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ABSTRACT

The type VI secretion system (T6SS) is a new secretion system that is widely distributed among Gram-
negative bacteria. The core component hemolysin-coregulated protein (Hcp) can be used as both its Revised 18 October 2020
structural protein and secretory protein or chaperone protein. Studies on Hcp are important to elucidate Accepted 18 November
the overall virulence mechanism of T6SS. Salmonella typhimurium is an important foodborne pathogen. 2020

There are three copies of hcp genes identified in S. Typhimurium 14028s. This study aimed to characterize KEYWORDS

the functions of the three Hcp family proteins and to elucidate the interactions among them. The hcp gene  imonelia typhimurium;
deletion mutants were constructed by A Red-based recombination system. Effects of hcp mutation on the type VI secretion system
pathogenicity of 14028s were studied by bacterial competition assays, Dictyostelium discoideum assays and (T655); hemolysin-

mouse model. The three Hcp family proteins were found to play different roles. Hcpl can affect the coregulatory protein (Hep);
transcription of rpoS and type 2 flagellar gene and influence the motility of 14028s. It is also involved in the virulence; flagella
intracellular survival of 14028s in Dictyostelium discoideum; Hcp2 is involved in the early proliferative

capacity of 14028s in mice and can prevent its excessive proliferation; Hcp3 did not show direct functions

in these assays. Hcpl can interact with Hcp2 and Hcp3. Deletion of one hcp gene can result in

a transcription level variation in the other two hcp genes. Our findings elucidated the functions of the

three Hep family proteins in S.Typhimurium and illustrated that there are interactions between different

Hcp proteins. This study will be helpful to fully understand how T6SS actions in an organism.
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Introduction roles in bacterial competition and in the interaction of
bacteria with macrophages or hosts [12-18]. The hemoly-
sin-coregulated protein (Hcp) is an important structural
protein which can be stacked into a tube of Hep hexamers
to form the tail of T6SS; moreover, it can also play the roles
of secretory protein or chaperone protein [19-23]. The
secretion of Hep is the hallmark of a functional T6SS [24].
Understanding the roles of Hcp is critical to explore the
function of T6SS. It is interesting that in some bacteria,
more than one copy of hcp genes was found. However, even
if multiple copies of hcp genes exist, their functions are not
redundant. They can take different roles in bacterial com-
petition, interaction with macrophages or involve in the
biological phenotypes such as the motility or biofilm for-
mation of bacteria [25-29]. However, it remains a question
that how the Hcp family proteins function? Are there
interactions among them? In S.Typhimurium 14028s, we
found three copies of hcp genes (Additional file 1: Figure
S1), two of them (hcpl and hcp2) are on the Salmonella
pathogenic island 6 (SPI-6). The proteins encoded by the
two genes are very similar, with only 10 amino acid

Bacterial pathogens utilize various secretion systems to
export toxins or effectors into target cells. There are
nine secretion systems discovered so far [1,2]. The type
VI secretion system (T6SS) was first described in Vibrio
cholerae in 2006 [3]. Studies have shown that T6SS
plays important role in the pathogenicity of bacteria
[4-6]. Currently, there are three different types of T6SS
identified [2]. The second type is only found in
Francisella, the third is only found in Bacteroides, and
the first type which consists of 13 core genes has been
found in most Gram-negative bacteria [2,7]. S.
Typhimurium is a common pathogen of foodborne
diseases worldwide [8,9]. It can be transmitted through
the fecal-oral route, and cause diarrhea or other sys-
temic disease by entering the host’s macrophages or
dendritic cells [10,11]. Researches on virulence-related
genes are necessary to reveal its invasion mechanism.
It has been reported that in S.Typhimurium, there is
a T6SS gene cluster which was found to play important
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differences between them [23]. There is also an orphan hcp3
gene not linked with SPI-6 [12]. Hcp3 only shared 26%-
27% similarity with Hepl and Hcep2 and it is more homo-
logous to the Hcp of S.bongori and Pseudomonas [12].
Previous studies have shown that the expression of Hepl
is enhanced in bile salt environment and it can interact with
amidase Tae4 to exert antibacterial activity [5]. In this
study, we constructed hcp mutants and investigated the
roles of the three Hep family proteins by different assays.
We further investigated the interactions between different
Hcp proteins to elucidate the mechanism behind them.

