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Klebsiella pneumoniae employs a type VI
secretion system to overcome microbiota-
mediated colonization resistance
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Microbial species must compete for space and nutrients to persist in the
gastrointestinal (GI) tract, and our understanding of the complex pathobiont-
microbiota interactions is far from complete. Klebsiella pneumoniae, a pro-
blematic, often drug-resistant nosocomial pathogen, can colonize the Gl tract
asymptomatically, serving as an infection reservoir. To provide insight on how
K. pneumoniae interacts with the resident gut microbiome, we conduct a
transposon mutagenesis screen using a murine model of GI colonization with
an intact microbiota. Among the genes identified were those encoding a type
Vlsecretion system (T6SS), which mediates contact-dependent killing of gram-
negative bacteria. From several approaches, we demonstrate that the T6SS is
critical for K. pneumoniae gut colonization. Metagenomics and in vitro killing
assays reveal that K. pneumoniae reduces Betaproteobacteria species in a T6SS-
dependent manner, thus identifying specific species targeted by K. pneumo-
niae. We further show that T6SS gene expression is controlled by several
transcriptional regulators and that expression only occurs in vitro under
conditions that mimic the gut environment. By enabling K. pneumoniae to
thrive in the gut, the T6SS indirectly contributes to the pathogenic potential of
this organism. These observations advance our molecular understanding of
how K. pneumoniae successfully colonizes the GI tract.

The microbiome of the gastrointestinal (GI) tract is a complex envir-  provided immune defenses’. Epidemiological studies have demon-
onment containing trillions of individual bacteria comprising hun- strated that inter-individual differences in microbiota composition can
dreds of species' that are intrinsically linked to human health’. A impact susceptibility to enteric infections®’. Diet, immuno-sup-
critical role of the gut microbiome is to restrict the growth of incoming  pressants, proton pump inhibitors, and antibiotics can influence the
pathogens, a phenomenon known as colonization resistance (CR)*°  microbiota, resulting in reduced CR and increased susceptibility to
that involves microbial-mediated competition in addition to the host- pathogenic bacteria, such as multi-drug resistant Klebsiella
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pneumoniae**™°, Antibiotic treatment in a hospital setting is asso-
ciated with K. pneumoniae expansion in the gut and subsequent
development of diseases such as pneumonia, bacteremia, pyogenic
liver abscesses, and urinary tract infections™". K. pneumoniae is a
major threat to patient health and places a significant burden on the
healthcare system™". Despite the pathologies associated with K.
pneumoniae infection, it is considered a pathobiont because the initial
gut colonization event is generally asymptomatic™>'®.

Although K. pneumoniae primarily has been associated with
immunocompromised patients, recent studies suggest that up to 30%
of the population in a community setting can be colonized with K.
pneumoniae” *°, indicating an adeptness in overcoming microbiome-
mediated CR. Resident gut microbiota generally mediate CR against
incoming microorganisms either through exploitation competition
(limiting nutrient resources)” > or interference competition (direct
inhibition through antimicrobial toxins)**?’. We recently described a
murine model of K. pneumoniae gut colonization with an intact resi-
dent gut microbiome®. Using this model, we demonstrated that K.
pneumoniae resides in the gut asymptomatically and metabolizes
fucose to overcome CR”. We also observed that colistin-resistant K.
pneumoniae has a defect in gut colonization, which is alleviated by an
antibiotic-mediated reduction in microbiome complexity®’. Further-
more, recent studies have demonstrated that gut commensals, such as
Bacteroidetes priming the host immune system and K. oxytoca
depleting preferred carbohydrate sources®?’, provide CR against K.
pneumoniae. Nevertheless, these examples are not comprehensive,
and K. pneumoniae-gut microbiota interactions still need to be further
investigated.

In this study, we leveraged our murine model of K. pneumoniae
gut colonization with a high throughput approach (transposon muta-
genesis) to identify K. pneumoniae factors (genes) that allow it to
overcome CR in an unbiased manner®***. Many of the genes that were
identified encode factors that are either involved in alternative nutri-
ent utilization or modification of the bacterial surface, suggesting that
K. pneumoniae requires these pathways to overcome both host- and
microbiota-mediated CR. One such factor was the type VI secretion
system (T6SS). We established that the T6SS promotes K. pneumoniae
Gl colonization in the presence of an intact microbiota, that expression
of the T6SS genes is tightly regulated by conditions known to be
prevalent in the gut lumen and identified regulatory mechanisms not
previously reported that control expression. A subsequent metage-
nomics screen identified key interacting partners of K. pneumoniae in
the gut, including Betaproteobacteria species that we demonstrated to
be targeted by K. pneumoniae. As the gut serves as a likely reservoir for
K. pneumoniae, our study identifies the key factors that support K.
pneumoniae colonization and interactions with the resident gut
microbiome.

Results

Identification of genes that promote K. pneumoniae gastro-
intestinal colonization

To identify genes that contribute to K. pneumoniae Gl colonization, we
generated a mariner transposon library of random mutants in the
strain KPPR1S that contained 56,757 unique insertions in open reading
frames, approximating a 10-fold coverage of the genome (Fig. S1). Our
input library contained 68 genes with no transposon inserts and 120
genes with only 1insert, suggesting that these genes likely are essential
for K. pneumoniae growth in broth culture. Next, we assessed bottle-
neck effects (stochastic loss of mutants) and appropriate dosing by
inoculating mice with a mixture of distinct antibiotic-resistant isolates
of KPPR1S™ at several ratios and determined the competitive indices
(CI) from fecal shedding at day 7 post inoculation (dpi). We observed
high variability in the CI for mice inoculated with 1:10,000 compared
to 1:1000 and other mixtures, suggesting that there was no detectable
stochastic loss of either strain when inoculated at 1:1000 (Fig. S2A).

Thus, an inoculum of 10° CFU containing ~5000 mutants was con-
sidered appropriate to overcome bottleneck effects for transposon-
insertion sequencing (INSeq) studies. Nine independent pools were
each inoculated into two mice (biological replicate; n =18 mice total).
Feces were collected and plated daily to determine colonization den-
sity and to ensure that the mice were sufficiently colonized. At 7 dpi,
the ceca were harvested for DNA extraction (library output); DNA was
also extracted from the inoculum (library input). Input and output
DNA was sequenced and analyzed using DESeq2 and TnseqDiff***” to
determine the essentiality of the sequenced genes. Details on the
generation, isolation, and analysis of the INSeq libraries are described
in the Methods section.

Using the arbitrary cutoff of adjusted P value of <0.05, 470 of
5159 annotated genes™ (9.11%) significantly contributed to the ability
of K. pneumoniae to colonize a murine Gl tract with an intact
microbiome (Fig. 1A, Supplementary Data 1). Many of the genes
associated with GI colonization fall into functional pathways asso-
ciated with nutrient uptake and metabolism, suggesting a competi-
tion for resources in the gut (Fig. 1B). Herein, we focused on genes
encoding membrane-associated proteins as these are most likely to
impact host-microbe and microbe-microbe interactions (Table 1).
These include genes encoding proteins involved in lipopoly-
saccharide synthesis and modification, transporters for metal ions,
capsular polysaccharide synthesis, secretion systems, and nutrient
transporters.

The T6SS of K. pneumoniae is a colonization determinant
Among the subset of candidates predicted to encode membrane-
associated proteins were seven that encode key structural compo-
nents of a T6SS (Fig. 1A, Table 1), suggesting a potential role for this
molecular machinery in the colonization of the Gl tract. T6SS are
generally involved in contact-dependent inhibition of other gram-
negative bacterial species®. KPPRIS encodes two annotated T6SS loci
and three auxiliary clusters (Fig. 1C). One locus (T6SS-1) is closely
related to the T6SS loci present in K. variicola strain At-22, the
hypervirulent K. pneumoniae strain NTUH-K2044*°, and the classical K.
pneumoniae isolate CHI157, whereas the second locus (T6SS-2)
appears to only have similarity to the T6SS-2 of the classical isolate
CHI1157*"*2, However, the regions encoding the effector-immunity pairs
in both loci are specific to KPPRIS. Using Bastion6 and SecReT6, we
identified the putative effector-immunity pairs within each locus***. In
T6SS-1we identified a putative type Vl lipase effector with homology to
Tlel that was shown to target the cell membranes®. It contains a
DUF2235 domain, which is generally associated with VgrG and proline-
alanine-alanine-proline (PAAR) repeat-containing proteins* ™. K.
pneumoniae Tlel from CH1157 was shown to be functionally active
against laboratory E. coli*'. In T6SS-2 locus we identified three effector
proteins, two distinct phospholipase D (homology to PIdB1 and 2), and
a PAAR domain containing effector protein*® (Fig. S3). The putative
effectors from T6SS-2 locus have not been functionally characterized
under in vitro or in vivo conditions.

