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Abstract

Bacteremia, a leading cause of death, generally arises after bacteria establish infection in a particular tissue and
transit to secondary sites. Studying dissemination from primary sites by solely measuring bacterial burdens does
not capture the movement of individual clones. Here, by barcoding Klebsiella pneumoniae, a leading cause of
bacteremia, we tracked pathogen dissemination following pneumonia. Variability in organ bacterial burdens was
attributable to two distinct dissemination patterns distinguished by the extent of clonal expansion in the lungs. In
“metastatic” dissemination, bacterial clones underwent heterogeneous clonal expansion within the lung and the
dominant clones spread to secondary organs. In “direct” dissemination, bacterial clones exited the lungs without
clonal expansion, leading to lower burdens in systemic sites. We uncover bacterial and host factors that govern
these two modes of dissemination. Our data reveal unexpected heterogeneity in the dynamics of Klebsiella
bacteremia and define a new paradigm for understanding within-host bacterial dissemination.

Introduction

Sepsis is a systemic inflammatory syndrome with high mortality rates caused by a dysregulated immune
response to infection (1, 2). Sepsis is highly associated with bloodstream infections, ~90% of which are caused
by bacteria (3-5). Gram-negative species are leading causes of bacteremia and are highly linked to antimicrobial
resistance (AMR) (6). Enterobacterales have been repeatedly classified as pathogens of urgent concern (7, 8)
and are the most common causes of Gram-negative bacteremia. Klebsiella pneumoniae is a leading pathogen
in both Gram-negative bacteremia and deaths by AMR (3, 6, 9).

Gram-negative bacteremia pathogenesis involves three phases (10). First, pathogens infect initial sites. Second,
bacteria disseminate across host barriers and gain bloodstream access. Third, pathogens sustain bacteremia
by avoiding immune clearance mechanisms in filtering organs like the spleen and liver (11). Pneumonia and
bloodstream infections are the two most common conditions associated with death due to AMR organisms (9),
and the lung is a common site of infection leading to secondary bacteremia. To prevent the progression of
pneumonia to bacteremia, dissemination mechanisms by which bacteria exit the lung must be defined.

Experimentally defining host-pathogen interactions during dissemination is difficult since this process often
occurs simultaneously with the phases of initial site infection and bloodstream survival. Murine pneumonia
models can identify bacterial or host factors required for lung fitness and can assess bloodstream fitness by
measuring bacterial abundance in tissues like the spleen and liver. However, these data must be carefully
interpreted, as decreases in pathogen abundance at secondary sites can either be due to lower fitness at that
site or differential dissemination from the lungs. Models that do not involve primary site infections, such as a tail
vein injection, define bacteremia fitness defects in a dissemination-independent manner. For example, we
identified GmhB, involved in ADP-heptose biosynthesis for the lipopolysaccharide (LPS) inner core and a ligand
for the pro-inflammatory sensor alpha-kinase 1 (ALPK1) (12, 13), as a conserved Gram-negative bacteremia
fitness factor (14) in both pneumonia and tail-vein models. However, the defect of the K. pneumoniae gmhB
mutant in the spleen was larger in the pneumonia model despite no defect in the lung, indirectly suggesting that
gmhB may affect both dissemination and sustaining bacteremia. Thus, bacterial tissue burden can measure
defects at the first and last bacteremia phases (initial site infection and avoiding immune clearance), but metrics
to specifically quantify dissemination are lacking (10).
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Isogenic barcoding of bacteria has been used to study infection dynamics in various models (15-27). This
approach enables the quantitative tracking of individual bacterial clones during different phases of infection,
including the measurement of infection bottlenecks and clonal replication within tissues. One approach for
analyzing barcoded bacteria is STAMPR (Sequence-Tagged Analysis of Microbial Populations in R), which
employs population genetics and resampling approaches to quantify bacterial expansion, infection bottlenecks,
and dissemination patterns (23, 28). By comparing the presence and abundance of barcodes across sites
relative to the inoculum, STAMPR can trace clones between tissues, enabling inferences regarding in vivo
dissemination routes.

Here, we applied bacterial barcoding and STAMPR to a murine model of bacteremia originating from pneumonia.
Initially, wild-type K. pneumoniae bacteremia dynamics were measured. Two distinct dissemination patterns
termed “metastatic” and “direct” were identified and correlated with clonal expansion in the lung or absence
thereof, respectively. Metastatic dissemination led to higher bacterial burden in systemic organs. STAMPR
analyses using bacterial and host mutants were used to define how dynamics change after disruption of bacterial
ADP-heptose biosynthesis (GmhB) or protein translocation (TatC), and host Nox2 NADPH oxidase (CybB) or
monocyte chemokine receptor (Ccr2). Disruption of gmhB eliminated metastatic dissemination, leading to only
direct dissemination and low spleen burdens. Disruption of Nox2 also yielded only direct dissemination, but with
high spleen burdens likely due to attenuated host defenses. This study uncovers informative yet previously
hidden patterns that define bacterial spread from the lung to the bloodstream and correlate with bacterial burdens
at systemic sites. Furthermore, the framework for analysis of pathogen dissemination presented here should be
broadly useful for studying bacteremia-associated infection dynamics.

Results

Bacterial barcoding reveals the dynamics of K. pneumoniae dissemination from pneumonia. To
characterize K. pneumoniae infection dynamics, we barcoded the hypervirulent strain KPPR1 (29). This library,
KPPR1-STAMPR, contained ~40,000 unique barcodes inserted at the Tn7 site. The 25-nucleotide barcodes did
not influence bacterial fithess, and KPPR1-STAMPR had an even abundance of barcodes across the library
(Supplemental Figure 1A-B). Deep sequencing the barcodes can be used to estimate the founding population,
the number of individual clones from the inoculum to give rise to infection (Ns, Online Methods). Smaller founding
populations are indicative of tighter bottlenecks. To confirm that the library enabled accurate calculations of
founding population, we created a standard curve using in vitro bottlenecks with serial dilutions, and verified the
library is appropriate for estimating founding populations up to ~10° (Supplemental Figure 1C).

