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Abstract:

Paraburkholderia are amoeba resistant, gram negative bacteria that form
facultative symbiotic relationships with D. discoideum, a soil dwelling amoeba host.
Three species of Paraburkholderia, P. agricolaris, P. hayleyella, and P. bonniea are able
to persistently infect nonnative, or symbiont free, D. discoideum. These three species
share a type lll secretion system (T3SS) and type VI secretion system (T6SS) that is
absent in other close relatives We hypothesized that the ability to persistently infect D.
discoideum may be partially attributed to the T3SS and T6SS shared across the three

species of Paraburkholderia.

The goal was to test the phenotypic effect of a P. bonniea tssH ATPase gene
knockout within the shared T6SS complex. We hypothesized that the ability of the
mutant AtssH to infect and influence host fitness compared to the wild type would be
significantly reduced. To compare the wildtype versus mutant variants of P. bonniea, we
performed two assays. In each, D. discoideum hosts were paired with wildtype P.
bonniea bb859 and bb433 strains, along with their respective mutant strains. These
assays assessed differences between mutant and wildtype strains in changes in host
fitness as infection prevalence increases and how host fithess was affected. We also
generated and analyzed RNA sequencing data to understand the molecular impact of

T6SS perturbation in this amoeba-bacteria symbiosis.

Although some phenotypic differences were observed between AtssH variants

with the tssH-ATPase gene knockout within the T6SS and wildtype P. bonniea infected



D. discoideum hosts, their impact on how host fitness changed as infection prevalence
increased was not different between the AtssH mutant and wildtype. This observation
was also reflected in our RNA-sequencing data, where there were no
statistically-significant differentially expressed genes between them. However,
significant differences were observed between the variants during horizontal
transmission, where infection was spread from host to host. Thus, the T6SS may be
closely involved with virulence after the bacteria has entered the cell, rather than

immediately upon encountering the host.
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Introduction:
Dictyostelium discoideum is a soil-dwelling social amoeba commonly used to model
host-pathogen interactions with both single-cellular and multicellular life stages
(Bozzaro and Eichinger, 2011; Dunn et al., 2019; Skriwan et al., 2002). Thus, D.
discoideum is useful as a host for understanding the mechanisms of pathogenesis in a
bacterial infection (Bozzaro and Eichinger, 2011; Solomon and Isberg, 2000; Steinert,
2011, Thewes et al., 2016). D. discoideum are resistant to or eliminate most internal
pathogens during both life stages through innate immune mechanisms and consumes
them through phagocytosis (Chen et al., 2007; Farinholt et al., 2019; Peracino et al.,
2013; Sillo et al., 2008; Vines and King, 2019; Walk et al., 2011). However,
Paraburkholderia are amoeba resistant, gram negative bacteria that are uniquely able to
form facultative symbiotic relationships with D. discoideum (Haselkorn et al., 2019). The
intracellular infection persists through D. discoideum’s social cycle and transmits to later
generations. Approximately a third of wild isolates of D. discoideum have been stably
associated with several bacteria species, including Paraburkholderia (Brock et al., 2011;

DiSalvo et al., 2015).

D. discoideum has a unique multistage life cycle. When food bacteria is plentiful, the
single-cell amoeba is in its vegetative state and divides by binary fission. After the food
bacteria are depleted, D. discoideum aggregates into its multicellular slug stage. The
multicellular slug is able to migrate to a new location, where it differentiates into a
fruiting body. The fruiting body is composed of two components - the stalk and the

sorus, which contains spores that will germinate into vegetative amoeba (Kessin, 2001).



During the social stage, infected D. discoideum persistently carries both edible (food)
and inedible (symbiotic) bacteria, ensuring a food source in the new environment
(DiSalvo et al., 2015). When infected, the amoeba slug migrates shorter distances with
less food bacteria and produces fewer spores and fruiting bodies for dispersion into the
next generational growth cycle (Brock et al., 2011; DiSalvo et al., 2015; Shu et al.,

2018).

Three species of Paraburkholderia, P. agricolaris, P. hayleyella, and P. bonniea are able
to persistently infect nonnative, or symbiont free, D. discoideum (DiSalvo et al., 2015).
When D. discoideum are infected with Paraburkholderia symbionts, host fitness is
generally reduced (Brock et al., 2011; DiSalvo et al., 2015). Infection outcomes of D.
discoideum hosts differ depending on the species and strain of the Paraburkholderia it
is exposed to. Generally, P. hayleyella infections are characterized as the most
detrimental to spore productivity, then P. agricolaris. P. bonniea appears to be the most
mild, reducing spore productivity much less drastically than the other two species (Brock
et al., 2020; Khojandi et. al, 2019; Miller et.al, 2020). These three species share a type
Il secretion system (T3SS) and type VI secretion system (T6SS) that is absent in other
close relatives (Noh et al., 2022). We hypothesize that the ability of Paraburkholderia to
persistently infect D. discoideum may be partially attributed to the T3SS and T6SS

shared across the three species of Paraburkholderia.

