
tract to  particular sites the three cell types 
that cooperate to generate an inflamma- 
tory allergic response. 
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Fluorescence-Based Isolation of Bacterial 
Genes Expressed Within Host Cells 

Raphael H. Valdivia* and Stanley Falkow 

A selection strategy was devised to identify bacterial genes preferentially expressed 
when a bacterium associates with its host cell. Fourteen Salmonella typhimurjum genes, 
which were under the control of at least four independent regulatory circuits, were 
identified to be selectively induced in host macrophages. Four genes encode virulence 
factors, including a component of a type Ill secretory apparatus. This selection meth- 
odology should be generally applicable to the identification of genes from pathogenic 
organisms that are induced upon association with host cells or tissues. 

M a n y  bacterial pathogens survive in pro- 
fessional phagocytes by coordinately regu- 
lating the expression of a wide spectrum of 
genes (1) .  Because a microbe's ability to 
survive killing by phagocytes correlates 
with its ability to cause disease (2, 3),  the 
identification of genes that are preferential- 
ly transcribed in the intracellular environ- 
ment of the host is central to our under- 
standing of how pathogenic organisms 
mount a successful infection. So far, selec- 

strain manipulation before gene selection 
(4, 6). 

W e  have develo~ed a selection tnethod- 
ology, on  the basis of differential fluores- 
cence induction (DFI) (7) ,  for the rapid 
identification of bacterial genes induced 
upon association with host cells that would 
work independently of drug susceptibility 
and nutritional requirements. Green fluo- 
rescent protein (GFP) (8) was used as a 
selectable marker in coniuction with fluo- 

n g  from partally enrchedcell Ines resulted in all cas- tions for in vivo- expressed genes (4-6) rescence-activated cell sbrting. Host cells 
es n a substantial enrchment n CCR3+ cells. Results 

to those in Fig, were obtained in have been limited to bacterial pathogens infected with a bacterium bearing a tran- 
cell lnes obtained from two healthy and three &pic with tractable genetic systems, because of scriptionally active gfp gene fusion were 
individuals, In three out of five cases the CCR3-de- the requirement for high frequencies of ho- separated by a fluorescence-activated cell 

~ ~ $ f - ~ ~ ~ ~ ~ ~ , " ~ , " , ~ ~ e f ~ ~ ~ $ { ~ ~ ~ ~ ~ ~  mologous recombination and extensive sorter (FACS) and lysed, and the bacteria 
were found in the product~on of L-10, IFN-y, IL-2, recovered were then grown under ex vivo 
TNF-a, or TNF-p, or between healthy and atopc do- 
nors, A corrration between CCR3 expressun and Department of Microbiology and lmmunology Stanford conditions Bacteria were then by 

production of lL-4 but not IFN-y was obserJed 13 University School of Medcine, Stanford, CA94305, USA. FACS on  the basis of low to no fluores- 
ant~gen-specif~c T cell clones (14). *To whom correspondence should be addressed E-mail: cence in the absence of host Because 

14. F. Sallusto, unpublished data. valdivia@cmgm.stanford.edu all screening and selection steps are per- 
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Fig. 1. fluorescence- A 
based selection for intra- x=e mlg-5::gfp 
cellulady induced genes. 
(A) A library of S. typhi- 
murium- bearing plas- 
mids with random DNA be18 1 
fragments inserted up- 
stream of a promoterless 

- '*u- 
--/ s rnlg-1o::gtp 

gfp gene (39) was used 
to infect a monolayer of GFP (Fluorescence intensity) 

RAW 264.7 macro- F 
phage-like cells at a mul- 

E D B . . . . . . . . . . . . . . . . . . . . . .  

tiplicity of infection (MOI) 
of 5 : 1, fluorescent bac- .......................... . . . .  

. . . . . . .  I 4-- 
t ab  are shaded. (B) After . . . . .  j 

. . .  . . ........................................ 
a Bhour infection, RAW . . . . . . . . . .  

. , . ..;, . i .  : G .............. . :  . ... 264.7 cells were gently .m 
. . . . . . .  . . . . 
........... . , . .  , 

scraped from the tissue , . .  . . . . .  . . . . . . .  . . . . . .  . . . . . . .  . . . .  culture wells, resuspend- 
ed in cold Dulbecco's GFP (Fluor-oe Intenmy) QFP (Fluor- Intensity) 
tnodfied Eagle's fnedium GFP (Fluorescence intensity) 

@MEMI s u m e d  
with 10% fetal calf serum (FCS), and analyzed in a FACStar cytometer. Cells 
infected with a fluorescent bacterium were readily distinguished from unin- 
fected cells or cells infected with S. typhimurium-bearing unproductive gfp 
gene fusions. (C) Fluorescent RAW 264.7 cells were sorted, lysed with 1 % 
Triton X, and the recovered bacteria were plated on L-agar. Bacterial colonies 
were pooled and a sample grown in DMEM (supplemented with 10% FCS) at 
37°C in 5% CO, for 6 hours. (D) FACS analysis of this population yielded 
bacteria with a wide range of fluorescence intensities. Bacteria with the 
lowest fluorescence (lower 15%) were sorted as described (7). (E) The bac- 
teria with low fluorescence in the absenceof host cells were amplied 

formed by a FACS, the biases inherent to 
manual screening are avoided. 

