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Abstract 

Background  Bacteria use invertible genetic elements known as invertons to generate heterogeneity among a popu-
lation and adapt to new and changing environments. In human gut bacteria, invertons are often found near genes 
associated with cell surface modifications, suggesting key roles in modulating dynamic processes such as surface 
adhesion and intestinal colonization. However, comprehensive testing of this hypothesis across complex bacte-
rial communities like the human gut microbiome remains challenging. Metagenomic sequencing holds prom-
ise for detecting inversions without isolation and culturing, but ambiguity in read alignment limits the accuracy 
of the resulting inverton predictions.

Results  Here, we developed a customized bioinformatic workflow—PhaseFinderDC—to identify and track inver-
tons in metagenomic data. Applying this method to a defined yet complex gut community (hCom2) across different 
growth environments over time using both in vitro and in vivo metagenomic samples, we detected invertons in most 
hCom2 strains. These include invertons whose orientation probabilities change over time and are statistically associ-
ated with environmental conditions. We used motif enrichment to identify putative inverton promoters and predict 
genes regulated by inverton flipping during intestinal colonization and surface adhesion. Analysis of inverton-proxi-
mal genes also revealed candidate invertases that may regulate flipping of specific invertons.

Conclusions  Collectively, these findings suggest that surface adhesion and intestinal colonization in complex gut 
communities directly modulate inverton dynamics, offering new insights into the genetic mechanisms underlying 
these processes.
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Introduction
Bacteria in the human gut microbiome exist in complex 
communities with fluctuating dynamics [1–4] and spatial 
structure [5–7]. Many gut-associated bacteria use phase 
variation, a mechanism of generating phenotypic diver-
sity across individual cells of the same strain to adapt 
and persist in these changing environments [8–15]. One 
mechanism of phase variation is site-specific recombina-
tion of genomic DNA, often referred to as invertons [14]. 
Invertons are regions of DNA flanked by short (10–40 
nucleotide) inverted repeats (IR) [14]. Invertase enzymes 
bind specifically to motifs within IR and mediate flip-
ping of the intervening DNA sequence [16]. Inverton 
flipping rate is highly dependent on context; however, 
this enzyme mediated process is reversible and generally 
occurs more rapidly than other genomic alterations, such 
as nucleotide changes, insertions and deletions [17].

Invertons affect microbial phenotypes in multiple 
ways. Intergenic invertons, invertons contained entirely 
between coding regions, often regulate gene expression 
via flipping of inverton-embedded promoters turning 
transcription of adjacent regions on or off [8, 14]. Addi-
tionally, flipping of gene-intersecting invertons can lead 
to new protein isoforms or altered specificity [18, 19]. 
Of note, invertons are often found in high abundances 
in gut-associated bacteria [14] and are more likely to flip 
in complex versus uniform environments [18]. Invertons 
often regulate production of cell surface products such as 
exopolysaccharides, outer membrane proteins, and fim-
briae [8–11, 13, 14], which are known to be associated 
with processes of gut colonization and surface adhesion 
[20–25] and can directly influence the human immune 
system [26].

Previous work has analyzed closely related genomes 
and next generation sequencing datasets of microbial cul-
tures to identify a large number of invertons in gut-asso-
ciated microbes [14, 18], while computational approaches 
have yielded additional inverton predictions based on 
comparative genomics [19] and deep learning [27]. How-
ever, the extent to which invertons modulate colonization 
and adhesion across a complex gut community remains 
unclear, as metagenomic approaches for comprehensive 
community-wide inverton profiling are limited by the 
general problem of sequence alignment ambiguity in 
communities with closely related strains [28].

We addressed these challenges by developing a bio-
informatic workflow—PhaseFinderDC—to compre-
hensively profile invertons in defined communities of 
bacteria, extending and refining the original Phase-
Finder algorithm [14]. We then applied this workflow on 
metagenomic samples of hCom2—a defined yet complex 
community of bacterial strains modeled after the human 
gut [29]—grown across multiple conditions. These 

included (i) isolate cultures of individual hCom2 strains 
[29, 30], (ii) fecal samples of gnotobiotic mice inoculated 
with hCom2 recovered from mice colonized over a total 
of 5 generations, and (iii) mixed cultures of hCom2 in 
various spatially structured in  vitro environments [30] 
over a total of 6 passages. Our workflow successfully 
identified invertons in a majority of hCom2 strains and 
all eight represented phyla. For each identified inverton 
in each sample, we compared the proportion of sequenc-
ing reads supporting forward versus reverse inverton 
orientations. Using this approach, we identified a sub-
set of “directionally biased” invertons whose orientation 
probabilities are significantly different between growth 
conditions (e.g., isolate culture versus in vivo mouse) and 
across timepoints (e.g., mouse generations or in  vitro 
passages).

Categorizing the identified invertons into groups 
based on homology of their respective IR sequences, we 
applied motif enrichment analysis to identify motifs of 
IR and promoter sequences found in specific inverton 
groups. We identified gene families enriched in consist-
ent orientations near invertons, highlighting cases where 
inverton-embedded promoters could potentially drive 
expression of “regulatable” downstream genes. We then 
used orientation of directionally biased invertons with 
regulatable genes to predict how surface adhesion and 
intestinal colonization dynamics are linked to expression 
of key bacterial genes, including surface-modifying genes 
such as those related to exopolysaccharide (EPS) bio-
synthesis in Bacteroides. Finally, we also highlight cases 
where specific invertase genes are enriched near spe-
cific inverton groups, potentially representing candidate 
invertases responsible for controlling inverton flipping. 
Together, these bioinformatic analyses provide a com-
prehensive community-wide characterization of inverton 
dynamics in a complex gut community, and point to key 
biological functions that modulate—and are modulated 
by—inverton-mediated phase variation.

Results
PhaseFinderDC detects invertons in defined communities 
with high precision
Using the original PhaseFinder algorithm [14] as a start-
ing point, we developed PhaseFinderDC as a workflow 
to identify invertons in defined microbial communities 
for which reference genomes are available, with the abil-
ity to specifically discern invertons when closely related 
strains exist within the community. PhaseFinderDC 
was designed to take as input a concatenated reference 
genome database consisting of all strain genomes, and 
generate an alignment index by scanning this database 
for inverted repeats and compiling both forward and 
reverse orientation sequences for all inverted repeats 
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(i.e., potential invertons), following the “locate” and “cre-
ate” steps in the original PhaseFinder algorithm which 
located inverted repeats and created an alignment index, 
respectively. The alignment index created by the origi-
nal PhaseFinder “locate” step consisted of forward and 
reverse orientation sequences—with flanking buffers—
for all inverted repeats, but did not include the full inter-
vening sequences of genomic regions between potential 
invertons. This alignment index (not the original input 
genome database) was then used in the PhaseFinder 
“ratio” step for bowtie-based alignment [31] of short-read 
sequence pairs. As a modification in the “create” step, 
PhaseFinderDC also included sequences correspond-
ing to genomic regions between inverted repeats so that 
the final sequence index covered the entire concatenated 
genome database and not merely the inverted repeat 
regions. PhaseFinderDC then used bowtie2 in its “ratio” 
step to align short-read sequencing data to this index and 
quantify for each potential inverton the number of reads 
that align to the forward and reverse orientation refer-
ences (Methods–Inverton detection using defined com-
munity sequencing data). Crucially, this comprehensive 
alignment index allowed filtering of alignments by map-
ping quality (MAPQ) score to identify multi-mapping 
reads. We designed PhaseFinderDC to discard all ambig-
uous multi-mapping reads (MAPQ < 30 by default) when 
counting forward (F) and reverse (R) supporting reads for 
each potential inverton. This conservative approach ena-
bled PhaseFinderDC to confidently call invertons even 
when highly related strains were present in the defined 

microbial community, at the potential expense of missing 
invertons with a high degree of sequence homology.

We applied PhaseFinderDC on metagenomic samples 
derived from the hCom2 defined microbial community 
[29], which included several instances of closely related 
strains (Methods–Inverton detection using defined com-
munity sequencing data). As all strains in hCom2 are 
known a priori, we used a customized genome database 
generated by concatenating all hCom2 strain genomes 
(Supplementary Table S1, Fig. 1A) as opposed to generic 
bacterial genome  databases that would have included 
large numbers of strains beyond hCom2. To benchmark 
the precision of our updated PhaseFinder workflow, we 
used short-read sequencing data obtained from isolate 
cultures of each hCom2 strain (Supplementary Table S2) 
and quantified the number of reads that align to the for-
ward and reverse orientation references for each poten-
tial inverton in hCom2. We called invertons based on 
read counts from these isolate cultures if support for for-
ward and reverse orientations had at least 5 reads each 
(Methods–Inverton detection using defined community 
sequencing data). We quantified the proportion of inver-
tons called in the correct versus incorrect strains, and 
found that our updated workflow produced 557 total 
calls, out of which 1 was incorrectly mapped (i.e., inver-
ton called in a strain that was not the strain the sequenc-
ing data came from). This represented an improved 
precision of inverton calls compared to the original 
PhaseFinder workflow which called 69 incorrectly 
mapped invertons out of 439 total calls with the same 

