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Transcriptomic Analysis of Yersinia enterocolitica Biovar 1B Infecting
Murine Macrophages Reveals New Mechanisms of Extracellular and
Intracellular Survival
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Yersinia enterocolitica is typically considered an extracellular pathogen; however, during the course of an infection, a significant
number of bacteria are stably maintained within host cell vacuoles. Little is known about this population and the role it plays
during an infection. To address this question and to elucidate the spatially and temporally dynamic gene expression patterns of
Y. enterocolitica biovar 1B through the course of an in vitro infection, transcriptome sequencing and differential gene expres-
sion analysis of bacteria infecting murine macrophage cells were performed under four distinct conditions. Bacteria were first
grown in a nutrient-rich medium at 26°C to establish a baseline of gene expression that is unrelated to infection. The transcrip-
tomes of these bacteria were then compared to bacteria grown in a conditioned cell culture medium at 37°C to identify genes that
were differentially expressed in response to the increased temperature and medium but not in response to host cells. Infections
were then performed, and the transcriptomes of bacteria found on the extracellular surface and intracellular compartments were
analyzed individually. The upregulated genes revealed potential roles for a variety of systems in promoting intracellular viru-
lence, including the Ysa type III secretion system, the Yts2 type II secretion system, and the Tad pilus. It was further determined
that mutants of each of these systems had decreased virulence while infecting macrophages. Overall, these results reveal the com-
plete set of genes expressed by Y. enterocolitica in response to infection and provide the groundwork for future virulence studies.

he genus Yersinia includes three species that are pathogenic to

humans: Y. pestis, the causative agent of the plague, as well as Y.
enterocolitica and Y. pseudotuberculosis, both of which cause gas-
trointestinal diseases. Of the three organisms, Y. enterocolitica is
the species most frequently isolated from humans (1). Y. entero-
colitica infections are typically acquired through ingestion of the
bacteria in contaminated food or water, especially raw or under-
cooked pork products (2). After ingestion, the bacteria travel
through the gastrointestinal tract to the terminal ileum, where
they are able to penetrate the M cells of the Peyer’s patches and
infect the mesenteric lymph nodes (1-3). This leads to a self-lim-
iting gastroenteritis and mesenteric lymphadenitis in otherwise
healthy patients (3). In immunocompromised patients or young
children with developing immune systems, the bacteria can
spread from the lymph nodes to systemic sites, leading to poten-
tially fatal septicemia (1). Over half of all reported Y. enterocolitica
infections occur in children under the age of five, the group
that is most predisposed to developing the systemic form of the
infection (4).

Pathogenic Y. enterocolitica isolates can be divided into six dis-
tinct biovars based on several biochemical and physiological attri-
butes (2, 5). Of the six biovars, the North American isolate, biovar
1B, is the most pathogenic, causing severe illness in humans and
high levels of mortality in mice (2, 5, 6). The extreme virulence
exhibited by biovar 1B can be partially explained by the presence
of the ~199-kb plasticity zone, a unique island within the biovar
1B genome that encodes a variety of virulence determinants, in-
cluding an iron uptake system, a type Il secretion system (T2SS), a
type III secretion system (T3SS), and a type IV pilus (7). It has
been demonstrated experimentally that each of these systems con-
tributes to the virulence of the bacteria in mouse models of infec-
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tion (7-12). In addition to the plasticity zone, there are several
other factors that account for the enhanced pathogenicity of bio-
var 1B over less virulent strains, including additional genomic
islands, altered gene expression patterns, and differential regula-
tion of virulence factors (7, 13—15).

Y. enterocolitica, like all pathogenic species of Yersinia, is typi-
cally considered an extracellular pathogen, interacting with the
host primarily from the surface of the cell rather than from intra-
cellular compartments. This categorization as an extracellular
pathogen is likely due to the fact that one of the roles of the Ysc
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T3SS, the primary Yersinia virulence determinant, is to inhibit
phagocytosis (16). There is, however, ample evidence that small
populations of bacteria are stably maintained intracellularly in
Yersinia-containing vacuoles (YCV) during the infection of mac-
rophages (17). Little is known about the role of these bacteria
during infection or the mechanisms they use to defeat the macro-
phage defenses and replicate within the YCV. Given that there is
no defined Yersinia growth medium that accurately mimics con-
ditions in the YCV environment, little work has been done to
elucidate the complete set of genes that is expressed under these
conditions.

Through the course of an infection, Y. enterocolitica encounters
a variety of host environments that it must rapidly and appropri-
ately respond to in order to avoid being cleared by the immune
system. To accomplish this, the bacterium must alter the expres-
sion of a large number of genes to meet the demands of each host
environment it encounters. These changes typically include the
induced expression of virulence factors, genes that have been
shown to play a role in colonization of the host or the subversion
of its immune response. Bacteria must also repress the expres-
sion of genes that provide no advantage or constitute a disadvan-
tage in the host environment. Genes that encode proteins like
FliC, which is easily detected by the host immune system, fall into
this category (18). Among the most important virulence factors
expressed by nearly all bacterial pathogens are the secretion sys-
tems. These systems are utilized by bacteria to directly interact
with the host through the delivery of bacterial proteins into the
host cell or into the extracellular space surrounding it. Y. entero-
colitica biovar 1B encodes two T2SSs (Ytsl and Yts2) and two
T3SSs (Ysc and Ysa). The most critical system is the Ysc T3SS,
which is encoded on an ~70-kb virulence plasmid common to all
pathogenic species of Yersinia. The exact roles the other secretion
systems play during infection are not well understood.

One way to study the global gene expression patterns of bacte-
rial pathogens exposed to different environments is to use a next-
generation RNA sequencing (RNA-Seq)-based approach. RNA-
Seq has several advantages over microarray-based techniques,
including higher sensitivity, a larger dynamic range, and the abil-
ity to discover noncoding and other regulatory RNAs (19, 20). In
fact, RNA-Seq is the only technique that allows simultaneous ex-
pression measurements of all bacterial transcripts as the bacte-
rium responds to changes in its environment. However, it is ex-
ceedingly difficult to sequence the bacterial transcriptome in the
context of an infection as the vast majority of transcripts belong to
the host (21). To overcome this obstacle, we developed a novel
bacterial transcript enrichment strategy that increases the number
of bacterial reads, allowing an accurate and unbiased analysis of
the entire transcriptome (22, 23). In the present study, we use this
technique to analyze the complete transcriptome of Y. enteroco-
litica biovar 1B through the course of a murine macrophage infec-
tion. By focusing on early time points during infection and
through comparing gene expression profiles of extracellular ver-
sus intracellular bacteria, we identified numerous mechanisms
used by the bacteria to respond to macrophages and avoid being
eliminated after internalization. Combined with mutational anal-
ysis, our results reveal clear roles for the Ysa T3SS, the Yst2 T2SS,
and Tad pilus. This is the first study to analyze the complete tran-
scriptome of Y. enterocolitica biovar 1B during an infection and
the first in-depth analysis of the many mechanisms the bacterium
uses to establish itself within the intracellular environment.
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MATERIALS AND METHODS

Bacterial strains, cell lines, and media. All bacterial strains and plasmids
used in the present study can be found in Table S1 in the supplemental
material. Y. enterocolitica biovar 1B strain JB580v (24) and derivatives
were routinely grown in TYE medium (10 g/liter tryptone, 5 g/liter yeast
extract) at 26°C (growth medium) with shaking. For the microscopy ex-
periments, strain GY5718 (25) harboring the plasmid pDW5 (26) was
used. P388D1 murine macrophage cells obtained from the American
Type Culture Collection (ATCC CCL-46) were grown in RPMI medium
supplemented with fetal bovine serum to a final concentration of 10%. All
macrophage growth and infections were performed at 37°C in an atmo-
sphere of 5% CO,. Conditioned RPMI was created by filter-sterilizing
(using a 0.2-pm-pore-size filter) medium that had been used to culture
P388D1 cells for 2 days. Gentamicin (100 pg/ml), ampicillin (100 pg/ml),
kanamycin (50 pg/ml), nalidixic acid (20 pg/ml), and chloramphenicol
(12.5 pg/ml) were added to the bacterial growth medium where indicated.