Results

Effects of hcp mutations on the growth rates,
antimicrobial resistance, biofilm formation, and the
motility of S.Typhimurium14028s

All mutant strains were confirmed with PCR using
specific primers. To investigate whether hcp knock-
out would affect the growth of Salmonella, we tested
the growth rates of the Ahcp mutants and wild type
14028s in both LB and M9-glucose minimum
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medium. As shown in Figure 1(a,b), there were no
significant differences among them, indicating that
knocking out hcp did not affect the growth of
Salmonella. A recent study found that deletion of
the T6SS core component can influence the antimi-
crobial resistance of A. baumannii [30]. In this
study, we tested the effects of hcp mutation on the
antimicrobial resistance of Salmonella with five anti-
biotics, ampicillin, gentamicin, streptomycin,
naphthalidine, and tetracycline. As shown in Table
1, the MIC of the wild type and mutants for the five
antibiotics were 16 pg/mL, 2 pg/mL, 32 pg/mlL,
4 pg/mL, and 2 pg/mL, respectively. There were no
significant differences between wild type and mutant
strains. The same result was obtained using the
K-B method (Additional file 2: Figure S2).
Compared with the wild type strain 14028s, there
was a mild decrease tendency in the biofilm forma-
tion ability of Ahcpl and Ahcp2 mutants (Figure 1
(c)). However, there were no significant differences
between them.

The motility of wild type and mutant strains was
examined by measuring the diameter of the circles on
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Figure 1. Growth characters in LB (a) and M9-glucose minimum medium (b), biofilm formation ability (c) and motility (d) of wild
type and mutant strains. Motility of the wild type and mutant strains was determined by measuring the diameter of the column.
Error bars represent the SDs. Significant differences were defined by P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***) compared to the

wild type strain 14028s.
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Table 1. Effects of hcp mutations on the MICs of antimicrobials.

Strains Ampicillin Gentamicin Streptomycin Naphthalidine Tetracycline
14028s 16 2 32 4 2
Ahcp1 16 2 32 4 2
Ahcp2 16 2 32 4 2
Ahcp3 16 2 32 4 2

the swimming plate. As shown in Figure 1(d), the
motility of the Ahcpl mutant was significantly
decreased (P < 0.001). Complementation of hcpl
restored the motility of Ahcpl mutant. In contrast,
deletion of hcp2 and hcp3 did not affect the motility
of the strain.

Effects of hcp mutations on the bacterial
competition ability

Previous studies revealed that the bacterial competition
ability of S.Typhimurium SL1344 to E. coli was signifi-
cantly reduced after knocking out hcpl, and knocking
out hcp2 has no effect on bacterial competition [5].
This study focused on whether hcp3 played a role in
bacterial competition. Our results showed that consis-
tent with previous study, mutation of hcpl significantly
affected the bacterial competition ability of 14028s
(P < 0.05) and mutation of hcp2 showed no significant
effect. The competition ability of Ahcp3 was similar
with that of the wild type strain, suggesting that hcp3
was not implicated in Salmonella bacterial competition
(Figure 2(a)). The CFUs of Salmonella strains after
competition showed no significant statistical difference
(Figure 2(b)).
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Effects of hcp mutations on intracellular survival of
Salmonella in D.discoiseum