Fig. 1  Customized workflow reliably detects invertons in metagenomes from defined communities. A Flowchart of customized workflow to detect 
and group invertons in hCom2 from metagenomic sequencing data. Briefly, PhaseFinderDC’s locate + create steps search the hCom2 reference 
genomes for inverted repeats (i.e., potential invertons) and create an augmented reference database including forward, reverse orientations 
for these repeats as well as intervening sequences. Shotgun metagenomic hCom2 short-read sequencing data is then mapped onto this database, 
and forward/reverse read counts are enumerated for each inverted repeat after MAPQ filtering for multi-mapping reads. Invertons are called 
if sufficient reverse/forward reads are detected, and then grouped by homology of their inverted repeat sequence. B Benchmarking of workflow 
precision based on pure isolate cultures—mismapped invertons refers to invertons called in one strain when using another strain’s sequencing 
library as input. C Heatmap of inverton counts among Bacteroides strains generated by PhaseFinderDC workflow, organized by actual strain (known 
based on isolate culture identity) and called inverton strain—off diagonal elements thus represent mismapped invertons. Strains are organized 
by phylogeny, margins correspond to genus. D Heatmap of inverton counts among Bacteroides strains generated by original PhaseFinder workflow, 
noting increase of off-diagonal (mismapped) calls between pairs of closely related strains
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input read libraries and reference metagenome database 
(Fig.  1B, Supplementary Table  S3). This improvement 
was especially dramatic among strains from the phy-
lum Bacteroidota, wherein hCom2 has several instances 
of closely related strains. Indeed, closer examination of 
invertons called in Bacteroidota confirmed that incor-
rectly mapped invertons tended to occur between closely 
related strains (Fig.  1C,D), consistent with the known 
pitfall of multi-mapping reads between closely related 
strains in metagenomic read alignment [28]. Together, 
these findings validated our updated workflow as a pre-
cise approach for detecting invertons in defined bacterial 
communities.

We applied PhaseFinderDC on a total of 636 sequenc-
ing samples from (i) isolate cultures of individual hCom2 
strains, (ii) fecal samples of gnotobiotic mice inoculated 
with hCom2, and (iii) mixed in vitro cultures of hCom2 
(Supplementary Table  S2 for sequencing metadata). For 
each inverted repeat location, we summed the forward (F) 
and reverse (R) orientation read counts pooled across all 
636 samples (Supplementary Table S4) and detected 1837 
invertons (Methods–Inverton detection using defined 
community sequencing data, Supplementary Table  S5) 
across 99/125 strains in all 8 phyla present in the hCom2 
community (Fig. 2A, Supplementary Table S5). Inverton 
counts per genome exhibited a wide range from Mit-
suokella multacida DSM-20544 with 181 detected inver-
tons, to 26 genomes without any detected invertons. 
For the 5 phyla in hCom2 with more than 2 representa-
tive strains, we found higher occurances of invertons 
in Bacteroidota with median 8.5 invertons per genome 
(interquartile range IQR 4.75–16.25), Actinobacteriota 
with median 14 invertons per genome (IQR 7–23.75), 

and Firmicutes_C (primarily Negativicutes-like) with 
median 11 invertons per genome (IQR 2.5–54.5, note the 
NCBI phylum Firmicutes was split into Firmicutes_A, 
Firmicutes_C, and Firmicutes in GTDB) [32]. Lower 
inverton counts were observed in Firmicutes_A (primar-
ily Clostridia-like) with median 3 invertons per genome 
(IQR 1–8.75) and Firmicutes (primarily Bacillus-like) 
with median 0 invertons per genome (IQR 0–0). Compar-
ing the genomic loci of identified invertons against those 
of predicted gene coding sequences (CDS), we found that 
just over half the invertons—952/1837—intersect a CDS, 
while the rest were intergenic (Supplementary Table S5). 
Invertons in Bacteroidota are primarily intergenic, while 
the opposite is true for Firmicutes_C. Invertons in Act-
inobacteriota, Firmicutes_A, and Verrumicrobiota (with 
single representative strain Akkermansia muciniphila) 
ATCC-BAA-835 are roughly evenly split between inter-
genic and gene-intersecting (Supplementary Section S1).

Invertons exhibited a range of flipping frequencies: 
pooling reads across samples, F vs. R read counts in 
some invertons suggest nearly universal preference for 
a single orientation, while others were frequently found 
in both orientations. Estimating a "minor orientation 
frequency" for each inverton as min(R, F)/(R+F) pooled 
across reads from all samples, we find that 1011/1837 
invertons exhibit a minor orientation frequency between 
0 and 0.01, 437/1837 invertons exhibit a minor orienta-
tion frequency between 0.01 and 0.1, and 389/1837 inver-
tons exhibit a minor orientation frequency between 0.1 
and 0.5 (Supplementary Section S1). Note as a caveat that 
these frequencies depend on bacterial growth condition 
and should therefore be interpreted cautiously as a rough 
estimate of flipping tendency in the subset of growth 

Fig. 2  Enriched motifs detected in specific inverton groups grouped by IR sequence homology. A Log-heatmap of inverton counts by hCom2 
strain and by inverton group. hCom2 strains organized by phylogeny, phylum colors as in Fig. 1A. B Example of tree-building/grouping 
of identified invertons, subset on a group of 15 invertons in 2 Bacteroides thetaiotaomicron strains that were classified into groups 126, 131, 
and 136. C Promoter and IR motifs detected as enriched in inverton groups 126, 131, and 136. Promoter motifs found in each of these groups 
highly resembled previously described Bacteroides promoter motif [14, 33]. D Instances of promoter-like motif from inverton group 131 (motif 
131-2) found in Bacteroides thetaiotaomicron VPI-5482 genome tended to be oriented upstream of nearest gene (gray). Instances are colored 
in green if consistent with promoter-like orientation, red otherwise. Asterisk marks instance of inverton embedded promoter that if flipped would 
be consistent with promoter-like orientation. E Across all of hCom2, 566/1217 total instances of motif 131-2 are consistent with promoter-like 
orientation—more than would be expected by random chance, based on random shuffling of motif loci, permuting motif strand, or permuting 
gene strand (10,000 random samples tested for each case)
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conditions we tested here rather than a characteristic 
defining parameter inherent to a given inverton.

Sequence homology in invertible regions enables 
categorization and motif enrichment analysis of detected 
invertons
We categorized the 1837 identified invertons into sepa-
rate inverton groups (Fig.  2A) using homology of their 
respective IR sequences that flank each inverton. We per-
formed a multiple sequence alignment (MSA) of all 1837 
IR sequences, and used the resulting tree of sequences 
to cluster invertons into groups based on branch length 
thresholding (Fig. 2B, Supplementary Section S1, Meth-
ods–Inverton categorization using IR homology). The 
optimal branch length threshold was determined using 
IR sequence motif discoverability as a target metric (Sup-
plementary Section S2, Methods–Inverton categoriza-
tion using IR homology). This resulted in a total of 146 
inverton groups (Fig.  2A), with IR motifs identified for 
114/146 inverton groups (Supplementary Table  S6). 
Inverton groups ranged in size from 2 to 72 invertons 
with a median of 9 invertons per group. Minor orienta-
tion frequencies of invertons varied within groups, indi-
cating that invertons with homologous IR sequences 
could exhibit differing flipping frequencies  (Supple-
mentary Section S1), noting also that 133/146 inverton 
groups had least a single inverton with minor orientation 
frequency greater than 0.01. Twenty-nine out of the 146 
groups had at least 10 invertons from a single phylum, 
with the largest group (inverton group 131) containing 
68/72 invertons from Bacteroidota. Using max inverton 
count from a single phylum as a metric, we found that 
the 5 top inverton groups were all dominated by phylum 
Bacteroidota: after group 131, groups 126, 7, 136, and 
143 contained 45/46, 42/46, 37/38, and 35/35 invertons, 
respectively, from Bacteroidota. We found that the IR 
motifs from these five groups matched closely to 5 previ-
ously published IR motifs found in Bacteroidota by Jiang 
et al. [14] (Supplementary Section S3). Furthermore, the 
IR motif for group 138 (which included 32/39 invertons 
from phylum Verrucomicrobiota, all from Akkermansia 
muciniphila ATCC-BAA-835) closely resembled the pre-
viously published IR motif in Akkermansia muciniphila 
[14]. This independent re-discovery using an entirely new 
metagenomic sequencing dataset of all 6 IR motifs from 
Jiang et al. validated our inverton detection and grouping 
approach.

We also report a number of inverton groups with pre-
viously unpublished motifs across different phyla. For 
instance, focusing on the 29 inverton groups with at least 
10 invertons from a single phylum, we found novel IR 
motifs in inverton groups 128, 137, 122, 48, and 68, which 
all comprised a majority of their invertons from phylum 

Bacteroidota, or inverton groups 139 and 125 which 
both comprised a majority of invertons from phylum 
Firmicutes_A (Supplementary Section S3). While many 
inverton groups appeared dominated by a single phylum, 
this was not always the case—as a counterexample, we 
also observed inverton group 145, which consisted of 20 
invertons, 9 of which originated from phylum Bacteroi-
dota (across 5 strains) and 10 of which originated from 
phylum Firmicutes_A (across 7 distinct strains). MSA of 
the 20 IR sequences in this group revealed a high degree 
of conservation even across phyla, and moreover leaves 
on the IR sequence MSA tree did not neatly cluster by 
phylum (i.e., IR sequences originating in Bacteroidota 
were not necessarily more similar to each other than 
those originating in Firmicutes_A, Supplementary Sec-
tion S4). These findings suggest that group 145 invertons 
may have spread across phyla via horizontal gene transfer.

