller and less pronounced in the lowest and highest
peptone concentrations (.2X, 4X). In alternate morphs, by contrast, we see more defined
dendritic frontiers as peptone concentration increases. This is consistent with the hypothesis
that the differences in motility between original and alternate morphs are due to differences in

regulation of the phenotype.
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Figure 18. Dark-field microscopy of colony frontiers on 0.35% NGM agar at 48 hours growth.

Discussion

The full scope of variability of species in host-associated and host-independent communities is
not understood, and we also don’t know what selective pressures cause the emergence of this
variability. To investigate these gaps in knowledge specifically in host-associated communities,
we characterized host-associated communities based on phenotype to reveal variation and
potential selective pressures. Our study reveals convergence in community composition over

time, but the development of alternate and original morphologies indicates evolutionary
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variability within microbial lineages. The emergence of morphological variation within
microbial communities is driven by unidentified selective forces that impact the evolutionary
trajectory of individual species. C. gleum emerged as a dominant member of the bacterial
community despite its limitations as a mono-colonizer. This observation suggests the existence
of environmental or inter-bacterial selective pressures that contribute to the increased
prevalence of C. gleum in community settings. Our research unravels some of the possible

selective pressures responsible for within-species variation.

C. gleum emerged as the dominant species in host-associated communities where it was initially
present, despite consistently being driven extinct on plates without the worm and despite
performing poorly as a mono-colonizer of the worm (Taylor, Janasky, and Vega 2022). In
previous work with this system (Taylor, Janasky, and Vega 2022), mono-colonization ability did
not predict performance of bacteria in communities, and specifically there was no trend with
mono-colonization ability and community composition in C. gleum. Further, C. gleum is a
pathogen, causing substantial death in adult N2 worms within one day of exposure (Figure 5); in
fact, colonization by these bacteria is difficult to measure due to worm loss. Despite high relative
abundance in communities, C. gleum populations measured from worm digests during these
experiments were numerically small, generally <1000 bacteria per worm. This suggests that C.
gleum populations in the worm intestine were small and short-term, and the environmental
space is likely where C. gleum is best maintained. The fact that C. gleum performs poorly when
mono-colonizing worms, but can rise in prominence when it is part of a greater microbial
community, suggests that selection for within-host performance is unlikely. The selective

pressures acting on C. gleum in these experiments are not at present clear.

We did observe some changes in growth parameters, including differences in growth parameters
between original and alternate morphs. Growth rate and carrying capacity are often causes of

competitive advantages and can give perspective of the type of selection in an environment.
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Alternate morphs show lower exponential growth rates than the ancestor, while original morph
growth rates are largely indistinguishable from the ancestor. Since C. gleum is prey in this host-
microbe system, it could reasonably be hypothesized that growth rate would increase, but this
was not observed. Alternately, to evade predation, microorganisms can become more difficult to
consume. C. elegans shows behavioral avoidance of very thick lawns (Demir et al. 2020).
Alternate morphs, and many of the pass-10 original morphs, have a greater carrying capacity
than ancestor. It is plausible that increased colony density evolved to evade consumption by the
host. Since this increase in carrying capacity is in both alternate and original morphs, we cannot

conclude that carrying capacity is a source of differentiation of the morphs.

All isolates of C. gleum displayed surface motility, which encompasses gliding, swarming,
twitching, and sliding, which are the fastest forms of bacterial motility (Verstraeten et al. 2008),
(Palma et al. 2022). In the Bacteroidota phylum, flagella and swimming/swarming motility are
absent, and motility is primarily achieved through T9SS-dependent gliding (Paillat et al. 2023).
We confirmed that the C. gleum isolates were capable of surface movement on soft agar,
indicating the utilization of gliding motility. Moreover, the essential genetic components of
gliding motility were conserved across all tested isolates without any observed mutations. This
aligns with previous findings in other Flavobacteriales, where altered morphologies associated
with reduced motility were not linked to mutations in motility-associated genes (Penttinen,

Hoikkala, and Sundberg 2018).

Motility has been previously identified as a target of selection in vitro and in host-associated
bacteria. In a prior run of this experiment, we observed differences in swimming motility in an
invading Pseudomonas mosselii isolated from different communities. Isolates from community
I2 passage 9 were observed to be hypermotile, while the remainder communities and passages
from the experiment reflected ancestor-like motility. This demonstrates variation in motility

within species and between communities. This difference in motility from different starting
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communities indicate a variation in motility as evolution occurs as a result of unknown selective
pressures. In another experiment, with host-independent non-communal Pseudomonas
aeruginosa, swimming motility was observed to increase during experimental evolution (van
Ditmarsch et al. 2013). This trend towards hypermotility was not observed in our experiments.
Directional selection on motility during experimental evolution was not observed. However, we
do observe less motile morphotypes that emerge after six passages, highlighting that
experimental evolution somehow contributes to the selection and maintenance of less motile

morphotypes in Chryseobacterium gleum.