Dictyostelium discoideum is an amoeba model which was
widely used for host—pathogen interactions [3]. It was also
shown that T6SS was required for S. Typhimurium to
survive intracellularly in the social amoeba Dictyostelium
discoideum [15]. To determine the roles of the three Hcp
family proteins in the intracellular survival of Salmonella,
we co-incubated both wild type 14028s and its mutants in
D.discoiseum and let D.discoiseum fed on bacteria. There
were no significant differences between the number of
viable D.discoideum when incubated with the wild type
14028s and hcp mutants (Figure 3(a)). So the influence of
the number of viable D.discoiseum can be excluded. Then
the internalization and intracellular survival of Salmonella
in D.discoideum were tested. It was found that all the
mutants showed an internalization level similar to that
of the wild type14028s (Figure 3(b)). For the intracellular
survival ability, there were no significant differences for all
the strains within 3 h; however, Ahcpl showed a strong
increasing trend at 6 h and 24 h, although there were no
statistically significant differences. Complementation of
hepl can suppress the increasing trend. These results
indicated that deletion of hcpl can result in increased
intracellular survival ability in D.discoideum (Figure 3(c)).
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Figure 2. Results of bacterial competition assay. The surviving prey (E.coli JM109) (a) and the surviving salmonella strains (b) after
12 h co-incubation on LB plate supplemented with 0.05% porcine bile salts were measured by counting CFU. Error bars represent the
SDs. Significant differences were defined by P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***) compared to the wild type strain 14028s.
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Figure 3. The population of viable amoebae at each time point when incubated with the wild type and mutant strains (a) were
tested by Trypan blue exclusion and counting on a Neubauer chamber. The internalization of the wild type and mutant strains in D.
discoideum (b) were calculated as CFU;-o/CFUinocuium @and converted negative logarithmically. The intracellular survival of the wild
type and mutant strains in D.discoideum (c) were calculated at each time point as CFU._,/CFU,—,. Error bars represent the SDs.
Significant differences were defined by P < 0.05 (¥), P < 0.01 (**), and P < 0.001 (***) compared to the wild type strain 14028s.

Virulence in mouse model of systemic infection

To study the roles of the three Hcp family proteins
played in the virulence to mouse model, we chal-
lenged BALB/c mice with two different Salmonella
levels. At first, we challenged mice with a low level
(200 pL bacterial suspensions normalized to 10° CFU/
mL) which is not lethal to mice and examined the
proliferation of bacteria every day. We found that the
weight of mice spleen and the number of the bacteria
recovered from the spleen of the Ahcpl and Ahcp3
group showed no significant difference with wild type
14028s group, in contrast, the Ahcp2 mutant group
showed an increasing tendency compared with wild
type 14028s group within 2 days, but on day 5 the
difference between the two groups disappeared
(Additional file 3: Figure S3), suggesting Hcp2 may
be involved in the early proliferative capacity of
14028s in mice. To verify this, we challenged mice
with a higher level of Salmonella (200 pL bacterial
suspensions normalized to 10® CFU/mL). Our results
showed that there were no significant differences in

the survival rate among different groups (Additional
file 4: Figure S4). However, when calculating the
number of Salmonella in the mice that died on the
first day (within 24 h after inoculation), we found that
the Ahcp2 mutant showed a significant higher coloni-
zation ability in the colon and liver (p < 0.05), and
there was also a higher trend in the spleen (Figure 4
(d-f)). The other mutants showed no significant dif-
ferences with the wild type strain. When we examined
the number of bacteria on day 5, there were no sig-
nificant differences between wild type 14028s and the
mutants, which is consistent with the results of low-
level inoculation (Additional file 3: Figure S3b).

Interactions of the three Hcp family proteins

Since there are some similarities among the sequences of
the three Hcp family proteins, we tried to see whether
there are interactions between them. The hcp transcrip-
tion levels of the wild type 14028s and hcp mutant strains
were tested by qRT-PCR. It was found that the hcp2
transcription level in the Ahcpl mutant was significantly
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Figure 4. Virulence of the wild type and mutant strains in mouse model of systemic infection were determined by examining the
bacteria concentrations in different organs (colon, spleen, and liver).

(a—c) Colonization ability in different organs of mice. (d—f) Colonization ability in different organs of mice that was dead within 24 h after
inoculation. Error bars represent the SDs. Significant differences were defined by P < 0.05 (¥), P < 0.01 (**), and P < 0.001 (***) compared to

the wild type strain 14028s.

increased (P < 0.001), and the hcp3 transcription level
was significantly decreased (P < 0.01) (Figure 5(a)). For
the Ahcp2 mutant, the hepl transcription level was sig-
nificantly increased (P < 0.05), while the hcp3 transcrip-
tion had no difference (Figure 5(b)). The hcpl
transcription level of Ahcp3 mutant was significantly
increased (P < 0.01), and the hcp2 transcription level
was also increased (P < 0.05) (Figure 5(c)).We then tested
whether there are interactions among the Hcp proteins.
The results of bacterial two-hybrid assay indicated that
Hcpl can interact with Hep2 and Hcep3, while Hep2 and
Hcp3 cannot interact with each other (Figure 5(d)).