Beyond IR motifs, we next applied motif enrichment 
search using MEME on full inverton sequences (as 
opposed to only their IR sequences) to identify motifs 
enriched in each inverton group (flanking IR sequences 
were included as part of full inverton sequences, Meth-
ods–Motif detection and promoter prediction in inver-
tons). We discovered a total of 266 motifs, spread across 
126 inverton groups (Supplementary Table  S7). Several 
identified motifs highly resemble previously reported 
inverton-associated promoters, consistent with the role 
of invertons in turning gene expression on/off by chang-
ing promoter orientation [14]. For instance, we found 
motifs highly similar to a previously described Bacteroi-
dota promoter motif [14, 33] independently enriched in 3 
distinct Bacteroidota-dominated inverton groups (motifs 
126-2, 131-2, and 136-2, Fig. 2C, Supplementary Section 
S3). Furthermore, we found that invertons in these three 
groups were differentially distributed between different 
Bacteroides strains (Supplementary Table  S5), includ-
ing closely related strains. As an example, we found that 
two strains of Bacteroides thetaiotaomicron present in 
hCom2—VPI-5482 and 1-1-6, ANI estimate 98.8% using 
fastANI [34]—harbor 15 distinct invertons from groups 
126, 131, and 136 (Fig. 2B).

An instance of a motif similar to the described Bacte-
roidota promoter [14, 33] was found in 14/15 of these 
invertons (i.e., either motif 126-2, 131-2, or 136-2). Using 
motif 131-2 as an example, we confirmed that across all 
of hCom2, instances of this motif tended to be found 
upstream of and on the same strand as their nearest gene 
(Fig. 2D), consistent with expectations for a promoter. We 
observed 566 out of 1217 total motif instances to exhibit 
this consistent upstream orientation, more than com-
pared to random chance based on 10,000 random sam-
ples each of (i) shuffling motif loci—median 32/1217 with 
consistent upstream orientation, (ii) permuting motif 
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strand—median 417/1217 with consistent upstream 
orientation, and (iii) permuting gene strand—median 
321/1217 with consistent upstream orientation (Fig. 2E). 
Meanwhile, we also discovered a motif enriched in 
sequences from inverton group 138 (which consists pri-
marily—32 out of 39—of invertons from Akkermansia) 
that highly resembled the previously described Akker-
mansia promoter motif [14], which also exhibited pro-
moter-like enrichment , though with a lower degree of 
confidence (Supplementary Section S5).

Beyond testing previously described promoter motifs, 
we also used random sampling bootstrap to detect new 
putative promoters. We scanned enriched motifs across 
all hCom2 metagenomes (Supplementary Table  S8), 
and identified motifs whose detected instances were 
significantly enriched (p < 0.001) on the same strand as 
and upstream of their nearest gene, meaning observed 
instances > 9990/10,000 random samples for all three 
random sampling tests (shuffling motif loci, permuting 
motif strand, and permuting gene strand). This approach 
generated a catalog of 8 inverton-associated putative pro-
moter motifs, which included both previously described 
promoter motifs and several previously undescribed 
motifs (Supplementary Section S5). Note that based on 
the p < 0.001 cutoff used, the previously described Bac-
teroidota promoter motif was counted as a putative pro-
moter motif (listed three times independently as motif 
126-2, 131-2, and 136-2), but not the previously described 
Akkermansia motif (motif 138-2) [14] (Supplementary 
Section S5). In addition to putative promoters, we also 
found motifs enriched on the same strand as and down-
stream of their nearby gene (Supplementary Section S5), 
which may be indicative of sequence features associated 
with transciptional termination or post-transcriptional 
modification. Collectively, these findings demonstrated 
the utility of our community-wide bioinformatic search 
as an approach for motif and promoter discovery.

Genomic proximity links distinct inverton groups 
to specific gene families
We next sought to identify gene families that are enriched 
in regions proximal to (within ±5 kb) or directly inter-
secting identified invertons. As promoters are known 
to often be embedded within invertons [14], we further 
split non-inverton-intersecting genes between "regulat-
able" genes which could be driven by a promoter in their 
associated inverton (i.e., 5′-end is proximal to inverton 
for the given gene and all genes between given gene and 
inverton), and "non-regulatable" genes that are neverthe-
less proximal to invertons (Supplementary Table S9).

For each gene family (defined as a unique annotation 
from the NCBI PGAP pipeline [35]), we counted the 
number of times genes within (and outside) this family 

were proximal (or not) to invertons in each of 3 proximity 
types: "intersecting," "regulatable," or "non-regulatable" 
orientation. Building 2-by-2 tables of within-vs.-outside 
and proximal-vs.-not count for each gene, proximity 
type, and inverton group, we uncovered numerous cases 
of inverton-group specific gene family enrichment for 
both "regulatable" and "non-regulatable" genes, as well 
as genes that directly intersect invertons (Supplementary 
Table S10). For instance, UpxY family transcription anti-
terminator family genes significantly enriched (Fisher’s 
exact p < 0.05 with Bonferroni correction) as regulatable 
genes (Fig.  3A,B) near invertons in Bacteroidota-domi-
nated groups 126, 144, 136, and 137, suggesting possible 
roles in regulation of exopolysaccharide biosynthesis [9]. 
Other enriched regulatable genes included many pre-
viously described hits related to cell surface products 
such as TonB-dependent receptor and RagB/SusD family 
nutrient uptake outer membrane protein (inverton group 
131), fimbrillin family protein (inverton groups 137, 112, 
122), and PEP-CTERM sorting domain-containing pro-
tein (inverton group 138).

Meanwhile, enriched non-regulatable genes included 
several invertase families such as tyrosine-type DNA 
invertase cluster 3b (Fig.  3C,D), which was enriched in 
inverton group 126, as well as tyrosine-type recombi-
nase/integrase (inverton groups 139, 145) and site-spe-
cific integrase (inverton groups 136, 126, 137, 48, 116). 
The presence of cell surface products and invertase genes 
near invertons aligned with previous reports of similar 
gene enrichment in gut microbes [14]. Our own results 
further indicated that invertases near invertons—which 
are often considered likely candidates for controlling 
inverton flipping [16]—are generally non-regulatable 
and thus unlikely to themselves be regulated by inverton-
embedded promoters. A potential exception was found 
in inverton group 145, with tyrosine-type recombinase/
integrase gene family found to be enriched in both regu-
latable as well as non-regulatable orientations near group 
145 invertons.

Finally, we also observed instances of gene families 
enriched for direct intersection with inverton sequences. 
For instance, invertons from group 145 were significantly 
enriched with members of the restriction endonucle-
ase subunit S gene family (Fig.  3E,F). This observation 
aligns with previous reports of restriction enzymes with 
switchable specificity where recombination and inver-
sion at enzyme coding sequences leads to production of 
different isoforms of enzyme protein with different spe-
cificities [36–39]. In addition to enrichment of restriction 
endonuclease subunit S and tyrosine-type recombinase/
integrase gene families, inverton group 145 was also 
enriched for the relaxase/mobilization nuclease domain-
containing protein and plasmid mobilization relaxosome 
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protein MobC gene families genes, lending further sup-
port to the the idea that this group of invertons may have 
spread via HGT.

Genomic proximity links distinct inverton groups 
to specific invertases
We next explored whether a bioinformatic approach 
could link identified inverton groups to specific groups 
of invertase genes, based on the idea that such genes 
are often located near the invertons they regulate [16]. 

Gene annotation detected 3932 invertase genes among 
hCom2 genomes (Supplementary Table  S11). We used 
multiple sequence alignment and clustering to group 
these invertase genes into 176 invertase groups based on 
sequence homology (Fig. 4A, Methods–Genome annota-
tion, invertase detection and categorization, Supplemen-
tary Section S6). For each of the 126 identified inverton 
groups, we systematically checked for each of the 176 
invertase groups whether the corresponding invertases 
are enriched in the proximity of the corresponding 
invertons.

Counting an invertase gene as proximal if it intersects, 
or is within 5 kb of the inverton, we identified inverton 
group-invertase group pairs with significantly (Fisher’s 
exact p < 0.05 with Bonferroni correction) enriched prox-
imal invertase counts (Supplementary Table  S12). This 
approach revealed 9 such pairs (Fig. 4B, Methods), rep-
resenting a total of 135 inverton-invertase examples from 
52 different strains including members of both Clostridia 
and Bacteroidia classes (Supplementary Table  S11). The 
most significant link between such pairs was between 
inverton group 139—a group of 33 invertons (32 of which 
are from class Clostridia)—and invertase group 35, a 
group of genes belonging to the tyrosine-type recom-
binase/integrase family found in classes Clostridia and 
Bacteroidia (Fig.  4B,C). Meanwhile, among the Bacte-
roidota-dominated inverton groups, group 136, 137, 
and 116 had significant links to invertase group 102, 
while inverton groups 126 and 48 were instead linked to 
invertase group 103 (Fig. 4B,D,E). By contrast, other large 
Bacteroides-dominated inverton groups such as 131 were 
not significantly linked to any invertase groups (Fig. 4B, 
Supplementary Section S7). These associations between 
inverton and invertase groups indicates potential co-
evolution of invertase and IR sequences, with instances 
of multiple inverton groups linked to a single invertase 
group potentially further suggesting some degree of flex-
ibility in the ability of invertase proteins to control flip-
ping across inverton recognition IR sites.