To explore regulation of motility, we examined motility in varying nutrient densities. Our
results were inconsistent with recent studies in a related Chryseobacterium (Khare,
Chandwadkar, and Acharya 2022) and in Flavobacterium (Penttinen, Hoikkala, and Sundberg
2018) which indicated that bacteria in this clade increase motility in response to decreased
concentration of a rich nutrient source in the media. This suggests variation in motility

regulation within Chryseobacterium.

These previous studies used complex rich media (LB and Shieh medium) that contained yeast
extract, while our study employed nematode growth medium (NGM) containing peptone but
without yeast extract. Although it is clear that motility in Bacteroidota is influenced by the
environment, the specific impact of this difference on motility in Bacteroidota remains
uncertain. Furthermore, it is unknown whether the response to nutrient concentration differs
across communities or replicates, and whether evolved original-morph isolates display different
motility responses compared to the ancestral wild type. Future investigations will compare

motility among these isolates in different media types to address these questions.

In our surface motility and nutrient assays, we observed distinct expansion patterns between
alternate and original morphs. Original morphs displayed rapid spreading across a range of

nutrient concentrations, resulting in similar final spread diameters despite visually different cell
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densities in the expanding colonies. This suggests these morphs are capable of density-
independent gliding motility, as observed in sprB deficient Flavobacterium (Sato et al. 2021).
Understanding the spreading of alternate morphs is more challenging, as their expansion,
growth rate, and carrying capacity all increased with nutrient concentration. To further explore
density dependent and independent spread, surface motility assays can be conducted with
inocula of different concentrations for original morphs. This would allow us to speculate on a
threshold for density dependent spread, and to see if original morphs are capable of density

independent spread.

Changes in regulation can often be associated with tradeoffs within an organism. Change in
motility is usually the result of a regulatory change (Ottemann and Miller 1997). Frequently,
mutants in lineages of motile biofilm-forming bacteria show a tradeoff between these two
phenotypes, which can lead to morphological and phenotypic variation within a clade (Palma et
al. 2022), (van Ditmarsch et al. 2013). In Flavobacterium johnsoniae, removal of individual
gliding motility genes and T9SS genes inhibited both biofilm formation and motility, indicating
that the genes used for gliding motility are also required for biofilm formation (Eckroat,
Greguske, and Hunnicutt 2021). With this known overlap in motility and biofilm formation
machinery, it is reasonable to expect that there is a relationship between nutrient concentration

and regulation of motility and biofilm in Chryseobacteria as well.

We do not have data on biofilm formation in our isolates. Based on prior work in related
bacteria, we presume that these C. gleum are capable of biofilm formation, and it is reasonable
to assume that the T9SS is important for both motility and biofilm formation in these isolates as
in other Bacteroidota (Penttinen, Hoikkala, and Sundberg 2018). It is possible that reduced
motility in alternate morphs might be linked to enhanced biofilm formation. Future work will
compare motility and biofilm formation among these isolates in different media concentrations

to address this question.
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We also want to understand what contributes to the synchronous emergence of alternate
morphologies in different communities. C. gleum morphological variants arose in different
communities at the same time, pass 6, and were maintained for the duration of the experiment,
pass 10. This emergence coincides with the loss of community biodiversity, so this change in
community context may be somehow associated with the emergence of within-species diversity.
This could be tested in community-based competition assays to determine whether alternate
morphs can be sustained in different biodiverse conditions. Two comparative communities
could be ancestor-rich and ancestor-poor. The ancestor-rich community would include all seven
original ancestral isolates, and ancestor-poor communities would contain only species
remaining in these communities as of pass 6. For both communities, C. gleum alternate morphs
would be added to starting conditions. This assay would confirm whether alternate morphs can
arise in biodiverse conditions, or if their emergence is a consequence of reduced community

biodiversity.

While broader community dynamics tend to foster convergence, it is crucial to acknowledge that
individual microbial species exhibit distinct evolutionary trajectories within these communities.
Investigations encompassing both within species, community, and passage-level dynamics and
within-species variation are pivotal in unraveling the complex nature of microbial community

evolution.

Methods

Strains and culture conditions. Bacterial strains in Table 1 were obtained from the USDA
Agricultural Research Service (ARS) Culture Collection (NRRL). Strains showed characteristic
morphology on salt-free nutrient agar (NA, 3g yeast extract, 5g peptone, 15 g agar per L), which
was used for identification of colonies (Taylor, Janasky, and Vega 2022). Combinatorial

communities were set up with mixtures of seven strains as shown in Table 2.
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N2 Bristol C. elegans were provided by the Caenorhabditis Genetics Center, which is funded by

NIH Office of Research Infrastructure Programs (P40 OD010440). Stocks of ancestral N2

worms were cultivated on 10 cm NGM agar plates at 25°C with E. coli OP50 as a food source

according to standard protocols (Stiernagle 2006).