To ascertain whether the predicted t6ss genes (genes
encoding T6SS proteins collectively will be designated ‘t6ss’) are
expressed in the GI tract, qRT-PCR was performed using K.
pneumoniae specific primers and RNA isolated from the ceca of
mice inoculated with KPPRI1S. The first gene from each of the
T6SS loci (tssB [T6SS-1], tssk2 [T6SS-2]) were upregulated com-
pared to M63 minimal media grown cultures (Fig. 1D). Addition-
ally, we cloned the promoter regions from each T6SS locus into a
gfp reporter plasmid (T6SS-1, pPROBE-tssB-gfp* and T6SS-2,
pPROBE-tssk2™-gfp*). Mice were inoculated with KPPR1S contain-
ing these plasmids, and fluorescence measured from bacteria
isolated from the cecum 24 h post inoculation (hpi). Compared to
the control medium (M63), expression of tssB and tssk2 were ~7-
fold and -3-fold higher, respectively (Fig. S2B). Collectively, our
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Fig. 1| An INSeq approach identified the T6SS as a major contributor to K.
pneumoniae gut colonization. A Genome-wide changes as observed through a
volcano plot from Tn-seq studies comparing in vitro grown mutants (input) to
mutants isolated from the cecum of infected mice (output). Fitness differences are
shown as fold-change on the x-axis with the adjusted p-value using the Benjamini-
Hochberg Procedure on the y-axis. All of the significant genes for gut colonization
are highlighted in red, the T6SS genes are in blue. B Pie chart showing the dis-
tribution of the functional pathways of the proteins encoded by the genes identi-
fied in (A). C The genetic organization of the T6SS loci in K. pneumoniae strain
KPPRIS with the locus tag underneath. Core genes (blue) are those required for the
assembly, structure, and firing of the T6SS. Asterisks represent genes with trans-
poson insertions that led to defect in gut colonization. hyp, hypothetical; eff,
effector; imm, immunity. Putative effector-immunity pairs were identified using
Bastion6 and SecReT6. D qRT-PCR showing the expression of gyrase (gyrA) and
genes from the T6SS loci in the GI tract using K. pneumoniae specific primers.

Displayed is the fold-change in transcript of gyrA, tssB, and tssk2 RNA extracted
from either cecal contents of K. pneumoniae infected mice (n =3) or RNA extracted
from K. pneumoniae grown in M63 minimal media. rrsA (16S) was used as the
housekeeping gene for calculating 244 using KPPR1S-specific primers. Boxes and
whiskers indicate the median and the minimum and maximum values, respectively.
A two-tailed Kruskal-Wallis test with Dunn’s post-test was performed. p-values from
left to right: 0.0232, <0.0001. E Fecal shedding from mice infected with either the
WT (n=10), the isogenic AclpV mutant (n = 8), or the chromosomally com-
plemented strain (c[pV*) (n =10). Feces were collected from inoculated mice on the
indicated days. Each symbol indicates a single mouse, the bars indicate median CFU
and the dashed line indicates the limit of detection (L.O.D). A two-tailed Kruskal-
Wallis test with Dunn’s post-test was performed. There was no significant difference
between WT and clpV" at any time point. p values from left to right: 0.0014, 0.034,
0.0028, 0.016, 0.0024, 0.0168, 0.029, 0.0230. *, p<0.05; *, p < 0.01; ***,
p<0.000L
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Table 1| Membrane-associated factors identified in the INSeq screen

VK55 # padjvalue Gene name® and description Function Reference
132 6.41E-08 tssb, T6SS structural protein Component of the contractile sheath of the T6SS 52
4232 1.16E-07 fimA, type-1 fimbrial protein, A chain Structural subunit of the major fimbriae 133
1928 2.47E-06 fepD, ferric enterobactin transport system per- Component of ABC transporter complex FepBDGC for the uptake of 134
mease protein enterobactin
5125 0.0008 ybtX, putative cytoplasmic transmembrane protein  Yersiniabactin-associated zinc MFS transporter 135
1100 0.0009 clpV, T6SS protein ATPase responsible for disassembly of the T6SS contractile sheath 52
after firing
5086 0.0010 virB8, type IV secretion system protein Component of the type IV secretion system inner membrane complex 136
0627 0.0031 nike4, nickel import ATP-binding protein ATP binding component of the NikABCDE Ni?* ABC transporter complex 137
0360 0.0035 Iron complex transport system permease protein fecCD transport family protein, involved in translocation of Fe** across 138
the membrane
104 0.0041 tssk, T6SS structural protein Component of the baseplate complex of the T6SS 52
0627 0.0075 nikE, nickel import ATP-binding protein ATP binding component of the NikABCDE Ni** ABC transporter complex 137
1399 0.0087 IpxL2, lipid A biosynthesis lauroyltransferase Transfers laurate to the KDO,-lipid IV, one of the final steps in KDO,- 139
lipid A synthesis
3623 0.0091 arnB, UDP-L-Ara40 C-4’ transaminase LPS Modifies lipid A phosphates with 4-amino-4-deoxy-L-arabinose, 140
modification increasing resistance to polymyxin
1543 0.0151 msbA, ATP-dependent lipid A-core flippase Translocation of lipid A-core from the inner leaflet to the outer leaflet of 141
the inner membrane
4412 0.0176 nlpD, activator of cell wall hydrolase AmiC Necessary for daughter cell separation during cell division 142
1089 0.0181 tssJ, T6SS structural protein Component of the membrane complex of the T6SS 52
1602 0.0134 potH, putrescine transport system permease Part of the ABC transporter complex PotFGHI for putrescine import 143
protein
0260 0.0190 oppC, oligopeptide transport system permease Component of the binding-protein-dependent transport system for 138
protein oligopeptides
0393 0.0268 ccmA, cytochrome c biogenesis ATP-binding Component of ABC transporter complex CcmAB involved in biogenesis 144
export protein of c-type cytochromes
1090 0.0312 tssG, T6SS structural protein Component of the baseplate complex of the T6SS 52
4890 0.0326 mgtE, magnesium transporter Selective magnesium channel important for Mg?* homeostasis 145
5012 0.0485 galF, UTP-glucose-1-phosphate uridylyltransferase  Translocation and surface assembly of capsular polysaccharide 146

The p-values were then adjusted for multiple testing using the Benjamini-Hochberg Procedure.
“Listed gene names are in italics.
A two-sided p-value was provided using TnseqDiff*’

expression studies suggest that K. pneumoniae téss expression is
regulated, with conditions prevalent in the gastrointestinal tract
promoting robust expression.

ClpV, an ATPase identified in our INSeq screen (Fig. 1A,
Table 1), is involved in disassembling the T6SS contractile sheath,
allowing the system to reassemble for repeated use. Recently
ClpV was demonstrated to be required for robust gut coloniza-
tion by K. pneumoniae isolate KP52.415 both with and without
antibiotic treatment in a sodium bicarbonate treatment model of
K. pneumoniae gut colonization*’. However, gastric acid serves as
a major bottleneck to host infection by enteric pathogens, and its
neutralization by sodium bicarbonate consequently modulates
pathogen infectivity**"". Therefore, we generated a AclpV mutant
in KPPRI1S and tested the ability of this strain to colonize the gut
in our murine model of K. pneumoniae Gl colonization, where
host bottlenecks are not manipulated®®. Over the course of the
study (15 days) mice inoculated with the AclpV strain shed poorly
compared to mice inoculated with wild type KPPR1S (WT) strain
(Fig. 1E). Additionally, we observed lower burden of the AclpV
strain in the GI tract, including the oropharynx and the lower
intestinal sites (Fig. S2C, D). The complemented strain, with clpV
introduced at the native site (clpV*), shed as robustly as WT,
validating that the defect was specific to the deletion of clpV
(Fig. 1E, Fig. S2C, D). Interestingly, during co-inoculation studies,
the WT strain was able to compensate for the GI colonization
defect of the AclpV strain (Fig. S2E, F), suggesting that the mutant
acts as a social cheater, relying on the functional T6SS of the WT

strain to promote robust gut colonization. Overall, these results
validate the INSeq screen and confirm that the T6SS of K. pneu-
moniae is required for robust colonization of the murine Gl tract
with an intact microbiota.