To measure baseline dynamics of K. pneumoniae infection in a model of pneumonia that progresses to
bacteremia (30), WT C57BL/6 mice were retropharyngeally inoculated with 1x10® CFU KPPR1-STAMPR.
Compared to the inoculum size, the K. pneumoniae population expanded in the lung ~10-100x (Figure 1A).
Bacterial CFU recovery from the spleen and liver were typically lower than the inoculum size, indicating
replication restriction within tissues or tight bottlenecks between primary and secondary sites. Bacterial
abundance in the liver and spleen were variable but correlated with lung burden (Supplemental Figure 2). Based
on the number of unique barcodes recovered from each tissue relative to the reference, the STAMPR pipeline
estimated the founding population size through a resampling approach (Ns, Online Methods). The lung contained
a large founding population (Figure 1B) that produced the observed CFU, with an average Ns of ~3,850
(Supplemental Data 1). Secondary organs had much lower Ns values, with an average founding population of
~16, 40, and 60 clones in the spleen, liver, and blood, respectively, suggesting that the major bottleneck occurs
between the lungs and systemic sites. Furthermore, since only ~0.7% of clones from the lung were identified at
a secondary site, a tight bottleneck limits K. pneumoniae exit from the lung (Figure 1B).

We next evaluated the extent of barcode similarity between sites using genetic distance (GD). High GD values
indicate dissimilarity between groups. Low GD values indicate similarity, due to either sharing many barcodes or
sharing a few highly abundant barcodes. The GD between the lung and secondary sites was high, indicating the
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lung was substantially dissimilar from the spleen, liver, and blood (Figure 1C). GDs between the spleen and other
secondary sites were lower, demonstrating that systemic sites were more similar to each other than the lung
(Figure 1D). Thus, after bacteria enter circulation, there is a greater likelihood of spread between secondary
organs or an initial seeding event of the same clones to these sites. However, GD between secondary organs
was not always uniform as some liver samples were very dissimilar from corresponding spleens (Figure 1D).

Two distinct modes of K. pneumoniae dissemination from the lungs. The frequency of each barcode in
individual tissues can be displayed as a frequency plot (Figure 2A-D). Analysis of lung and spleen frequency
plots revealed two distinct patterns of barcode sharing between these sites. In one subset of mice (5/12), there
were clearly dominant (highly abundant) clones in the lung (Figure 2A, red circles), and these were also the
dominant barcodes in the spleen (Figure 2B). In a second subset (7/12), there was little variation in clonal
abundance (more evenly distributed barcodes) across the population of bacteria in the lung; the most abundant
clones in the lung (Figure 2C, red circles) were not typically abundant in the spleen (Figure 2D, red circles).

A deeper analysis of the relatedness of barcodes between the lung and spleen further distinguished the two
patterns of K. pneumoniae lung dissemination. Overall, the GD was high between the lung and each site of
dissemination (spleen, liver, blood; Figure 1C), but frequency plots indicated some sharing of barcodes with the
lung. To further examine this sharing, a fractional genetic distance metric (FRDxy) was used to quantify the
fraction of clones shared between site x and y relative to the total number of clones in y. For example, a high
FRDungspieen indicates that their shared barcodes are a high proportion of the total spleen barcodes. A
corresponding lower FRDspieen-ung WouUld suggest the lung is a large reservoir of clones, only some of which are
shared with the spleen. By measuring FRDiung-spicen, We 0bserved two distinct patterns of clonal sharing (Figure
2E-H). In one subset of mice, there were many clones shared between the lung and spleen (high FRDiung-spieen,
Figure 2E, F), even though the lungs and spleens were dissimilar overall (high GD, Figure 1C). Dissimilar lungs
and spleens with many shared clones can be explained by uneven expansion of clones in the lung that are
presentin the spleen at distinct frequencies (Figure 2A-B). To quantify uneven replication, we plotted N¢/N,, ratios
(Figure 2l). Np is a STAMPR metric that calculates founding population sizes based on the frequency of barcodes,
rather than the number of unique barcodes (Ns). When barcode abundances are relatively even, Ns and N, ratios
are close to one. During uneven bacterial replication, Ny will decrease but Ns will remain constant, and thus the
Ns/Np ratio will increase (23). Mice with high FRDjung-spieen also had high Ns/Ny ratios. Furthermore, they had
significantly elevated bacterial burdens in the lungs and spleens, with trends toward increased burden in the liver
and blood (Figure 2J-N). We define this pattern as “metastatic dissemination,” in which clonal expansion in one
organ is associated with translocation to another.

In a second subset, lung clones were not abundant in the spleen (FRDiung-spieen=0; Figure 2G-H). Individual
barcode frequency and Ns/N,, ratios confirmed that these animals had more even expansion in the lung (Figure
2C,D,J). In this group, clones from the inoculum translocated to the spleen without substantial expansion in the
lungs, which we termed “direct dissemination”. This pattern was associated with lower bacterial burdens in the
lung and spleen (Figure 2K, L). Together, these data reveal two dissemination patterns that were not apparent
from CFU alone.