Species Abbreviation
B-2879 Arthrobacter aurescens AA
B-1876 Bacillus spp. BS
B-14798 Chryseobacterium gleum CG
B-14848 Chryseobacterium indologenes Cl
B-24236 Microbacterium oxidans MO
ATTC 49188 Ochrobactrum anthropi OA
B-1574 Rhodococcus erythropolis (mucoid) |RE15M
B-1574 Rhodococcus erythropolis (dry) RE15D
B-16025 Rhodococcus erythropolis RE16
B-23393 Sphingobacterium spiritivorum SS
B-14902 Sphingobacterium thalpopium ST

Table 1. These species are the eleven C. elegans-naive soil bacterial isolates selected from USDA
NRRL soil bacteria collection used to create communities. Three of seven genera
(Chryseobacterium, Rhodococcus, and Sphingobacterium) are represented by more than one

species or isolate.
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Bacteria: AA, MO,BS, OA, RE15D, RE15M, RE16, Cl, CG, SS, ST | \
Multispecies Combinations

A AA MO RE15D BS OA CG SS
B AA MO RE15D BS OA CG ST
C AA MO RE15D BS OA Cl SS
D AA MO RE15D BS OA Cl ST
E AA MO RE15M BS OA CG SS
F AA MO RE1S5M BS OA CG ST
G AA MO RE15M BS OA Cl SS
H AA MO RE1S5M BS OA Cl ST
I AA MO RE16 BS OA CG SS
J AA MO RE16 BS OA CG ST
K AA MO RE16 BS OA Cl SS
L AA MO RE16 BS OA Cl ST

Table 2. Combinatorial composition of each of the twelve seven-species starting communities A-L.

Community-based experimental evolution. Community-based evolution was carried out as in
(Taylor, Janasky, and Vega 2022), with minor modifications. To observe the outcomes of
community-based host-associated evolution in a simple microbial community, we initiated
experimental evolution of combinatorial minimal communities of bacteria (see Tables 1 and 2)
with and without the nematode C. elegans as predator and host (see Figure 1 for workflow
schematic). Worm+ plates were initiated with synchronized L1 larvae of wild-type Bristol N2 C.
elegans. Larvae were aliquoted in equal volumes (approximately 100 L1 larvae per plate) onto 6
cm NGM agar plates with pre-grown and UV-killed lawns of E. coli OP50 + 50 uL total NRRL
bacteria at 108 CFU/mL. Starting cultures of NRRL bacteria were pre-grown individually in 1 mL
LB cultures for 48 hours at 25°C, transferred to 1.5 mL Eppendorf tubes, and centrifuged 2
minutes at 9000xg in a tabletop centrifuge (Eppendorf) to pellet. Supernatant was removed, and

bacteria were re-suspended in 1 mL S medium before being diluted to 108 CFU/mL in a second
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Eppendorf tube with a final volume of 1 mL S medium. These 108 CFU/mL stocks were
combined in equal ratios to form the communities in Table 2, and these mixtures were used to

seed plates. All communities were established in duplicate.

Every 7 days, plates were observed and scored on a 0-4 scale for number of total worms, number
of larvae, and plate coverage by bacterial lawn; observations were recorded in summary for each
bacterial strain or combination until differences between replicates were observed, at which
point scores for each replicate were recorded individually. After scoring, plates were washed
once with 1 mL Mg worm buffer + 0.1% Triton X-100 (M9TXo01) to remove the bulk of the
worms and the bacterial lawn. The resulting suspension was centrifuged briefly in a small
benchtop centrifuge to pellet worms, then washed again with 1 mL MgTXo1. The second wash
was drawn down to 100 uL and supernatant was discarded; worms were re-suspended by
flicking, and 10 pL of the worm- and bacteria-containing liquid was transferred to a fresh room-
temperature plate of NGM + UV-killed OP50. Motorized pestle batch digests were performed to
determine bacterial community composition in the intestines of adult worms according to
standard protocols for this lab (digests in 20 uL. M9TXo01 in 0.5 mL tubes, Kimble Kontes)
(Taylor and Vega 2021); target was 50 individual worms, but if this number was not available,
all adults in the sample were counted and digested. Samples of live worms and bacterial
contents from batch digests were individually frozen. Single colony picks were taken from digest
plates (up to 6 isolates per species per replicate), grown in 100 pL LB in 96-well plates for 48
hours at 25°C, then mixed 1:1 with 40% glycerol and covered with aluminum sealing foil before

freezing at -80°C.