T3SSs and T6SSs are critical virulence determinants in several Gram-negative

pathogens (Chen et al., 2011; Lennings, 2018). The T6SS is used by bacteria to



deliver bacterial effectors directly into eukaryotic host cell cytosols or other bacteria
(Francis et al., 2002; Taylor et al., 2018). The T6SS comprises 13 conserved and
essential components named TssA to TssM (Cascales and Cambillau, 2012; Zoued et
al., 2014). We will be primarily focusing on the TssH component in T6SS-5 operons,
which have been shown to be functionally linked to virulence in B. pseudomallei and B.
thailandensis, with the adjacent T3SS-3 operons regulating the expression of T6SS-5
(Chen et al., 2011; Schwarz et al., 2010; Shalom et al., 2007; Sun et al., 2010). The
T6SS is a complex contractile injection system that allows bacteria to inject proteins,
toxins and bacterial effectors directly into host cell membranes or cytoplasms. The
secretion nanomachine mechanism contracts and extends through the bacterial double
membrane where substrates are conveyed from the bacterial cytoplasm into the host
cell (Alteri and Mobley, 2016; Gallique et al., 2017). This nanomachine consists of three
main complexes: proteins in the inner membrane that are T4SS component-like, the
baseplate complex, and the contractile sheath tail complex, which are formed by
components evolutionarily related to contractile bacteriophage tails (Chen et al., 2011;
Navarro-Garcia, 2019). The baseplate serves as a platform for contractile tail
elongation, which in turn propels effectors across membranes. Finally, the TssH ATPase
(ClpV) is recruited to the contracted sheath to recycle the sheath and other T6SS

components (Forster et al., 2014; Gallique et al., 2017).

In B. pseudomallei, several macrophage-inducible genes were theorized to contribute to
virulence, including three genes (tssH, tssl and tssM) within T6SS-5 (Shalom et al.,

2007). Looking at the tssH gene specifically, it is part of an ATP binding cassette (ABC)



system, which are generally responsible for transmembrane import and export of a wide
variety of molecules. ABC transporters have a highly conserved ATPase domain
(nucleotide-binding domain) which mediates ATP binding and hydrolysis to provide
energy for the substrate transport and increased uptake of various nutrients (Harland et
al., 2007; Pietrosiuk et al., 2011). ABC systems are proposed to be associated with
infection through virulence factors and mechanisms like haemolysin-type
macromolecules expressed in the host during infection, lipopolysaccharides from the
outer bacterial membrane, and capsule polysaccharides in both B. mallei and B.
pseudomallei (Deshazer et al., 1999; Deshazer et al., 2001; Garmory and Titball, 2004;

Harland et al., 2007; Reckseidler-Zenteno et al, 2005).

Thus, we aim to test the phenotypic and transcriptional effect of a P. bonniea tssH
ATPase gene knockout within the type VI complex. We hypothesize that the ability of
the P. bonniea AtssH ATPase knockout mutant to infect and influence host fitness
compared to the wild type will be significantly reduced. Additionally, we predict that rates
of horizontal transmission, which are bacteria that are transmitted from host to host,
rather than from mother to daughter cells, will be decreased. We also generate and
analyze RNA sequencing data to understand the molecular impact of type VI secretion
perturbation in this amoeba-bacteria symbiosis. Gene deletions of the tssH gene were
constructed in two P. bonniea strains - bb433 and bb859. In the host fithess and
horizontal transmission assays, we use P. bonniea strains bb433 and bb859, while the

RNA sequencing experiment uses only P. bonniea strain bb433.
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Methods:
Bacteria and amoeba samples:
We cultured P. bonniea and Klebsiella pneumoniae food bacteria on SM/5 plates [2 g
glucose, 2 g BactoPeptone (Oxoid), 2 g yeast extract (Oxoid), 0.2 g MgCI2, 1.9 g
KH2PO4, 1 g K2HPO4 and 15 g agar per liter]. We used two pairs of RFP labeled P.
bonniea strains: bb433 AtssH with bb433 wildtype (WT), and bb859 AtssH with bb859
WT. We grew D. discoideum on SM/5 plates with 2 x 10° spores and K. pneumoniae
(250 pL at 1.5 ODgyy nm) in @ 21 °C incubator for all assays. Two nonnative D.
discoideum hosts (not associated with Paraburkholderia in the wild) were used for all
experiments: QS4 and QS864 as biological replicates. Both D. discoideum strains were

isolated from Mt. Lake Biological Station in Virginia, USA.