Creation of bacterial mutant strains. Strain GY4478 (JB580 pYV—)
(27) was used as the parent strain for making insertion mutants of the Yts2
T2SS and Tad pilus in order to prevent the rapid killing of host cells by the
Ysc T3SS. Plasmid pEP185.2 (24) was inserted into genes thought to be
critical to the function of the Yts2 T2SS and Tad pilus (28-30), essentially
as previously described (31). Briefly, 300- to 500-bp fragments of the
genes yts2D (primer pair yts2D-F [5'-TCT AGA CCT ATA GTA GGA
TAT GCG GAG AAC-3'] and y#s2D-R [5'-TCT AGA CTG GCG TAG
TAA CGG AGC-3']) and tadA (primer pair tadA-F [5'-TCT AGA GCT
CGC CAG TAT TGA TAT AGA TC-3'] and tadA-R [5'-TCT AGA CGT
CCA ATG CAA TAG GGC-3']) were PCR amplified and cloned into
pCR-BluntII-TOPO (Life Technologies). The insert was then subcloned
into the Xbal site of pEP185.2 and electroporated into Escherichia coli
strain S17-1\pir (32). The E. coli strain containing the plasmid was then
mated to Y. enterocolitica strain GY4478, and insertion mutants were re-
covered on Luria-Bertani (LB) plates with nalidixic acid and chloram-
phenicol.

Infection of murine macrophage cells. P388D1 cells were grown for 2
days in six-well plates, at which point they had formed a nearly confluent
monolayer with ~1.5 X 10° cells/well. Y. enterocolitica was grown over-
night and then subcultured in the morning in fresh media at a 1:100
dilution. The bacteria were allowed to grow for ~3 h, at which point they
had entered log-phase growth. Macrophages were infected at a multiplic-
ity of infection (MOI) of 10 (~1.5 X 107 CFU) with the log-phase bacte-
ria. In parallel, six-well plates containing only conditioned RPMI were
infected with an equal amount of bacteria. Infections were initiated by 5
min of centrifugation at 500 X g. Plates were placed back into the CO,
incubator at 37°C, and infections were allowed to proceed for up to 240
min. At 30, 60, 120, and 240 min, triplicate infections were washed twice
with 37°C phosphate-buffered saline (PBS) to remove bacteria not asso-
ciated with the macrophages, followed immediately by the addition of 1
ml of RNAzol (Molecular Research, Inc.). To isolate bacteria that had
been internalized by the macrophages, gentamicin was added to triplicate
wells after 60 min, and the infections were allowed to proceed for another
60 min (120 min total).

Mutant infections and competition assays. Infections with Y. entero-
colitica insertion mutants were performed as described above with the
exception that after the addition of gentamicin, the infections were al-
lowed to proceed for an additional 23 h (24 h total). In parallel, a set of
wells had the RPMI medium replaced with fresh medium containing 10
M cytochalasin D 1 h prior to infection. These wells were infected as
before but not treated with gentamicin. After 24 h, triplicate infections
were washed twice with 37°C with PBS, followed by lysis in 1 ml of PBS
with 1% Triton X-100. In the single infections, this mixture was then
serially diluted and plated on LB agar with chloramphenicol, whereas in
the competition assays it was plated on nalidixic acid, as well as on plates
with both nalidixic acid and chloramphenicol. The plates were incubated
at 26°C for 2 days, and then the number of CFU was determined.
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Statistical analysis. For both single infections and competition as-
says, a Student ¢ test was used to determine the significance of the
differences in CFU counts. The results were considered significant if
the P value was =0.05. Error bars in the single-infection experiments
represent standard deviations from the mean.

Microscopy. P388D1 cells were grown in two-well chamber slides
(Nalge Nunc International) and infected with mid-log-phase bacteria at
an MOI of ~10 as in the previous experiment. After 1 h of infection,
gentamicin was added to the chamber slides, and incubation continued
for 150 min. The medium was then removed and replaced with fresh 37°C
RPMI with 1 g of Hoechst 33342 (Life Technologies)/ml and 100 pg of
gentamicin/ml. Incubation was allowed to proceed for another 30 min for
a total of 240 min of infection. At this point, the cells were imaged on a
fluorescence microscope at X600 magnification, taking pictures of the
bright-field image, as well as the blue and green fluorescent images. As a
control, uninfected cells in two-well chamber slides were treated in the
same way.

RNA extraction and cDNA synthesis. Samples (1 ml) in RNAzol from
the six-well plates were transferred to 2-ml cryotubes, followed by the
addition of 400 pl of molecular-biology-grade H,O (Sigma). Samples
were mixed and then frozen at —80°C until extraction could be per-
formed. Tubes were thawed, mixed, and incubated at room temperature
for 15 min. They were then centrifuged at 4°C for 15 min at 16,000 X g. A
total of 800 .l of the aqueous layer was transferred to a new tube and
mixed with 800 pl of 100% ethanol. RNA was extracted from this solution
using a Direct-Zol kit (Zymo Research) according to the manufacturer’s
instructions, followed by quantification using a Qubit (Life Technolo-
gies). Total RNA was fragmented using the NEBNext magnesium RNA
fragmentation module with a 3-min incubation at 94°C. Fragmented
RNA was cleaned using an RNA Clean & Concentrator-5 kit (Zymo).
Double-stranded, tagged cDNA was generated from 50 ng of the frag-
mented RNA according to a previously described method (33). Briefly,
oligonucleotides containing a short 22-base tag, followed by 3’ random
hexamers, are used to prime reverse transcription by the Moloney murine
leukemia virus (MMLV) reverse transcriptase. After completion of the
transcript, the MMLYV reverse transcriptase adds three Cs to the end of the
molecule, and a template-switching reaction occurs (34) using an oligo-
nucleotide with three 3’ ribonucleotide Gs preceded by a 21-base tag as
the new template. The single-stranded cDNA is then purified using 1.8 X
volume of AMPure XP beads (Beckman Coulter). The second strand is
generated by PCR using primers that bind to the 5" and 3’ tags of the
cDNA (33). Double-stranded cDNA is then cleaned using the DNA Clean
& Concentrator-5 (Zymo).