Both T6SS loci are required for robust GI colonization

KPPR1S T6SS-1 has 12 of the 13 genes that encode core structural
components of the T6SS, lacking only the gene tssE that encodes a
base plate component, whereas T6SS-2 has nine of the 13 conserved
core genes annotated, lacking ¢ssB and tssC that encode the contractile
sheath components, clpV that encodes the sheath disassembly enzyme
and hcp that encodes the syringe tubule component®? (Fig. 1C). Addi-
tional copies of hcp and ¢ssB are present in two of the auxiliary clusters,
and both Té6SS loci encode unique effector-immunity pairs (Fig. 1C,
Fig. S3)*. To investigate whether K. pneumoniae requires one or both
T6SS loci for gut colonization, we generated strains with deletions of
the entire T6SS-1 locus (T6-/+), T6SS-2 (T6+/-) locus, or both T6SS-1
and T6SS-2 loci (T6-/-) and tested them in our murine model. These
locus mutants lack the T6SS structural genes and the effector immu-
nity pair genes from the respective locus. The mice inoculated with the
T6-/+, T6+/—, and T6—/- all had low fecal shedding burden compared
to the WT (Fig. 2A), and reduced colonization density in the GI tract
(Fig. S4A, B). The single locus mutants (T6-/+, T6+/-) had similar
defects in shedding, whereas the double locus mutant (T6-/-)
appeared to have a more severe defect in shedding over the course of
the study. This indicates that both loci contribute to K. pneumoniae gut
colonization.
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Fig. 2 | Both T6SS loci of K. pneumoniae are important for gut colonization.
A Fecal shedding of K. pneumoniae infected mice. Mice were orally infected with 10°
CFU of either the WT(n=10), T6-/+ (locus 1 deletion) (n=12), T6+/- (locus 2
deletion) (n=11), or T6—/- (double deletion) (n =11). Two-tailed Mann-Whitney U
test was used to compare the WT to each mutant on a given day for statistical
analysis. p-values from left to right: 0.0002, 0.0001, <0.0001, 0.0074, 0.0019,
0.0001, 0.0018, 0.008, <0.0001, <0.0001, 0.0148, <0.0001. B Colonization of
lungs and spleens from K. pneumoniae infected mice. Mice were infected intrana-
sally with 10* CFU of either WT or T6—-/- and tissues were collected at 24 or 72 h
post-infection (WT 24 h: n=10, T6-/-24h: n=10, WT 72h: n=9, T6-/- 72 h:
n=10). A two-tailed Mann-Whitney U test was performed between the WT and the
T6—/- at each time point and no significant differences were identified. C Fecal
shedding from in vivo competition studies. Mice were orally infected with a 1:1
mixture of WT and T6—/+ (n=9), T6+/- (n=9), or T6—/- (n=7). Each point repre-
sents the log;o competitive index value from an individual mouse on the indicated
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day, the bars indicate the median competitive index (CI), and the dotted line
indicates a CI of 1. The Cl was determined as described in Methods. One sample
Wilcoxon signed-rank tests were performed for each group against a theoretical
value of 0. p-values from left to right: 0.0195, 0.0117, 0.0156, 0.0039, 0.0039,
0.0156, 0.0039, 0.0039, 0.0156, 0.0039, 0.0039, 0.0156, 0.0078, 0.0039, 0.0156.
D K. pneumoniae fecal burden from antibiotic-treated mice inoculated with either
the WT (n =4) or the T6—/- strain (n = 5). Mice were given 0.25 g/L ampicillin in their
drinking water beginning 24 h prior to inoculation and for the duration of the
experiment. The red dashed line indicates the super-shedder threshold (=10® CFU
[SS Threshold]). A two-tailed Mann-Whitney U test was performed between the WT
and the T6-/- at each time point and no significant differences were identified. For
graphs (A and D), *, p<0.05; *, p<0.01; **, p<0.001; ***, p<0.0001. In graphs
(A, B, and D) each symbol represents tissue from a single mouse, the bars indicate
median bacterial burden, and the dotted line indicates the L.O.D.

A signature-tagged mutagenesis screen in KPPR1 showed that
T6SS mutants did not survive in the lung, and an ST258 lineage K.
pneumoniae isolate was shown to have upregulated T6SS gene
expression during lung infection®**>. However, neither study validated
their genome-wide screens by testing t6ss mutants in vivo. Conse-
quently, we tested whether the T6SS of KPPRIS is required for lung
colonization. Mice were inoculated via the intranasal route with either
the WT or T6-/- strain and colonization density was enumerated from
the lungs and spleens at 24 and 72 hpi. Interestingly, we did not
observe any differences between the T6—/- and the parental strain in
their ability to colonize the lung or spleen (Fig. 2B), suggesting that the
T6SS is dispensable for the colonization of, and dissemination from,
the lungs.

Next, as the AclpV defect in gut colonization was rescued by the
WT strain during coinfection (Fig. S2E, F), we sought to ascertain

whether the loss of either or both loci would result in a similar social
cheater phenotype. However, the WT strain was unable to rescue the
colonization defect of the single and double T6SS locus mutants
(Fig. 2C, Fig. S4C), indicating that the effector-immunity proteins
encoded within the loci are critical for robust gut colonization. Addi-
tionally, a coinfection performed with the single locus mutants (T6—/+
& T6+/-) showed that neither mutant had an advantage over the other
(Fig. S4D), signifying that both loci are important for K. pneumoniae
gut colonization.

As our results show that the T6SS only appears to benefit K.
pneumoniae in the Gl tract and not in the lung, which has a less com-
plex microbiota®®”, we hypothesized that the defect in gut coloniza-
tion is due to CR mediated by the more complex microbiota of the GI
tract. Thus, we tested the ability of T6SS mutant strain (T6-/-) to
colonize the GI tract of mice treated with ampicillin to deplete the
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microbiota®. We previously observed that mice on antibiotic treat-
ment develop a supershedder phenotype (>10° CFU/g of feces), where
K. pneumoniae shed in the feces from the antibiotic-treated group is
~100-fold greater than that of mock-treated mice?**°*°, Both the WT
and T6-/- strain developed a supershedder phenotype in antibiotic-
treated mice (Fig. 2D); the WT and T6—/- strain colonized mice at a
similar level indicating that the reduced microbiota in the antibiotic-
treated mice effectively lowered the CR such that T6-/- could estab-
lish colonization. Collectively, our results show that to overcome
microbiota-mediated CR, K. pneumoniae deploys the T6SS, allowing it
to thrive in the dynamic environment of the GI tract.

K. pneumoniae té6ss genes are directly regulated by ArgR, FNR,

and Fur in response to Gl-specific growth conditions

Expression of t6ss is often tightly regulated due to the metabolic cost
of synthesizing this complex machinery®**°. As our data indicated that
the t6ss genes are more highly expressed in the mouse Gl tract than in
M63 minimal media (Fig. 1D), we hypothesized that environmental
cues in the gut trigger the expression of t6ss genes. Examination of the
promoter regions of both t6ss-1 and t6ss-2 revealed putative binding
sequences for ArgR (arginine metabolism), Fur (iron homeostasis) and
FNR (anaerobic growth)® (Fig. 3A). We also observed upregulation of
genes known to be regulated by ArgR (astC, succinylornithine transa-
minase; arginine catabolism), Fur (fepD, enterobactin ABC transporter;
iron acquisition) and FNR (ssuF, FMN reductase; sulfur utilization)®>¢*
in the Gl tract, suggesting that conditions in the gut are conducive for
these regulators to be active (Fig. S5A). Furthermore, astD (ast operon
member), fepD, and ssuE were also identified to be important gut
colonization determinants in our INseq approach. To test the role of
these regulators on t6ss expression more directly, we first conducted
gRT-PCR using RNA isolated from K. pneumoniae grown in either
arginine-rich media (+Arg), anaerobic conditions (-O,), or iron-
depleted media (-Fe), to determine whether these three environ-
mental signals alter the expression of representative t6ss genes. Under
each condition, both tssB (T6SS-1) and tssk2 (T6SS-2) were upregulated
2-4-fold (Fig. 3B).