Metastatic dissemination is dependent on K. pneumoniae GmhB and host Nox2. We next sought to
determine how K. pneumoniae fitness factors that differ in their importance for primary site infection and
bloodstream survival affect patterns of K. pneumoniae dissemination from the lung. Barcoded libraries were
generated in AgmhB and AtatC mutants, named gmhB-STAMPR and tatC-STAMPR, respectively. TatC is part of
the twin-arginine transporter required for moving multiple folded protein substrates across the cytoplasmic
membrane (31). Unlike GmhB, which is dispensable in the lung, TatC is required for both primary and secondary
site fitness during bacteremia in multiple species (32, 33). Based on bacterial burden, it is unclear if either is
involved in dissemination.
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Wild-type mice were infected with gmhB-STAMPR and tatC-STAMPR using the pneumonia model, and
dissemination metrics were quantified. The mutant libraries had an even abundance of barcodes (Supplemental
Figure 1D-E). To determine if GmhB and TatC influence lung dissemination, GD and FRD between the lung and
spleen or lung and liver were calculated. GmhB was required for metastatic dissemination as all mice infected
with gmhB-STAMPR exhibited direct dissemination from the lung to the spleen and liver (Figure 3A-B). TatC also
influenced dissemination, but to a lesser degree, as 1/5 mice and 3/5 mice displayed metastatic dissemination
from the lung to the spleen and liver, respectively (Figure 3C-D), compared to 5/12 displaying metastatic
dissemination (lung to spleen) following infection with KPPR1-STAMPR (Figure 2I-N). Each mouse infected with
KPPR1-STAMPR and gmhB-STAMPR demonstrated the same dissemination pattern between the lung and
spleen as the lung and liver (Supplemental Figure 3A-C). In contrast, two tatC-STAMPR-infected mice displayed
direct dissemination to the spleen but metastatic dissemination to the liver (Supplemental Figure 3D-F). Thus,
GmhB is required for metastatic dissemination from the lung, whereas tatC may influence dissemination to
specific sites.

To determine how host defenses determine the patterns of dissemination, we performed STAMPR analysis of
wild-type K. pneumoniae in mice defective in NADPH oxidase Nox2 (Cybb™), and the monocyte chemokine
receptor Ccr2 (Ccr2”), which are required for the phagocyte oxidative burst and monocyte recruitment,
respectively. Nox2 restricts K. pneumoniae replication in the lung but has more subtle influences in the spleen
and liver (32). After lung infection, all Nox2” mice exhibited direct dissemination, suggesting that phagocyte
NADPH oxidase is required for the metastatic pattern of K. pneumoniae dissemination (Figure 3E-F). Since Nox2
is involved in oxidative bursts across neutrophils and monocytes, which are efficiently recruited during K.
pneumoniae lung infection (14), we sought to resolve which immune cell subset may influence K. pneumoniae
dissemination by infecting Ccr2” mice with KPPR1-STAMPR. Both metastatic and direct dissemination were
observed in Ccr2”” mice, indicating that monocytes are dispensable for metastatic dissemination (Figure 3G-H).
As with the tatC-STAMPR library, KPPR1-STAMPR infections in the Ccr2” mice had mixed dissemination
patterns. In 2/6 mice, metastatic dissemination to the spleen and direct dissemination to the liver were observed.
Similar to TatC, Ccr2 may influence dissemination patterns to specific sites but is not required for metastatic
dissemination. To further assess the association between the dynamics of lung expansion and the mode of
dissemination, Ns/N, was calculated (Figure 31). Nox2” had even expansion, with consistently low Ns/Ny, whereas
the gmhB and tatC mutants, and Ccr2” mice had more variation. Together, these data demonstrate that host
Nox2 influences bacterial lung dissemination in a monocyte-independent manner. Increased metastatic
dissemination in the absence of Nox2 suggest that oxidative bursts may impose stresses that result in
heterogenous K. pneumoniae replication in the lungs.

Patterns of dissemination from the lung influence the similarity of populations in the liver and spleen. To
obtain a broader perspective of K. pneumoniae infection dynamics, the similarities of barcodes in different organs
were analyzed across all experiments (Figure 4A-C). Barcodes found in the lungs were largely distinct from
secondary sites regardless of the K. pneumoniae strain or mouse genotype (Figure 4A-B). KPPR1-infected wild-
type mice with metastatic dissemination had significantly higher similarity (lower GD) between the lung and
secondary organs than mice with direct dissemination, including the gmhB or Nox2” groups (Figure 4A-B). While
the lung was largely distinct from secondary organs, clonal sharing between secondary sites varied with the
mode of dissemination. Splenic and hepatic populations were similar in KPPR1-infected wild-type mice with
metastatic dissemination. Clonal sharing between the spleen and liver in animals with direct dissemination
varied, with some animals having similar clones and others having distinct clones (Figure 4C). These
observations reveal that the extent of replication in the lungs, which can result in metastatic or direct
dissemination modes, can influence the genetic similarity of bacteria between systemic sites. Defining
dissemination modes from the primary site is therefore critical for interpreting bacterial dissemination between
distinct secondary sites.

K. pneumoniae population dynamics in secondary sites are influenced by the mode of lung
dissemination. To understand how host and bacterial factors control infection bottlenecks and bacterial
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replication, we quantified bacterial burden (Figure 5A-D), founding populations (Figure 5E-H), and bacterial
replication across all sites (Figure 5I-L). Although metastatic dissemination (KPPR1-met) was generally
associated with higher bacterial burdens (Figure 2K-N), founding populations in secondary sites were not
significantly different (Figure 5E-H). Instead, mice with direct dissemination (KPPR1-dir) trended towards lower
expansion per founder across sites (CFU/Ns, Figure 5I-L). Thus, metastatic dissemination is associated with
more apparent clonal expansion in secondary sites, even though host bottlenecks between the lung and
secondary sites are similar.