Enrichment of Y. enterocolitica transcripts and library preparation.
Enrichment of bacterial transcripts from the host-dominated background
was performed as previously described with some minor modifications
(22, 23). Biotinylated Y. enterocolitica probes were generated from
genomic DNA, including the plasmid pYV, using the BioPrime DNA
labeling system according to the manufacturer’s directions (Life Technol-
ogies). A 20-ng portion of double-stranded cDNA from each sample was
mixed with 2 pg of biotinylated probe. This mixture was dried using a
Vacufuge and resuspended in 10 pl of hybridization buffer (Nimblegen).
Samples were denatured at 95°C for 5 min and allowed to rehybridize
overnight at 60°C (16 to 20 h). Y. enterocolitica transcripts were captured
using the previously described fluidic device and protocol (23) with an
elution of the sample in 25 to 40 pl of elution buffer (Pierce). The enriched
sample was then cleaned using 1.8 X volumes of AMPure XP beads, and
the purified product was eluted in H,O. A quantitative PCR was then
performed to determine the number of cycles required to generate the
final sequencing library, as well as to assess the efficacy of the enrichment
(33). The final library was created by PCR amplifying the enriched sample
with the full-length sequencing adapters and custom 9-mer barcodes.
Each library was cleaned, and size selection was performed using a 0.8 X
volume of AMPure XP beads, followed by a 0.1X volume, to achieve a
final library with an average size of ~320 bp.
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Sequencing. The Vincent J. Coates Genomic Sequencing Laboratory
(University of California at Berkeley) sequenced all of the samples on an
Ilumina HiSeq2500 using a 100-base single-ended reaction. A 9-base
index read was performed to accommodate the custom 9-mer bar-
codes used in the present study. All sequencing data have been depos-
ited in the NCBI Sequence Read Archive (SRA) under accession num-
ber SRP041683.

Bioinformatic analysis of RNA-Seq data. Raw sequencing reads were
filtered to remove low-quality reads and portions of reads derived from
sequencing adaptors or primers using a previously described quality filter
(35). Sequence alignment was done using TopHat2 (36), which uses the
Bowtie2 sequence alignment tool to perform local alignment to the refer-
ence genome of Y. enterocolitica 8081 genome (NC_008800.1 [genome]
and NC_008791.1 [plasmid]). An estimate of normalized expression val-
ues for genes was obtained using Cufflinks (37) to get FPKM (Fragments
Per Kilobase of exon per Million fragments mapped) values for the sup-
plied annotations in a GTF (General Transfer Format) format. To per-
form pairwise comparison .bam analyses, files generated from the align-
ments were converted to sorted .sam files by Samtools (38). HTseq
software (HTSeq 0.6.1) (39) was used to get the counts of mapped reads to
the gene feature listed in GFF (General Feature Format) files. The DESeq2
package (40) was used to get differential expression by estimating vari-
ance-mean dependence in count data, based on a model using the nega-
tive binomial for the desired pairwise analysis. The Clustergram function
of MATLAB was used to make the heat maps shown in Fig. 2. This figure
shows unsupervised clustering using Euclidean distance matrix.

For the differential expression values calculated by the DESeq2 pack-
age, we applied robust linear regression on the time series of differential
expression data for the infection time course. Genes that showed signifi-
cant changes in differential expression during the course of infection were
selected based on cutoffs on slopes and R* values calculated from robust
linear regression. The Clustergram function in MATLAB was used to clus-
ter these genes to two sets (see Fig. 6). The top set of genes indicated in red
are upregulated in early infection and then downregulated in the later
phase of infection, and the second set of genes indicated in blue are down-
regulated in early infection and then upregulated in the later phase of
infection.

RESULTS

Y. enterocolitica maintains viability after internalization by
macrophages. As Y. enterocolitica changes locations from differ-
ent growth media, environmental locations, or host niches, the
bacteria must rapidly adapt to the new setting by altering the tran-
scription of a large number of genes. We began with bacteria in the
exponential growth phase in a nutrient-rich medium at 26°C
(growth medium), a common temperature used to grow Y. entero-
colitica. This was followed by inoculation into one of four new
environments (growth medium, conditioned RPMI, extracellular,
and intracellular). The first environment was simply fresh growth
medium at 26°C. The second was conditioned tissue culture me-
dium at 37°C. Filter-sterilized RPMI medium that had been used
to grow macrophages for 2 days (conditioned RPMI) was used to
discover genes whose expression shifted as the bacteria responded
to the new medium, the increased temperature, and the soluble
host factors present in the medium. This also provided a baseline
for the third environment: infection of macrophages (extracellu-
lar). We used a murine macrophage line rather than a human line
so that we could more directly compare our results to those of
other groups using mouse models of yersiniosis. P388D1 cells
were used because they have been shown to be more similar to
resident and exudate murine macrophages than other comparable
cell lines (41). By comparing the transcriptomes of bacteria in
conditioned RPMI to those of bacteria in contact with the murine
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FIG 1 Images of infected and uninfected macrophages. (E to H) Infection of
macrophages by Y. enterocolitica. P388D1 cells were infected with a constitu-
tive GFP-expressing strain of Y. enterocolitica and, after 1 h of infection, treated
with gentamicin. The infection was allowed to proceed for an additional 3 h, at
which point macrophages were stained with the DNA-specific dye Hoechst
33342. (A to D) An uninfected control was treated in the same manner. Live
cells are pictured at X600 magnification.

macrophages, we hypothesized that we could identify genes that
were differentially expressed in response to the presence of host
cells. These genes are likely to be important virulence determi-
nants. The final environment was the intracellular YCV, where the
bacteria reside after being taken up by the macrophages (17). This
was achieved by treating the infected macrophages with gentami-
cin to eliminate the extracellular bacteria. Analysis of the gene
expression profiles of bacteria in this environment was chosen to
elucidate the various mechanisms that Y. enterocolitica biovar 1B
uses to survive and replicate within the macrophage.

To verify that the macrophages do not kill Y. enterocolitica
during the time course used here, we infected the macrophages
with a green fluorescent protein (GFP)-expressing strain and as-
sessed the viability of intracellular bacteria after 4 h of infection.
GFP-expressing bacteria observed within the macrophages would
have to have been stable for at least 3 h without being degraded,
since gentamicin was added after 1 h of infection to prevent extra-
cellular bacteria from continuing to be internalized. Figure 1 de-
picts a comparison between an uninfected control (Fig. 1A to D)
and infection with the GFP-expressing bacteria (Fig. 1E to H)
looking at bright-field images, Hoechst staining of the nucleus,
GFP-expressing bacteria, and the overlaid image of the three. As
expected, live bacteria were found inside the macrophages after 4
h of infection, indicating that they do not kill all of the bacteria
that become internalized. Although GFP-expressing bacteria
within the macrophages appeared to be viable by live cell imaging,
we also performed plate counts comparing the CFU present in our
gentamicin-treated samples to an untreated control. After 4 h of
infection the gentamicin-treated samples had an average of ~81%
fewer CFU (6.82 X 10* CFU) than the untreated control (5.52 X
10°), indicating that ~19% of the original bacteria were internal-
ized and remained viable. Taken together, these results demon-
strate that fairly large populations of bacteria remain alive within
the macrophages through the time course of the present study.