Effects of hcp mutations on the transcription of
rpoS, fimH and flagellar genes

Lastly, we tested the transcription levels of rpoS, fimH
and flagellar genes in the wild type 14028s and the hcp
mutants. Since our results showed that mutation of hcp1I
can influence the motility of Salmonella, we tested the
transcription levels of the rpoS, fimH and flagellar genes
to elucidate the mechanism behind it. Results (Figure 6)

showed that in the Ahcpl mutant, the transcription of
rpoS, flia, flib, flic, and fimH was significantly decreased.
In the Ahcp2 mutant, the transcription of rpoS, flhd, flia
and fljb was significantly increased and the transcription
of fimH was significantly decreased. In the Ahcp3 mutant,
the transcription of rpoS, flia, flhd, flib, flic, and fimH
were increased significantly.

Discussion

In this study, we constructed hcp mutants and tested
the effects of hcp mutations on a variety of characters in
S.Typhimurium 14028s. Our results showed that hcp
mutation had no significant effect on the growth of
14028s. So the subsequent results can exclude the influ-
ence that may be caused by growth ability. Previous
study showed that mutation of T6SS core genes can
influence the antimicrobial resistance in A.baumannii
[30]. S.Typhimurium was found to have a high resistant
rate to streptomycin, ampicillin, nalidixic acid, chlor-
amphenicol, gentamicin, and tetracycline [31]. In this
study, we tested the resistance of the hcp mutants to
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Figure 5. Interactions of the three Hcps were tested by qRT-PCR and bacteria two-hybrid assay. (a-c) The normalized expression

level 2724

of heps of the wild type and mutant strains. 165 rRNA was used as the internal parameter. Error bars represent the SDs.

Significant differences were defined by P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***) compared to the wild type strain 14028s. (d)
Bacteria two-hybrid analyses. Different strains that have different plasmid combinations were spotted on dual selective screening
plate and nonselective screening plate respectively at 30°C for 24 h. The strains can grow on the dual selective screening plate if the
proteins on the plasmids can interact. The experiments were done at least in triplicate, and a representative result is shown.

these antibiotics, and the results showed that hcp muta-
tions of 14028s had no significant effect on the anti-
microbial resistance. In Aeromonas hydrophila, it was
found that hcp was implicated in the biofilm formation
ability [28]. However, in our study, we found that hcp
mutation showed no effect on biofilm formation.

The assembly and functional expression of flagella
involves three types of genes which were expressed in
a cascade. fIhD is a representative of type 1 flagellar
gene which is necessary for the activation and tran-
scription of type 2 gene promoters. fliA belongs to the
type 2 flagellar gene, which encode proteins that con-
stitute the flagellar secretion device and participate in
the transcription of the type 3 flagellar genes which
participate in the final motility function of bacteria
[32]. In this study, we found that deletion of hcpl led
to significant defects in the motility of S.Typhimurium.
This can be explained by the data from qRT-PCR,
which showed that in Ahcpl mutant the type 2 flagellar

gene fliA and type 3 flagellar genes fliC and fIjB all
showed significant decreased transcriptions, which
may result in reduced synthesis of flagellin and thus
influence the motility. Previous studies [33,34] have
found that rpoS can regulate the expression of T6SS
to help bacteria survive under stress conditions,
another study [35] also found that it can be regulated
by T6SS. In this study, we found the deletion of hcp can
affect the transcription of rpoS. Since rpoS has also been
found to be involved in the formation of flagella [33],
our study indicated that Hcp can modulate the expres-
sion of rpoS to regulate the expression of flagella genes
and thus affect the motility of bacteria.