AtssH P. bonniea knockout generation:

To generate the mutant P. bonniea bb433 and bb859 with a knockout tssH ATPase
gene, we conducted Gateway-compatible allelic exchange using homologous
recombination. A two-step polymerase chain reaction (PCR) was performed to construct
a recombinant plasmid to allow an in-frame deletion of codons 8-957 (2850 bp) of the
966-codon open reading frame on Geneious Prime ver 2020.2.5
(https://www.geneious.com). In the first step, PCRs were carried out with primer pairs
RP966 (ACAAAAAAGCAGGCTgggcaacgatatcgagcagatc - lowercase letters bind to
genomic DNA template) with RP967
(TCCGGTCGCTTTTGTGGCcttgaggtcgagcetgaatcatg) and RP968

(gccacaaaagcgaccgga) and RP969 (TACAAGAAAGCTGGGTtgtcgaagtgcetcgecatag)

1



using P. bonniea (bb859) genomic DNA as template. These PCR products were then
used as template in the second-step PCR with primers RP956
(GGGGACAAGTTTGTACAAAAAAGCAGGCT) and RP957
(GGGGACCACTTTGTACAAGAAAGCTGGGT) to generate the deletion gene and add
attB1 and attB2 sites. This product was then used in a Gateway cloning reaction with

pDONRPEX18Tp-Scel-pheS (Fazli, 2015) to generate pRFP505.

pRFP505 was introduced into P. bonniea strains bb433 and bb859 by electroporation.
Genomic integrants were confirmed by PCR and the strains were then transformed with

pDAI-Scel-pheS (Fazli, 2015) and recombinants were screened by PCR.

To verify the successful deletion of the tssH ATPase in P. bonniea bb433 and bb859,
Oxford Nanopore sequencing was performed at Seqcenter (Pittsburgh, PA). A BLAST
library of all sequenced reads was constructed using BLAST ver 2.11.0+ (Camacho et
al., 2019). Within the library, we queried for the knockout gene. No matches of the full
nucleotide sequence were identified, indicating a successful deletion. To further confirm
the deletion, the starting and ending sequence of the tssH gene were connected to each

other, indicating a successful gene deletion.

Phenotype analysis
Fitness assay:
To measure host fitness between P. bonniea AtssH mutants and P. bonniea WT samples

using spore productivity, triplicate D. discoideum infections were set up at 0.3 MOI, 1.5
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MOI, and 7.5 MOI P.bonniea to 2x10° D. discoideum spores. We plate the same number
of bacterial cells per plate, so the percentage indicated the percent of P. bonniea
amongst food bacteria. For each P. bonniea strain AtssH mutant and wildtype pair, we
conducted the experiment with two different hosts as biological replicates. We incubated
the D. discoideum cultures for 5-7 days until they formed fruiting bodies. Spore samples
were harvested for infection prevalence and spore count assays. Total spore counts
were quantified using a light microscope and hemocytometer at a 200x dilution. To
examine the relationship between host fithess and infection, infection prevalence
(percent of RFP+ infected spores in a sample of 100,000 cells) flow cytometry was used
to run a sample of spores on a Sony SH800 Cell Sorter (Sony Biotechnology, San Jose,
CA). The FCS files were imported into FlowJo v10.8.1 for analysis (BD Life Sciences).
We gated the spores, then subsetted the dyed cells from the negative using the

negative control and highest MOl samples.

Horizontal transmission assay:

To measure horizontal transmission, we compared symbiont transmission to initial
symbiont infection prevalence. Pre-infected amoebas were exposed to uninfected
amoebas during the social stage, and horizontal transmission was measured as the
percentage of newly infected spores. The pre-infected D. discoideum infections were
prepared onto SM/5 plates at 0.3 MOI, 1.5 MOI, and 7.5 MOI RFP-labeled P.bonniea to
2x10° D. discoideum spores. After fruiting bodies formed, we collected the infected
spores. The infected spores and fresh, uninfected spores were separately plated onto

fresh SM/5 plates at densities of 2 x 10° and 1 x 10° spores per plate with food bacteria.

13



36 hours post incubation, amoebae in log-phase growth were collected from SM/5
plates. The uninfected amoebas were dyed with CellTracker™ green CMFDA Dye
(Invitrogen) dissolved in DMSO. Pre-infected amoebas carrying RFP+ P. bonniea were
exposed to DMSO only. Both sets were washed and incubated together. Then, the
uninfected dyed amoebas were combined with the infected RFP+ amoebas at - 1:0
(dye-only negative control), 0:1 (infected only positive control), and 1:1 (mixed) ratios.
These mixes were spread onto nitrocellulose filters (Millipore) moistened with KK2 in
replicates of three. The filters were left to aggregate and turn into fruiting bodies, which
we collected 5-7 days later. We conducted these experiements for two biological host

replicates for each P. bonniea strain AtssH mutant and wildtype pair.

The spore samples were run through flow cytometry on a Sony SH800 Cell Sorter to
quantify infection prevalence, which is a combination of P. bonniea’s ability to infect D.
discoideum and horizontally transmit (Sony Biotechnology, San Jose, CA). In FlowJo
v10.8.1, spores were gated, then dyed cells from the negative control (Figure 1a), and
then the infected cells from the highest MOI sample (Figure 1b). Horizontal transmission
was detected by measuring the percent of spores which had a co-occurence of the
green-labeled dye and red-labeled infection within one spore (Figure 1c). The spores in
this population were previously uninfected amoebas but that were now positive for

symbiont infection.
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Figure 1: Sample results of the horizontal transmission assay when run through flow
cytometry. A. The green population indicates spores that were dyed with CellTracker™
green CMFDA Dye. These spores were initially uninfected. B. Infected cells are gated
(orange) from uninfected cells (black) through the detection of red fluorescence from the
RFP labeled P. bonniea. C. The horizontal transmitted population are gated in blue as
the population with both green fluorescence (initially uninfected) and red fluorescence