Y. enterocolitica gene expression dynamics in different envi-
ronments over time. To begin to understand the dynamics of the
Y. enterocolitica transcriptome, expression levels were determined
for every gene in each of the four environments at all of the time
points analyzed here. Figure 2 depicts the relative FPKM values for
each gene in each environment over the course of 4 h. We found
that in the growth medium, as well as in the conditioned RPMI,
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FIG 2 Expression of all Y. enterocolitica genes under each growth condition
and over time. FPKM values were determined for each gene under each growth
condition and then clustered by the similarity of their expression levels across
conditions. The relative levels of expression are indicated by color, with dark
blue depicting the lowest levels of expression and dark red indicating the high-
est. Genes were sorted into four clusters indicated by different colors: those
most highly expressed during extracellular infection (green), those most highly
expressed by internalized bacteria (red), those highly expressed in both infec-
tion conditions (orange), and those that do not fit within the other three
clusters (black).

the majority of genes were consistently expressed at lower levels
through the time course. Given the small inoculum (~1.5 X 10’
CFU in 3 ml) and the short time course (4 h), it is unlikely that the
bacteria would drastically alter the composition of the mediums
during the course of the present study or that the bacteria would
reach stationary-phase growth. Therefore, it would not be ex-
pected that the bacteria would significantly alter their gene expres-
sion patterns in the growth medium or conditioned RPMI over
time. In contrast, we see expression patterns that shift dramati-
cally when analyzing the extracellular bacteria through the infec-
tion time course. These dynamic gene expression patterns also
correspond to higher levels of expression in general than we see in
either growth medium or conditioned RPMI. Of particular note is
the fact that gene expression patterns in the intracellular environ-
ment differ considerably from any of the four time points during
extracellular infection. This indicates the intracellular bacteria ex-
perience a significantly different set of challenges compared to the
bacteria located on the cell surface.

Y. enterocolitica transcriptional changes in response to
changing media and temperature. As pathogenic species of Yer-
sinia shift from ambient environmental temperatures to the 37°C
temperature of the mammalian host, there is a well-characterized
response that relies heavily on genes encoded on the virulence
plasmid, particularly the transcriptional activator virF (IcrF in Y.
pestis and Y. pseudotuberculosis) (42—44). When analyzing the ini-
tial transcriptomic shift from 26°C growth medium to the 37°C
conditioned RPMI (Fig. 3A and see Table S2 in the supplemental
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FIG 3 Differential gene expression at 120 min postinfection. Volcano plots
were generated by comparing the fold change in expression (log,) of each Y.
enterocolitica gene to the corresponding DESeq2 adjusted P value (—log,,) of
that change. Numbers in the upper left or upper right corners indicate the
number of genes upregulated (right) or downregulated (left) by =4-fold with
a P value of <0.01. Genes depicted in black are not differentially expressed by
this criterion, whereas genes in red are differentially expressed. (A) Volcano
plot depicting differential expression between the conditioned RPMI and the
growth medium. (B) Differential expression between extracellular bacteria
and the conditioned RPMI. (C) Differential expression between intracellular
and extracellular bacteria. All plots compare the differential expression at 120
min postinoculation.

material) we saw, unsurprisingly, that half of the genes (44 of 87)
on the virulence plasmid were upregulated by 4-fold or more. We
also observed 176 genes with statistically significant differential
expression on the chromosome. A convenient way to analyze the

differential expression across an entire bacterial genome at spe-
cific times points is to plot the fold changes in the expression of all
genes against the chromosomal position. This type of analysis re-
veals both individual genes and genomic loci with similar changes
in expression that may be involved in the same processes. We
observed at least six of these loci when comparing the transcrip-
tomes of bacteria in the growth media to those in the conditioned
RPMI, which we designated loci A to F (Fig. 4).

Two of the six loci (A and C) contain previously uncharacter-
ized fimbrial operons that are upregulated when comparing
growth in conditioned RPMI to the growth medium. These fim-
briae and their potential functions are discussed in more detail in
the next section. Locus B contains the most highly upregulated
gene of this entire study, scrY, which is predicted to encode a
sucrose porin. The other genes in locus B contain the transcrip-
tional regulator and the other genes of the scr operon, which en-
codes the machinery necessary for active transport of sucrose into
the bacteria. Oddly, there is no sucrose in the conditioned RPMI
medium used in the present study, but there is a significant
amount of glucose. Analysis of the homologous porin in Esche-
richia coli has shown that it can bind glucose, although at about
half of the affinity with which it binds sucrose (45). Given the
abundance of glucose present in the medium, even low-efficiency
uptake may be sufficient to allow the bacteria access to this readily
available carbon source. We also observed that genes encoding
glucose-specific transporters such as crr, glcA, and malX are not
upregulated under this condition, suggesting that in Y. enteroco-
litica, the ScrY porin may be important for general uptake of sug-
ars rather than specific uptake of sucrose.
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FIG 4 Differential expression across the genome between conditioned RPMI and growth medium. DESeq2 analysis was performed to discover differentially
expressed genes between the conditioned RPMI and the growth medium at 120 min postinoculation. The differential expression of all chromosomal genes is
plotted in the top panel. This analysis reveals the presence of at least six chromosomal loci, with high levels of up- or downregulation designated A to F. The lower
panels show the operon structures and the differential regulation of the individual genes making up the loci.
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FIG 5 Differential expression across the genome between extracellular bacteria and growth in conditioned RPMI. The expression of all chromosomal genes was
analyzed in extracellular bacteria during infection and growth in conditioned RPMI at 120 min postinoculation. Differential gene expression analysis uncovers
three previously described loci (A to C) and three new loci (G to I) with interesting changes in expression.

The downregulated locus D contains a three-gene operon in-
volved in the synthesis of curli. Curli are common in Enterobacte-
riaceae and are typically involved in attachment to surfaces and
biofilm formation (46). Although curli have not previously been
described in Yersinia, it is known that Yersinia do not form bio-
films at 37°C. Therefore, this result makes sense if these curli are
involved in biofilm formation rather than host-cell binding.

The highly downregulated genes of locus E are all involved in
synthesis of the bacterial flagella. It is well established that Y. en-
terocolitica flagella are downregulated at 37°C, likely as an adapta-
tion to avoid being recognized by Toll-like receptor 5 (TLR5) (18).
This expected result confirms the utility of our technique in dis-
covering systems that are differentially expressed upon changing
environmental conditions.

A more unexpected finding was seen in locus F with the up-
regulation of the glg operon, encoding five genes involved in the
synthesis and metabolism of glycogen. Although the role of glyco-
gen has not been studied in the context of a Y. enterocolitica infec-
tion, it has been demonstrated that E. coli O157:H7 glg operon
mutants have a decreased ability to colonize the intestines of mice
(47). Tt has been hypothesized that during colonization of the
intestines, E. coli relies on internal stores of carbon during periods
of low carbon availability (47). This is likely the case in Y. entero-
colitica as well, with bacteria storing available carbon from the
RPMI media as glycogen at 37°C in preparation for colonization
of the mammalian host.