Differential analysis between metagenomic sample types 
indicates inverton‑modulated gene expression changes 
associated with surface adhesion and gut colonization
To investigate how processes of bacterial surface adhe-
sion and gut colonization are linked to inverton ori-
entations at a community-wide level, we compared 
inverton orientation probabilities between different 
sample types (Supplementary Table  S4). We first iden-
tified associations with gut colonization by search-
ing for invertons where our bioinformatic workflow 
yields a different proportion of sequencing reads sup-
porting the forward and reverse orientations between 
(i) samples from isolate cultures of individual hCom2 

Fig. 3  Cell surface products and invertase genes are enriched 
with consistent orientation near specific inverton groups. A Volcano 
plot of regulatable gene families enriched near invertons based 
on odds ratio of being observed within 5kb of an inverton, relative 
to rest of the hCom2 genomes. Gray points are non-significant based 
on Bonferroni p value correction. B Genome diagram of all instances 
of UpxY family transcription antiterminator genes near invertons 
containing previously described Bacteroides promoter motif 
[14, 33]—coding sequences annotated with this gene function 
(marked in purple) are consistently oriented in a way that can be 
regulated by promoter motif (marked in green) upon inverton 
flipping. Flanking inverton IR regions marked in black. C Volcano 
plot of non-regulatable gene families enriched near invertons based 
on odds ratio of being observed within 5 kb of an inverton, relative 
to rest of the hCom2 genomes. Gray points are non-significant based 
on Bonferroni p value correction. D Genome diagram of all instances 
of tyrosine-type DNA invertase cluster 3b genes near invertons 
containing previously described Bacteroides promoter motif [14, 
33]—coding sequences annotated with this gene function (marked 
in blue) are consistently oriented in a way that cannot be regulated 
by promoter motif (marked in red) upon inverton flipping. Flanking 
inverton IR regions marked in black. E Volcano plot of gene families 
enriched for direct inverton intersection, based on odds ratio of being 
directly overlapping an inverton, relative to rest of the hCom2 
genomes. Gray points are non-significant based on Bonferroni 
p value correction. F Genome diagram of all instances of restriction 
endonuclease subunit S genes near invertons from group number 
145. Coding sequences annotated with this gene function (in green) 
consistently overlap inverton loci. Flanking inverton IR regions 
marked in black
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strains and (ii) fecal samples of gnotobiotic mice inocu-
lated with hCom2 (Fig.  5A,B), recovered from mice 
colonized over a total of 5 generations. As an example, 
we found an inverton in inverton group 126—B-th-
VPI-5482__0:4315126-4315146-4315394-4315414—
which had read support for both forward and reverse 
orientations in Bacteroides thetaiotaomicron VPI-5482 
isolate culture, but only support for the reverse orienta-
tion in mouse-stool sequencing samples (Fig. 5A), a trend 
that was consistent across 69 mouse stool samples and 
3 isolate cultures (Fig.  5B). We identified a total of 224 
directionally biased invertons (Fig. 5C) across 53 strains 
whose forward and reverse read proportions were sig-
nificantly (Fisher’s exact p < 0.05 with Bonferroni correc-
tion) different between pooled isolate culture and pooled 
mouse gut fecal samples (summing forward (F) and 
reverse (R) orientation read counts pooled across 291 

in vitro isolate samples vs. pooled across 69 mouse fecal 
samples, Methods–Differential analysis of inverton ori-
entation between different microbial growth conditions, 
Supplementary Table S13). Applying the same approach 
we next identified associations specifically with surface 
adhesion by comparing (iii-a) mixed in vitro cultures of 
hCom2 as a surface attached community using mucin-
agar carriers as a synthetic surface and (iii-b) corre-
sponding mucin-agar carrier cultures of hCom2, instead 
sampled from the liquid-phase. This yielded 38 direction-
ally biased invertons (across 16 strains) whose orienta-
tion probabilities were significantly different between 
mucin-agar surface-attached and liquid-phase samples 
(Supplementary Table S13).

Cross-referencing these directionally biased inver-
tons against (1) our catalog inverton-embedded putative 
promoters (Supplementary Section S5, Supplementary 

Fig. 4  Specific invertase groups are enriched near specific inverton groups. A Log-heatmap of invertase counts by hCom2 strain and by invertase 
group. hCom2 strains organized by phylogeny, phylum colors as in Fig. 1A. B Volcano plot of inverton-group to invertase-group pairs, based 
on odds ratio of invertase in given invertase group being observed within 5 kb of an inverton in given inverton group. Gray points are 
non-significant based on Bonferroni p value correction. Inverton and invertase groups are specified by marker color and shape, respectively, 
with significant links specified in the legend. C Genome diagram of regions surrounding group 139 invertons, with invertase group 35 genes 
highlighted in blue—for simplification if multiple invertons of this group are found in the same genome, a single representative is plotted. Nearly 
all invertons in this group have a nearby group 35 invertase. D Genome diagram of regions surrounding group 126 invertons, with invertase group 
103 genes highlighted in dark red—for simplification if multiple invertons of this group are found in the same genome, a single representative 
is plotted. E Genome diagram of regions surrounding group 136 invertons, with invertase group 102 genes highlighted in light red—for 
simplification if multiple invertons of this group are found in the same genome, a single representative is plotted

Fig. 5  Inverton orientation is modulated by gut colonization and drives differential gene expression. A Example of inverton in Bacteroides 
thetaiotaomicron VPI-5482 from inverton group 126 (B-th-VPI-5482__0:4315126-4315146-4315394-4315414) with different forward and reverse 
read counts depending on growth condition. While roughly equal forward and reverse read support is observed when cultured in vitro, mouse 
stool derived samples only show reverse orientation read support. B Forward vs. reverse read count scatterplot of inverton in A, demonstrating 
that reverse orientation enrichment is observed consistently across all mouse samples. C Volcano plot of invertons with directional preference, 
based on odds ratio of forward vs. reverse reads count for in vitro isolate vs. mouse samples. D Median RPKM in vitro vs. mouse ratios for 12 
Bacteroides thetaiotaomicron VPI-5482 genes predicted to be differentially expressed between in vitro isolate vs. mouse samples based on inverton 
orientation. Values greater than 1 correspond to in vitro upregulation relative to mouse. Blue and orange dots represent genes predicted to be 
upregulated in vitro and in mouse, respectively
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Table S8) and (2) locations and orientations of regulatable 
gene CDSs adjacent to these invertons (Supplementary 
Table  S9), we generated lists of genes whose expres-
sion we predicted to be modulated either up or down by 
inverton-flipping during either gut colonization (compar-
ing isolate culture vs. mouse stool samples) and surface 
adhesion (comparing carrier-attached vs. supernatant 
mixed culture samples) (Methods Gene expression pre-
diction, Supplementary Table S14). We found a number 
of significant (Fisher’s exact p  < 0.05 with Bonferroni 
correction) gene families related to cell surface prod-
ucts (Supplementary Table S15). Some, such as the SLBB 
domain-containing protein and SH3 beta-barrel fold-
containing protein, families appeared to be consistently 
upregulated in mouse stool compared to isolate culture 
(Supplementary Table S15), suggesting higher expression 
during gut colonization. Meanwhile, other gene families 
such as UpxY family transcription antiterminator and 
polysaccharide biosynthesis/export family protein—both 
of which are linked to EPS production in Bacteroidota 
[9]—appeared to be enriched for both down- as well as 
upregulation (Supplementary Table S15) during gut colo-
nization (i.e., more of these genes are upregulated than 
would be expected by random chance, and also more of 
these genes are downregulated than would be expected 
by random chance), consistent with the notion that cells 
may be actively remodeling their surface EPS content by 
turning off production of certain types in favor of others 
[9]. Comparing carrier-attached vs. supernatant cultures, 
we found the FimB/Mfa2 family fimbrial subunit gene 
family was consistently upregulated on carrier attached 
cultures (Supplementary Table S15), consistent with the 
known role of these genes in adhesion and biofilm forma-
tion [40].

Next, we sought to use publicly available transcrip-
tomic data to validate some of the differential gene 
expression predictions we made based on directional 
enrichment of promoter-embedded invertons. We lever-
aged a recently published RNA-seq dataset of Bacteroides 
thetaiotaomicron VPI-5482 [41], with read libraries 
derived from both in vitro culture as well as mouse sam-
ples (Table S16). Based on our analysis, we computation-
ally predicted a total of 12 differentially expressed genes 
in Bacteroides thetaiotaomicron VPI-5482 when compar-
ing between isolate in vitro culture and growth in mouse, 
5 of which we predict to be upregulated in vitro and 7 of 
which we predict to be upregulated in mouse. To vali-
date these predictions, we calculate the median RNA-seq 
reads per kilobase per million mapped reads (RPKM) for 
these 12 genes in both mouse and in vitro RNA-seq data 
(Table  S17). These calculations reveal that the median 
RPKM in  vitro vs. mouse ratios are significantly higher 
(p = 0.0047, two-sided Mann-Whitney U test) in genes 

we predicted as in  vitro upregulated than in genes we 
predicted as mouse upregulated (Fig. 5D), providing pre-
liminary validation for our approach. Collectively, these 
findings confirmed that surface adhesion and intestinal 
colonization in complex gut communities directly modu-
late inverton flipping, and predicted how the expression 
of key genes are modulated in this process.