T6SS was required for S. Typhimurium to survive
intracellularly in the social amoeba Dictyostelium dis-
coideum [15,36]. However, the mechanism and the
effectors associated with this process remain unknown.
Some studies revealed that although flagellar mutants
are more difficult to invade epithelial cells, mutants
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type and mutant strains were tested by qRT-PCR. 16S rRNA was used as the internal parameter. Error bars represent the SDs.
Significant differences were defined by P < 0.05 (¥), P < 0.01 (**), and P < 0.001 (***) compared to the wild type strain 14028s.

have stronger virulence to mice and a faster net growth
in macrophages within 4-24 h [32,37]. In addition, in
the study of avian pathogenic Escherichia coli (APEC),
it was found that deletion of hcp gene significantly
affected the expression of fimbriae subunit protein
and decreased the adhesion and invasion of cultured
cells in vitro [38]. Consistent with these results, our
data showed that the transcription of fimbriae gene
fimH was significantly decreased in the Ahcpl and
Ahcp2 mutants. And we found that although it was
not statistically significant, the internalization level of
Ahcpl and Ahcp2 was lower than that of the wild type
strain 14028s. The intracellular survival of Ahcpl
showed a strong increasing trend at 6 h and 24 h. We
postulated that the down-regulation of the flagellar
gene caused by the deletion of scpl makes it impossible
for Salmonella to synthesize flagella and thus reduce the
metabolic burden, which may be one of the main
reasons of increased intracellular survival in amoeba.
In order to survive in a multi-bacterial environment
such as the host gut, bacteria need to compete with
each other [39]. Sana et al. found that hcpl can affect
the ability of S.Typhimurium to participate in bacterial

competition with bile salts, while hcp2 has no effect [5].
The same results were obtained in our experiments.
Besides this, we found Ahcp3 mutant had the same
competitive ability as the wild type strain. Therefore,
Hcpl is mainly involved in bacteria competition and
the other two Hcps showed no direct effects.

By analyzing the transcription levels and protein
interactions, we found there were indeed mutual inter-
actions between Hcp proteins. There was a balance
between Hcpl and Hcp2, and they may complement
each other due to the similarity in their amino acid
sequences. The transcription of hcp3 decreased signifi-
cantly in the Ahcpl mutant, we suppose that Hcp3 may
mainly assist the function of Hcpl. We hypothesized
that hcp3 might function more as a secretory protein.
Further studies were needed to verify these
assumptions.

In our animal model assay, it was found that the
colonization ability of Ahcp2 mutant in the liver and
colon increased significantly within 24 h after inocula-
tion. It has been reported that deletion of pcgl and scis
can also increase the proliferation of Salmonella in the
liver and spleen in mice and in macrophages [40,41].



There is a symbiotic view that bacteria may deliberately
reduce their virulence to allow themselves to continue
to spread [42]. Gene expression in the host cell will
cause a difference in the cellular environment. Some
environments will promote cell proliferation, which is
conducive to immune evasion and the establishment of
niche, while other environments will allow bacteria to
reproduce [43]. A study showed that the deletion of
T3SS-related genes leads to increased intracellular
reproduction and reduced spread [44]. In addition,
there is one hypothesis that Salmonella can use the
bacteria competition ability mediated by T6SS to clear
its niche [39]. We hypothesize that Hcp2 may just play
this balance function or elimination mechanism to
escape the host’s killing.

In summary, we conducted a comprehensive study
and concluded that the three Hcp family proteins play
different roles in S.Typhimurium14028s, and the three
Hcp family proteins can interact and balance with each
other. Hepl plays an important role in bacterial com-
petition, long-term intracellular survival in eukaryotic
cells, and bacterial motility. These effects may be due to
the expression of flagellar genes. Hcp2 mainly contri-
butes to the early stage of bacterial infection in mice.
Hcp3 mainly assists the function of Hepl. We assume
that under different conditions, bacteria may selectively
use different Hcp proteins to form hexamer pipes, but
whether such pipes are a single Hcp stack, or whether
two or three Hcp proteins together still need further
research. Researches on those virulence-related genes
are necessary to reveal the invasion mechanism of the
bacteria.