Y. enterocolitica transcriptional changes in response to ex-
tracellular infection. Bacteria infecting macrophages would be
expected to upregulate virulence factors that aid in colonization
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and evasion of the host immune response. We identified 180 genes
with a >4-fold change in expression when comparing the tran-
scriptomes of the extracellular bacteria to those in the conditioned
RPMI after 120 min of infection (Fig. 3B), and we observed several
loci of genes (A to C, G to I) that encode known and putative
virulence factors (Fig. 5 and see Table S3 in the supplemental
material). Interestingly, we see that all three of the downregulated
loci are the same as upregulated loci in the previous comparison
(A to C). The fimbria-encoding operons that were upregulated in
response to the conditioned RPMI (A and C) are downregulated
by bacteria attached to the macrophages (extracellular). This in-
triguing observation may indicate that the fimbria proteins are
very stable once produced so that after the initial upregulation of
the genes there is no need to create more fimbriae. Alternatively,
they may be facilitating adherence to other cell types or noncellu-
lar host surfaces such as the soluble host factors present in the
conditioned RPMI. The genes in locus B encode the sucrose up-
take system, which was upregulated in the conditioned RPMI, an
observation consistent with the hypothesis that the bacteria are
storing carbon while in RPMI in preparation for the infection.
Once the bacteria come into contact with the macrophages, they
likely rely primarily on the stored glycogen as a carbon source and
no longer actively import sugar.

The highly upregulated locus G encodes the pH 6 antigen (Psa
[Myfin Y. enterocolitica] ), which has been shown in Y. pestis to be
important for bacterial attachment to the host cell and the delivery
of Yops by the Ysc T3SS into host cells (48). The Myf pilus plays a
similar role in Y. enterocolitica, explaining its upregulation in re-
sponse to host cells (49). The upregulation of the Myf pilus may
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FIG 6 Dynamic expression of genes during the course of infection. The ex-
pression of all Y. enterocolitica genes by extracellular bacteria was analyzed at
four time points (30, 60, 120, and 240 min) postinfection and compared to
bacteria in conditioned RPMI over the same time period. Genes whose expres-
sion levels changed from upregulated to downregulated (red cluster in the
dendrogram) or vice versa (blue cluster in the dendrogram) through the
course of infection are depicted in the heat map. The names and functions of
all genes present on the heat map are listed in Table S4 in the supplemental
material.

also explain the downregulation of the locus A and C fimbriae,
since the bacteria are unlikely to require all of their pili and fim-
briae to be expressed at the same time, preferring the Myf pilus for
attachment to macrophages.

The upregulated genes within locus H include most of the
genes of the biovar 1B high pathogenicity island (HPI), which
encode proteins required for the synthesis, release, and re-uptake
of the siderophore yersiniabactin, a crucial virulence factor for
overcoming the iron-limited environment found in the host (50,
51). Perhaps the most interesting finding, however, is the highly
upregulated locus I, which includes the genes necessary for inosi-
tol metabolism. Inositol has multiple roles within host cells, as a
building block of several secondary messengers and structural lip-
ids. Work by Sarantis et al. demonstrated that Y. pseudotuberculo-
sis entry into the host cell relied on a phosphatidylinositol 4,5-
bisphosphate [PI(4,5)P,]-rich compartment referred to as a
“prevacuole” (52). This finding suggests that Y. enterocolitica may
make use of inositol derivatives present on the host cell membrane
during infection, perhaps as a carbon source or, more interest-
ingly, as a means of disrupting cell signaling or membrane func-
tion within the macrophages.

Genes with highly variable expression levels through the
course of infection. Some particularly interesting sets of genes to
analyze are those that change their expression levels drastically
through the course of an infection. These genes are likely to be the
ones most sensitive to the changing environment of the host cell.
Using a linear regression on DESeq2 fold changes in expression
when comparing the extracellular environment to the condi-
tioned RPMI, we identified 167 genes that change from upregu-
lated to downregulated or vice versa through the course of the
infection (Fig. 6). Of the genes with known or predicted functions,

2678 iai.asm.org

Infection and Immunity

the vast majority are involved in either metabolic processes, the
uptake of various nutrients, or movement and chemotaxis (see
Table S4 in the supplemental material). Among the known viru-
lence factors identified in this analysis, only the putative factors
encoded by YE2057 and YE2058 change from upregulated to
downregulated. Of the genes that switched from downregulated to
upregulated, most were involved in iron uptake. This makes sense
if iron becomes a limiting factor as the infection proceeds and
more bacteria are present taking up the freely available iron. Given
how few of the identified genes are known virulence factors, this
suggests that the majority of Y. enterocolitica virulence factors,
once upregulated, remain that way for the duration of the infec-
tion. Alternatively, virulence factors may have more subtle
changes in expression during infection and therefore would not
have been found in this analysis. Taken together, these results
imply that the nutrients available to bacteria attached to the sur-
face of the macrophages are constantly changing through the
course of an infection and that the bacteria differentially express
many of their genes to adjust to those changes.

Y. enterocolitica transcriptional changes in response to in-
ternalization. We next performed differential expression analysis
comparing the transcriptomes of intracellular bacteria to the ex-
tracellular population after 120 min of infection (Fig. 7 and see
Table S5 in the supplemental material). There were 371 chromo-
somal genes with a >4-fold change in expression, more than twice
the number we identified when comparing extracellular bacteria
to the conditioned RPMI (Fig. 3C). Clustering analysis revealed
eight loci of interest, designated loci H and ] to O. Strikingly, all
three of the downregulated loci (], L, and H) are involved in metal
uptake. The genes in locus ] encode a two-component regulatory
system that may regulate the expression of the downstream genes
involved in a zinc uptake system common to several species of
Yersinia (7). The genes within locus L encode the Yiu iron uptake
system, which is common to all highly pathogenic species of Yer-
sinia, but have been shown to be of less importance to virulence
than the yersiniabactin-encoding Ybt system (locus H) (53, 54).
These results suggest that neither zinc nor iron is in limited supply
within the macrophages since the bacteria are no longer actively
engaged in scavenging the metals from the environment. This re-
sult is also consistent with work by Fukuto et al. that showed
similar downregulation of iron uptake pathways in Y. pestis bac-
teria that had been internalized by macrophages (55).

Locus K contains the highly upregulated (>21-fold) nhaA and
nhaR, a pH-dependent Na™/H™ antiporter and its transcriptional
regulator. Recent work has shown that nhaA is required for Y.
pestisvirulence in murine infections (56). The exact mechanism of
this requirement is still unknown, although it has been speculated
that it functions to prevent Na toxicity (56). Interestingly, the
other Y. enterocolitica Na™/H™ antiporter, nhaB, is not upregu-
lated or highly expressed under any condition that we analyzed.

The Yts2 T2SS and Ysa T3SS are found in loci M and N, respec-
tively, and are discussed in detail in subsequent sections due to the
novelty of these findings and the importance of secretion systems
to bacterial virulence. Another particularly interesting group of
genes upregulated in response to internalization is the tad locus
(locus O), which encodes a type IVDb pilus shown to be important
in mediating tight adherence to host cells in bacterial pathogens
such as Vibrio cholerae (57). The tad locus is found on the YGI-1
island that is present in Y. pseudotuberculosis and Y. enterocolitica
biovar 1B but not in Y. pestis or other biovars of Y. enterocolitica
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FIG 7 Differential expression across the genome between intracellular and extracellular bacteria. DESeq2 was used to analyze differential expression across the
chromosome between intracellular and extracellular bacteria at 120 min postinfection. Note the numerous differentially expressed genes and loci. Our analysis
focused on six new loci designated J to O, as well as the previously discussed locus H.