As previously described, GmhB was dispensable for fitness in the lung but had a significant spleen fitness defect
(Figure 5A-D) and was required for metastatic dissemination (14). Despite both having direct dissemination,
there was a larger gmhB founding population in the lung than observed with KPPR1-dir (Figure 5E). Although
the number of gmhB founders in the spleen was similar to that found with wild-type bacterial infections (Figure
5F), the CFU was 100-fold lower than KPPR1-met (Figure 5B), indicating that expansion (CFU/Ns) was lower in
the gmhB mutant (Figure 5J). These observations are consistent with published findings that gmhB is defective
in the spleen ex vivo and in vivo (14). In the blood, gmhB CFU was lower than that of KPPR1-met (Figure 5D);
lower CFU is attributed to reduced expansion (Figure 5L) rather than tighter infection bottlenecks (Figure 5H,
similar Ns). In contrast, gmhB experienced wider bottlenecks in the liver than KPPR1-met (Figure 5G, higher Ns)
but had equivalent CFU (Figure 5C), indicating significantly less expansion than KPPR1-met (Figure 5K, lower
CFU/Ns). Together, these observations demonstrate that GmhB is required for metastatic dissemination and
enhances splenic fitness but has a distinct function in the liver. Direct dissemination of gmhB did not result in
fewer founders at secondary sites compared to WT direct dissemination, suggesting that GmhB primarily
influences expansion in the lung. These findings reveal complex, tissue-specific functions of GmhB, and in its
absence, dissemination patterns and replication are altered across secondary sites.

In contrast to GmhB, TatC was required for fitness in the lung, spleen, and blood as evidenced by lower CFU at
all sites (Figure 5A-D). However, reductions in tissue burdens were not due to a difference in founding
populations (Figure 5E-H). As with GmhB, there was a trend toward elevated numbers of tatC founders in the
liver but this did not reach statistical significance (p=0.144). Rather, TatC was required for expansion in the spleen
and liver (Figure 5J-K) and trended towards less expansion in the lung (Figure 5I1). Thus, TatC is dispensable for
exiting the lung and reaching systemic sites but is instead required for expansion (lower CFU/Ns values).
Alternatively, reductions in CFU/Ns values could reflect a reduction in reseeding of the same clones from the lung
to the spleen. In the lung, lower CFU/N; likely represents a defect in replication.

Mice lacking Nox2 displayed significantly elevated lung CFU compared to wild-type mice (Figure 5A). This
correlated to many more K. pneumoniae founders in the lungs of Nox2” mice than KPPR1-met or -dir, indicating
defective host clearance and a wider bottleneck in the lung (Figure 5E). Although Nox2’ mice experienced direct
dissemination, bacterial burdens in the liver, spleen, and blood of Nox2” mice were similar to KPPR1-met mice
(Figure 5B-D), with similar founding population sizes (Figure 5F-H) and expansion of founders (Figure 5J-L)
across sites. Nox2” mice displayed even replication in the lung yet had a larger number of founders (Figure 3l).
Thus, although Nox2 tightens infection bottlenecks in the lung, oxidative bursts may unveil underlying
heterogeneity in K. pneumoniae replication in the lung. In contrast, mice lacking Ccr2 had similar bacterial
burden, founding populations, and expansion across sites (Figure 5A-L) as wild-type mice with metastatic
dissemination. Thus, monocytes are likely dispensable for controlling K. pneumoniae expansion and determining
modes of dissemination during early bacteremia. Together, these analyses reveal how perturbations in host and
bacterial factors influence tissue-specific K. pneumoniae replication and dissemination.

Discussion

Here, using a murine model of bacteremic pneumonia, we leveraged barcoded K. pneumoniae to investigate
bacterial dissemination from the lung. This second phase of bacteremia pathogenesis has been impossible to
study independently from other phases using tissue CFU alone. Using high-complexity libraries of barcoded
bacteria with varied bacterial and mouse genotypes, we defined two modes of lung dissemination and identified
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bacterial and host factors that influence each. Metastatic dissemination was associated with higher tissue CFU
and uneven clonal expansion, and dominant lung clones were highly abundant in the spleen. Direct
dissemination was associated with lower tissue CFU, and the lung and spleen had distinct populations (Figure
6). The bacterial factor GmhB was required for metastatic dissemination, and the direct dissemination of gmhB
was associated with less severe infection. The host defense effector Nox2 was required for both metastatic
dissemination and control of the initial infecting population, leading to severe infection with high systemic burdens
in Nox2’- mice. These findings uncover a critical role for replication patterns at the primary site of infection in
modulating dissemination. We propose that uncovering the hidden variables that influence dissemination will
reveal principles of infection underlie disease severity during pneumonia and progression to bacteremia.

The primary distinguishing feature between metastatic and direct dissemination is the extent to which bacterial
replication promotes the transit of clones from primary to secondary compartments (Figure 6). Metastatic
dissemination, here detectable with high FRD values, involves clones prominent in the lung population
disseminating to the blood, liver, and spleen. This metastatic pattern suggests that clones that survive initial host
defenses replicate in the lung and eventually disseminate. Fitness factors that enable lung survival and
replication are predicted to be required for metastatic dissemination. Importantly, the similarity between the lung
and other sites could be explained by a single dissemination event with expansion in the second site, or repeated
dissemination of dominant lung clones. The correlation of high FRDs with uneven clonal replication in the lung
and elevated CFU in the spleen suggests that other processes, which can be assessed with STAMPR-based
metrics, such as Ns/Ny, underlie the extent of metastatic dissemination. In contrast, direct dissemination occurs
when bacteria do not undergo clonal expansion in the initial site. Several biological mechanisms may explain
how direct dissemination occurs. One is that a small degree of transit occurs early following infection, or even
during the inoculation process, where organs are seeded with different subpopulations of clones that progress
on different trajectories of survival and replication. Alternatively, it is possible that low-abundance clones occupy
privileged niches in the primary site that enable these clones to disseminate more efficiently.