We next sought to examine the effects of ArgR, Fur, and FNR on t6ss
regulation by measuring the GFP expression levels from the tssB-gfp*
transcriptional fusion in WT, AargR, fnr::cam, and fur::cam mutant strains.
When grown in M63 with arginine, GFP levels in WT were 2-fold higher
than in M63 lacking arginine, whereas no change was observed in the
AargR strain (Fig. 3C). A similar trend was observed when grown anae-
robically, where GFP levels were 3-fold higher in WT, but no change in
expression in the far:cam strain (Fig. 3D). Likewise, a 2-fold increase in
GFP was observed from in WT grown with 2, 2-Dipyridyl (DIP), and no
change between iron replete vs DIP in the furzcam strain (Fig. 3E).
However, there was a slight increase in expression comparing tssB in WT
and furz:cam in iron replete conditions, indicating that Fur functions as a
repressor. Similar dependencies on growth medium and regulators were
also observed for expression of the tssk2 promoter (tssk2-gfp”)
(Fig. S5B-D). Thus, environmental conditions consistent with those in the
Gl tract led to increased expression of genes from both T6SS loci, and
this change required the presence of the condition-responsive regulators
ArgR, FNR and Fur.

While these expression data provide evidence of a requirement
for ArgR, FNR, and Fur for expression of the T6SS genes, they are not
evidence of direct regulation. We therefore conducted DNA-protein-
interaction enzyme-linked immunosorbent assays (DPI-ELISA) to
determine if the regulatory effects are direct or indirect. We first
tested biotinylated DNA oligomers selected from promoters of genes
known to be bound and regulated by each transcription factor (astC
for ArgR; ssuf for FNR; and fepD for Fur®®**), Each fragment showed
the expected binding specificity, indicating that our purified proteins
were active (Fig. SSE-G). We then designed DNA oligomers from the

tssB promoter region containing one of the predicted binding motifs
(test) (Fig. 3A) or scrambled sequences (control)®™". We observed
significantly more protein binding to the test fragments than to the
control fragment, demonstrating ArgR, FNR, and Fur directly bind
the tssB promoter (Fig. 3F-H). Competitive DPI-ELISA assays with Fur
and increasing concentrations of either non-biotinylated test or
control oligomer demonstrated the specificity of the DNA-protein
interactions. Increasing concentration of competitive test oligomer
reduced Fur binding to the streptavidin bound oligomer, whereas
increasing concentration of control did not impact Fur-DNA inter-
action, providing evidence that the interactions observed are specific
(Fig. SSH-)). Collectively, our results demonstrate that K. pneumoniae
t6ss genes are tightly regulated through specific transcriptional fac-
tors that respond to environmental cues present in the
gastrointestinal tract.

Metagenomic analyses reveal that K. pneumoniae triggers
changes in the gut microbiome

A previous study using streptomycin treated mice demonstrated that
K. pneumoniae modulated the gut microbiome potentially in a T6SS-
dependent manner*. These antibiotic treated mice had reduced
microbial diversity, thus allowing an incoming pathogen to more
easily overcome CR". To provide insight into changes that occur
when K. pneumoniae is introduced into the gut with an intact
microbiota, and to understand early colonization interactions
between K. pneumoniae and the resident gut microbiome, we per-
formed a shotgun metagenomics screen on fecal pellets obtained
from mice prior to inoculation and at 2, 4 and 7 dpi with the WT
isolate(KPPRIS). No significant alterations in the relative abundance
of the microbiome were detected between pre- and post-infection, in
either the bacterial or fungal genera (Figs. 4A, S6A). We examined
alpha diversity to ascertain if there were changes in the diversity of
the microbiota that included the chaol index (an indicator of total
richness) (Fig. 4Bi), the Shannon index (measures abundance and
evenness of species) and Simpson index (measures number and
principal component analysis (PCA) between the infected and unin-
fected cohort. We also calculated the Firmicutes/Bacteroidetes (F/B)
ratio as these groups represent two of the largest phyla present in the
gut®®, Changes in the F/B ratio due to K. pneumoniae gut colonization
would suggest microbial imbalance. None of these tests indicated
any significant differences in diversity, F/B ratio nor a correlation
between the infection status and the relative abundance of the gen-
era identified in the screen (Fig. 4C, Fig. S6B). The lack of significant
shifts in the microbiota is consistent with the observed asympto-
matic colonization of K. pneumoniae, as significant disruptions gen-
erally accompany inflammation and gut dysbiosis®’.

While we did not detect major shifts in the microbiome compo-
sition at a higher order between inoculated and uninoculated mice, a
Spearman correlation analysis on the relative abundance of bacterial
strains (n=123) identified specific changes in the microbiota and
identified putative K. pneumoniae interacting partners (Supplementary
Data 2). Among the strains (n=17) that were reduced following K.
pneumoniae colonization were the gram-negative bacteria Oscilli-
bacter sp. 1-3 (Oscillibacter), Burkholderiales bacterium 1147 (Bur-
kholderiales), and Parasutterella excrementihominis YIT 11859
(Parasutterella) (Fig. 4D). The family Oscillospiraceae had previously
been identified as a likely target of T6SS of K. pneumoniae*, supporting
our results. These organisms could serve as prey targeted by the T6SS
of K. pneumoniae. Taken together, our microbiome sequencing results
demonstrate that even though there are no major shifts in microbiome
composition, there are modulations at the strain level associated with
K. pneumoniae gut colonization, and that Betaproteobacteria species
that are affected by K. pneumoniae.
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Fig. 3 | ArgR, FNR, and Fur modulate the expression of the ¢6ss genes. A The
putative binding motifs for ArgR, FNR, and Fur at the T6SS promoter regions
compared to the consensus sequences. B qRT-PCR analysis of KPPR1S grown in
conditions corresponding to the activity each of the transcriptional regulators
compared to M63. Shown is the fold-change in transcript levels of ¢ssB (locus 1) and
tssk2 (locus 2) from strains grown in M63 or M63 with arginine (+Arg), in LB media
aerobically or anaerobically (-O,), and in LB media with or without 200 mM 2,2
dipyridyl (-Fe). n =3 biological replicates. One sample Wilcoxon signed rank tests
against a theoretical value of 1 was performed for each target gene under each test
condition. p-values from left to right: 0.0312, 0.0312, 0.0312, 0.0312, 0.0312, 0.0312.
C-E ArgR, FNR, and Fur are required for t6ss expression. WT and isogenic regulator
mutants containing pPROBE-tssB’-gfp* were grown in their respective test and
control conditions. The relative fluorescent units (RFU) were normalized to 10°

ug of FNR Mg of Fur

CFU. n =3 biological replicates. (F-H) DPI-ELISA used to show that ArgR, FNR, and
Fur bind their predicted sites in the T6SS-1 promoter. Purified 6xHis-tagged tran-
scription factors were added to wells coated with DNA oligomers with either the
predicted binding sequence or control DNA with a scrambled sequence. Binding
was detected using an HRP-conjugated anti-poly-histidine antibody. Absorbance
values (OD4s0) depict binding of protein to adhered DNA. Shown are the mean +/-
SEM at each concentration. n = 2 biological replicates for each recombinant protein
with 7 different concentrations tested in triplicate. C-H Two-tailed Mann-Whitney
U tests were performed to determine the significant differences between the
control and experimental samples. p values from left to right: C<0.0001, 0.9133
D <0.0001, 0.3401, E<0.0001, 0.7304, F 0.0317, 0.2381, 0.0556, 0.0317, 0.0079,
0.0079, 0.0079, G 0.0079, 0.0317, 0.0079, 0.0079, 0.0079, 0.0079, 0.0079,

H 0.0159, 0.0079, 0.0079, 0.0079, 0.0079, 0.0079, 0.0079.%, p < 0.05; **, p< 0.01.