Longitudinal analysis across in vivo and in vitro timepoints
In addition to performing differential analysis between 
different metagenomic sample types (e.g., isolate culture 
vs. mouse stool), we also analyzed longitudinal samples 
across timepoints to better understand inverton dynam-
ics both in vivo and in vitro. For in vivo analysis, we com-
pared samples across mouse generations, and searched 
for invertons whose forward-vs.-reverse orientations 
exhibited significant (Fisher’s exact p < 0.05 with Bonfer-
roni correction) differences between early and late gen-
eration mice (Methods–Longitudinal analysis of inverton 
orientation across timepoints). We additionally calculate 
at each timepoint the F.-vs.-R. inversion ratio—defined as 
reverse over total read counts (R/(R+F)).

Using this approach, we identified a total of 123 
invertons (Table  S18) across 34 strains that exhib-
ited time-dependent behavior, such as an inver-
ton in Akkermansia muciniphila ATCC-BAA-835 
from inverton group 138 located near two autotrans-
porter domain containing proteins (A-mu-ATCC-
BAA-835__0:2092093-2092109-2092267-2092283). The 
F.-vs.-R. inversion ratio for this inverton trended from 
nearly universal reverse orientation in first generation 
(SC1) mice to majority forward orientation by fifth gen-
eration (SC5) mice (Fig. 6A, Supplementary Section S8). 
Curiously, we also found this type of trend in some—but 
not all—other group 138 invertons from Akkermansia 
muciniphila (Supplementary Section S9), suggesting the 
existence of additional layers of regulatory control in 
determining inverton flipping dynamics beyond simple 
IR sequence recognition.

Our analysis also revealed a wide range of timescales of 
inverton dynamics, sometimes even within a single bacte-
rial strain. For instance, within Bacteroides cellulosilyticus 
DSM-14838, we observed two distinct invertons—B-ce-
DSM-14838__0:4484223-4484241-4484427-4484445 
from inverton group 143 and B-ce-
DSM-14838__0:137243-137258-137893-137908 from 
inverton group 131—that both started from nearly 
complete forward orientation in SC1 mice and trended 
toward increasing reverse orientation but with the for-
mer doing so at a markedly more rapid rate (Fig. 6B,C). 
The presence of nutrient uptake genes near the former 
and exopolysaccharide biosynthesis genes near the lat-
ter suggested these two invertons may be responsible for 
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regulating different biological functions (Supplementary 
Section S8).

Applying this early-vs.-late enrichment approach with 
mixed in  vitro cultures, we also identified invertons 
whose forward-vs.-reverse orientations were associated 
with changes across passage timepoints (Table S18), such 
as an inverton in Clostridium sp. D5 from inverton group 
139 (C-sp-D5__0:3525576-3525601-3525807-3525832) 
which exhibits a dynamic shift from mostly for-
ward orientation in passage 1 cultures (P1) toward 
reverse orientation in later passages (Fig.  6D). As with 
mouse generational data, we also observed a range 
of timescales, with an inverton in Bacteroides cac-
cae ATCC-43185 from inverton group 131 (B-ca-
ATCC-43185__0:1936309-1936332-1936691-1936714) 
exhibiting particularly a rapid shift from mostly forward 
orientation in passage 1 cultures (P1) toward nearly com-
plete reverse orientation by P4/P5 (Fig.  6E). Note addi-
tionally that timescales involved in in  vitro cultures are 
inherently much shorter than mouse generational data as 
culture passage intervals are 3 days apart, compared with 
months between mouse generations.

We also observed invertons with dynamics that do 
not appear to converge toward fully reverse nor fully 
forward orientation, such as one in Megasphaera 
DSMZ-102144 from inverton group 51 (M-DS-
102144__0:1932707-1932720-1933121-1933134) 
which exhibits an early shift toward reverse orien-
tation, before stabilizing at a roughly equal mix of 
reverse and forward orientation reads at later passages 

(Fig.  6F). Finally, we also observed invertons whose 
in  vitro dynamics appeared to be dependent on surface 
adhesion, such as inverton in Intestinimonas butyric-
iproducens DSM-26588 from inverton group 139 (I-bu-
DSM-26588__0:1750639-1750652-1750880-1750893) 
which exhibited increasing forward orientation over-
all, but with consistently higher reverse orientation in 
surface-attached mucin-agar carrier cultures than cor-
responding supernatant cultures (Fig.  6G). Carrier-vs.-
supernatant dependent dynamics were also observed in 
a collection of 19 invertons (across 13 different inverton 
groups) all from the same strain of Clostridium sp. D5 
that consistently exhibited modest levels of reverse orien-
tation reads in carrier cultures, with virtually no reverse 
orientation reads in supernatant cultures (Supplemen-
tary Section S10). These findings indicate that invertons 
from different inverton groups (i.e., with disparate IR 
sequences) can exhibit highly similar trends between sur-
face-attached vs. supernatant cultures over time, while 
those with highly similar IR sequences can exhibit dis-
parate trends across mouse generations (Supplementary 
Section S9). Together, these results reinforce the idea that 
invertons produce a wide range of dynamic behaviors 
during surface adhesion and gut colonization, and that 
these dynamics are likely mediated by additional layers of 
regulatory control beyond IR sequence recognition alone.

Comparison of different short‑read alignment options
To test the robustness of our results to different align-
ment algorithm options, we repeated our PhaseFinderDC 

Fig. 6  Invertons exhibit dynamic flipping across in vivo mouse generations and in vitro culture passages. A Example of inverton in Akkermansia 
muciniphila ATCC-BAA-835 from inverton group 138 (A-mu-ATCC-BAA-835__0:2092093-2092109-2092267-2092283) whose inversion ratio (R/
(R+F), so higher scores correspond to more reverse orientation reads) exhibits a dynamic trend across mouse generations, from nearly universal 
reverse orientation in first generation (SC1) mice, but shifts toward forward orientation in later generations. B Example of inverton in Bacteroides 
cellulosilyticus DSM-14838 from inverton group 143 (B-ce-DSM-14838__0:4484223-4484241-4484427-4484445) whose inversion ratio shifts 
from nearly universal forward orientation in first generation (SC1) mice toward reverse orientation in later generations. C Example of inverton 
in Bacteroides cellulosilyticus DSM-14838 from inverton group 131 (B-ce-DSM-14838__0:137243-137258-137893-137908) whose inversion ratio 
shifts from nearly universal forward orientation in first generation (SC1) mice toward reverse orientation in later generations, with a markedly 
slower trend than B. D Example of inverton in Clostridium sp. D5 from inverton group 139 (C-sp-D5__0:3525576-3525601-3525807-3525832) 
whose inversion ratio shifts from mostly forward orientation in passage 1 cultures (P1) toward reverse orientation in later passages. E Example 
of inverton in Bacteroides caccae ATCC-43185 from inverton group 131 (B-ca-ATCC-43185__0:1936309-1936332-1936691-1936714) whose 
inversion ratio shifts rapidly from mostly forward orientation in passage 1 cultures (P1) toward nearly complete reverse orientation by P4/P5. 
F Example of inverton in Megasphaera DSMZ-102144 from inverton group 51 (M-DS-102144__0:1932707-1932720-1933121-1933134) whose 
inversion ratio shifts from mostly forward orientation in passage 1 cultures (P1) toward reverse orientation, before stabilizing at a roughly 
equal mix of reverse and forward orientation reads. G Example of inverton in Intestinimonas butyriciproducens DSM-26588 from inverton group 
139 (I-bu-DSM-26588__0:1750639-1750652-1750880-1750893) whose inversion ratio shifts from mostly reverse orientation in passage 1 
cultures (P1) toward forward orientation in later passages, with consistently higher inversion ratios in mucin-agar carrier cultures (dark brown) 
than corresponding supernatant cultures (light brown)
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analysis using different bowtie2 settings comparing the 
–very-sensitive (PhaseFinderDC default option) 
and –fast presets, as well as a customized setting with 
increased mismatch and gap open penalties that mimics 
the –intractg preset (for mapping intra-species con-
tigs to a reference) from the bwa alignment algorithmm 
[42] (Methods–Inverton detection using defined com-
munity sequencing data). We also compared these results 
with those obtained using the original PhaseFinder 
algorithm which used bowtie instead of bowtie2. We 
found that the longitudinal inverton patterns observed 
in Fig. 6 remained consistent when using different bow-
tie2 options, although notable differences were detected 
when comparing against results obtained using the origi-
nal PhaseFinder algorithm (Supplementary Section S11).