Barcoding provided insights on the bacteremia fitness factors GmhB and TatC that could not be elucidated from
CFU counts alone (14). GmhB is dispensable for lung fitness but required for fitness in the spleen and liver. Our
data demonstrates that GmhB also influences modes of K. pneumoniae dissemination. GmhB is involved in the
biosynthesis cascade of ADP-heptose, which can be integrated into the LPS core or secreted and sensed as a
soluble inflammatory mediator by cytosolic ALPK1 (13, 14, 34). It remains unknown which ADP-heptose function
is the most relevant for influencing modes of K. pneumoniae dissemination from the lung. Our study also revealed
new information about TatC, which may influence dissemination patterns to individual secondary organs in
addition to enhancing primary site fitness.

Nox2 is required for metastatic dissemination independent of inflammatory monocytes. It is therefore likely that
metastatic dissemination is dependent on other immune subsets, like neutrophils or alveolar macrophages.
Since metastatic dissemination is marked by high bacterial replication and lung CFU, it is curious that this pattern
requires oxidative bursts from immune cells, which is typically associated with bacterial clearance. Neutrophil
killing of K. pneumoniae can be inhibited by soluble mediators secreted by myeloid-derived suppressor cells
(35). Potentially, the lung inflammatory environment inhibits effective containment of K. pneumoniae. However,
the data are consistent with defective killing of initial founders and loss of a barrier for dissemination in Nox2”
mice, leading to higher lung founding populations, lung burdens, and populations in secondary organs that
develop independently of growth in the lung. Nox2-dependent stresses may impose heterogeneity on bacterial
populations in the lung, leading to uneven replication and metastatic dissemination.

The dynamics of bacteremia likely depend on the initial site of infection. Here, we used pneumonia as the primary
infection due to its relevance in K. pneumoniae disease and death by AMR (9). The microenvironment of the
lung during K. pneumoniae infection can change bacterial metabolism (36). Inflammatory reprogramming could
change the bacterial ability to disseminate or influence fitness at secondary sites. For example, DsbA, involved
in disulfide bond formation, is required for splenic fitness after tail vein injection but is dispensable when infection
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originates in the lung (32). Potentially during metastatic dissemination, bacteria that replicate in the lung are
primed for increased splenic survival. In contrast, with direct dissemination bacteria that disseminate before
replication may be less fit in the spleen. Further understanding of dissemination during Gram-negative
bacteremia will integrate primary infections across other relevant sites.

Based on patient blood cultures, Gram-negative dissemination likely represents intermittent events of pathogen
shedding rather than a single event or a continuous process. In the mouse model, intermittent shedding is
supported by the high variability in measurements taken from the blood and is perhaps also reflected in the
dissemination patterns observed here. Our study collected bacterial barcodes at a single timepoint, but additional
resolution may be gained with measurements across time. Since higher lung CFU is linked to metastatic
dissemination, this may be the dominant pattern observed at later timepoints once bacteria have undergone
multiple rounds of division. Similarly, direct dissemination may be more likely at earlier time points. Importantly,
both mechanisms were observed by 24 hours within each individual trial in our study. Further, in some cases
individual mice displayed mixed patterns of dissemination to secondary organs. In K. pneumoniae lacking TatC
and mice lacking Ccr2, animals displayed mixed dissemination modes to the liver and spleen, emphasizing some
element of secondary organ tissue specificity in these findings. Future studies will investigate how the factors of
infection route and timing influence dissemination patterns to secondary sites.