(7). Schilling et al. found that the system was regulated by the
upstream transcriptional activator PypB but discovered no condi-
tion where they could conclusively demonstrate native expression
of the pilus (58). Our results demonstrate that the pilus is likely
important during the intracellular phase of infection, perhaps al-
lowing the bacteria to adhere to the inner surface of the YCV and
facilitate the translocation of T3SS effectors across the vacuolar
membrane. It should be noted that the regulator of the Yts2 T2SS,
PypC, also regulates expression of pypB (59), indicating a clear
link between the Tad type IVb pilus and the Yts2 system in bacteria
that have been internalized by macrophages.

Regulation and expression of the Ysc T3SS and the pYV plas-
mid. The most critical virulence determinant of all pathogenic
species of Yersinia is the Ysc T3SS, which is encoded on the viru-
lence plasmid pYV, along with the system’s transcriptional activa-
tor VirF (LcrF in Y. pestis and Y. pseudotuberculosis). It has long
been known that any mutation that prevents the proper function
of the Ysc system renders the bacterium avirulent (60). Because of
its importance to the virulence of all pathogenic Yersinia spp., the
Ysc system has been studied as the canonical T3SS. The Ysc T3SS,
its effectors, and the role of the virulence plasmid are well under-
stood and have been extensively reviewed (61-65). In the present
study, we observed that the most dramatic changes in expression
of virulence plasmid genes occurred during the transition from
the 26°C growth medium to the 37°C conditioned RPMI. A total
of 71 of the 87 genes on the plasmid displayed statistically signif-
icant upregulation, with 62% (44 genes) of those genes upregu-
lated by 4-fold or more (see Table S6 in the supplemental mate-
rial). We observed only one gene with a >4-fold change in
expression when comparing the extracellular bacteria to the con-
ditioned RPMI, a putative transposase (YEP0003). This would
appear to indicate that expression of the Ysc T3SS relies mainly on
the shift to the 37°C temperature and not on contact with the host
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cell. This finding is consistent with previously published work that
demonstrated translation of the transcriptional activator LerV
(VirF) is strongly enhanced by changes in the mRNA conforma-
tion at 37°C (43).

Many of the pYV genes that are upregulated at the initial shift
to the 37°C conditioned RPMI tend to maintain somewhat similar
expression levels throughout the infection, whether the bacteria
are attached to the macrophage surface or have been internalized.
However, 12 genes showed >4-fold changes in expression when
comparing intracellular bacteria to extracellular bacteria, includ-
ing 4 genes that are upregulated and 8 that are downregulated.
Interestingly, two of the most highly downregulated genes, yscO
and yscQ, encode proteins that make up critical components of the
Ysc T3SS (66), suggesting that the system has decreased impor-
tance within the YCV. Table S6 in the supplemental material
shows the expression of all of the genes on the virulence plasmid,
demonstrating that there is a general trend toward reduced ex-
pression of Ysc genes in response to internalization. Despite this
general downregulation, the overall expression levels, as indicated
by the FPKM values, remain relatively high throughout the course
of infection, regardless of the cellular location. The other down-
regulated gene, yadA, plays a vital role in adherence to host cell
surfaces and prevention of complement-mediated inactivation
(67, 68), functions that have less importance once internalized.
One striking observation about the pYV genes upregulated in
response to internalization is that half of them have no known
function. These four genes (YEP0007, YEP0O11, YEP0049, and
YEP0071) may encode previously unidentified virulence factors
that play significant roles in pathogenesis only after the bacteria
have been internalized.

The Ysa T3SS is expressed by intracellular bacteria. The Ysa
T3SS is encoded by genes within the plasticity zone, and is unique
among Y. enterocolitica isolates to biovar 1B (7, 9, 10). Previous
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FIG 8 FPKM values of genes within the Ysa locus under each experimental condition. Pooled FPKM values from three replicates for each gene within the Ysa
locus were plotted along the Ysa locus after 120 min of infection under each experimental condition. Genes depicted in blue encode proteins that make up the
Ysa T3S apparatus, genes depicted in white encode chaperones, genes depicted in black encode translocon proteins, genes depicted in green encode regulators of
the system, and the red gene encodes a secreted effector of the system. Note the general increase in expression across the locus in the intracellular condition.

work has demonstrated that this secondary T3SS is required for
full virulence of the bacterium in a mouse model of infection, but
only at very early time points (69). Despite this finding, we re-
cently demonstrated that the Ysa system is expressed throughout
the course of murine infections in a contact-dependent manner in
every tissue examined (31). Initial studies found the Ysa T3SS to
be expressed in vitro only at 26°C in nutrient-rich media contain-
ing >150 mmol/liter salt (NaCl or KCl) (69), conditions that
would not suggest a role in the infection of a mammalian host.
Because of this phenotype of low-temperature induction, Walker
etal. examined the expression of the system during the infection of
Drosophila S2 cells and found that it was required for growth only
when internalized (70).

We determined that the Ysa T3SS is most highly expressed
when the bacteria have been internalized by the murine macro-
phages. Figure 8 shows the normalized expression of each gene
within the Ysa locus 2 h postinfection in each of the growth con-
ditions analyzed here. In addition, Table S7 in the supplemental
material lists the FPKM values and differential expression results
for each of these genes and shows that, on average, the system is
upregulated by 3.2-fold when comparing intracellular to extracel-
lular bacteria. The second most strongly upregulated gene was
ysaE, which encodes a positive regulator of the Ysa system. We also
saw strong upregulation of yspB and yspC. These genes encode the
proteins that make up the translocon, which forms a pore in the
host cell membrane through which effectors are translocated. The
sycB gene, which encodes their chaperone, was also upregulated by
>6-fold.

Except for yspA, all other genes encoding secreted effectors of
the Ysa system are located outside the Ysalocus. As shown in Table
S7 in the supplemental material, several of these genes also show
various degrees of upregulation, with yspM showing the largest
change in expression upon internalization (9.3-fold). Combined
with the fact that the Ysc T3SS is partially downregulated by in-
tracellular bacteria, these results indicate that the Ysa T3SS is im-
portant for the survival of bacteria that have been internalized by
the macrophages. This has been observed in other bacteria with
multiple T3SS, such as Salmonella enterica serovar Typhimurium,
which uses the SPI-1 T3SS to gain entry to host cells and then uses
the SPI-2 T3SS to prevent lysosome fusion, thereby allowing the
bacteria to replicate within the phagosome (71).
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Expression of the Yts1 and Yts2 T2SSs. The Y. enterocolitica
biovar 1B genome encodes two distinct T2SSs with poorly under-
stood roles in virulence. Located directly downstream of the Ysa
T3SS locus and within the plasticity zone, the Yts1 T2SS is unique
to biovar 1B isolates (7, 11). Iwobi et al. discovered that a Ytsl
mutant in strain WA-314 had a decreased ability to colonize the
spleens and livers of mice infected orally but not when the animals
were infected intravenously (11). This suggests that the system is
important for systemic dissemination of the bacteria, at least in
strain WA-314. Three secreted effectors of the Yts1 system have
been described, encoded by the genes chiY, engY, and YE3650—
each of which encodes a protein with the characteristic N-terminal
signal sequence for T2S (29). Interestingly, the upstream regulator
PcIR (PypC-like regulator) appears to play a role in the expression
of chiY but not of the genes directly downstream, which encode
the structural apparatus of the Yts1 T2SS (29, 30).