Salmonella ypllimurium survives in phage 
cytes (2) and causes human gastroenteritis 
and murine typhoid fever (9). We applied DFI 
to identlfy S. yphimurium genes that are in- 
duced in phagocytic cells (Fig. 1). To  analyze 
bacterial clones that were isolated in the se- 
lection scheme, we compared the fluores- 
cence intensity of individual bacteria grown 
in tissue culture media with the fluorescence 
intensity of the same bacteria clone after re- 
lease from infected cells (Fig. 1G). Intracellu- 
lardependent induction of the gfp gene fu- 
sions isolated was further confirmed by f lue 

on L agar and used to reinfect RAW 264.7 cells at an MOI of 0.5 to 1 for 6 
hours. (F) flow cytometric analysis showed enrichment for fluorescent infect- 
ed cells as compared to infection with the initial library. The fluorescent cells 
were collected and the bacteria within recovered. (G), Independent clones 
exhibited varied levels of intracellular-dependent gene induction. Histograms 
show three different strains in which the relative fluorescence intensity of 
bacteria grown under ex vivo conditions (DMEM + 10% FCS) (solid line) and 
fluorescence of bacteria released from infected cells after 6 hours (shaded) 
were compared (7). Analysis and quantitation of fluorescence were per- 
formed with CellQuest software (Beckton Dickinson). 

rescence microscopy (Fig. 2). Approximately 
a third to a half of all S. typhmmum that were 
recovered after one enrichment cvcle con- 
tained a gfp gene fusion with host ch-depen- 
dent activitv. 

Fourteen promoters with intracellular- 
de~endent activitv were identified (Table 
1): The genes dowktream of these piornot- 
ers were isolated by recombinational clon- 
ing (lo), sequenced, and characterized. 
Eight of  these macrophage-inducible genes 
(migs) have either been described or have 
close homologs with known functions in 
other bacterial species. Two migs encode 
known virulence factors. The h i d  gene 

(mig-23) encodes subunit A of integration 
host factor (IHF), which is involved in 
DNA replication, recombination, and gene 
regulation (1 I), and is preferentially ex- 
pressed in vivo (4). The mig-10 gene prod- 
uct i s  homologous to a family of  bacterial 
virulence proteins (YscF, MxiH, and PrgI) 
that are essential components of virulence- 
associated type 111 secretion systems present 
in several bacterial pathogens (12-14). Se- 
quence analysis of the loci associated with 
mig-10 indicated that this open reading 
frame (OW) i s  present within the Salmo- 
nella pathogenicity island 2 (SPI-2), which 
i s  necessary for S. typhimurium survival in 
BALBIc mice (15). For consistency, mig-10 

Fig. 2 Intracellular-dependent bacterial gene expression. Sahndla typhhurium bearing an ssaH::gfp a Streptococcus pneumoneae gene product in- 
fusion (mig-10) were used to infect RAW 264.7 cells for 4 hours. (A and C) Differential interference volved in capsule biosynthesis (la), and is 
contrast (DIC) image showing the relatiwe topology of bacterial association with the host cell. External mcriptionally active inside macrophages 
bacteria were immunostained with a polyclonal antisera to Wnme/la followed by a second stage (7, 19). ne mig4 gene product is a ho- 
phycoerythrin conjugate (red). (8) Only internalized bacteria show active synthesis of the GFP tag ,log of the E. cob periplasmic phosphate (green). Fluorescence images were acquired and processed on an Applied Precision Debvision De- 
convolution System. (C) The fluorescence and DIC images were superimposed with Adobe Photoshop Pmrt protein PhoS (20)9 the induction 

software. of which may represent S. typhrmurium's 
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Table 1. Characterization of macrophage-inducible genes (mig). DNA frag- determined. For promoter regions with no significant homdogy to previously 
ments (0.2 to 1.2 kb) with intracellular-dependent activity trapped by differ- described genes or with homdogy to genes with unknown function, flanking 
ential fluorescence enrichments (Fig. 1) were sequenced and compared with DNA was isolated by recombinational cloning (10) and sequenced. Five 
the available DNA sequence databases at the National Center for Biotech- ORFs downstream of macrophage-inducible promoters were inactivated 
nology Information (NCBI). Putative functions were assigned either when a either by insertion of a kanamycin resistance gene flanked by transcriptional 
particular gene had been previously described in S. typhimurium or when the terminators ( W n )  or by insertion of the suicide vector pGP704 (Ampr) into 
function of a close homolog (>50% amino acid identity) had already been coding regions (27). ND, not determined. 