In summary, bacterial barcoding unveiled novel infection dynamics that were hidden when measuring only
bacterial tissue burden. We discovered that patterns of heterogenous clonal expansion at primary sites underlie
variability in dissemination and ultimately infection outcome. Quantifying the extent to which dissemination is
metastatic or direct will substantially deepen our insights into how pathogens traverse throughout the host and
contextualize how bacterial and host factors control infection outcomes. Our work demonstrates how high-
complexity libraries of barcoded bacteria can be leveraged to reveal new paradigms of infection and better
understand host-pathogen interactions during bacteremia.
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Figure 1. K. pneumoniae population dynamics during bacteremic pneumonia. Mice were infected with
KPPR1-STAMPR, a wild-type K. pneumoniae barcoded library in a model of pneumonia that progresses to
bacteremia. Tissues were harvested 24 hours post-infection and analyzed with quantitative culture and the
STAMPR pipeline. (A) The bacterial burden in each tissue at the time of harvest is displayed as logio CFU. The
dotted line indicates the infection inoculum, 1x108 CFU/mouse. (B) The founding population size in each tissue
was estimated by the STAMPR pipeline and is displayed as logio Ns. The dotted line indicates the resolution limit
of the input library, ~1x10° Ns, which is the maximum potential complexity for any tissue. The genetic distance
between the lung and secondary organs (C) or the spleen and other secondary organs (D) was modeled by the
STAMPR pipeline. For all, **p<0.01, ***p<0.001, ****p<0.0001 by ordinary one-way ANOVA with Tukey’s multiple
comparisons test; n=12 mice in 4 independent trials. STAMPR analysis was excluded for one mouse with no
detectable blood CFU and any sample with low sequencing quality.
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Figure 2. K. pneumoniae dissemination from the lung occurs in two distinct patterns. Mice were infected
with a wild-type K. pneumoniae barcoded library in a model of bacteremia originating from pneumonia. The
STAMPR pipeline calculated the frequency of individual barcodes within the lung and spleen of each mouse. (A-
D) Unique 25-nt barcodes were assigned a random tag and plotted on the x-axis, the log1 frequency of each
barcode within the indicated tissue is plotted on the y-axis. The most abundant barcodes within the lung for each
mouse are highlighted in red, and indicated in the spleen if the barcode was also found at that site. During
metastatic dissemination, the top thirty most abundant barcodes in the lung (A) replicated more than other clones,
and the same clones were more likely to be found in the corresponding spleen (B). During direct dissemination,
the most abundant barcodes in the lung did not have extensive replication beyond other barcodes (C) and were
less likely to be found in the corresponding spleen (D). Using the STAMPR pipeline, genetic distance (GD; E,G)
and fractional genetic distance (FRD; F, H) were calculated to determine the barcode similarity and sharing
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between sites. Representative GD and FRD heat maps between the lung, spleen, liver, and blood for two
individual mice that demonstrated metastatic (E,F) or direct (G,H) patterns of dissemination are displayed.
Individual GD and FRD between the lung and spleen or the spleen and lung are displayed for each mouse (I),
with indications for defining dissemination patterns as metastatic of direct. The Ns/Ny ratio (J) reflects the
evenness of lung expansion for animals experiencing metastatic of direct. Bacterial burden, displayed at log1o
CFU, is compared across the (K) lung, (L) spleen, (M) liver, or (N) blood for each mouse demonstrating metastatic
or direct dissemination. For (I-N), n=12 mice infected across four independent trials; *p<0.05 by unpaired t-test.
STAMPR analysis was excluded for one mouse with no detectable blood CFU, and any sample with low
sequencing quality.
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Figure 3. Metastatic dissemination is dependent on bacterial GmhB and host Nox2. Wild-type mice were
infected with a (A,B) gmhB-STAMPR or (C,D) tatC-STAMPR K. pneumoniae barcoded libraries, while (E,F) Nox2
~ or (G,H) Ccr2” mice were infected with the wild-type KPPR1-STAMPR library. Genetic distance (GD) or
fractional genetic distance (FRD) was calculated to determine genetic similarity and the fraction of shared clones
between the lung and spleen (A, C, E, G) and the lung and liver (B, D, F, H). The lung Ns/N, was calculated for
all group (l). All animals were inoculated retropharyngeally with 1x106 CFU/mouse and tissues were harvested
24 hours post infection. N=4-8 mice in two independent trials; in (A-H), lines connect GD and FRD from the same
mouse. STAMPR analysis was excluded for any sample with low sequencing quality.
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Figure 4. Secondary organs are genetically distinct compartments during bacteremia. Wild-type mice were
infected with a KPPR1-STAMPR, gmhB-STAMPR, or tatC-STAMPR K. pneumoniae barcoded library. Nox2” or
Ccr2”” mice were infected with the KPPR1-STAMPR barcoded library. In all experiments, an inoculum of 1x10°
CFU/mouse was administered in a model of pneumonia and tissues were harvested 24 hours post-infection.
Wild-type mice infected with the KPPR1 library were divided into groups demonstrating metastatic (KPPR1-met)
or direct (KPPR1-dir) dissemination as defined in Figure 2. The genetic distance between the (A) lung to spleen,
(B) lung to liver, and (C) spleen to liver were evaluated by the STAMPR pipeline. For all, n=4-8 mice in at least
two independent trials; *p<0.05 and **p<0.01 using an ordinary ANOVA with Dunnet’s multiple comparisons test
comparing each group to the KPPR1-met group.
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Figure 5. K. pneumoniae dynamics in secondary organs is influenced by the mode of dissemination.
Wild-type mice were infected with a KPPR1-STAMPR, gmhB-STAMPR, or tatC-STAMPR K. pneumoniae
barcoded library. Nox2” or Ccr2” mice were infected with the KPPR1-STAMPR barcoded library. For all, an
inoculum of 1x10® CFU/mouse was administered in a model of pneumonia and tissues were harvested 24 hours
post infection. Wild-type mice infected with the KPPR1 library were divided into groups demonstrating metastatic
(KPPR1-met) or direct (KPPR1-dir) dissemination as defined in Figure 2. The bacterial burden at the time of
harvest in the (A) lung, (B) spleen, (C) liver, or (D) blood for each infection group is displayed as logio CFU. The
founding population in each tissue was estimated by the STAMPR pipeline for the (E) lung, (F) spleen, (G) liver,
or (H) blood for each group and displayed as logio Ns. A measure of total CFU per founder is represented by
log10(CFU/Ns) for the (1) lung, (J) spleen, (K) liver, or (L) blood for each group. For all groups, n=4-12 mice in at
least two independent trials. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 using an ordinary ANOVA with
Dunnet’s multiple comparisons test comparing each group to the KPPR1-met group; #p<0.05, ##p<0.0001 using
an ordinary ANOVA with Dunnet’s multiple comparisons test comparing each group to the KPPR1-dir group.
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Figure 6. Bacterial barcoding reveals two patterns of lung dissemination during early K. pneumoniae
bacteremia. Bacterial barcoding and STAMPR analysis revealed infection dynamics that are unresolved with
quantitative culture and CFU values alone. In direct dissemination, replication is not necessary prior to
translocation from the initial site. This pattern may arise due to defects in the host barrier integrity during infection.
In metastatic dissemination, clonal replication in the lung leads to the presence of dominant clones in secondary
sites. It is likely that bacterial factors influencing replication ability at the initial site also influence the ability for
metastatic dissemination to occur. Metastatic dissemination may be influenced by time, where clones which have
more time to replicate are more likely to translocate and be identified at a secondary site. While two patterns of
dissemination are described here, these modes likely represent a spectrum of translocation dynamics.