(infected with RFP labeled P. bonniea).
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Statistical methods:

Statistical analyses were performed using R v.4.2.2 and with packages ggplot2 v.3.5.5
(Wickham, 2016) and car v.3.0-12 (Fox and Weisberg, 2019). For both host fitness and
symbiont transmission, we separately fit linear models with mixed effects on P. bonniea
433 and 859. Infection prevalence from flow cytometry data was coded as a continuous
predictor, and the linear model accounted for experiment date and host strain as
random effects. We separately tested how percent spores (relative percent of spores
produced) were affected by symbiont treatment (AtssH or WT) while controlling for host
strain. We started by fitting a complex model, and then a reduced model with
non-significant terms removed. If no significant differences were identified between the
two models using a chi-squared test, the simpler model was applied. To test for
difference in intention prevalence, a nonparametric Wilcoxon test was conducted
between AtssH mutant and wildtype variants. Residuals were evaluated on the final

model to ensure model assumptions were held.

RNA-seq Analysis

RNA collection:

We aimed to detect gene expression changes between host transcripts upon infection
by P. bonniea AtssH mutants and P. bonniea WT samples. To accomplish this, two D.
discoideum strains or clones, QS4 and QS864, were infected by P. bonniea 433 AtssH
or P. bonniea 433 WT and RNA was collected at 90 minutes post infection (mpi) and at
360 mpi. Two days prior to the experiment day, we prepared uninfected D. discoideum

and positive control samples. Positive control samples acted as longer-term infections
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(2250 mpi) and were infected with bb433 AtssH at 60 MOI (2.5%) and bb433 WT at 24
MOI (1%). The night prior to the experiment day, 0.5 ODgy, K. pneumoniae, 2 ODgy, P.
bonniea solutions were prepared. Approximately 36 hours after the initial plating,
amoebae were collected in log-phase growth. Approximately 12 hours after initial
plating, P. bonniea were collected in log-phase growth. With these cells, we prepared
four uninfected controls, two positive controls each for the P. bonniea 433 AtssH /433
pairs, and four replicates of bb433 AtssH at MOI 60, and bb433 WT at MOI 24. To
conduct the time series, negative controls, positive controls, and 2 of each infection
were collected 90 minutes post-infection. An additional 2 samples of each infection were

collected at 360 minutes post-infection.

Genomic RNA was preserved using RNAlater upon sample collection and subsequently
extracted from each sample using Qiagen RNeasy plus Mini kits. lllumina stranded
mRNA-seq libraries were prepared and sequenced as paired end reads at University of
Minnesota Genome Center. Libraries were sequenced across three lanes and pooled

together to minimize lane (batch) effects.

RNA-sequencing:

We performed quality control on the sequencing reads using fastp v.0.23.1. Reads that
were less than 20 bp long were removed, and at least 3 of each remaining read was
required to have a PHRED base quality score above 30 to be kept. Next, reference data
was obtained from DictyBase on January 16, 2023, and included a D. discoideum

reference genome (FASTA), a gene annotation file (GTF), and a Gene Ontology (GO)

17



annotation file. The GTF file was used by STAR to identify splice junctions during
alignment, and was also used to count the number of reads aligned to each specific
gene. The reference genome was indexed and reads were aligned to the indexed
reference using STAR v.2.7.5c¢, a splice-aware aligner (Dobin et al., 2013). To process
the alignments and check the quality, only reads mapped in proper pairs were included
and sorted by read query using SAMtools v.1.3.1 (Li et al., 2009). Read groups were
added using SAMtools and subsequently counted using htseg-count v.0.11.2 (Anders et
al, 2015). The count table was generated with the -s reverse flag to ensure the stranded
libraries were counted in the correct orientation for reads with a minimum alignment
quality score of 20. The reverse option denoted that the stranded library preserved
strand information by degrading the non-template strand and PCR amplifying only the

template cDNA strand during library construction (Srinivasan et al., 2019).

Differential expression analysis:

The count tables were loaded into R v.4.2.2 with supplementary packages ggplot2
v.3.5.5 (Wickham, 2016), RColorBrewer v.1.1-3 (Neuwirth and Brewer, 2014), and dplyr
v.1.1.1 (Wickham et al., 2014). Differential expression analysis was performed with
DESeq2 v.1.38.3 using a negative binomial generalized linear model (Love et al., 2014).
To contextualize the count tables, a metadata table of all the factors in the study was
created. Included were sample file name, D. discoideum host strain, time collected
(control, 90 mpi, 360 mpi, positive), and Paraburkholderia type (AtssH or WT) (Noh et
al., 2022). Two analyses were performed. First, a pairwise contrast of differential gene

expression between the AtssH mutant and WT P. bonniea 433. Then, to contrast the
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development of infection over time, three pairwise contrasts for each infected time point
compared to the control time point were set up. For each contrast, differential
expression analysis was performed using Wald tests for significance with a false
discovery rate of 0.05. Visualizations were performed to explore differential expression
changes. Venny v.2.1.0 was used to generate venn diagrams that visualized

overlapping differentially expressed genes (Oliveros, 2007-2015).