Although little is known about the function of the Yts1 system,
even less is known about the Yts2 T2SS. This system is common to
all species of Yersinia pathogenic to humans; however, expression
of the system has never been observed under any in vitro condi-
tion, and no secreted effectors have been found (29, 30). Unlike
the Yts1 system, the upstream regulator of the Yts2 system, PypC,
directly regulates the downstream genes encoding the T2S appa-
ratus (29). Intriguingly, PypC has also been found to positively
regulate the genes for the transcriptional regulator pypB, the reg-
ulator of the tad locus, and hreP, which encodes a protease re-
quired for full virulence of Y. enterocolitica (59, 72).

We found that the Yts1 T2SS showed no significant change in
expression during either extracellular or intracellular infection,
indicating that it is unlikely to function as an important virulence
factor during the infection of macrophages (see Table S8 in the
supplemental material). In contrast, we discovered, for the first
time, a role for the Yts2 T2SS in the intracellular phase of infec-
tion. The system was upregulated by an average of 12.8-fold when
comparing intracellular to extracellular bacteria during infection.
The gene encoding the positive regulator of the system, pypC, was
upregulated 27.7-fold, making it one of the most highly upregu-
lated genes in the intracellular condition (Fig. 9 and see Table S8 in
the supplemental material). These results strongly suggest that,
like the Ysa T3SS, the Yts2 T2SS is important for the intracellular
survival of Y. enterocolitica within macrophages. Given the pres-
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FIG 9 FPKM values of the genes encoding the Yts2 T2SS. Pooled FPKM values
from three biological replicates are shown for each gene encoding the Yts2 T2S
apparatus (blue) and the upstream regulator (green), pypC, in each of the
experimental conditions. Note the only condition in which all genes are ex-
pressed in the intracellular condition.

ence of the system in other pathogenic and nonpathogenic Yer-
sinia species, it seems probable that the system was acquired early
in Yersinia evolution and that it has been maintained because it
provides a selective advantage in helping to avoid killing by mac-
rophages.

Analysis of Ysa, Yts2, and Tad mutants. With transcriptomic
evidence that that the Ysa T3SS, Yts2 T2SS, and Tad pilus are all
highly upregulated in response to internalization, we constructed
a series of mutants to determine the importance of these systems
during the intracellular phase of infection. The function of the Ysa
T3SS was disrupted by creating an insertion in ysaV, a gene en-
coding a critical component of the secretion apparatus (69). Se-
cretion of effectors from the Yts2 T2SS was blocked by an inser-
tion in yst2D, encoding the outer membrane secretin (29, 30).
Assembly of the Tad pilus was prevented through an insertion in
tadA, the ATPase responsible for the export of pilus subunits (28).
The role of each system was addressed by performing single infec-

Extracelluar

A o0 B 108,

Intracellular

Y. enterocolitica Transcriptomics during Infection

tions of P388D1 cells in a pYV-cured parent strain. CFU counts of
both externally located bacteria and bacteria located within YCV
were performed. This was followed by competition assays in
which each mutant was mixed 1:1 with the parent strain, and the
mixture was used to infect the same P388D1 cells. A pYV-cured
parent strain was chosen to avoid rapid killing of the macrophage
cells by the Ysc T3SS, preventing long-term bacterial survival in
the YCV.

Conditions were set so that the importance of each system
could be determined for both extracellular and intracellular con-
ditions. All of the mutants had similar growth rates and grew to
the same density as the parent strain in RPMI medium at 37°C (see
Fig. S1in the supplemental material). Figure 10A shows the results
of the single-infection experiments in which bacteria were con-
fined to the extracellular environment through the use of cytocha-
lasin D. Interestingly, both the Yts2 T2SS and the Tad pilus, but
not the Ysa T3SS, appear to be important for full virulence under
this condition, with a 37-fold and a 525-fold reduction in CFU for
the Yts2 and Tad mutants, respectively. These mutants also show
decreased numbers after internalization (Fig. 10B), but this may
be due to the fact that fewer mutants were present to begin with.
The Ysa T3SS, however, appears to be important only during the
intracellular phase of infection, since we see a relatively modest,
but statistically significant, 7-fold drop in the number of CFU
present under this condition.

To follow up on the single infections, competition assays were
set up to determine whether any of the mutations led to distinct
competitive defects under either extracellular or intracellular con-
ditions. The competitive index was determined by counting the
colonies of each mutant and parent present after 24 h of infection
in a 1:1 coinfection with the two strains. Figure 10C shows a pat-
tern similar to what was observed in the single infections, with
each mutant, other than the Ysa mutant, demonstrating a com-
petitive defect under both extracellular and intracellular condi-
tions. Intriguingly, the intracellular defect for all three mutants is
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FIG 10 Single infections and competition assays with tad, ysa, and yts2 mutants. P388D1 murine macrophages were infected for 24 h with fad, ysa, or yts2
mutants either individually (A and B) or in a 1:1 coinfection with the parent strain (C). (A) Cells were treated with cytochalasin D prior to infection to prevent
uptake of bacteria into the YCV. (B) After 1 h of infection, cells were treated with gentamicin to eliminate extracellular bacteria. (C) Competition assays were
performed with cells treated with cytochalasin D (extracellular) or gentamicin (intracellular). The ratio of mutant to parent was determined by plate counts.
Asterisks indicate statistical significance (*, P =< 0.05; **, P = 0.01; ***, P =< 0.001; ****, P < 0.0001).
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less severe than the single infections, indicating that the parent
strain may be able to partially rescue the mutant. In the case of the
secretion systems, the parent’s ability to secrete effectors in the
presence of the mutant seems to be the obvious explanation.
The reason for the difference in the Tad mutant between the single
infection and competition assay is less clear.

DISCUSSION

Using RNA-Seq to analyze bacterial gene expression profiles
through the course of an infection has proved to be a highly infor-
mative method for better understanding the pathways and mech-
anisms that bacteria use to colonize different host environments
(22, 73-75). It has significant advantages over most other tran-
scriptional profiling techniques because it provides an unbiased
way to analyze the temporally and spatially dynamic expression of
every bacterial gene, in wild-type bacteria, as they inhabit diverse
host environments. However, analysis of the bacterial transcrip-
tome during infection is all but impossible without an enrichment
step that increases the proportion of bacterial transcripts in the
host-dominated sample. In the present study, we utilized our pre-
viously described capture-based enrichment strategy (22, 23) to
analyze the complete transcriptome of Y. enterocolitica biovar 1B
in different media and host environments, including a transcrip-
tomic comparison of bacteria attached to the surface of macro-
phages to those that had been internalized by the macrophages.
This analysis revealed a suite of genes whose expression levels
change over the course of an infection, providing insight into the
various mechanisms the bacteria use to infect macrophages and
remain viable within them after being internalized.