14


https://doi.org/10.1101/2024.04.03.587919
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.03.587919; this version posted April 3, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplemental Figures

A B KPPR1-STAMPR library c
107 0 104 KPPR1-STAMPR
. T fatC
8- o > ]
. 2 g 2 * 84 gmhB
E 6 ' < : 3 g E
= [ ] L 64
< Cv T T S
= ) sl 3
g 41 g e = ] w B o 41
) i ¢ 8,’ 6 - =z ,
e KPPR1 - o
s STAMPR 8 =
S y y 0 10,000 20,000 30,000 0T T T 11
Lung Spleen Liver d ’ d 0 2 4 6 8 10
Barcode log4oCFU (known)
D  gmhB-STAMPR library E tatC-STAMPR library
0 0
>
>
o g -2
c 2 o
QO 3
3 o
& o m oy
T . -
[-] e -~ I ———,
2 o
g5 §°
S -
-8 -8
0 20,000 40,000 60,000 0 20.000 40.000 60.000

Barcode Barcode

Supplemental Figure 1. K. pneumoniae STAMPR libraries are fit and have even representation of
barcodes. (A) Wild-type mice were co-infected at a 1:1 ratio with the unmarked KPPR1 strain and a single
KPPR1-STAMPR barcoded clone in the murine model of pneumonia. At 24 hours, bacterial CFU was
enumerated in each tissue and displayed as logioc CFU. Using paired t-tests, no significant difference in CFU
abundance was detected between the KPPR1 or KPPR1-STAMPR strains. Barcoded K. pneumoniae libraries
have a relatively even distribution of represented barcodes in the (B) KPPR1-STAMPR library. (C) A calibration
curve with in vitro bottlenecks indicated that the K. pneumoniae barcoded libraries have a resolution limit of
~1x10° clones. Barcoded K. pneumoniae libraries have a relatively even distribution of represented barcodes in
the (D) gmhB-STAMPR, and (E) tatC-STAMPR libraries.
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Supplemental Figure 2. Lung bacterial burden correlated with CFU burden at secondary sites. The CFU
data from Figure 1A was plotted to correlate CFU burden in the lung with burden in the spleen (purple circles),
liver (green squares), and blood (pink triangles). Correlations were assessed using a Pearsons coefficient
comparing lung CFU to the CFU at individual secondary sites, **p<0.01.
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Supplemental Figure 3. Representative frequency plots from a mouse demonstrating uniform
dissemination patterns and one mouse demonstrating differential dissemination patterns to secondary
organs. The STAMPR pipeline calculated the frequency of individual barcodes within the lung and spleen of two
individual mice, one infected with KPPR1-STAMPR (A-C) and the other infected with tatC-STAMPR (D-F).
Unique 25-nt barcodes were assigned random tags and plotted on the x-axis, the log1o frequency of each barcode
within the indicated tissue is plotted on the y-axis. The most abundant barcodes within the lung for each mouse
are highlighted in red, and indicated in the spleen if the barcode was also found at that site. In the wild-type
bacterial infection, lung dissemination patterns were similar between the lung (A) and spleen (B) or the lung and
liver (C), as demonstrated by a mouse displaying metastatic dissemination to each secondary site. A subset of
mice infected with the tatC-STAMPR library demonstrated mixed dissemination patterns, as demonstrated by a
mouse displaying direct dissemination from the lung (D) to the spleen (E) and metastatic dissemination from the
lung to the liver (F).
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Methods and Materials

Bacterial Strains and Reagents. All reagents were sourced from Sigma Aldrich unless noted otherwise. K.
pneumoniae cultures were grown shaking overnight at 37°C in LB broth (Fisher Bioreagent, Ottowa, ON), and
bacteria grown on LB plates were incubated at 30°C. Growth media was supplemented with 40ug/mL kanamycin
(Sigma Aldrich, St. Louis, MO) to select for bacteria containing barcodes and/or with 50ug/mL hygromycin
(Sigma-Aldrich) to select for knockout-strains generated by Lambda red mutagenesis. The bacterial strains used
in this study are described in Supplemental Data 2, and primers used in the study are in Supplemental Data 3.

Lambda Red mutagenesis was used as previously described to generate gmhB (VK055 2352) and tatC
(VK055 _3142) isogenic knockouts containing a hygromycin resistance cassette (14, 30, 37). To generate
electrocompetent KPPR1 harboring the pKD46 plasmid, an overnight culture was first grown at 30°C. The culture
was then diluted into LB broth containing 50ug/mL spectinomycin, 50mM L-arabinose, 0.5mM EDTA (Promega,
Madison, WI), and 10uM salicyclic acid and cultured until reaching exponential phase. The culture was placed
on ice for 30 minutes, pelleted at 8,000xg for 15 minutes at 4°C, and serially washed with 50mL 1mM HEPES
(pH 7.4; Gibco, Grand Island, NY), 50mL diH>O, and 20mL 10% glycerol. A hygromycin resistance cassette from
the pSIM18 plasmid was amplified with primers containing 65 base pair homology at the 5 end of the
chromosomal site flanking the open reading frame of gmhB (14) or tatC (Supplemental Data 3). The purified
fragment was electroporated into competent KPPR1-pKD46. Transformants were allowed to recover overnight,
shaking at 30°C and then selected on agar with hygromycin. Each knockout was confirmed using primers
flanking either gmhB or tatC.