GO term enrichment analysis:

GO enrichment analysis was performed on the identified candidate genes from DESeq2
using GOstats v.2.64.0 (Falcon and Gentleman, 2007). Enrichment tests provide
possible explanations for the expression variation found in the significantly differentially
expressed genes by identifying related system-wide biological processes and functions.
To prepare for GO term enrichment, annotations with ‘NOT’ qualifiers evidence codes,
‘ND’ (No biological Data available) evidence codes, and annotations lacking a source
were filtered out. Lists of up and downregulated genes were constructed, with significant
p-values below 0.05. We used GSEABase v.1.60.0 to load the respective gene list,
ontology file, and GO annotations (Morgan et al., 2022). We used GOstats to perform a
hypergeometric significance test with a p-value cut off of 0.05 to test for enrichment
using counts in up and downregulated genes. To visualize the GO term enrichment
results, semantic bubble plots were generated with GO-Figure! v.1.0.1 (Reijnders and
Waterhouse, 2021) using the GOstats result table. Graphs ranging from 6-60 bubbles

were constructed, depending on the number of terms present in the result table.
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Results:
Host Fitness:
To characterize how the relationship between host fitness and symbiont infection
prevalence differed between P. bonniea AtssH and WT, two nonnative D. discoideum
hosts were exposed to two AtssH and wildtype strain pairs of P. bonniea at a range of
MOlIs. Host fitness was measured as the relative spore counts, and decreased as
infection prevalence increased for all combinations (Figure 2). The relative counts were
used to indicate the proportion of D. discoideum spores that survived an infection
compared to the uninfected control. Relative counts between hosts infected with the
AtssH mutant and wildtype variants were significantly different for P. bonniea 433 (F =
10.6, p = 0.002) but not significantly different for P. bonniea 859 (F = 0.2, p = 0.6)
(Figure 1). Average host fithess (mean of relative spore counts) was not significantly
different (Wilcoxon test, W = 1144, p = 0.7135) and host fitness responses did not
change between the AtssH mutant and wildtype. Between the AtssH mutant and
wildtype pairs for each strain, we compared how host fitness changed with a unit
increase in infection prevalence (slope). We found that this relationship measuring host
fitness response was not significantly different between wildtype and AtssH infected
hosts (Fs33 = 1.9, pasz = 0.2, Fgsg = 0.01, pgsg = 0.9) (Figure 2). However, the average
infection prevalence was lower for the AtssH mutant P. bonniea across both hosts
(Wilcoxon test, W = 1354.5, p = 0.07). Between the wildtype and mutant AtssH P.
bonniea infected hosts, there was about a 20% decreased infection prevalence for the

knockout for both hosts at the maximum MOI (Figure 2). Although infection prevalence
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was different between AtssH and wildtype infected hosts, there was a similar host

fitness response due to increasing infection prevalence.

a.  bb433 host fitness b. bb859 host fitness
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Figure 2: Infection prevalence compared to relative spore production, with host fitness
decreasing as infection prevalence increased. The slopes are the change in host fitness
with an increase in infection prevalence, which were not significantly different between
the AtssH mutant and wildtype pairs for each strain. (a) Host fitness between wildtype
(blue) and AtssH (red) P. bonniea 433. Wildtype infection prevalence extended to
81.8%, while AtssH infection prevalence extended to 50%. (b) Host fithess between
wildtype (blue) and AtssH (red) P. bonniea 859. Wildtype infection prevalence extended

to 83.4%, while AtssH infection prevalence extended to 54.9%

Horizontal Transmission:

Next, we characterized the relationship between symbiont transmission and initial
symbiont infection between AtssH P. bonniea and wildtype P. bonniea. D. discoideum
hosts were exposed to amoeba pre-infected with AtssH and wildtype strain pairs of P.

bonniea during the D. discoideum social cycle. We estimated the percentage of newly
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infected spores as a measure of horizontal transmission. Infection prevalence is a
combination of P. bonniea’s ability to infect D. discoideum and horizontally transmit
infection. Symbiont transmission increased with infection prevalence of pre-infected
amoebas (F433 = 196, pasz = 0, Fgsg = 85.8, pgse =0). This positive correlation reflects
horizontal transmission, rather than vertical transmission (Ebert, 2013). Increased
transmission rates onto previously uninfected hosts may be indicative of better symbiont
performance by being able to better spread from host to host. The percent of
horizontally transmitted infected spores and infection prevalence in AtssH P. bonniea
were lower for both hosts (F433 = 36.9, pass = 0, Fgse = 24.4, pas3 = 0) (Figure 3). This
large reduction of a horizontally transmitted population also reflects a reduced ability to
infect from within a host with the AtssH mutants, as overall infection prevalence was
lower than in the first social cycle as seen in the host fitness assay (Figure 2, Figure 3).
AtssH variant symbionts had a shallower slope as well as reduced infection prevalence
compared to their respective wildtype counterparts (F435 = 14.6, pssz = 0.0006, Fgs =

69.9, psse = 0) (Figure 3).