Methods
hCom2 mouse generational experiment and metagenomic 
sequencing
Three male-female pairs of C57/B6 mice (P1) were colo-
nized with hCom2 at age 4–6 weeks of age. These mice 
were and bred for 4 subsequent generations (F1–F4). 
Male and female pups were weaned at age 4 weeks and 
housed in separate cages. Specifically, within each gener-
ation, three male-female pairs of mice were selected and 
bred to produce the subsequent generation. Extra pups 
that were not used for breeding were housed in sepa-
rate cages by gender. For each member of each genera-
tion, mice were sampled every month for up to 2 years or 
until the death of the animal. Pups from the parental (P1) 
generation were labeled as SC1, F1 generation labeled as 
SC2, F2 generation SC3, F3 generation as SC4, and F4 
generation as SC5. At the beginning of each month, fecal 
sampling was performed and the stool was sequenced. 
Metagenomic sequencing was performed as previously 
described [29]: genomic DNA was extracted from pellets 
using the DNeasy PowerSoil HTP kit (Qiagen) and quan-
tified in 384-well format using the Quant-iT PicoGreen 
dsDNA Assay Kit (Thermofisher). Sequencing libraries 
were generated in 384-well format using a custom low-
volume protocol based on the Nextera XT process (Illu-
mina). The concentration of DNA from each sample was 
normalized to 0.18 ng/µ L using a Mantis liquid handler 
(Formulatrix). If the concentration was <0.18 ng/µ L, the 
sample was not diluted further. Tagmentation, neutrali-
zation, and PCR steps of the Nextera XT process were 
performed on a Mosquito HTS liquid handler (TTP 
Labtech), leading to a final volume of 4 µ L per library. 
During PCR amplification, custom 12-bp dual unique 
indices were introduced to eliminate barcode switching, 
a phenomenon that occurs on Illumina sequencing plat-
forms with patterned flow cells. Libraries were pooled 
at the desired relative molar ratios and cleaned up using 

Ampure XP beads (Beckman) to achieve buffer removal 
and library size selection. The cleanup process was used 
to remove fragments <300 bp or >1.5 kbp. Final library 
pools were quality-checked for size distribution and 
concentration using a Fragment Analyzer (Agilent) and 
qPCR (BioRad). Sequencing reads were generated using 
a NovaSeq S4 flow cell or a NextSeq High Output kit, in 
2 × 150 bp configuration. Five to 10 million paired-end 
reads were targeted for isolates and 20–30 million paired-
end reads for communities.

Inverton detection using defined community sequencing 
data
We developed a modified Phasefinder [14] workflow—
PhaseFinderDC—to detect invertons from metagenomic 
read libraries derived from mixtures of hCom2 strains. 
A custom hCom2 reference database was generated by 
concatenating microbial genome sequences for all 125 
strains in hCom2. As in the original Phasefinder work-
flow, EMBOSS einverted was then used to locate inverted 
repeat sequences and thus generate a list of potential 
invertons. Based on this list, we then created an aug-
mented genomic reference containing both forward and 
reverse orientation sequences for each potential inver-
ton. This augmented reference then served as the data-
base against which metagenomic sequencing reads are 
aligned. Here we made a modification to the original 
Phasefinder workflow for PhaseFinderDC to include all 
genomic sequences located between potential inver-
tons—in addition to forward/reverse sequences of poten-
tial invertons—to aid in filtering of ambiguously aligned 
reads (discussed further below).

Metagenomic read libraries derived from mouse stool 
samples were pre-processed using Biobakery kneaddata 
[43] to remove mouse host DNA reads (median 91.6% of 
reads passed mouse-host-filtering across 69 mouse sam-
ples, Supplementary Table  S2); human reads were not 
explicitly removed. This was skipped for samples derived 
from pure single-strain and mixed community in  vitro 
cultures. Metagenomic read alignment of read libraries 
from was then carried out using bowtie2 instead of bow-
tie (as per original Phasefinder), given that the majority 
of sequencing reads used in our analyses exceeded 100 
bp in length (median 98.8% of reads successfully mapped 
across 636 analyzed samples, Supplementary Table  S2). 
We set PhaseFinderDC to use the –very-sensitive 
bowtie2 preset by default (used to generate all presented 
findings with exception of Supplementary Section S11), 
with flexibility to run with alternate bowtie2 settings. We 
use this flexibility to compare how results changed when 
using the bowtie2 –fast preset as well as a customized 
setting with increased mismatch and gap open penal-
ties ("–very-sensitive –mp 14,5 –rdg 13,3 
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–rfg 13,3") that mimics the –intractg from the 
bwa aligner (Supplementary Section S11).

Using mapping quality (MAPQ) scores reported 
by bowtie2, PhaseFinderDC filtered out ambiguously 
aligned reads by removing any alignments with scores 
below 30. For each potential inverton, counts of read 
alignments unambiguously supporting forward and 
reverse orientations based on paired-end orientation 
(Pe_F, Pe_R) and based on directly spanning inver-
sion junction (Span_F, Span_R) were enumerated as 
per the original Phasefinder workflow for each sample. 
For each potential inverton, read counts were pooled 
across isolate culture samples from the given strain, 
as well as all hCom2 mouse and in  vitro mixed culture 
samples. We called invertons if forward and reverse 
orientations are supported by at least 5 read align-
ments each after pooling, based on both paired-end 
orientation as well as direct span (i.e., required pooled 
Pe_F >= 5,Pe_R >= 5, Span_F >= 5, Span_R >= 5   ) . 
This threshold is similar to that suggested by the 
original PhaseFinder publication [14] which used 
Pe_F >= 5,Pe_R >= 5, Span_F >= 3, Span_R >= 3   . 
The original publication also used a R/(R+F) > 0.01 cut-
off, which we omitted here to enable capturing of rarely 
flipped invertons, compensating instead with a slightly 
more stringent Span_F >= 5, Span_R >= 5 cutoff. This 
approach enabled us to detect invertons with minor ori-
entation frequency (min(R,F)/(R+F)) between 0 and 0.01, 
many of which shared similar IR sequence homology 
with invertons exhibiting higher minor orientation fre-
quencies (Supplementary Section S1). Downstream anal-
ysis such as calculation of inversion ratios for each called 
inverton for each sample used Pe_F, Pe_R counts.

Inverton categorization using IR homology
IR sequences for all 1837 called invertons were used to 
generate a multiple sequence alignment using Clustal-
omega [44]. Based on this MSA, we used TreeCluster 
[45] to cluster invertons into distinct groups based on 
IR sequence homology. We tested a range of tree-dis-
tance thresholds (T = 0.01 to 0.99 in increments of 0.01) 
for generating separate groups, with smaller thresh-
olds generating more (smaller, more closely related) 
groups of invertons. We then used MEME [46] on IR 
sequence groups to search for enriched sequence motifs 
applying  -mod zoops -nmotifs 1000 -minw 
6 -maxw 100 -objfun classic -revcomp 
-markov_order 0 -evt 0.05 parameters, count-
ing the total number of groups with a detected motif for 
each tested tree-distance threshold. We then selected a 
tree-distance cutoff of T = 0.60 as it maximized the num-
ber of groups for which a motif was detected, generat-
ing a total of 146 groups of invertons out of which 114 

MEME was able to detect an enriched sequence motif in 
the IR sequences (Supplementary Section S2).

Motif detection and promoter prediction in invertons
For each of the 146 identified groups of invertons, we 
used MEME to identify motifs enriched within inver-
ton sequences applying -mod anr -nmotifs 1000 
-minw 6 -maxw 100 -objfun classic -rev-
comp -markov_order 0 -evt 0.05 parameters, 
now using the full inverton sequences, as opposed to 
only the IR sequences (flanking IR sequences were also 
included as part of full inverton sequences). Significantly 
enriched motifs were then scanned using fimo across 
all hCom2 genomes, applying a 10−8 p  value cutoff to 
account for the large sequence database size ( 4.67 · 108 bp 
total). For each motif instance detected by fimo, we used 
bedtools closest [47] to identify location and orientation 
of the closest associated coding sequence. For each motif, 
we then counted the number of fimo-detected instances 
that were consistent with those of a promoter, that is to 
say upstream of its nearest gene, on the same strand. We 
compared this number against (i) 10,000 random samples 
where the locations of motif instances were shuffled using 
bedtools shuffle [47], (ii) 10,000 random samples where 
the strand orientations of motif instances were permuted, 
and (iii) 10,000 random samples where the strand orien-
tations of hCom2 genes were permuted. Motifs whose 
actual count of promoter-consistent instances exceeded 
9990/10,000 (>99.9%ile) of all three random samples 
were identified as putative promoter motifs. Note that as 
we did not know a priori whether the motif or its reverse 
complement represented a putative promoter element, 
we performed these tests for all identified motifs and 
their reverse complements, reporting the version ori-
ented on the same strand as the nearest gene.

Gene annotation and enrichment analysis near invertons
All hCom2 genomes were annotated using NCBI PGAP 
pipeline [35] version 2023-05-17.build6771. We identi-
fied enrichment of specific annotations near invertons 
by counting for each annotation the number of instances 
(i) gene with given annotation is located within ±5 kb 
window of any detected inverton, (ii) gene with differ-
ent annotation is located within ±5 kb window of any 
detected inverton, (iii) gene with given annotation is not 
located within ±5 kb window of any detected inverton, 
and (iv) gene with different annotation is not located 
within ±5 kb window of any detected inverton. For each 
gene annotation, we compiled these four counts into a 
2 × 2 contingency table, and identified annotations sig-
nificantly (Fisher’s exact p < 0.05 with Bonferroni correc-
tion) enriched near invertons. We repeated this analysis 
independently for each inverton group. We also repeated 
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this analysis by subsetting genes within the ±5 kb window 
to cases of (a) non-inverton-intersecting genes that were 
oriented with their 5′ end proximal to the inverton and 
were either adjacent to the inverton or all intervening 
genes were also oriented with their 5′ end proximal to 
the inverton such that a promoter in the inverton could 
potentially drive expression of said genes—i.e., regulat-
able, (b) non-inverton-intersecting genes that did not 
meet the criteria in (a), i.e., non-regulatable, and (c) genes 
that intersected a detected inverton.