K. pneumoniae colonization reduces Parasutterella in the
gastrointestinal tract

Parasutterella and Burkholderiales have been isolated from the healthy
human gastrointestinal tract”, but they remain poorly characterized
genetically because of difficulty in culturing them”. Thus, to ascertain
whether K. pneumoniae affects Parasutterella levels in the murine gut, we
utilized droplet digital PCR (ddPCR). ddPCR allows for the absolute

quantification of a specific nucleotide target sequence by separating a
more traditional quantitative PCR (qPCR) reaction into thousands of
individual reactions, in this case by microfluidic oil emulsion of a reaction
volume™. DNA was isolated from the feces of mice pre-inoculation and at
2, 4, and 7 dpi with either the WT or the Té6-/- strain. ddPCR was con-
ducted using species-specific primers and dual labeled fluorescent
probes (Supplementary Data 3). To account for shedding and
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Fig. 4 | Shotgun metagenomics analyses identifies K. pneumoniae-associated
modulation of the gut microbiome. Shotgun metagenomics sequencing was
conducted on fecal samples from mice 24 h before and days 2, 4, and 7 post-oral
inoculation with K. pneumoniae (n=16). A Intestinal microbiota content pre- and
post-inoculation as percent relative abundance of major genera. B Alpha diversity
index (i) Chaol, (ii) Shannon, and (iii) Simpson analyses of mice pre- or post-

Spearman R

inoculation. Boxes and whiskers indicate the means and the minimum to maximum
values, respectively. C PCA of metagenomics data by the attribute of relative
abundance. D Spearman ranks of selected bacterial strains in the microbiome fol-
lowing inoculation. Spearman rank-order correlation coefficient test was per-
formed between the gut microbiome strains before and after infection. Stars
represent the gram-negative bacterial strains that were reduced.

colonization differences between the WT and T6-/- strains, the copies of
the target in a sample were normalized to K. pneumoniae CFU from feces
of the corresponding mouse. Our results showed that Parasutterella
levels from mice inoculated with the WT strain were significantly
reduced, whereas no reduction was observed in the T6-/- inoculated
mice (Fig. 5A). Additionally, the calculated rate of decline of Parasutterella
was significantly higher in the samples from WT inoculated mice than
that from the T6~/- inoculated mice (Fig. 5B). Additionally, we conducted
ddPCR on a species that was not impacted by K. pneumoniae gut colo-
nization (Duncaniella sp. B8 [Spearman R =0.00019]). We observed no
change in Duncaniella between pre- and post-inoculation with mice
inoculated with either the WT or the T6—/- mutant (Fig. 5C, D), indicating
that K. pneumoniae gut colonization does not impact this commensal
organism. Thus, these data are consistent with the metagenomics screen
data and demonstrate either a direct or an indirect link between K.
pneumoniae T6SS function and the depletion of Parasutterella.

Gl-specific growth conditions promote K. pneumoniae T6SS
dependent interbacterial competition

Even though expression of the t6ss genes in K. pneumoniae is upre-
gulated in vitro under gut mimetic growth conditions (presence of

arginine, low iron and oxygen levels) (Figs. 3B-E, S5B-D), it is possible
that this system is also regulated post-translationally, as was observed
in P. aeruginosa’. Therefore, we sought to determine whether the K.
pneumoniae T6SS is functionally active under the conditions where
t6ss gene expression was upregulated by performing in vitro killing
assays. We used a Burkholderia cepacia isolate as a proxy for Para-
sutterella and Burkholderiales, as they are difficult to culture in vitro. B.
cepacia is a Betaproteobacteria species closely related to Parasutterella
and Burkholderiales, is easy to culture, and has multiple antibiotic
resistance markers that allow for differentiation from K. pneumoniae.
We did not observe any significant killing of the B. cepacia (prey strain)
when incubated with K. pneumoniae grown in M63 minimal medium
(Fig. 6A), consistent with our finding that the ¢6ss is expressed only at
low levels in this growth condition. In contrast, when K. pneumoniae
was grown in each of the three gut mimetic conditions, we observed
killing of the prey strain (Fig. 6A). This reduction in B. cepacia survival
was T6SS-dependent, as we observed no reduction in B. cepacia sur-
vival when co-incubated with the T6-/- strain grown in the test con-
ditions (Fig. 6A). Combining multiple conditions of anaerobiosis with
arginine did not yield increased killing of the prey strain compared to
either single condition (Fig. S7A).
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Fig. 5| K. pneumoniae reduces Parasutterella from the gut in a T6SS-dependent
manner. For absolute quantification of bacterial levels, droplet digital PCR (ddPCR)
was performed on DNA extracted from fecal pellets of mice 24 h pre-infection and
days 2, 4, and 7 post-inoculation with the WT or the T6SS-/- strain (n =4 for each
group). A-D Parasutterella and Duncaniella were quantified from each sample and
then adjusted to the K. pneumoniae shedding on each given day to account for
potential effects from the reduced colonization levels of T6-/- infected mice. Pre-
infection (day 0) sample was adjusted to the average K. pneumoniae shedding from
the same mouse on days 2, 4, and 7 post-inoculation to serve as a baseline for
comparison. A Parasutterella levels in the murine Gl tract following inoculation
with WT or T6—/-. B Change in Parasutterella levels between days 0 and 2.

0
Days Post-Infection

C Duncaniella levels in the murine Gl tract following inoculation with WT or T6-/-.
D Change in Duncaniella levels between days 0 and 2. A, C A two-tailed Friedman
test followed by Dunn’s multiple comparison test was performed comparing days
0,2,4,and 7 for WT and for T6—/- samples. Boxes and whiskers indicate the median
and the minimum to maximum values, respectively. Adjusted p values from left to
right: A 0.0058, 0.0058, 0.0058, 0.0201, 0.7358, 0.364, C>0.9999, 0.2441,
>0.9999, 0.0201, 0.7358, 0.364. B, D Shown are the mean +/- SEM values at day O
and 2 post-infection, the tables indicate the average of the slopes for the samples
from each mouse from day O to 2 post-infection, along with the standard error.
Two-tailed Mann-Whitney U tests were performed to determine the statistical dif-
ference between the slopes. *, p <0.05; **, p<0.01.

To ascertain if these T6SS phenotypes were unique to KPPR1S or
more generally applicable to other K. pneumoniae strains, we tested
another hypervirulent strain, hvKP1”* in the interbacterial competition
assay. When grown under the gut mimetic conditions, hvKP1 exhibited
killing of B. cepacia that was T6SS specific, as a hvKP1 AclpV mutant did
not kill the prey strain (Fig. 6B). In addition, interbacterial killing assays
with KPPR1S and a commensal E. coli or the gram-positive Ligilacto-
bacillus animalis, (both isolated from the GI tract of mice in our
facility) did not lead to any significant reduction of these murine gut
commensal strains (Fig. S7B). This suggests that under the conditions
tested, multiple K. pneumoniae strains use the T6SS to target specific
prey strains. However, unlike Acinetobacter baumannii”, it does not
appear to target gram-positive bacteria. These data demonstrate that
the arginine-rich, low oxygen, and low iron conditions prevalent in the
Gl tract directly upregulate the transcription and promote activity of

the K. pneumoniae T6SS,
bacteria (Fig. 7).

leading to killing of Betaproteo-

Discussion

Worldwide, over 1 million deaths are attributed annually to antibiotic-
resistant bacteria’®. K. pneumoniae is a key nosocomial pathogen and
gastrointestinal carriage of antibiotic-resistant K. pneumoniae is con-
sidered a major risk factor for subsequent systemic infection’”’®. Thus,
to identify the factors that contribute to K. pneumoniae Gl coloniza-
tion, we conducted an INSeq screen using our murine model of K.
pneumoniae gut colonization with an intact microbiota. With this
approach, we identified 470 genes important for K. pneumoniae gut
colonization, among which were several encoding components of a
T6SS. We validated the INSeq screen by showing that the T6SS of K.
pneumoniae is critical for gut colonization in the presence of an intact
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from non-competition mixture (B. cepacia alone or K. pneumoniae alone). B.
cepacia on average was reduced from 1.04¢” to 4.7e° (+Arg), 5.86¢’ to 4.39¢’ (-0,)
and 6.37¢° to 4.72¢° (-Fe), with KPPRI1S acting as a predator. n =3 biological repli-
cates. Boxes and whiskers indicate the median and the minimum to maximum
values, respectively. Two-tailed Mann-Whitney U tests were performed to deter-
mine the significant differences between the control and experimental groups. p-
values from left to right: A 0.132, 0.0022, 0.0022, 0.0022, B 0.132, 0.0022, 0.0022,
0.0152. ns = not significant, *, p < 0.05, **, p< 0.01

microbiota and that its expression is upregulated during infection and
under gut mimetic growth conditions in vitro. While other transposon
mutagenesis screens led to identification of K. pneumoniae factors
important for lung infection**”® and GI colonization in an antibiotic-
treatment model (ablating the gut microbiome and the associated
CR)®%%! this screen differs in that we identified genes that contribute to
K. pneumoniae Gl colonization using a more natural context with an
intact microbiome. In addition to genes that encode the T6SS
machinery, our screen identified genes that encode for enzymes
involved in ethanolamine (EA) metabolism (Supplementary Data 1),
which we recently demonstrated to be critical for K. pneumoniae gut
colonization®, further validating our mutagenesis screen®.