Materials and methods
Bacteria strains and cultural condition

Bacteria and plasmids used in this study were listed in
Table S1 (Additional file 5) and Table S2 (Additional
file 6). Bacteria were grown in LB broth unless other-
wise stated. Antibiotics were added when necessary.
The concentrations of antibiotics used in this study
were: kanamycin: 50 mg/L; ampicillin: 100 mg/L; chlor-
amphenicol: 25 mg/L; gentamicin: 10 mg/L; tetracy-
cline: 15 mg/L.

The eukaryotic cell model used in this study was
Dictyostelium  discoideum strain AX4, which was
obtained from the Dicty Stock Center and revived
with standard protocols [45]. Briefly, solid culture was
carried out by plating on SM media or LPB media
containing E. coli B/r, and liquid culture was carried
out by aseptic culture in HL5 liquid media.
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Construction of mutant and complement strains
and determination of growth characters

The hcp mutant strains were constructed using the A
Red-based recombination system described in previous
study [46]. Briefly, the fragment containing a 56 bp
homologous fragment of target gene and kanamycin
resistance gene which comes from pKD4 was intro-
duced into 14028s containing pKD46. After recombina-
tion, the pKD46 was removed by cultured at 42°C.
Then, pCP20 was introduced to obtain a pure gene
knockout strain without kanamycin resistance.
pTrc99a integrating the target genes were introduced
into the mutant strains to produce complement strains.

To verify whether hcp mutation affects the growth
ability of 14028s, the growth characters were measured:
bacteria were cultured overnight and adjusted to
OD¢go ~ 1, then diluted 1:100 to fresh LB broth or M9-
glucose (0.2%) minimum medium [47] and cultured
with shaking, then 200 uL was added to 96-well plate.
The growth rates were detected every hour by measur-
ing the value of ODsy,,.

Biofilm assays

Single colonies were picked from LB Agar, transferred
to fresh biofilm induction medium YP media (2% glu-
cose, 2% peptone, 1% yeast extract), and cultured over-
night at 30°C with shaking. The bacteria solutions were
adjusted to ODgpp ~ 1 and inoculated in fresh media
with a rate of 1:100, and then 200 pL of the culture were
added to each well of 96-well plate and incubated at 30°
C for 72 h. Then the supernatant and the unattached
bacteria were gently removed and washed away with
distilled water. The bioflim was stained with 200 uL of
2% crystal violet dye solution for 20 min, and washed
three times with water. Then, 200 uL of 95% ethanol
was added to dissolve the crystal violet. After 20 min,
the biofilm formation ability was determined by mea-
suring the value of ODsy,.

Antimicrobial susceptibility assays

The antimicrobial susceptibility assays were performed
using the MIC broth dilution method for ampicillin,
gentamicin, nalidixic acid, streptomycin, and tetracy-
cline. Single colonies of bacteria were inoculated in LB
broth and cultured overnight at 37°C, and then the
cultures were adjusted to ODgg ~ 0.5, and transferred
to fresh MH medium at a ratio of 1:100. At last 100 pL
of the culture was added to 96-well plate and cultured
at 37°C. After 16-20 h, the ODs;, were detected by
microplate reader to determine the minimum
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inhibitory concentration (MICs). In addition, we used
K-B method to determine the drug susceptibility of
ampicillin, gentamicin, streptomycin, and tetracycline
again according to the national clinical test operating
protocol.

Motility assays

Single colonies were inoculated in LB broth, and the
overnight culture were normalized to ODggo ~ 1; then,
1 pL of the bacteria suspensions were spotted on the
center of swimming plate (1% tryptone, 0.25% Sodium
chloride, 0.3% agar) respectively. After 18 h incubation,
the migrated distances of the colonies were measured.

Bacterial competition assays

Bacterial competition assays were performed according
to previous studies [5]. Overnight cultures were inocu-
lated into fresh LB broth at a ratio of 50:1. After 4 h, the
bacteria were washed with PBS and re-suspended to
a concentration of approximately 10'° CFU/mL.
Salmonella and E.coli were mixed at a ratio of 10:1
and then co-cultured on LB agar containing 0.05%
porcine bile salts at 37°C for 12 h. The bacteria were
washed and re-suspended with PBS, and then the col-
ony-forming units (CFU) were determined by plating
serial dilutions on LB agar plates with appropriate
antibiotics.

