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3. RESULTS

3.1 Salmonella gene
expression in vivo
(Article I)

Microarray technology has provided a

method that enables measurement of

bacterial gene expression on the whole

genome scale. However, this method

requires µg amounts of good quality

RNA. This has not been technically

possible to achieve from intracellular

bacteria, which has hampered the use of

microarrays for measuring bacterial

intracellular gene expression. Article I

describes the development of a method

to isolate RNA from bacteria that have

been growing inside host macrophage-

like cells, and the subsequent

application of this method to describe

the temporal whole genome expression

profile of S. Typhimurium inside J774-

A.1 cells.

In these experiments J774-A.1 cells

were infected with S. Typhimuirum

SL1344, and bacterial RNA was

extracted at 4h, 8h, and 12h post

infection. This RNA was then labelled

and analysed on a whole genome

Salmonella microarray. In these

experiments we noted a total of 919

genes that had more than a 2-fold

change in expression upon entry into

the eukaryotic cell (Fig. 1).

Furthermore, this analysis described

new ways through which an

intracellular pathogen has adapted to an

intracellular life style, and such data

could provide clues as to how other

intracellular pathogens have adapted to

survival in different milieus.

3.1.1 RNA extraction,
microarray technology &
analysis

The single most important step in the

isolation of total RNA from

intracellular bacteria was the creation of

a protocol that allowed for the

simultaneous disruption of the

eukaryotic, but not the prokaryotic cell,

combined with the immensely

important stabilisation of the bacterial

RNA. This was achieved by combining

a bacterial RNA stabilising solution

with a detergent (Fig. 1, article I).

The second important issue was

the use of genomic DNA as a reference

channel in each microarray experiment.

The strength of the RNA signal could

hence be expressed as a ratio to the

signal detected with the DNA. This

allowed for comparison both between

time-points and several different

environments. 

We used complement-opsonised

bacteria grown statically in complete

cell culture medium as a reference for

probing relative induction, or repression

in gene expression.



    Extracellular        4h               8h         12h

Figure 1. The pattern of Salmonella genes expressed in the SCV as a function of time. The
expression profile of the control sample (extracellular) and post-infection samples (4h, 8h, 12h)
are shown. Expression in the three conditions are normalised to the control sample. The genes
that are up-regulated are shown in red, and the genes that are down-regulated are shown in blue.
Genes that do not change in expression are indicated in yellow.
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The picture was somewhat different in

MM5.8. Under these conditions we

detected altered regulation of around 50

genes. The prophages were still

relatively more expressed in MC71, and

the flagella and motility were

downregulated. We also detected a

relative increase in spv transcripts in

MC71, along with increased expression

of shock response genes (Fig. 2).

In conclusion, the tropism of

PNPase changed with the growth

conditions, but the genes that were

upregulate mostly represented those

horizontally acquired, whereas those

downregulated belonged to motility

genes.

3.3.3 Replication in vivo

The data obtained from the microarray

analysis suggested that MC71 was

affected for traits involved in bacteria-

host interactions. This hypothesis was

tested by measuring replication within

phagocytic cells and mice. In both these

environments MC71 replicated faster

than MC1, despite unaltered yields

(Fig. 4, article III). This indicated that

PNPase could act to suppress bacterial

replication in vivo.

3.3.4 Effect on bacterial gene
expression in vivo

Even if there was not a causal link

between the observed increased

replication in macrophages and mice,

and the establishment of a persistent

infection, such an association remained

an attractive hypothesis. We therefore

probed the mRNA profiles obtained

from bacteria grown inside J774-A.1

cells. This analysis further narrowed the

spectrum of genes that were affected in

MC71. We recorded increased levels of

spv, rtc, entC and STM2236 mRNA,

and decreased levels of a putative

regulator, and a handful of motility

components (Fig. 2). Furthermore, we

found that the up regulation of spvABC,

entC, and STM2236 mRNA in MC71

was dependent on SpvR in vivo (Fig. 2,

article IV). Since the spv genes were

previously associated with the ability of

S. Typhimurium to replicate in

macrophages and mice, these were

selected for further analysis.

3.3.5 spv expression in MC71

In these experiments we used nothern

blot analysis to define the amounts, as

well as the half-life of individual spv

mRNA directly from the virulence

plasmid. For detection, we designed

probes identifying either of the two

main spv transcripts. We did not find

any spvR mRNA from MC1, but we did

detect spvR mRNA in MC71, even at

several time points after the blockage of

RNA synthesis (Fig. 5, article IV). The

spvA probe detected two main bands,

A1 and A2, from MC1 and MC71 (Fig.

5, article IV). The amounts of spvA1 in

MC71 were increased compared to in
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Figure 2: Subtractive gene expression patterns of S. Typhimurium wt MC1 and pnp mutant MC71 in vitro
and in vivo. Bacteria were grown in serum-supplemented cell culture medium (RPMI) (A and B), in low
pH minimal medium (MM5.8) (C), or inside J774-A.1 macrophage-like cells (D and E), where after
bacterial RNA was extracted and the amounts of individual mRNA species were quantified using
microarray technology. The expression profiles obtained from MC1 and MC71 mutant bacteria were
subtracted and the results are displayed on a logarithmic scale as the ratio between the MC71 and MC1
(MC71/MC1) are shown in A-D. E displays the subtracted profile obtained when comparing MC71spvR
::Km and MC1 wt in J774-A.1 cells (MC71 spvR::Km / MC1 wt). The results are given as the means of
quadruplicate values. The figure only includes values that differed more than two-fold and that showed a
P-value less than 0.005.




















