One way an incoming microorganism can overcome CR is through
direct killing of microbiota members that occupy the same metabolic
niche®. The T6SS provides gram-negative bacteria the ability to kill
specific bacterial species, allowing the predator species to take over
the niche®*%". T6SSs have also been implicated in biofilm formation,
metal ion acquisition, and quorum sensing, all of which could promote
Gl colonization®®. However, disruption of the gut microbiota with
antibiotic treatment resulted in robust colonization of both the WT
and the T6SS double locus deletion mutant (Fig. 2D). These data
suggest that the primary role of the K. pneumoniae T6SS is to carve out
a niche by reducing competing bacterial population.

The complexity and host-to-host variability of the gut microbiota
pose significant challenges to detecting and characterizing specific
pathogen-microbiota interactions'”. This variability can also influence
the ability of enteric pathogens to establish colonization®**°. The gut
metagenomics analysis identified K. pneumoniae interacting partners.
At the genus level, we did not observe major shifts in the microbiome
following inoculation with K. pneumoniae (Fig. 4A). However, there was
a reduction in Firmicutes and an increase in Bacteriodetes, and these
changes have been associated with gut dysbiosis®®. At the species level,
we identified gram-negative, but not gram-positive, bacterial species
that were depleted following K. pneumoniae colonization (Fig. 4D). We
focused on the closely related organisms, Burkholderiales and Para-
sutterella, as they are both in the class Betaproteobacteria that
encompasses many human pathogens. Although previous studies with

enteric pathogens have shown that some deploy a T6SS against com-
mensal bacteria isolated from the GI tract®****¥, it is difficult to ascer-
tain whether these isolated bacteria are truly physiologically relevant
prey partners. To achieve a more direct measurement of T6SS-
mediated depletion of a prey species in vivo, we utilized ddPCR to
enumerate the amount of Parasutterella in mouse fecal samples pre-
and post-inoculation with either the WT or T6—/- K. pneumoniae and
demonstrated a T6SS-dependent reduction of Parasutterella
(Fig. 5A, B). Additionally, in vitro killing assays with the related Beta-
proteobacteria, B. cepacia, showed that K. pneumoniae can kill mem-
bers of this class in a Té6SS-dependent manner (Fig. 6A, B).
Interestingly, our results and those from Sana et al.¥’, show that E. coli is
immune to K. pneumoniae and Salmonella enterica serovar Typhimur-
ium T6SS activity (Fig. S7B). The findings are contrary to the results
obtained with Vibrio cholerae, which was observed to kill commensal E.
coliisolates®*, suggesting that E. coli isolates have immunity against the
T6SS activity of certain pathogenic bacteria, and these isolates could
be employed to bolster CR against incoming pathogens. The S.
Typhimurium T6SS did not act on gram-positive commensal bacteria®’,
suggesting that the K. pneumoniae and S. Typhimurium T6SSs likely are
only effective against gram-negative bacterial species.

It is hypothesized that the synthesis and assembly of the T6SS is
associated with high biological cost® which manifests as tight tran-
scriptional regulation. We observed higher expression of the t6ss genes
in the gut compared to growth in broth culture (Figs. 1D, S2B), sug-
gesting that there are environmental signals in the GI track that dictate
T6SS expression. Expression of t6ss is frequently tightly controlled, but
the signals and mechanisms of regulation among different species vary
significantly®>, Previous studies have implicated a diverse set of condi-
tions and transcriptional regulators that modulate the expression of t6ss
genes in other bacteria; these conditions include changes in pH, oxygen
tension, presence of bile salts, and antimicrobial peptides that are pre-
valent in the gut™”*. In examining the promoter regions for the K.
pneumoniae t6ss loci, we identified putative binding sites for three
transcription factors, ArgR, FNR, and Fur, that respond to conditions
found in the GI tract: high arginine, a hypoxic environment, and com-
petition for iron (low iron), respectively” *, Fur is known to regulate t6ss
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Fig. 7 | Regulatory effects induced by the gastrointestinal tract environment on
K. pneumoniae, leading to T6SS-mediated killing of Betaproteobacteria. The
gut lumen is an anaerobic environment, where there is intense competition for
nutrients such as iron (Fe), and carbon and nitrogen sources; arginine can serve as
an alternative nitrogen source. All three conditions (+Arg, low O,, low Fe) act as
cues, and through their respective regulators (ArgR, FNR, and Fur) modulate the
expression of K. pneumoniae t6ss genes. K. pneumoniae uses its T6SS against
Betaproteobacteria species. The reduction of this population presumably frees up
essential nutrients that K. pneumoniae needs to propagate. This propagation can
result in asymptomatic colonization, but also promote dissemination to other
organs that lead to dangerous disease manifestations.

genes in other species®®””, but direct regulation of t6ss genes by FNR
has only been demonstrated in an avian pathogenic E. coli isolate'®, and
there is no current evidence of direct regulation by ArgR. Because argi-
nine is a poor nitrogen source, the alternate sigma factor for nitrogen
stress (RpoN) is likely active in the gut, and it has been shown to mod-
ulate t6ss expression in K. pneumoniae and other species™ %, Thus, we
speculate that ArgR functions in conjunction with RpoN to upregulate
the expression of K. pneumoniae t6ss genes. Enteric pathogens such as V.
cholerae cause gut dysbiosis that leads to elevated oxygen levels'*,
This likely explains why expression of the pandemic V. cholerae t6ss
genes is not activated under anaerobiosis'”’, whereas K. pneumoniae
senses the hypoxic environment of the gut to activate the T6SS.

There are several caveats to the approach used in our INSeq
screen. First, we used only a single laboratory-adapted strain (KPPRIS).
K. pneumoniae genomes are highly plastic and strains fall broadly into
two different pathotypes”%; differences in genomic content could
lead to strain-to-strain variability in gut colonization. Yet, in vitro
competition between another K. pnemoniae strain (hvkKP1) and B.
cepacia suggests the T6SS is key for this strain to overcome CR as well.
Second, even though mice and humans share similarities in their
microbiomes'”’ there are key differences that could affect the ability of
K. pneumoniae to colonize the intestinal tracts. However, we did
identify interacting partners that are shared between human and
murine gut microbiomes, suggesting these results may extrapolate to
human colonization. Third, random transposon insertions could occur
such that they only partially abrogate the function of a gene or cause
polar effects, and our analysis pipeline (TnseqDiff) only takes into
account insertions that occur somewhere within the coding sequence
of a gene. Lastly, the role of trans-acting factors such as siderophores
would be masked when random mutants are tested en masse. Such
mutants known as social cheaters, are able to use factors produced by
other mutants that they cannot synthesize. Despite these caveats, the
findings from transposon mutagenesis screen were independently
tested and validated the results of our INSeq screen.

Our findings herein add to the list of bacterial factors and envir-
onmental signals that regulate the expression of T6SSs and identify
specific predator-prey interactions. Based on our observations, we
propose a model that illustrates the multiple regulatory elements that
control the expression of the K. pneumoniae téss genes (Fig. 7). Three
regulators, in response to known environmental conditions in the gut,
control t6ss gene expression, of which ArgR had not previously been
shown to participate in t6ss regulation. Under gut mimetic growth
conditions in vitro, increased t6ss gene expression led to increased
T6SS-dependent killing of Betaproteobacteria that were confirmed to
be target species in vivo. Taken together, our study demonstrates
thereis a complex set of environmental cues present in the Gl tract that
manifest in the activation of the T6SS. This allows K. pneumoniae to
shape the resident gut microbiota and carve out a niche in the gut from
which it can spread systemically and cause disease.

Methods

All experiments comply with the ethical regulations at Wake Forest
School of Medicine. This study was conducted according to the
guidelines outlined by the National Science Foundation animal welfare
requirements and the Public Health Service Policy on Humane Care
and Use of Laboratory Animals"’. All animal work was done according
to the guidelines provided by the American Association for Laboratory
Animal Science (AALAS)" and with the approval of the Wake Forest
Baptist Medical Center Institutional Animal Care and Use Committee
(IACUC). The approved protocol numbers for this project are A20-084
and A23-064.