Construction of STAMPR Libraries. The MFDApir-pSM1 plasmid donor library, containing random 30
nucleotide barcodes, was cultured in LB broth with kanamycin and 600uM DAP (15). To construct a K.
pneumoniae library, a 1:1:1 ratio of the MFDApir-pSM1 plasmid donor library, a helper donor (MFDApir
pLMP1039), and either wild-type KPPR1 (for KPPR1-STAMPR), AgmhBhygro (for gmhB-STAMPR), or AtatChygro
(for tatC-STAMPR) were spotted on a total of ten 0.45um filters and incubated on plates containing 300uM DAP
for 20-24 hours. After incubation, filters were combined and vigorously vortexed with PBS to release the
transconjugants. The concentration of the recovered bacteria was determined by quantitative plating, and
remaining transconjugants were plated onto multiple LB agar plates containing kanamycin and grown overnight
at 30°C. All plates were pooled together by scraping recovered lawns into LB+25% glycerol and mixing
thoroughly. The pools were split into multiple aliquots, labeled as the appropriate barcoded library, and stored at
-80°C until further use.

Murine Bacteremia. The study was approved by the University of Michigan Institutional Animal Care and Use
Committee (protocol: PRO00011097), and performed with careful adherence to humane guidelines for animal
handling (38). This study included male and female mice used between the ages of 8-12 weeks from the C57BL/6
lineage and included wild-type, Nox2” (Cybb™), and Ccr2” genotypes (32, 39, 40). All animals were bred and
maintained at the University of Michigan or purchased directly (Jackson Laboratory, Bar Harbor, ME). Prior to
each infection, K. pneumoniae overnight cultures for each strain were pelleted at 5,000xg for 15 minutes. The
bacterial pellets were resuspended in PBS and the ODegy measured to adjust cultures to the desired
concentration. For the pneumonia model, mice were anesthetized with isoflurane and 1x10° K. pneumoniae CFU
in 50uL PBS was administered retropharyngeally. Mice were sacrificed at 24 hours post-infection and lung,
spleen, liver, and blood were collected. Blood samples were collected by cardiac punctures and dispensed into
heparin coated tubes (BD, Franklin Lakes, NJ) to prevent clotting. Spleens were homogenized in 1mL PBS and
livers were homogenized in 2mL PBS, and a 100uL sample was removed for quantitative plating to calculate the
bacterial burden at each site. The remaining organ homogenate was plated onto LB dishes with kanamycin to
recover the total number of barcodes within each site and plates were incubated overnight at 30°C. The following
day, bacterial lawns were scraped into 10mL PBS+25% glycerol, keeping each mouse and tissue separate, and
mixed thoroughly. 1x10° CFU was removed from each sample and boiled to extract bacterial DNA. The remaining
bacteria collected from lawn scraping were stored at -80°C.
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DNA Sequencing and STAMPR Analysis.

The barcode-containing region was amplified from the bacterial DNA using the boiled bacterial cells in a PCR
with OneTaq HS Quick-Load Master Mix (New England Biolabs) and custom primers (Supplemental Data 3).
Primers contained TruSeq indexes and adapters for lllumina sequencing. PCR products were pooled, purified
with a column kit (GeneJet PCR Purification Kit), and sequenced on either an lllumina MiSeq or lllumina NextSeq
1000.

llumina sequencing read were demultiplexed with a custom R script, then trimmed and mapped to the
appropriate reference library using either CLC Genomics Workbench (Qiagen) or custom R scripts. Mapped
reads were exported as a CSV table. Any sample deemed to have low quality sequencing results, defined as
<10,000 reads, was removed from the study and not included in further STAMPR pipeline analysis. An additional
noise correction was performed as previously described (15) to adjust for increased index hopping in samples
sequenced on the lllumina NextSeq. Founding population estimates were determined using STAMPR scripts
(28) and genetic distance was estimated with Cavalli-Sforza cord distance as previously described (27).

Ns values were calculated as follows. After removing noise due to index hopping according to the STAMPR
algorithm (28), the number of unique nonzero barcodes was determined. Then, for each output sample, the
reference library was resampled according to a multinomial distribution with a sampling size equal to the total
read count of the output sample. This resampled input vector was again resampled according to a multinomial
distribution with varying sampling sizes. At each sampling size, the number of unique barcodes was calculated
and a “reference resample curve” was created by plotting the sampling depth as the X-axis and the number of
unique barcodes as the Y-axis. The number of unique barcodes in the output sample was used for inverse linear
interpolation from the reference resample curve to calculate Ns.

GD was calculated as the Cavalli-Sforza chord distance (27). FRD was calculated as follows. For two samples
A and B, GD was first calculated (iteration 0). The most abundant barcode (geometric mean) in Samples A and
B was removed, and GD was calculated again (iteration 1). Then, the first and second most abundant barcode
were removed, and GD was calculated again (iteration 2). This procedure was repeated for 1000 iterations or
until one sample had all barcodes >0 reads removed. The number of iterations that yield GD < 0.8, the threshold
previously established for genetic relatedness, is defined as RD. Note that 0.8 is a relatively strict threshold, as
samples with no overlapping barcodes have GD = (212)/11 = 0.9. For pairs of samples where all 1000 iterations
yielded GD < 0.8, RD was set to equal the number of unique barcodes with >0 reads in each sample. FRD(A-B)
is defined as In(RD(A-B) + 1) / In(number of unique nonzero barcodes in sample B + 1).

Barcode counts and original scripts have been deposited on Github (https://github.com/hullahalli/stampr _rtisan).
Individual heat maps for GD and FRD for each mouse in the study can be found in Supplemental Data 4.

Statistical Analysis. At least two independent infections were performed for each group. Statistical significance
was defined as a p-value<0.05 (GraphPad Prism) as determined using: ordinary one-way ANOVA with Dunnett’s
multiple comparison to assess differences among multiple groups with one reference mean, ordinary one-way
ANOVA with Tukey’s multiple comparison to assess differences among any groups, or unpaired t-tests to assess
differences between two groups.
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