22



a. b
bb433 horizontal transmission *  bb859 horizontal transmission
25
6
20
c c
o o
173 73
2 > 2 /
£ 4 i E 5 e £ i
a symbiont 8 & symbiont
g‘ ~o~ bb433 g‘ o= bbss9
= ) - deltad33 8§ ~o- delta859
= ol c 10 J/
o ' dbad o /
N v N
2 2 2 N
L ) 5 g
.
. g
<
0
0 . v . ' ' y
10 20 30 0 20 40
infection_prevalence infection_prevalence

Figure 3: Infection prevalence compared to horizontal transmission rates. (a) Horizontal
transmission between wildtype (blue) and AtssH (red) P. bonniea 433. (b) a) Horizontal

transmission between wildtype (blue) and AtssH (red) P. bonniea 859.

RNA-seq

AtssH mutant vs wildtype:

We tested for differential gene expression in two host strains infected with AtssH P,
bonniea 433 compared to wildtype P. bonniea 433 samples in order to evaluate
transcriptional differences during the first six hours of infection. Out of 8490 aligned
genes, none were found to be significantly differentially expressed at a false discovery
rate (FDR) of 0.1. This was expected, as reflected by our PCA visualization and host
fitness assays, which failed to find a significant difference between AtssH and wildtype

variations between infection prevalence and relative spore counts (Figure 2, Figure 4).
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Figure 4: PCA plot displaying negative controls and wildtype and AtssH P. bonniea 433
infected D. discoideum hosts collected at 90 mpi, 360 mpi, and positive controls.

Variation along the first 2 principal components are displayed.

Time series:

We tested for differential gene expression at 90 mpi, 360 mpi, and a long term infection
(positive controls; approximately 2250 mpi) for WT and AtssH P. bonniea 433 infected
hosts in order to evaluate infection progression and transcriptional differences during a
new infection. To accomplish this, we grouped the WT and AtssH infected hosts and
compared differential expression across time points. Initial visualization displayed a

sharp segregation of 360 time points from all other time samples, which was reflected in
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the number of differentially expressed genes (Figure 5). Differential expression was
computed across pairwise comparisons of each infected time point to negative controls
with an applied FDR of 0.05. Out of 8490 genes with minimal levels of expression, 82
(0.97%) were upregulated and 129 (1.5%) were downregulated at 090 mpi, 1519 (18%)
were upregulated and 1532 (18%) were downregulated at 360 mpi, and 630 (7.4%)
were upregulated and 772 (9.1%) were downregulated for the positive control (Figure
6). The differential expression map for each time point indicates the clear differences at
the 360 time point, compared to less defined patterns observed in the other time points
is shown (Figure 7). Both up and down regulated differentially expressed genes only
share about 1% of genes among all time points as infection progresses, but 10% of
upregulated genes were overlapping between 360 mpi and the positive control, and
14% of downregulated genes (Figure 8). We theorize this represents the peak of the
infection, where the host has to activate the most genes to respond to the P. bonniea
infection. In order to gain further insight into the functions and observed patterns of
these different differentially expressed genes, GO analysis was performed by grouping

the differentially expressed genes into gene ontology groups.
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Figure 5: PCA plot displaying negative controls AtssH / wildtype P. bonniea 433 infected
D. discoideum hosts collected at 90 mpi, 360 mpi, and positive controls. In this
visualization, WT and AtssH infected hosts were grouped together and compared
across time points. Variation along the first 2 principal components are displayed.

Arrows show the trajectory of gene expression across time within a host.
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Figure 6: Volcano plot for infected vs uninfected D. discoideum for different time points

of P. bonniea WT and AtssH infection at a FDR of 0.05 and 0.1. Upregulated genes are

towards the right, and downregulated genes are towards the left. Statistically significant

genes marked in red with a FDR of 0.05, and genes marked in green are significant with
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Figure 8. Venn diagrams displaying overlapping differentially expressed genes between
pairwise comparisons of an infected D. discoideum host versus control at different time
points. The darker the section, the higher the percentage of genes in that category (a).
Upregulated differentially expressed genes. (b) Downregulated differentially expressed

genes.

By performing GO pathway enrichment and semantic analysis on up and downregulated
differentially expressed genes at each time point, we were able to better characterize
the functions of these genes. At 090 mpi, no distinct clusters of GO terms were seen
due to the low number of differentially expressed genes. The upregulated functions
focused on aggregation and potassium ion transport and stress responses in our
infected host cells, and the downregulated functions involved metabolic processes
(Figure 9). The largest number of up and downregulated GO functional groups were