Strain and plasmid construction

Primers are listed in Supplementary Data 3. Strains, and plasmids used
in this study are listed in Tables S1, and S2, respectively. All mutants are
routinely tested for capsule production, hypermucoviscosity, and
biofilm formation. The AclpV, AargR, and hvKP1 AclpV mutants (AZ117,
AZ251, and AZ310) were generated using A red recombinase to replace
the gene with a kanamycin resistance cassette (kan) from pKD4;
pKD46 contains the recombinase genes’. Transformants were selec-
ted on kanamycin plates (25 ug/mL) and confirmed by PCR. Removal of
the kan cassette was accomplished using pFIp3". Chromosomal
complementation of the AclpV mutant (AZ184) was achieved with
pKAS46-based allelic exchange, as previously described*'”,

To generate the fur and fnr gene and deletion mutants (AZ187 and
AZ188, respectively), the target regions were amplified from mutants
in MKP103 (AZ181 and AZ182, respectively)". The PCR products were
integrated onto the chromosome via A red recombination’, selected
on LB agar with chloramphenicol (50 ug/mL), and confirmed by PCR.
To introduce the apramycin resistance gene into the T6—/+ and T6+/-
mutants (AZ246, and AZ247, respectively), the cassette from the
attTn7 site of AZ94* was amplified and integrated onto the chromo-
some via A red recombination”. Following selection on apramycin
(50 ug/mL), candidates were confirmed by PCR.

Deletions of the t6ss loci were generated by allelic exchange using
pKAS46'°, Briefly, ~800 bp regions up and downstream of each locus
were amplified and cloned into pKAS46. The resulting plasmids
(pCBO57, pCB090) were transformed into E. coli S17-1 A pir and con-
jugated into KPPR1S as described™. Following selection on LB with
rifampin/kanamycin and counterselection on streptomycin (2500 pg/
mL), candidates were screened by PCR to identify deletion mutants.

To generate kan-resistant clones of the T6—/+ and T6+/- mutants,
each strain was transformed with pUCI8R6K-mini-Tn7T-Km and
pPTNS2 as described™ to integrate the kan cassette at the attTn7 site.
Following selection on LB plates with kanamycin, candidate clones
were confirmed by PCR.

To generate gfp transcriptional fusions, -500bp fragments
encompassing target promoter regions were amplified from KPPRIS
and cloned into pPROBE" using NEBuilder assembly (NEB). The
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resulting plasmids (T6SS-1, pPROBE-tssB’-gfp* and T6SS-2, pPROBE-
tssk2’-gfp*) were transformed into S17-1 A pir, selected on kanamycin
plates, and confirmed by sequencing. The plasmids were then elec-
troporated into target K. pneumoniae strains as described".

The argR, fnr, and fur genes were amplified from KPPRIS, cloned
into pET28a to generate 6xHis-tagged versions of each regulator
(pET28a-argR, pET28a-fnr, pET28a-fur). The Q5 Site-Directed Muta-
genesis Kit (NEB) was used with the pET28a-fnr construct to introduce
the D154A mutation that allows FNR to function under aerobic
conditions™. Each plasmid was confirmed by sequencing.

Mouse infections and bacterial shedding

Specific-pathogen-free C57BL/6] mice were obtained from Jackson
Laboratory (Bar Harbor, ME) and were bred and maintained (-18-23 °C
with a 12 h light/dark cycle and -45% humidity) in the animal facility at
Biotech Place, Wake Forest Baptist Medical Center on standard chow
and water ad libitum. 5- to 7-week-old male and female mice (equal
number) were inoculated orally with 100 uL containing 10° CFU of K.
pneumoniae suspended in phosphate-buffered saline (PBS)+2%
sucrose from a pipette. For coinfections, mice were infected with a 1:1
ratio of 10° CFU of each of the specified K. pneumoniae isolates. Fecal
and organ collection was carried at indicated time points, homo-
genized, and plated on appropriate antibiotic plates to enumerate
bacterial colonization?®*°. The limits of detection were 10> CFU/gram
of sample for fecal and organ homogenate samples, and 33 CFU/mL for
oral lavage. The competitive index (CI) was calculated as log;o ((mutant
output/WT output)/(mutant input/WT input)).

For lung inoculations, mice were anesthetized by intraperitoneal
(i.p.) injection with ketamine/xylazine and inoculated with 2 x 10* CFU
as described'™. At indicated time points, mice were euthanized, lungs
and spleens removed, homogenized, and plated on appropriate anti-
biotic plates to enumerate bacterial colonization.

Transposon library and INSeq screen

The transposon mutant libraries were generated as described by
Bachman et al.”’. Two mice each were infected with a pool containing
~5000 mutants at a dose of 10° CFU. Feces were collected from the
mice for 6 days to ensure they were robustly colonized (-10° CFU/g
feces). On day 7 post-infection, the mice were euthanized and a portion
of the cecal homogenate was plated to determine end-point coloni-
zation. The remaining homogenate (output sample) was subjected to
insertion sequencing®. The input samples were taken from the
inoculum preparation given to the mice. Samples were sequenced
using Illumina Hiseq (1% 50 Rapid Run) and analysis was carried out
using DESeq2 and TnseqDiff***’. Nine independent inoculations were
carried out for a total of nine inputs and eighteen outputs.

GFP reporter assays

Plasmids containing the T6SS promoter-gfp fusions were transformed
into K. pneumoniae strains of interest. For in vitro assays, saturated
cultures grown overnight in M63 minimal media with 0.5% glucose
(M63, Control) at 37 °C were subcultured 1:100 into fresh media for
expression analysis. For anaerobiosis (-O,), cultures in anaerobically
adjusted media were placed in an anaerobic chamber (Coy Lab Pro-
ducts) and grown to an ODggo of 0.5. For iron depletion (-Fe), 200 uM
2,2'dipyridyl (DIP) was added to the M63, and cultures were grown at
37°C to an ODggp ~ 0.2. As the AargR strain has a growth defect with
arginine supplied as a nitrogen source, the overnight cultures were
diluted 1:100 into fresh M63, grown to an ODggg of ~0.5, washed, and
then switched to M63 media with 0.2% arginine instead of ammonium
sulfate (+Arg) and grown for an additional two hours. For each test
condition, strains were also grown in control Mé63 to the same ODggo.
At the desired endpoint, the bacteria were pelleted and adjusted to
ODgoo=1.0 in PBS. To overcome the necessity of oxygen for GFP
fluorescence, anaerobic cultures were pelleted and resuspended in

PBS, then aerated for 24 h at 37 °C with agitation. Relative fluorescence
units were measured at 80 gain using a Synergy H1 plate reader (Bio-
Tek). The RFU values were normalized to CFU.

To examine t6ss-gfp expression in vivo, mice were inoculated with
either AZ216 (KPPRIS + pPROBE-tssB’-gfp') or AZ220 (KPPRIS +
pPROBE-tssk2’-gfp*), and feces and ceca were harvested at 24 hpi. The
cecal samples were suspended in PBS, centrifuged briefly at a low
speed (1000xg, 30s) to pellet large debris, the supernatant was
moved to a new tube and the centrifugation repeated. The supernatant
was then transferred to a new culture tube and kanamycin (25 pg/ml)
was added. The samples were then aerated to provide oxygenation for
GFP folding by continuous agitation at 37 °C for 24 h.

To examine t6ss-gfp expression ex vivo, strains carrying either a
reporter plasmid or vector were grown in cecal filtrate (CF) with 25 pg/
ml kanamycin; the CF was prepared as previously described”. The
cultures were grown aerobically with continuous agitation at 37 °C.
After 24 h, the cultures were pelleted, resuspended in an equal volume
of PBS + 25 ug/ml kanamycin, and aerated by continuous agitation at
37°C for 24 h. Control samples were grown in M63 and similarly
processed.

RNA isolation, DNA synthesis, and qRT-PCR

Isolation of KPPRIS RNA from in vitro samples was performed using
TRIzol reagent™ with modifications®”. For +Arg conditions, cultures
were grown in M63 control overnight, then subcultured (1:100) into
fresh M63 (control) or M63 +Arg, grown to ODggo = 0.5, followed by
RNA extraction. For the anaerobic (-O,) and iron chelated (-Fe) samples,
cultures were grown in LB-Lennox broth (LB) aerobically overnight,
subcultured (1:100) into either LB (control), or LB with 200 uM DIP (-Fe),
or LB and moved to an anaerobic chamber (Coy Lab Products). The -O,
samples were grown to ODgoo = 0.5, and the -Fe samples were grown to
ODg¢0o = 0.1, at which time the RNA was isolated. RNA was isolated from
the cecal contents as described” with modifications®. Total RNA from
all samples was treated with DNase (Invitrogen; AM1907) followed by
cDNA synthesis (iScript™, BIO-RAD)*°. qRT-PCR was conducted*'*
using K. pneumoniae species-specific primers®. 16S rRNA served as the
reference gene with primers specific to K. pneumoniae. Expression was
quantified via the 4AC; threshold cycle (C;) method?. Fold-change was
calculated using 244¢,%.