For community-based evolution in the absence of worms, a slightly modified protocol was used.
Plates were initially established with ancestral communities as already described, but on 6 cm
NGM plates without UV-killed OP50 as this initial worm food source was not needed. Every 7

days, plates were washed with MgTXo01 to remove the entire bacterial lawn, centrifuged for 2
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minutes at 6000xg to pellet, and resuspended in 1 mL S medium by pipetting. The resulting
suspension was diluted in a ten-fold series for plating and CFU counting, and 10 uL of a 1:10
dilution of each suspension was aliquoted onto the center of a fresh 6 cm NGM plate to seed
communities for the next passage. Plates were grown upside down at 25°C. Samples were

cryopreserved as already described.

Pairwise bacterial interactions in vitro. To determine whether alternate and original morphs
could coexist and to measure competitive ability or morphs within and between replicates and
passages, we competed pairs of individual isolates in culture in the absence of the host. The
isolates used in these experiments were randomly selected from worm digest plates from each
passage, re-streaked on fresh NA plates to confirm morphology, and cryopreserved as single
colony picks at -80°C. Isolates of CG from passage 6 and 10 worm+ communities A1, A2, F2, and
F2, as well as the ancestral strain (n=3 isolates per morph per condition), were grown up
separately in 1 mL LB cultures for 24 hours at 25°C and diluted to a uniform cell density of 108
CFU/mL. Isolates of the original morph from each community + passage were combined into a
single volume. For pairwise competitions, the indicated pooled original morph was mixed 1:1
with each individual alternate morph isolate. 5 uL of each pairwise competition mix was mixed
with 9o pL. S medium in a 96 well plate. 10 pL of each well was transferred to the center of two 6
cm NGM plates (1.5% agar, poured fresh, not dried), and plates were moved to 25°C to grow. At
indicated time points (2, 7, and 14 days), lawns were washed off plates (see Community-based
experimental evolution) and resuspended in 1 mL 1xPBS. These resuspensions were serially
diluted ten-fold in 1xPBS (200 pL final volume per well) and plated in 100 pL aliquots on 10 cm
nutrient agar (NA) plates for CFU counting and identification of original and alternate morphs.
On day 7, fresh plates were inoculated with 10 pl of the first (1:10) serial dilution and grown for 7

days for sampling on day 14.
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Chryseobacterium gleum Mortality Assays. As we observed host mortality in mono-
colonization experiments with these isolates, we sought to determine whether C. gleum was
pathogenic to C. elegans, and whether evolved and ancestral isolates differed in pathogenicity.
Isolates of C. gleum ancestral strain (ANC) as well as isolates obtained from worm+ community
plates in passages 6 and 10 were grown separately in 1 mL LB cultures for 48 hours at 25°C and
diluted to a uniform cell density of 108 CFU/mL. The isolates used in these experiments are the
same randomly-selected isolates as in the previous section. 50 uL of each isolate were plated
onto separate 6 cm NGM plates in triplicate. Plates were grown up at 25°C for 48 hours to
develop a lawn. Using a BioSorter (250FOCA, Union Biometrica), 50 sucrose washed adult N2
worms were plated onto the resulting lawns. Plates were incubated at 25°C, and worms were
scored every 24 hours for four days. Worms that were not moving independently and did not

respond to prodding with a worm pick were scored as dead.

Growth curves. To quantify the phenotypic consequences of experimental evolution and assess
variation among isolates within these samples, we conducted a series of experiments to assess
growth and motility. Bacteria isolated from evolved communities and ancestral isolates for each
strain were grown up separately in 1 mL LB cultures for 24 hours at 25°C, then diluted in liquid
NGM to a uniform cell density of 108 CFU/mL. Each strain was then further diluted 1:100 to a
final cell density of 10° CFU/mL in 150 pul liquid NGM in a clear polypropylene 96-well plate (3-4
replicates per strain, each from a separate single colony isolate). The plate was covered with
BreatheEasy Sealing Membrane and was run on a BioTek Synergy HTX plate reader using a 24-
hour kinetic protocol reading OD600 every 10 minutes at 25°C. Growth curve data were
analyzed in R using the function SummarizeGrowthByPlate() in growthcurver to infer carrying
capacity of the logistic growth model from the OD600 over time data from each individual well;
maximum growth rates were inferred for each well using many.splines.fit() from package

growthrates. Parameter values were calculated for all replicates for each individual strain, and
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summary statistics (mean, median, variance) were calculated across experiments for each

replicate.