Invertase detection, categorization, and detection of links 
to inverton groups
Using PGAP annotations, we focused on extracting all 
coding sequences whose annotations contained mention 
of "invertase," "integrase," and "recombinase." Treating 
these collectively as potential invertase genes, we used 
Clustal-omega [44] to perform a multiple sequence align-
ment on the translated amino acid sequences. We used 
TreeCluster to cluster invertases into distinct groups 
based on protein homology, using a tree-distance cutoff 
of 0.8 (Supplementary Section S6) to yield 176 invertase 
groups. For each invertase group, we counted for each 
of the 126 inverton groups the number of instances (i) 
an invertase in the invertase group is located within ±5 
kb of an inverton in the inverton group, (ii) an invertase 
in another invertase group is located within ±5 kb of an 
inverton in the inverton group, (iii) an invertase in the 
invertase group is located within ±5 kb of an inverton in 
another inverton group, and (iv) an invertase in another 
invertase group is located within ±5 kb of an inverton in 
another inverton group. For each invertase-group/inver-
ton-group pair, we compiled these four counts into a 2 
× 2 contingency table, and identified significantly (Fish-
er’s exact p  < 0.05 with Bonferroni correction) linked 
invertase-group/inverton-group pairs.

Differential analysis of inverton orientation 
between different microbial growth conditions
To identify invertons whose orientation significantly dif-
fered between different microbial growth conditions 
A-vs.-B, we compared counts of forward and reverse sup-
porting reads (Pe_F, Pe_R) pooled across all samples from 
condition A versus condition B. For each inverton, we 
compiled the four resulting counts (forward reads pooled 
across condition A, reverse reads pooled across condition 
A, forward reads pooled across condition B, and reverse 
reads pooled across condition B) into a 2 × 2 contingency 
table, and applied a Fisher exact test to identify invertons 
whose forward-vs.-reverse counts significantly (p < 0.05) 
linked to microbial growth condition, with Bonferroni 
correction to account for multiple hypothesis testing. We 
focused on two such A-vs.-B comparisons: (i) samples 

from pure strain isolate cultures vs. mouse stool samples 
to explore effect of community colonization in vivo and 
(ii) samples from in  vitro mucin-carrier vs. supernatant 
cultures.

Differential gene expression predictions and validation 
in Bacteroides thetaiotaomicron
We predicted genes to be differentially expressed if they 
were located downstream of an inverton with a putative 
promoter motif, and the orientation of the associated 
inverton was also identified as linked to microbial growth 
conditions. We validated the 12 total such genes that 
were predicted to be differentially expressed between 
mouse stool and pure isolate culture in the Bacteroides 
thetaiotaomicron genome by analyzing published RNA-
seq dataset from Bacteroides thetaiotaomicron that 
included both pure isolate culture as well as mouse 
stool samples [41]. We first used hocort [48] to remove 
mouse transcriptome derived reads from RNA-seq read 
libraries, then aligned to hCom2 coding sequences using 
bowtie2 [49]. Read counts were normalized using con-
ditional quantile normalization with the cqn R package 
[50] to obtain estimates of reads per kilobase per mil-
lion mapped reads (RPKM). We then calculate ratios of 
median RPKM between RNA-seq samples from pure iso-
late culture versus mouse stool samples to validate pre-
dicted differential expression.

Longitudinal analysis of inverton orientation 
across timepoints
To identify invertons whose orientation significantly dif-
fered between early vs. late generation mouse samples, 
we compared counts of forward and reverse support-
ing reads (Pe_F, Pe_R) pooled across all samples from 
mouse generation 1 [SC1] versus mouse generations 2–5 
[SC2,SC3,SC4,SC5]. For each inverton, we compiled the 
four resulting counts (forward reads pooled across gen-
eration 1 mice, reverse reads pooled across SC1 mice, 
forward reads pooled across [SC2,SC3,SC4,SC5] mice, 
and reverse reads pooled across [SC2,SC3,SC4,SC5] 
mice) into a 2 × 2 contingency table, and applied a 
Fisher exact test to identify invertons whose forward-
vs.-reverse counts significantly (p  < 0.05) linked to 
microbial growth condition, with Bonferroni correc-
tion to account for multiple hypothesis testing. We then 
repeated this analysis with all four possible cutoffs for 
early vs. late generation ([SC1,SC2]-vs.-[SC3,SC4,SC5], 
[SC1,SC2,SC3]-vs.-[SC4,SC5], and [SC1,SC2,SC3,SC4]-
vs.-[SC5]). Invertons were identified as having signifi-
cant association with mouse generation timepoint if 
any of these tests passed the p  < 0.05 (with Bonferroni 
correction) threshold. This same approach was used 
to identify invertons whose orientation significantly 
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differed between early vs. late passage in  vitro mixed 
culture samples (testing ([P1]-vs.-[P2,P3,P4,P5,P6], 
[P1,P2]-vs.-[P3,P4,P5,P6], [P1,P2,P3]-vs.-[P4,P5,P6], 
[P1,P2,P3,P4]-vs.-[P5.P6], and [P1,P2,P3,P4,P5]-vs.-[P6]), 
independently analyzing mucin-carrier-attached and 
supernatant sample types.

Data visualization
Custom python and R scripts were developed for data 
visualization, using the following packages: scipy [51], 
pandas [52], numpy [53], seaborn [54], python [55], jupy-
ter notebook [56], statsmodels [57], biopython [58], mat-
plotlib [59], R [60], ggtree [61], treeio [62], ggnewscale 
[63], phytools [64], tidyr [65], dplyr [66], stringr [67], 
ggplot2 [68], ape [69].

Discussion
Here we presented a community-wide analysis of inver-
tons in the defined gut microbial community hCom2, 
providing a customized workflow for detecting invertons 
in defined microbial communities based on the previ-
ously published PhaseFinder algorithm which we used to 
generate a comprehensive catalog of inverton locations 
across hCom2. Using the sequence homology found in 
the IR regions of these detected invertons, we catego-
rized discovered invertons into groups, and used these 
groups to identify enriched motifs. This uncovered a 
number of promoter-like motifs—including some which 
were previously undescribed—whose instances were 
consistently found upstream of their nearest gene. Ana-
lyzing the proximity of invertons to nearby genes, we also 
revealed links between specific groups of invertons and 
specific groups of invertases, suggesting a potential regu-
latory link.

By analyzing large scale metagenomic sequencing of a 
defined community across multiple sample types, includ-
ing isolate cultures vs. mouse fecal samples as well as 
surface-attached vs. liquid phase cultures, we were able 
to observe differences in inverton orientation probabili-
ties associated with gut colonization and surface adhe-
sion. By detecting directionally biased invertons in more 
than a third (53/125) of all strains in hCom2, we directly 
confirmed the hypothesis that colonization and adhesion 
are associated with inverton dynamics. A key advantage 
of performing this analysis in hCom2 was the availability 
of high quality genomes and genome annotations, which 
enabled us to leverage the discovery of directionally 
biased invertons into bioinformatic predictions of not 
only the identity of specific modulated genes, but also 
the direction of predicted modulation—for instance we 
predicted that colonization/adhesion are associated with 
a remodeling of EPS moieties in Bacteroides, aligning 
with previous work [9]. Beyond different sample types, 

we also identified invertons whose orientations exhib-
ited changes over timepoints both in vivo (across mouse 
generations) and in  vitro (across culture passages). Our 
findings suggest active inverton dynamics across a range 
of timescales during surface adhesion and gut coloniza-
tion, mediated by additional layers of regulatory control 
beyond IR sequence recognition alone.

We conclude by noting several limitations to our 
work and point to areas for further exploration. First 
off, PhaseFinderDC currently uses a highly conservative 
approach to handle multi-mapping read alignments that 
arise when closely related strains are included in the same 
genome database. Namely, reads that are suspected of 
potential multi-mapping (by default, with a MAPQ score 
less than 30) are discarded from analysis when enumer-
ating forward and reverse read counts. While this yields 
a high degree of confidence in the final called invertons, 
the approach also prevents invertons in regions with high 
sequence homology from being detected. This prob-
lem is amplified when more strain genomes are added 
to the reference database, as the likelihood of homolo-
gous sequences increases with genome database size. For 
this reason, while we have demonstrated proof-of-prin-
ciple feasibility with a defined community of 125 strain 
genomes, PhaseFinderDC is not well suited for use with 
large generic genome databases  such as UHGG [70] or 
GTDB [32] that contains thousands of strain genomes—
a key prerequisite for use in analyzing undefined com-
munities such as stool samples. We envision future work 
can apply statistical models similar to the approach 
from Bracken [71] that combine information on the 
uncertainty level of multi-mapping reads with genome 
sequencing depth estimates generated from unambigu-
ous reads to make probabilistic read assignments to 
particular inverted repeat regions. Rather than simply 
discarding these reads, such an approach would enable 
detection of invertons in regions with high sequence 
homology to other strains, and allow PhaseFinderDC to 
be used with large generic genome databases for analyz-
ing undefined microbial communities like stool.