Dictyostelium invasion assay

Dictyostelium invasion assay was performed as
described in previous literature with minor modifica-
tions [15]. Briefly, the Dictyostelium AX4 was adjusted
to a concentration of 5*10° cells/mL, and 2 mL of the
suspension was pipetted into a 6-well plate and grown
at 22°C for 1 hour to let it adhere to the surface. Then,
AX4 was co-incubated with wild type or mutant
strains in HL5 media using a multiplicity of infection
(MOI) of 100 Dbacteria/amoeba for 1 h. The
Dictyostelium were washed three times with
Soerensen buffer and then re-suspended in 2 mL HL5
media (t = 0) and incubated at 22°C for different time
points. At the time point 0, 1, 3, 6, 24 h, the infected
cells were washed with Soerensen buffer containing
10 mg/L gentamycin. Then the Dictyostelium were
washed with Soerensen buffer to remove residual anti-
biotics, and lysed with 0.2% TritonX-100. The colony-
forming units (CFU) were determined by plating serial
dilutions on LB agar plates with appropriate antibio-
tics. The internalization was calculated as CFU.,
/CFUjpoculum and expressed as — logjo. The survival

ability of each time point was calculated as CFU,_
/CFU,_o. Viable amoeba were determined by Trypan
blue dying and counted on Neubauer chamber at each
time point.

Mice infection assays

Mice infection assays were performed following the
Guide for the Care and Use of Laboratory Animals,
National Research Council, 1996, and were approved
by the ethics committee of Peking University Health
Science Center of China. 6-8 week old female BALB/c
mice were randomly assigned to five groups and
housed under specific pathogen-free condition with
sterile water and food. The mice were starved for 16 h
before intra-gastrically administered with 200 pL of 5%
sodium bicarbonate. After 30 minutes, 200 uL bacterial
suspensions normalized to 10° CFU/mL or 10® CFU/
mL were inoculated. Once a mouse was dead, it was
removed quickly from the cage, dissected and the liver,
spleen, and colon were picked for culture. The organs
were weighed, homogenized, and cultured on
MacConkey agar plate to determine the CFU. On day
five, mice were sacrificed with cervical dislocation and
their organs were removed for culture to calculate
the CFU.

RNA extraction and real-time quantitative
polymerase chain reaction (QRT-PCR)

Bacteria were cultured overnight, and RNA extraction
was performed using RNAprep Pure Kit (TianGen).
The extracted RNA was reversed to cDNA using the
All-in-One™First-Strand  ¢cDNA  Synthesis  Kit
(TaKara). Then, qRT-PCR was performed using the
2*SYBR Green qPCR Master Mix (Low Rox). The CT
value was obtained by using the 7500 Fast DX instru-
ment, the ACT value was obtained by subtracting from
the internal parameter (16S rRNA), and the normalized
relative expression level of the target genes was calcu-
lated by the comparative cycle threshold (2744¢T).

Bacteria two-hybrid assay

BacterioMatch® II Two-Hybrid system (Stratagene, La
Jolla, CA, USA) was used for bacteria two-hybrid assay.
The hcp fragments were cloned into pBT and pTRG to
construct pBT-hcpl, pBT-hcp3, pTRG-hcp2 and pTRG-
hcp3 plasmids, respectively. Then, pBT and pTRG plas-
mids were paired into XL1-Blue Reporter Strain. Bacteria
strains that were successfully transferred with the two
corresponding plasmids were cultured at 37°C overnight.
Then they were normalized to OD600 ~ 0.3 and



resuspended with M9 media. Finally, 10 pL of the sus-
pensions was spotted on dual selective screening plate
and nonselective screening plate, respectively, at 30°C
for 24 h.

Statistical analyses

The data obtained were analyzed and plotted with
Graphpad prism version 5.0. The comparison between
the wild type strain and mutant strains was performed
by student’s ¢ test, and the mean +SD from more than
three independent experiments was calculated. Analysis
of mouse model’s survival was performed by chi-square
test using the SAS 9.0 software.
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