Surface motility. Surface motility was assayed using a canonical drop culture assay. For worm-
independent motility, swarm motility assays were conducted with only Chryseobacterium
gleum on 6 cm NGM agar plates with 0.35%, 0.5%, or 1.5% agar. 6¢cm plates were filled with
8mL of agar on the day of experiment and allowed to solidify lid-off for 30 minutes in a laminar
flow hood to help ensure uniform surface moisture across plates ),(. Bacterial cultures were
grown overnight in 100 pL of LB in individual wells of a 96-well plate at 25°C, shaking, and
covered with USA Scientific BreatheEasy Sealing Membrane. Cultures were transferred 1pl to
100 pl liquid NGM the morning of the experiment and allowed to re-grow under the same
growth conditions for 4 hours. 1 ul drops of each NGM culture were carefully placed in the
center of each plate, avoiding splatter. Plates were incubated in stacks of not more than three
plates at 25°C in the dark, with a tray of water providing ambient humidity. 1.5% and 0.5%
plates grew for 7 days. 0.35% plates grew for 2-3 days due to the swarms reaching the edge of
the agar plate. Swarm diameter was measured with a ruler using centimeters and millimeters.

Measurements were conducted 3-12 hours apart.

In assays to determine the effects of nutrient concentration on motility, the same protocol was
followed, with the exception that 0.35% NGM agar was made with peptone at 0.2X (0.5 g/L), 1X
(2.5 g/L), or 4X (10 g/L) of the standard formulation. All other components were kept constant

according to the standard formulation for NGM agar.

DNA extraction and genome sequencing. Isolates were sent for whole genome sequencing to
determine what mutations were produced during adaptation. Cultures were grown individually
overnight in 1mL cultures of LB (25°C, shaking). Samples were centrifuged at 13,000 RPM for 2
minutes to pellet cells. Cells were washed with 1 mL 1xPBS three times, resuspended in 1 mL

PBS, and separated into 5 PCR tubes (200ul each). To improve lysis efficiency, a freeze-boil
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protocol was used: samples were frozen in a -80C freezer for 10 minutes, then immediately
boiled in a thermocycler for 10 minutes. This step was repeated once more. After freeze-boil,
samples were recombined in 1.5 mL Eppendorf tubes and centrifuged at 13,000 RPM for 2
minutes; supernatant was discarded. DNA extraction was carried out using the Promega Wizard
DNA Extraction Kit reagents and protocols, with addition of 10 uL proteinase K (20 mg/mL,
MolBio or Invitrogen) and 50 pL lysozyme (20 mg/mL, MolBio) to the lysis step (incubated 30
minutes at 37°C in bead bath to allow lysis to proceed) (Natarajan et al. 2016). Samples were

rehydrated with 5oul rehydration solution for 1hr at 65°C.

DNA concentration of each sample was measured with both Qubit and Nanodrop. Qubit
measurements were made using protocols and reagents from Invitrogen Qubit High Sensitivity
Assay. BioTek Synergy HTX plate reader Nanodrop measurements were conducted using 2ul of
sample and 2l of Promega rehydration Buffer as the blank on a Take3 plate. Samples above
20ng/ul were sent to Microbial Genome Sequencing Center (SeqCenter) for 200Mbp Illumina

sequencing with NovaSeq 6000.

Quality control and assembly were performed in Bactopia (Petit and Read 2020) using default
parameters, with reference to a species-specific dataset (Ariba reference datasets, RefSeq mash
sets, and GenBank sourmash) including full genome assemblies of up to 1000 genomes
identified as C. gleum. Variant calling was performed against the complete reference genome for

each strain sequenced.

Mauve was used to identify SNPs from multiple genome alignment of the reference sequence,
each individually-evolved isolate, and the ancestral genome. The alignment with the reference
genome was used for identification of SNP-containing loci when possible. When no homolog
was available in the reference genome, or when homologs were not annotated with gene names

or specific functions, nearest homologs were identified via nucleotide megaBLAST (high
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homology) or BLASTn (somewhat dissimilar sequences) against Chrysobacterium gleum and C.

cucumeris.

Data availability. All data and code used in this manuscript are available at

https://github.com/veganm/2022NRRL2_AltMorphs
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Figure 1 Experimental workflow for community-based evolution. The experimental set up for
the previous project consisted of 12 seven member communities, similar at a genus level but
variable on a species level. Each community had a replicate made, resulting in A1 and A2
communities and the like. These communities were grown with worms and passaged every
seven days to fresh NGM agar plates. Worm digests were conducted to reveal the bacterial
community composition. Isolates were picked, this revealed species variability. Isolates
reflective of original and alternate morphologies were used in phenotypic variability testing.
Growth rates and carrying capacity were measured in a plate reader. Motility assays were
conducted on agar plates with variable agar. Competition assays were conducted by growing an
alternate and original morph together then plating them, the amount of each morphotype was