We note also that as our analyses are computational in 
nature, our predicted inverton-associated gene expres-
sion changes, as well as links between invertase and 
invertons are only statistical associations. Mechanistic 
validation of these predictions will require future experi-
mental work, for instance synthetic manipulations such 
as phase-locked inverton constructs to measure bacterial 
phenotypes when a particular inverton is locked in a for-
ward or reverse orientation. These synthetic approaches 
can be combined with more sophisticated readouts such 
as metatranscriptomics on mixed bacterial communi-
ties to validate whether putative promoter motifs iden-
tified here indeed drive gene expression as we predict, 
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expanding on the limited example we tested with Bac-
teroides thetaiotaomicron VPI-5482. Beyond promot-
ers, future work should follow-up on additional motifs 
identified as enriched downstream of CDSs, to investi-
gate whether they play any regulatory roles, for instance 
as transcriptional terminators. Additional experimental 
manipulations can also be used to target knockout or 
over-expression of predicted invertases, to test whether 
they indeed regulate inverton flipping of their predicted 
targets.

Furthermore, the current analysis has focused on a 
limited subset of bacterial growth conditions with mini-
mal environmental stress. Future work could augment 
the community by incorporating pathogenic taxa, and 
investigate how more complex environments with the 
presence of environmental stressors such as antibiotic 
exposure affect the inverton landscape. By obtaining 
more sequencing data in variable growth conditions, 
we would likely also expand the catalog of known inver-
tons, given the observation that invertons flip in certain 
growth conditions. For instance, while we were only able 
to call 557 invertons using isolate culture sequencing 
reads during workflow benchmarking, by augmenting 
our analysis with sequencing data from different growth 
conditions (e.g., mixed in vitro culture and mouse stool 
samples), this increased to 1837 called invertons. Finally, 
while our work here has focused on inverton-mediated 
genetic variability, it would be valuable in the future to 
explore how inverton dynamics across microbial commu-
nities are linked to other forms of genetic variability, such 
as changes that arise as a consequence of mutation and 
horizontal gene transfer, to more comprehensively profile 
the cumulative effects of genetic variability on commu-
nity function.
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pairs that passed mouse-host-filtering (for mouse-stool sample reads 
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bowtie2 (denominator being the number of read pairs that passed 
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pair count otherwise). Table S3: Forward/reverse read counts of invertons 
in isolate culture comparing original PhaseFinder vs PhaseFinderDC, 
including information on the actual strain culture used to generated the 
read library, inverton ID, forward read counts based on paired-end 
orientation (Pe_F), reverse read counts based on paired-end orientation 

(Pe_R), forward read counts based on directly spanning inversion 
junction (Span_F), reverse read counts based on directly spanning 
inversion junction (Span_R), the strain genome onto which reads were 
mapped and called as inverton (mappedStrain), which workflow was 
used (original PhaseFinder of PhaseFinderDC), and whether this was a 
mis-map (i.e., actualStrain was not the same as mappedStrain). Table S4: 
Forward/reverse read counts of all invertons across all samples, 
determined using PhaseFinderDC, including column information on 
inverton ID, sample ID, forward read counts based on paired-end 
orientation (Pe_F), reverse read counts based on paired-end orientation 
(Pe_R), inversion ratio Pe_R/(Pe_R+Pe_F) calculated using read counts 
based on paired-end orientation (Pe_ratio), forward read counts based 
on directly spanning inversion junction (Span_F), reverse read counts 
based on directly spanning inversion junction (Span_R), inversion ratio 
Span_R/(Span_R+Span_F) calculated using read counts based on 
paired-end orientation (Span_ratio). Table S5: Metadata on all identified 
invertons including column information on inverton ID, inverton group, 
whether it intersects a gene coding sequence (intersectGene), the 
associated IR sequence, and full inverton sequence. Table S6: Enriched 
motifs detected across inverton IR sequences, including column 
information on motif ID and sequence. Table S7: Enriched motifs 
detected across full inverton sequences, including column information 
on motif ID and sequence. Table S8: Instances of detected motifs from 
Table S7 across hCom2 genomes, including column information on 
genomic locations (chrom, start, stop, strand), the associated motif ID, 
MEME p-value of the detected instance. For motif instances that 
intersect an inverton, additional column information is included on the 
inverton ID, location of the inverton (start_inverton, end_inverton), and 
inverton group. Table S9: Metadata on inverton-proximal genes across 
hCom2, including column information on genomic loci of each gene 
(chrom, start, end, strand), the gene ID, the gene annotation, the 
associated inverton ID, and whether the gene intersected the inverton 
directly, and if not whether it could be regulated by a promoter in the 
inverton (5’-end of gene is closer to inverton than 3’-end of gene). 
Table S10: Enrichment of inverton-proximal gene annotations by 
inverton group and type of proximity, including column information on 
the gene annotation, inverton group, the type of proximity (regulata-
ble-vs.-nonregulatable-vs.-intersecting), the number of genes with 
given annotation that are proximal to inverton of given group with 
given type of proximity (near inverton gene count), the number of 
genes with given annotation that are not proximal to inverton of given 
group with given type of proximity (not near inverton gene count), the 
number of genes not with given annotation that are proximal to 
inverton of given group with given type of proximity (near inverton 
other gene count), the number of genes not with given annotation 
that are not proximal to inverton of given group with given type of 
proximity (not near inverton other gene count), the odds ratio, Fisher’s 
Exact p-value, and significance after multiple hypothesis correction. 
Table S11: Invertase genes across hCom2, including column 
information on the locations of the genes (chrom, start, end, strand), 
gene ID, gene annotation, and invertase group. For invertase gene 
instances that intersect an inverton, additional column information is 
included on the inverton ID and inverton group. Table S12: Enrichment 
of invertase groups proximal to inverton groups, including column 
information on the inverton group, invertase group, the number of 
invertons within given inverton group that are proximal to an invertase 
gene within the given invertase group, the number of invertons not 
within given inverton group that are proximal to an invertase gene 
within the given invertase group, the number of invertons within given 
inverton group that are not proximal to an invertase gene within the 
given invertase group, the number of invertons not within given 
inverton group that are not proximal to an invertase gene within the 
given invertase group, the odds ratio, Fisher’s Exact p-value, and 
significance after multiple hypothesis correction. Table S13: Direction-
ally biased invertons comparing between (i) isolate culture / mouse 
stool and (ii) carrier-attached / liquid-phase mixed culture samples, 
including column information on inverton ID, the number of forward 
orientation reads in the first condition (Pe_F_cond1), the number of 
reverse orientation reads in the first condition (Pe_R_cond1), the 
number of forward orientation reads in the second condition 
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(Pe_F_cond2), the number of reverse orientation reads in the second 
condition (Pe_R_cond2), the odds ratio, Fisher’s Exact p-value, and label of 
first condition vs. second condition comparison. Table S14: Gene 
regulation predictions based on directionally biased invertons with 
promoter motifs, including column information on the genomic location 
and attributes of the gene (chrom, start, end, gene ID, gene strand, gene 
annotation), the inverton ID, the type of gene proximity (regulatable-vs.-
nonregulatable-vs.-intersecting), the number of forward inverton 
orientation reads in the first condition (Pe_F_cond1), the number of 
reverse inverton orientation reads in the first condition (Pe_R_cond1), the 
number of forward inverton orientation reads in the second condition 
(Pe_F_cond2), the number of reverse inverton orientation reads in the 
second condition (Pe_R_cond2), the odds ratio, Fisher’s Exact p-value, the 
label of first condition vs. second condition comparison, the direction the 
inverton is enriched toward in the first condition, the motif ID of the 
predicted promoter, the strand of the detected motif on the genome, 
whether the promoter is a reverse complement of the motif, the strand of 
the promoter determined based on prior 2 columns, and the condition 
with the predicted upregulation. Table S15: Gene annotations enriched for 
inverton-based regulation, including column information on the gene 
annotation, the label of first condition vs. second condition comparison, 
the condition with the predicted upregulation, the number of genes with 
given annotation that are predicted to be upregulated in the given 
condition, the number of genes with a different annotation that are 
predicted to be upregulated in the given condition, the number of genes 
with given annotation that are not predicted to be upregulated in the 
given condition, the number of genes with a different annotation that are 
not predicted to be upregulated in the given condition, the odds ratio, 
and Fisher’s Exact p-value. Table S16: Metadata on transcriptomic datasets 
used for gene regulation prediction validation, including column 
information on the SRA accession, gene ID, sample type, and cqn-normal-
ized RPKM value. Table S17: Gene expression estimated based on 
transcriptomic datasets, including column information on the gene ID, 
median RPKM estimated across mouse and in vitro RNA-seq samples, and 
the predicted upregulated condition based on inverton orientation data. 
Table S18: Directionally biased invertons comparing across timepoints 
(mouse generation and mixed culture passage), including column 
information on the inverton ID, the number of forward inverton 
orientation reads in the first condition (Pe_F_cond1), the number of 
reverse inverton orientation reads in the first condition (Pe_R_cond1), the 
number of forward inverton orientation reads in the second condition 
(Pe_F_cond2), the number of reverse inverton orientation reads in the 
second condition (Pe_R_cond2), the odds ratio, Fisher’s Exact p-value, the 
label of first condition vs. second condition comparison.
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