We found that whereas gene expression patterns remain rela-
tively static in the growth medium and conditioned RPMI, they
were highly dynamic through the course of infection. Interest-
ingly, the genes with the most significant changes in expression
over the course of extracellular infection were involved not neces-
sarily in pathogenesis but in metabolic processes and nutrient
uptake. In contrast, most known Yersinia virulence factors were
upregulated either in the conditioned RPMI or at the start of mac-
rophage infection and maintained their expression levels through
the course of infection. Genes involved in nutrient uptake and
utilization had the largest shifts in expression during the course of
infection, suggesting that the macrophage cell surface is con-
stantly changing in response to the bacterial infection. In addition,
we discovered that inositol metabolism likely plays a role in the
bacteria’s ability to subvert the host immune response by disrupt-
ing cell signaling or membrane function. Further work will be
required to test this hypothesis.

Although Yersinia spp. are considered extracellular pathogens,
the present study as well as previous work demonstrated that some
bacteria remain viable within macrophages for extended periods
of time, suggesting that the intracellular bacteria play an active
role in the infection (55, 76, 77). The use of an RNA-Seq-based
approach to analyze the intracellular bacteria provided an inter-
esting opportunity to see, for the first time, the complete set of
genes expressed in response to internalization by macrophages.
We hypothesized that the genes upregulated under this condition
could be important factors that act to prevent killing by the mac-
rophage and promote intracellular survival. Therefore, some of
the most intriguing findings described here were the upregulation
of the Ysa T3SS, the Yts2 T2SS, and the coordinately regulated Tad
pilus. We also observed downregulation of several metal uptake
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systems in internalized bacteria, leading to the hypothesis that the
intracellular environment may not present the bacteria with the
same limited metal availability of the surface.

The function of the Ysa T3SS has long been controversial, due
to the low-temperature and high-salt conditions required to in-
duce its expression in vitro. Although the system has been shown
to be expressed throughout the infection of mice (31), it has been
shown to be important only within the first 24 h after infection
(69). It was also recently found to play an important role in the
intracellular survival of the bacteria in Drosophila S2 cells (70),
although Y. enterocolitica is not known to infect insects. We found
that the Ysa system was highly upregulated by bacteria internal-
ized by macrophages but not by bacteria attached to the surfaces of
those macrophages or in the conditioned RPMI. We also demon-
strate, for the first time in mammalian cells, that mutants of the
Ysa T3SS exhibit a decreased ability to survive within murine mac-
rophages. Upon combining the results of previous studies (31, 69)
with our present findings, it seems apparent the Ysa system does in
fact play a role during the course of an infection, but only when the
bacteria have been internalized. This would explain the phenotype
of a defect in the initial colonization of mice, since bacteria ex-
pressing the system are better able to avoid being killed by the
macrophages and are therefore able to more rapidly colonize the
terminal ileum and Peyer’s patches in the first 24 h after infection.
By the time the bacteria have colonized deeper tissues, the initial
advantage of macrophage survival has been diminished, although
the bacteria still express the Ysa system in these tissues when in-
ternalized. Interestingly, we found that only five of the nine Ysp
effectors (YspL, YspE, YspK, YspM, and YspP) were significantly
upregulated when internalized, suggesting that there may be other
cell types or host niches where the other effectors are secreted.

Neither the Yts2 system nor the Tad pilus has ever been shown
to be expressed during an infection, although they were both
known to be regulated by PypC (29). This coregulation implies
that they should be expressed in tandem. We observed that the
Yts2 system was among the most highly upregulated loci in the
intracellular condition, suggesting its importance in promoting
intracellular survival. Although there are currently no known se-
creted effectors of the Yts2 system, it is possible that the Yts2 T2SS
may secrete effectors associated with the Yts1 T2SS. The effectors
ChiY and YE3650 are especially interesting given their significant
upregulation when internalized. The upregulation of the Tad pilus
in response to internalization is also a noteworthy finding given its
presence in bacterial pathogens as diverse as Mycobacterium tuber-
culosis, Pseudomonas aeruginosa, Vibrio cholerae, and Bordetella
pertussis (57). The Tad pilus is a type IVb pilus that is typically
involved in adhering bacteria to various surfaces, including the
surfaces of host cells. Based on our RNA-Seq data, it seems likely
that the pilus is acting to adhere the bacteria to the internal surface
of the YCV membrane. It has been proposed that there is a direct
correlation between the length of the T3S needle and the length of
the adhesin on the bacterial surface that acts to stabilize T3S (78).
Since the Ysc T3SS relies on YadA to perform this function on the
surface of the host cell, our results suggest that the Tad pilus may
serve the same function for the Ysa T3SS inside the macrophage.
Future studies are necessary to address this hypothesis and deter-
mine the length of both the Ysa T3S needle and the Tad pilus.

One of the most remarkable outcomes of the present study was
the apparent discordance between the RNA-Seq results and our
mutational analysis. Given the high levels of expression of both tad
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and yts2 genes in the YCV and the low levels of expression on the
extracellular surface, we hypothesized that both systems would be
important only in promoting intracellular survival. Instead, we
observed the opposite phenotype, where, despite low levels of gene
expression on the extracellular surface, mutants of both systems
appeared to have a greater disadvantage extracellularly than intra-
cellularly. One disadvantage of RNA-Seq is that it provides only a
snapshot of gene expression at a specific point in time and, alone,
it cannot account for either posttranscriptional or posttransla-
tional regulation. Therefore, it is conceivable that in the YCV the
tad and yts2 genes are highly expressed, but they are not translated
into proteins or the proteins do not form functional pili or T2SSs
due to other downstream events. It is also possible that even
though the number of transcripts is low on the cell surface, they
are stable enough that numerous functional secretion systems and
pili are formed. Taken together, this leads to the conclusion that
while RNA-Seq is a powerful technique that may point researchers
in the correct direction, such as in the case of the Ysa T3SS, it does
not replace the need for traditional molecular microbiology ap-
proaches in describing the importance of potential virulence fac-
tors.

Due to the relatively limited scope of the present study, it was
not possible to describe the expression and differential regulation
of every Y. enterocolitica gene that we found. Therefore, we present
in Table S9 in the supplemental material the FPKM values of all
genes in all four environments at every time point, as well as the
relevant DESeq2 comparisons, so that the general research com-
munity may benefit from analyses that we were unable to describe
here.

Given the numerous virulence factors and other genes we
found to be highly expressed by bacteria that had been internal-
ized by the macrophages, it seems apparent that Y. enterocolitica
biovar 1B is adapted for an intracellular phase of its pathogenic life
cycle. This ability to survive while internalized would seem to be a
critical factor in biovar 1B’s increased pathogenicity over other Y.
enterocolitica strains. It would be highly elucidating to continue
this line of research to define the bacterium’s transcriptomic re-
sponse to other host cell types that it encounters as the infection
proceeds from the gastrointestinal tract to the lymph nodes and
then to deeper tissues such as the spleen and liver. It would also be
enlightening to compare these responses to those of less patho-
genic strains of Y. enterocolitica to determine to what extent regu-
latory rather than genetic factors affect the virulence of the organ-
ism. Work is under way to evaluate the efficacy of our capture
technique to enrich for bacterial transcripts directly from infected
host tissues, a sample type in which the bacterial transcripts make
up an even smaller percentage of the total. Performing these types
of studies in animals will allow researchers to analyze host tran-
scripts as well as the bacterial, providing a truly comprehensive
look at host-pathogen interactions in individual tissues through
the course of an infection.
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