found at 360 mpi out of all time points. Major upregulated functional clusters encompass
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amino acid metabolism, transmembrane transport and phagocytosis, cytoskeleton
regulation, and signal transduction (Figure 10a). Many of the upregulated GO terms
involved actin filaments, which are a network that provides mechanical support,
determines cell shape, and regulates movement on the cell surface, allowing cells to
migrate, engulf particles, and divide (Cooper, 2000). Additionally, both the tricarboxylic
acid (TCA) metabolic processes and TCA cycle were downregulated at 090 mpi, but
upregulated at 360 mpi. The TCA cycle primarily provides NADH which amoeba cells
use for ATP synthesis via the electron transport chain. However bacterial pathogens
also modulate the host TCA cycle to drive stress tolerance mechanisms through the
generation of reactive oxygen species (ROS) (Passalacqua et al., 2016; Thomas et al.,
2013). The TCA cycle can produce NADPH oxidase, which are commonly found in
“professional phagocytes” such as D. discoideum. The phagocyte oxidase has been
thought to function by generating reactive oxygen species (ROS) from the electrons in
the NADPH. These ROS kill microbes and play a role in the pathogenesis of disease by
damaging normal tissues (Cross and Segal, 2004; Segal, 2008). Other key trends were
energy production, nucleotide biosynthesis, and phagocytosis. The upregulation of
phagocytosis is interesting, as that is D. discoideum’s main defense against invading
pathogens, indicating an increasing host response to infection (Dunn et al., 2017; Sillo
et al., 2008). The GO groups in the downregulated semantic bubble plot for 360 mpi
were generally more spread out, with one cluster focused on cellular assembly and
another cellular replication and division (Figure 10b). Overall, many functions related to
the cell cycle and cellular division were downregulated at 360 mpi, which may be a

result of the hosts undergoing cell division and mitosis earlier in the time series.
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For a longer term infection, modeled by the positive control data, there were
intermediate numbers of enriched GO terms. In upregulated terms, signal transduction
pathways for communication and transport functions were clustered together (Figure
11a). For downregulated terms, the terms covered metabolic and biosynthesis
pathways, immune response and apoptosis (Figure 11b). Especially of note, reactive
oxygen species metabolic functions were downregulated (Figure 11b), as a direct

contrast to the TCA cycle being upregulated at 360 mpi (Figure 10a).
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Discussion:
The contractile injection system of the T6SS is a key factor for virulence in many gram
negative bacteria to deliver effectors directly into eukaryotic host cell cytosols or other
bacteria (Chen et al., 2011; Francis et al., 2002; Lennings, 2018; Taylor et al., 2018). By
deleting the tssH ATPase gene in the T6SS, we created a dysfunctional T6SS by
incapacitating sheath retraction (Forster et al., 2014; Gallique et al., 2017). Comparing
the AtssH gene and wildtype, we were able to characterize how a dysfunctional T6SS

affected P. bonniea’s ability to form a symbiotic relationship with D. discoideum.

Host fitness results affirmed that increasing infection prevalence does have a negative
effect on host fithess. However, when comparing AtssH and wildtype P. bonniea
variants, no differences in how host fithess changed as infection prevalence increased
was found between them, although there was a significant difference in infection
prevalence. The lack of difference in host fithess outcomes was supported by differential
gene expression analysis of D. discoideum infected by AtssH or wildtype P. bonniea 433
during the first six hours of infection. There were no differentially expressed genes

found when testing AtssH versus wildtype samples at each time point.

Wildtype P. bonniea had significantly higher rates of horizontal transmission compared
to AtssH. When collecting preliminary data for the RNA-sequencing experiment, D.
discoideum amoebas had similar infection rates in the first 6 hours post infection,
regardless if the hosts were infected with the AtssH or wildtype variant. This matches

the host fitness response, where the initial infection levels were not impacted by the
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tssH deletion. Thus, the difference in infection prevalence range was most likely due to
reduced transmission that occurs after the initial infection over the course of 5-7 days. In
B. pseudomallei, the T6SS is only activated after the bacteria enters the host cells,
while the T3SS is activated immediately after bacteria encounter host cells (Chen et al.,
2011). Thus, it makes sense that host fitness was not significantly affected by the
deletion, as that was when P. bonniea initially entered the host cell, but symbiont
transmission from one host to another is reduced in AtssH. However, expression levels
of both T3SS and T6SS genes increase rapidly upon infection, suggesting that these
secretion systems are necessary for bacterial survival, intracellular growth, and

replication immediately after infection (Chen et al., 2011).

Although there were no differences in differential expression between AtssH and
wildtype induced host responses, the RNA-seq time series provided insight into the
infection as a whole. When comparing differential gene expression at various time
points during the first 6 hours of infection, we were better able to characterize D.
discoidieum’s host response and development to infection. At 090 minutes, there were
not many differentially expressed genes compared to the control, which we hypothesize
indicated that the infection was not at full force yet and just developing. The upregulated
genes focused on aggregation and some transport and stress responses, and the
downregulated functions involved metabolic processes. Particularly, potassium ion
transmembrane transport was found to be upregulated, which play important roles in
activating immune cell function and defense. Potassium is also a significant factor on

the symbiont side, as potassium transport has been shown to directly modulate
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virulence gene expression, antimicrobial resistance, and biofilm formation in bacteria
(Do and Gries, 2021). Osmotic stress was one downregulated response, which is
important for limiting the growth of bacteria. Regular structure and metabolism of
bacterial cells are maintained through osmosis, so rapid changes caused by osmotic
shock may lead to membrane instability and cell death (Sochocka and Boratynski,
2011). Antibiotic metabolic processes and sphingolipid metabolism were also
downregulated, which regulate major cellular processes such as apoptosis, proliferation,
and senescence (Merrill Jr, 2011). Prevention of defense responses such as apoptosis
may provide a survival advantage because it enables the bacteria to replicate inside
host cells. These bacterial-mediated responses indicate how D. discoideum is adapting
to an initial infection by reducing its hostile defenses, allowing an eventual persistent
relationship (Faherty and Maurelli, 2008). Additionally, less energy is accessed as many
energy-related functions are downregulated like fatty acid catabolism, amino acid
metabolism, nucleic acid metabolism, and the TCA cycle, which indicates a host
response against infection via nutrient supply (Berry et al., 1954; LibreTexts, 2022;

Sanchez-Garcia et al., 2021).