counted to quantify which was a stronger competitor. Genomics were conducted with specific
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strains, SNPS and their corresponding genes were identified. The image displays a SNP on a C.
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Figure 2 . Community-based adaptation produces convergent community composition along
with diversification within and between communities. (A-C) Community composition follows
coherent trajectories over time in the presence (right) and absence (left) of C. elegans, with

compositional differences associated with the presence of worms. For plates with worms (right),
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data are from batch digests of adult worms taken from plates at the end of each passage (n=50
adult worms per batch). For plates established without worms (left), data are for communities
washed from plates. (A) PCA of community composition data over time (ten passages of
experimental evolution) Each point represents one replicate (12 communities, two replicates
each). (B, C) Relative abundance for communities in passages 1, 5, and 10; each bar represents
one replicate as in (A). Communities are shown in order of community ID and replicate number
(community A replicate 1, A replicate 2, B replicate 1, B replicate 2...; two replicates for each of
12 communities, n=24 bars). Here “CX” refers to either CG or CI, “RE” refers to RE15D, RE15M,
or RE16, and “SX” refers to either SS or ST, according to the starting composition of the
individual communities (Table 2). C. gleum (CG) is the Chryseobacterium isolate in
communities A-B, E-F, and I-J (two replicates each: columns 1-4, 9-12, 17-20 out of 24 in panels
B-C). (D) Emergence of morphological diversity in worm-associated communities. Community
replicates are on the y-axis (in reverse order top to bottom, L2->A1). Passages where two
distinct morphotypes were observed for Chryseobacterium (top) and Microbacterium oxydans

(bottom) are marked in red. (Data by Megan Taylor)........cccceeeeeirreenerneenieniieeieeeeeeeeeeeeesaeeaees 6
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Original Alternate

Figure 3. Phenotyping of original (o) and alternate (a) morphs of C. gleum, based on distinct
phenotypes on salt-free nutrient agar. The original morph is brightly colored, glossy, round,
smooth, and slightly mucoid. The alternate morph is smaller and flattened, with less opacity and
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Figure 4. Emergence of alternate morphs of C. gleum (left) but not M. oxydans (right) coincides
with time-series minimums of taxonomic diversity. Each data point represents one of two
replicates of each community (n= 12 points for 6 communities containing C. gleum and 24
points for 12 communities containing M. oxydans at each passage). Communities without
alternate morphs are shown in pink; communities with alternate morphs of the indicated
species are shown in blue. Each row reports a different measure of community diversity

(richness, Shannon H’, inverse Simpson). (Data by Megan Taylor).........cccoeeeeeveervieeneeeseeseeenne. 7
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Figure 5. Chryseobacterium gleum kills N2 Bristol C. elegans. In these assays, day 2
synchronized adult worms (n=100) were added to 6 cm NGM plates with lawns of pass-10

isolates of C. gleum. Mortality was assessed at 24 hour intervals. (Data by Megan Taylor) ......... 8
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Figure 6. Variation in colony morphology within the “original” morphotype in Community F1,

passages 4, 6, 9, and 10. Photos were taken of two-day old nutrient agar plates...........ccccueruneen.... 9
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Figure 7. Phenotyping of C. gleum original (o) and alternate (a) morphs from communities A
and F. Ancestral isolates are shown as “WT”. Maximum exponential growth rate (h*) (A) and
OD600 saturation density (B) were estimated from plate reader growth curves in liquid NGM
media at 25°C. Saturation density in CFU/mL (C) was estimated by dilution plating the same
cultures after 24 hours growth in plate reader. Data represent three independent experiments

on separate days, using the same isolates in all runs (n=4 from each community and passage).
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Results of pairwise Wilcoxon rank sum tests against the ancestor are shown above each data set

(¥, p<=0.05; **, p<=0.01; *** p<=0.001; **** D<=0.0001). .ceeertrirrririeirrreeinirieessireeesiseesssneesennne 11
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Figure 8. Alternate morphs of Chryseobacterium gleum persist in vitro on 1.5% NGM agar

plates in co-culture with original morphs. Plates were handled identically to those in

experimental evolution (Methods). Populations were similar at the end of the first (day 7) and

second (day 14) passages for most combinations, and extending a subset of conditions to include

one additional passage had no further effect on ratios or abundances (not shown), suggesting

that a local ecological equilibrium had been reached for most pairs. Coexistence was observed in

all pairs, regardless of whether the original morph was taken from the same passage (6 or 10) as

the alternate morph and whether the original morph was from a replicate where alternate

morphs did (A2, F2) or did not (A1, F1) exist at passage 10. Ancestral C. gleum (CG 0) is used as
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a reference. Each replicate represents one isolate from the alternate morphology (n=3); the
same number of isolates of the original morph within each community and passage were grown

individually and pooled to create a common competitor. (Data by Megan Taylor and Marissa
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Figure 9. Neither growth rate nor carrying capacity in NGM explain outcomes of pairwise
competition. Neither Ar (A, C) nor Alog(CFU/mL) (B, D) between alternate and original morphs
were significantly associated with fraction alternate morph in pairwise competition (linear
regression, slopes p>0.05). Data are colored by original morph (A, B) and by alternate morph
(C, D) to illustrate lack of dependence of these results on community and passage. (Data by