Protein purification
BL21(DE3) (AZ47) carrying pET28a-argR and pET28a-fur were grown
overnight in LB with 50 ug/mL of kanamycin, subcultured into 200 ml
of expression media (LB, 50 pg/mL kanamycin, and 10.3 pL of Antifoam
A [Sigma-Aldrich]) and grown at 37 °C with constant agitation until
they reached ~0.6 ODgg0, then treated with 0.5 mM Isopropyl §3-D-1-
thiogalactopyranoside (IPTG). BL21 (DE3) (Acrp, Afnr)"™ carrying
pET28a-fnr-DI54A that encodes a functionally active form of FNR
under aerobic conditions"*'** was grown similarly as above, except the
LB was supplemented with 0.2% glucose. The bacteria were collected
by centrifugation, and the pellet was weighed and stored at —80 °C.
Bacterial pellets were resuspended in lysis buffer (IMAC buffer
[NEB], 5% glycerol, 0.5% Triton X-100, 10 mM 2-mercaptoethanol,
2mg/ml lysozyme, and 50 pl/g Protease Inhibitor Cocktail [Sigma-
Aldrich]; 5 mL per 1gram of pellet), incubated at room temperature for
5 min, then chilled on ice for 10 min. Bacterial suspensions were soni-
cated 10X (Branson Sonifier 250; 30 s on, 30 s off, 20% output), then
centrifuged (12,000 xg, 15min, 4°C) to remove cell debris. The
supernatant was passed through a 0.45um filter to further remove
debris and intact bacteria. Protein purification was then carried out
using the NEBExpress Ni Spin Column Kit (NEB) with a high salt wash
buffer (50 mM Imidazole, 500 mM NaCl, 50 mM NaH,PO,, pH 8) to
reduce non-specific binding. The final elution buffer was exchanged
for a storage buffer (10 mM Tris-HCI, 100 mM NaCl, 5% glycerol, pH 8)
using Amicon Ultra-4 Centrifugal Filters with a 10kDa cutoff
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(Millipore). To confirm protein purity in the elution sample, an aliquot
was run on 12% polyacrylamide gel (Bio-Rad) and stained with Simply
Blue SafeStain (Invitrogen). Protein concentration was measured via
Bradford assay.

DNA protein interaction (DPI) ELISA
DPI-ELISAs™ were carried with the following modifications: The DNA-
oligomers (2 pmol) containing specific binding motif or scrambled
sequence were bound to streptavidin-coated plates via incubation for
2h at room temperature with gentle agitation. Each wash step was
repeated 4x with 200l of PBS. The blocking solution volume and
duration were increased to 150 uL and 1 h, respectively. The purified His-
tagged proteins were diluted to various concentrations tested in
blocking buffer (5% BSA in PBS) and incubated as recommended. Anti-
His mouse monoclonal HRP conjugate antibody (Thermo Scientific;
MAI1-21315-HRP) was diluted 1:1000 in PBS and developed using 100 uL/
well of 1-Step Slow TMB-Elisa Substrate Solution (Thermo Scientific) for
15 min at room temperature. The reaction was stopped with the addition
of 100 pL per well of 0.18 M H,SO, and the OD,4so was then measured.
Competitive DPI-ELISAs experiments were conducted to test for
protein binding specificity. Purified His-tagged Fur was used at a
concentration of 20 ug per well containing the biotinylated DNA-
oligomer (2 pmol) containing the Fur binding motif from tssB pro-
moter region bound to streptavidin coated plates. Competing non-
biotinylated oligomers that either contained the Fur binding motif or
the scrambled sequence were added at a concentration of 0.1X, 1X and
10X of the bound biotinylated DNA-oligomer. Incubation and detec-
tion were performed as described above.

Metagenomics screen
Fecal samples were collected from mice at days O, 2, 4, and 7 post-
infection with WT K. pneumoniae, as described above. DNA was
extracted from the fecal samples using the Qiagen PowerSoil Pro kit and
quantified using a Qubit (ThermoFisher). DNA libraries were prepared
using the Illumina Nextera XT library preparation kit, assessed using
Qubit (ThermoFisher), and run on an Illumina HiSeq platform 2 x 150 bp.
For the bioinformatic analysis of the metagenomic data, unas-
sembled sequencing reads were directly analyzed by the CosmosID
bioinformatics platform (CosmosID Inc., Rockville, MD)"**"*? for multi-
kingdom microbiome analysis, profiling of antibiotic resistance, viru-
lence genes, and quantification of relative organism abundance. The
resulting species-level taxonomic profiles were used to calculate the
Shannon and Chaol diversity indices using the microbiome ‘R’ package
(http://microbiome.github.com/microbiome)™°, and the Bray-Curtis
dissimilarity index-based beta-diversity was assessed using the phylo-
seq ‘R’ package™. Spearman’s rank correlation coefficient was utilized
for correlational analysis (Supplemental Data 2).

Droplet digital PCR (ddPCR)

Absolute quantification of Parasutterella and Duncaniella was con-
ducted as previously described™ with the following modifications: Fecal
pellets were collected from mice infected with either WT or T6-/- K.
pneumoniae at days O (pre-infection) and 2, 4, and 7 post-infection, and
DNA was isolated using the PowerFecal Pro DNA kit (QIAGEN). Reaction
mixes were prepared in 96-well plates (Bio-Rad) with each reaction
containing 2L (900 nM) of each primer, 2 uL (250 nM) of the dual-
labeled probe, 5uL of the sample DNA (0.5 ng/uL dilution used with
Parasutterella and Duncaniella), and 11 ul of ddPCR Supermix for Probes
(no dUTP, Bio-Rad). Plates were loaded into an Automated Droplet
Generator (Bio-Rad), and the subsequent droplet samples were ampli-
fied using a C1000 Touch Thermal Cycler (Bio-Rad). After amplification,
the plate was placed in a QX200 Droplet Reader (Bio-Rad) and the read
conditions were set using QuantaSoft software (Bio-Rad). All samples
were quantified on two separate runs. To correct for the differing levels
of K. pneumoniae colonization in each mouse, the concentration

(copies/uL) of Parasutterella, and Duncaniella were divided by the CFU
of K. pneumoniae per gram feces from the corresponding sample. For
day 0, the shedding value was set as the average shedding of the cor-
responding mouse on days 2, 4, and 7 post-infection. This method was
chosen as the difference between the normal shedding and limit of
detection (L.O.D.) on the log scale would heavily skew the day O adjusted
values, making comparisons inaccurate.

Interbacterial killing assay

Predator K. pneumoniae strains were grown overnight in M63 and
diluted in PBS to ODggo =4.0. For the control group, the strains were
subcultured 1:100 in fresh M63. For the test groups, predator strains
were subcultured 1:100 in +Arg, -Fe, or -O, media, then grown for 24 h at
37°C. The prey strains were grown in LB (B. cepacia and E. coli) or De
Man-Rogosa-Sharpe (MRS) broth (L. animalis) at 37 °C. Afterward, the
predator and prey strains were each adjusted to ODggo = 1.0 in PBS, then
an equal volume of the predator and prey strains were mixed together
(competition), predator and PBS (predator non-competition), and prey
and PBS (prey non-competition). 20 uL of each mixture were spotted
onto separate nitrocellulose membrane filters (0.45um, Millipore),
placed onto an LB agar plate, and incubated at 37 °C for 2 h. The incu-
bation time was selected based on growth kinetics of both the predator
and prey isolates. Bacteria were dislodged from the membranes by
vortexing in 1mL of PBS for 1 min, then serial diluted and plated on
appropriate media for enumeration. K. pneumoniae strains were selec-
ted on LB with streptomycin (500 pg/mL), B. cepacia on LB with tri-
methoprim (5 ug/mL), E. coli on TBX agar, and L. animalis on MRS plates.
Percent survival was calculated by dividing the CFU of each strain from
the competition mixture by the CFU from non-competition mixture.

Statistical analysis

All statistical analyses were performed using Prism 9.0 (GraphPad
Software, Inc., San Diego, CA), except Metagenomics and Tn-Seq
screen sections (see details above). Data were analyzed with the Mann-
Whitney U test (comparing two groups), the Kruskal-Wallis test with
Dunn’s post-test, Friedman’s test with Dunn’s post-test, or the Wil-
coxon signed-rank test.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data have been deposited to the NCBI SRA repository,
under the accession PRJNA1190643. Raw data, materials, and reagents
are available upon request. Source data are provided with this paper.
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