At 360 mpi, D. discoideum had the most drastic response to infection with the most
number of significant differentially expressed genes between the infected and control
samples. This may indicate the most active time of infection. Key upregulated groups
include actin filaments, nucleotide biosynthesis, TCA cycle metabolites, phagocytosis,
and transmembrane transport. Multiple actin filaments functions were upregulated,

which are targeted by bacterial pathogens and are central for motility to shape
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movement, phagocytosis and intracellular trafficking during infection as intracellular
structural support (Choe and Welch, 2016; Cooper, 2000). Nucleotide biosynthesis is
essential for the survival and virulence of pathogenic bacterial species, and nucleotide
metabolism regulators are key for production of virulence factors (Goncheva et al.,
2022; Kilstrup et al., 2005). Additionally, TCA related pathways and metabolites were
upregulated, in contrast to being downregulated at 090 mpi. This difference could be
attributed to the broad function of TCA metabolites in both host and bacterial
mechanisms during invasion, acting to produce NADH for ATP synthesis and energy
generation (Thomas et al., 2013). Additionally, the TCA cycle is involved with the
production of ROS through NADPH oxidase. These ROS kill phagocytosed microbes,
but also subject host cells to oxidative stress(Spooner and Yilmaz, 2011). Other key
upregulated processes include phagocytosis, which when paired with the TCA cycle,
subjects pathogens to oxidative and nitrosative stress, and act as D. discoideum’s main
defense mechanism (Fang, 2016;! Sillo et al., 2008)). In the downregulated enriched
GO terms, most are related to the cell cycle and cell division of D. discoideum. Many
bacterial cells have mechanisms to stall host cell division, which may inhibit early cell
death of infected cells, allowing the cells to evade immune defenses and cellular
integrity checkpoints and continue the infection (Bagga and Buchard, 2014; Burby and
Simmons, 2020). Additionally, when running a pilot time series experiment, cell division
occurred around the 240 mpi mark, which may lead to downregulation of cell division

functions, as it has been completed.

38



During the long-term infection, there were intermediate numbers of enriched GO terms
compared to the other time points. We attribute this decrease from the 360 mpi to a
stabilized infection, which leads to Paraburkholderia’s ability to sustain and persistently
infect D. discoideum by adapting the host environment to better suit bacterial presence
(Haselkorn et al., 2019). In contrast to the previous time point, where many
replication-based pathways were downregulated, many protein synthesis processes are
upregulated, such as RNA 3’ end processing, protein deubiquitination, and transcription
(He, 2016; Kumar, 2019). Additionally, structural elements and transmembrane
transport were also upregulated, indicating re-stabilization of host barriers and immune
response. (Dunn et al., 2017). Contrasting the 360 mpi upregulated genes, amide
biosynthetic processes and other nucleotide and metabolic biosynthetic processes are
downregulated during a long-term infection. This could be due to a stabilized infection,
where the most severe responses have been eliminated and an equilibrium infection
has been reached. Additionally, there was downregulation of many cellular defense
genes associated with infection and immune responses, such as metabolic processes
of ROS, indicating that the infection is no longer considered an immediate threat,

allowing a persistent symbiotic relationship between D. discoideum and P. bonniea.

To explore the significant findings of the horizontal transmission results, future work
could include looking at differential gene expression in the horizontal transmission
assay. To accomplish this, we could perform cell sorting when running flow cytometry on
the horizontal transmission results. By sorting the cells receiving horizontally

transmission of P. bonniea, we could extract and sequence their transcripts using
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single-cell RNA sequencing. This would allow us to gain further insight onto the function
of the T6SS as the bacteria exits from the host cell, to see what host functions are

impacted.

Conclusion:

The persistent D. discoideum and Parabukrholderia symbiotic relationship allows us to
investigate the effects of the T6SS known as a key factor for virulence. Although some
phenotypic differences were observed between AtssH variants with the tssH-ATPase
gene knockout within the T6SS and wildtype P. bonniea infected D. discoideum hosts,
their impact on how host fithess changed as infection prevalence increased was not
different between the mutant and wildtype. This was also reflected in our
RNA-sequencing data, where there were no differentially expressed genes between
them. By collecting transcripts from 090 mpi, 360 mpi, and long term infection, we were
to characterize the development of an infection, which can be used in future studies for
understanding T6SS. However, significant differences were observed between the
variants during horizontal transmission. Thus, the T6SS may be closely involved with
virulence after the bacteria has entered the cell, rather than immediately upon

encountering the host.
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