Megan Taylor and Marissa DUCKELL) .......cceoieriiriiiiiiieieeeeeeetee ettt 14
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Figure 10. Photographs of iridescence in alternate and original colonies during a surface motility

assay on .35% agar NGM plates after 48hrs of growth. ........ccceecuveeiiieiiiieiiicieeecececceeceeeee 16

Final Swarm Diameter

0.35 0.5 15
I — 5 0.751
S s 1 A
A o A, A o A Morph
PY fe) % 070%
5 1.0- g 2
© o A o oesl 2 B °©e
T I B
a °© A 091 % s Community
c . & 0601 o §
= & A A1
21 . 08 t
= : & b A A2
w A A Ly Q 0.551
;. g& C8 A o) ) e [1
2 077 0.50- ° F2
A @) (o)
6 10 6 10 6 10
Pass

Figure 11. Surface motility of original and alternate morphs of C. gleum on 0.35%, 0.5% and

1.5% NGM agar. Diameter of motility in cm is the vertical axis and passage (6 or 10) is the
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horizontal axis. The red line represents the median diameter of ancestral colonies on the
indicated concentration of agar. Blue points are original morphs, red points are alternate
morphs; each shape represents one community and replicate (n=4 isolates from single colony

picks for each combination of community, replicate, and passage). ........ccceceeeeererreesersienseenneenne 16
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Figure 12. Surface motility of original morphs from passages 1-10 of communities A and F.
Isolates from passes 6 and 10 are the same as in the previous figure; all other isolates were

retrieved by streaking out glycerol stocks of worm-associated community samples and re-
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streaking single colony isolates to confirm morphology (n=4 isolates per community and
passage). No isolates were available for passage 2 because no samples were frozen during this
passage; glycerol stocks of all pass-8 communities, and of community F1 and A2 in pass 3, did
not produce colonies. Note that community-A and community-F isolates were assayed on

separate days, with separate batches of agar plates, and the raw diameters cannot be compared

across runs due to inherent variability in these assays. ......c.ccceeveervieriiienieieie e 18
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Figure 13. Whole-genome alignment on Mauve. Seven of the eleven sequenced strains are
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Figure 14. Gliding motility in Flavobacteriales is a function of the Type 9 Secretion System
(T9SS). Figure originally published as Figure 2 of (Trivedi et al. 2022), based on the T9SS of F.
johnsoniae and P. gingivalis. The ancestral CG isolate and all other sequenced isolates lack an
annotated SprB homolog; in fact, no specific adhesins are annotated on these genomes. These C.

gleum genomes do show homologs for SprA, PorV, PorP, PorT and all gld genes. gldN, gldM,
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gldL, and gldK are adjacent to one another and appear to be a single operon; the same is true for
porV, porU, and gldJ, and for gldB and gldC. (A) A cartoon of the nuts and bolts of the T9SS
motor that drives protein secretion and gliding motility. T9SS substrates (SprB shown as an
example) are transported to the periplasm via the Sec transport pathway. The CTD of T9SS
substrates is cleaved during transport. A recent model suggests that the proton channel GldL
powers the rotation of T9SS. (B) A cartoon of the molecular rack and pinion machinery that
drives gliding motility. A model based on recent data suggests that the rotary T9SS pinion drives
a cell-surface conveyor belt (rack). Cell-surface adhesins such as SprB are secreted by T9SS and
are loaded onto the conveyor belt. Interaction of SprB with an external substratum results in

screw-like gliding motility of the bacterial cell...........coceiiiiiiniiniieeee 22

A Nutrient Concentration

—
o 3
[0
IS
o
o

1

1.0 15 2.0 1.0 1.5 2.0 1.0 1.5 2.0
Time (Days)
B
L ]

5 0.20
o
I °
CT’015 ° *
2o.
oy ® ° Morph
£
) > a
C0.10 o @ . o o ®
S S o S o *©
2 S el : e °
80.05 e ° o R e o
x > P [ 3BK p o
w L
0.00 ° c »

1.00 1.25 1.50 1.75 2.00  1.00 1.25 1.50 1.75 2.00  1.00 1.25 1.50 1.75 2.00
Time (Days)



57

Figure 15. Nutrient concentration alters surface motility on NGM agar. Here, nutrient
concentration was altered by changing the concentration of peptone in NGM agar (0.25X, 1X or
4X standard) while holding all other components constant. Strains in these experiments were
alternate and original morph isolates from community F2 pass 6 (n=3 isolates per morph, all in
technical triplicate; all data points shown). (A) Diameter (in cm) over time. (B) Expansion rates

(cm/h) calculated from the data in (A). Lines show log-linear fits to data (y~In(x))......cccccuee..... 25
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Figure 16. Nutrient concentration alters growth rates, but growth rate does not explain most
differences in surface motility. Strains used in these experiments were alternate and original
morph isolates from community F2 pass 6 (n=3 isolates per morph, all in technical triplicate; all
data points shown). (A) Logistic growth rates were inferred from spline fits to OD600 data when
isolates were grown for 24 hours in liquid NGM with 0.25X, 1X or 4X peptone. (B) Logistic

growth rates vs maximum diameter (48h growth) on 0.35% NGM plates at each concentration of
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peptone. For alternate morphs, max diameter and saturation OD are positively correlated
(linear slope = 3.7, p=8.8e-06); for original morphs, there is no statistically significant linear
correlation (p=0.4). (C) Logistic growth rate vs maximum surface spreading rate on 0.35% NGM

agar at each concentration of peptone. Maximum spreading rate and saturation OD are not

significantly linearly correlated for either morph (both p~0.25). ..ccccoeiieiriiiniiiiieiiieieee 26
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Figure 17. Nutrient concentration alters bacterial density at saturation, but saturation density
does not explain most differences in surface motility. Strains used in these experiments were
alternate and original morph isolates from community F2 pass 6 (n=3 isolates per morph, all in
technical triplicate). (A) Carrying capacities were inferred from logistic model fits to OD600
data when isolates were grown for 24 hours in liquid NGM with 0.2X, 1X or 4X peptone. (B) K
vs maximum diameter (48h growth) on 0.35% NGM plates at each concentration of peptone.
For alternate morphs, max diameter and saturation OD are positively correlated (linear slope =
0.71, p=4.11e-06); for original morphs, there is no statistically significant linear correlation
(p=0.8). (C) K vs maximum surface spreading rate on 0.35% NGM agar at each concentration of
peptone. Maximum spreading rate and saturation OD are not significantly linearly correlated for

either Morph (DOth P~0.2)...couiiiiie ettt ettt 27
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Figure 18. Dark-field microscopy of colony frontiers on 0.35% NGM agar at 48 hours growth. 29

Tables:



Species Abbreviation
B-2879 Arthrobacter aurescens AA
B-1876 Bacillus spp. BS
B-14798 Chryseobacterium gleum CG
B-14848 Chryseobacterium indologenes Cl
B-24236 Microbacterium oxidans MO
ATTC 49188 Ochrobactrum anthropi OA
B-1574 Rhodococcus erythropolis (mucoid) |RE15M
B-1574 Rhodococcus erythropolis (dry) RE15D
B-16025 Rhodococcus erythropolis RE16
B-23393 Sphingobacterium spiritivorum SS
B-14902 Sphingobacterium thalpopium ST

62

Table 1. These species are the eleven C. elegans-naive soil bacterial isolates selected from USDA

NRRL soil bacteria collection used to create communities. Three of seven genera

(Chryseobacterium, Rhodococcus, and Sphingobacterium) are represented by more than one

SPECIES OF TSOIATE. ...uvveiiieeeiieiieicteecte ettt et e et e st e e e e s steesteesaeesbeessseessseessseasssesssaessaeessaasseeasseenns 35
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Bacteria: AA, MO,BS, OA, RE15D, RE15M, RE16, Cl, CG, SS, ST | \
Multispecies Combinations

A AA MO RE15D BS OA CG SS
B AA MO RE15D BS OA CG ST
C AA MO RE15D BS OA Cl SS
D AA MO RE15D BS OA Cl ST
E AA MO RE15M BS OA CG SS
F AA MO RE1S5M BS OA CG ST
G AA MO RE15M BS OA Cl SS
H AA MO RE1S5M BS OA Cl ST
I AA MO RE16 BS OA CG SS
J AA MO RE16 BS OA CG ST
K AA MO RE16 BS OA Cl SS
L AA MO RE16 BS OA Cl ST

Table 2. Combinatorial composition of each of the twelve seven-species starting communities A-

L e e e e e e e e e e e e e e e e et et e e et bt eeaeeeeeeeteeeeeeeteatttettaataaaaaaaaaaaaaeeeeeeeeeeeaaraees 36
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