Con- 
struct Homology Fold induction 

in macrophages* 
Protein features or 
putative function 

Role in virulence$ 
Regulationt 

Ref. CI 

mig-1s aas 16.4 Phospholipid recycling OmpREnvZ (40) - - ND 
mig-2 paflugd 16.6 Capsule biosynthesis PhoPPhoQ No (29) ND 
mig-3 - 31.1 Phage-derived genes PhoPPhoQ - - ND 
mig-4 phoS 9.4 Phosphate transport PhoBPhoR (20) No This study 1.7 + 1.2 
mig-5 - 24.1 Virulence plasmid lipoprotein PhoPPhoQ Yes This study 0.1 5 + 0.01 
mig-7 YjbA (orf o 156) 15.2 Inner-membrane protein PhoPPhoQ No This study 0.77 r 0.5 
mig-70 ssaH 442.9 Type Ill secretion SsrA,Ssr-B Yes (15 16) <0.001 
mig-13 orff198 8.0 Transmembrane protein - No This study 1.6 t 0.25 
mig-14 - 22.4 - PhoP/PhoQ Yes This study 0.05 5 0.02 
mig-2qI - 12.6 - - - - 

- ND 
mig-23 himA 14.9 Gene regulation Yes (4) ND 
mig-26 exc(traT) 9.4 Plasmid exclusion protein PhoP/PhoQ Serum resistance (21) ND 
mig-29 hslU 23.7 Stress-inducible protease PhoP/PhoQ - - ND 
mig-30 - 11.1 - PhoPPhoQ - - ND 

'mig a c t i i  inside cells was determined as desclibed in Fg. 1G. tMacrophage induction of the various mig::gfp gene f u s i i  was tested in wild-type, PhoP-, and OmpR- S, 
typhimurim backgrounds. In addition, the expressioo of mig- 10::gfp was tested in as. fyphimurium background bearing a minirn5Km insertion in eitherssaR or ssrS (15). $The 
role in virulence of the vatiousmig genes was determined either from previous work (Ref.) or from information derived from insertidly inactivated mig (28). The SPI-II mutant P3F4 
(15) was included as a control. Smig-1 represents a DNA fragment spanning the intergenic region between galR and aas and is present -400 bp upstream of the aas start 
codon. Ilmig-20 could not be isdated by recombinatonal cloning. 

response to phosphate deprivation within 
the host cell. The mig-26 gene encodes the 
exclusion protein (TraT) of the S. typhi- 
murium virulence plasmid, which is partially 
responsible for the serum resistance pheno- 
type of S. typhimurium (21). The mig-29 
gene product is a homolog of the E. cob 
heat shock-inducible proteasome compo- 
nent Hslu (22) and represents an example 
of a stress response protein that is synthe- 
sized durine cell infection. 

Six of &e mig gene products showed ei- 
ther no significant homology to previously 
identified bacterial genes or homology to 
gene products of unknown function. The 
mig-3 gene is present within an ORF with 
homology to phage tail-fiber assembly pro- 
teins and likely represents a promoter within 
an integrated phage. Although virulence de- 
terminants may be acquired by horizontal 
gene transfer (14), we have no evidence that 
any virulence genes were transduced within 
these phage sequences. The mig-3O::gfp h- 
sion is present at the 3' end of a gene en- 
coding a homolog of an E. cob putative 
transmembrane protein (YjsH) (23). How- 
ever, the polarity of transcription is in the 
opposite orientation to that of yjsH and 
would therefore generate an antisense tran- 
script that could down-regulate this protein's 
synthesis during intracellular infection (24). 
The mig-5, mig-7, mig-13, and mig-14 genes 
encode either small, highly hydrophobic pro- 
teins or contain motifs characteristic of bac- 
terial lipoprotein-specific signal sequences. 
The mig-5 gene maps to the S. typhmurium 

virulence plasmid and is located -2 kb up- 
stream of the spu virulence operon, which is 
required by Salmonella sp. to cause systemic 
disease (25, 26). The mig-14 gene product 
has an internal stretch of amino acids that is 
significantly homologous (30% amino acid 
identity) to members of the LysR family of 
transcriptional activators. This observation 
suggests a possible role for. mig-14 in the 
regulation of bacterial gene expression in the 
intracellular environment. 

To establish the role in virulence of 
these macrophage-inducible proteins, we 
disrupted five of the unknown mig genes by 
insertion of either an flKn (Kan') element 
or plasmid pGP704 (Ampr) into each ORF 
(27). These mutants were tested in compe- 
tition assays against the wild-type S. typhi- 

murium for the ability to colonize the 
spleens of BALB/c mice and for survival in 
the macrophage-like cell line RAW 264.7. 
Insertions in mig-5 and mig-14 resulted in a 
decrease in spleen colonization for each 
mutant strain (Table 1) (28). However, 
none of the mutant strains tested showed 
any growth defect in RAW 264.7 cells. 
These results, coupled with the roles of the 
previously reported virulence determinants 
h i d  and ssaH, suggest that genes induced 
in the intracellular environment. althoueh - 
not essential for survival in tissue culture 
models of infection, are important for bac- 
terial survival within the host. 

A key regulator of S. typhimurium gene 
expression inside host cells is the twoam- 
p e n t  regulatory system PhoPIphoQ (29). 

Fig. 3. mig gene expression within infected spleenocytes. FACS analysis of spleen homogemtes from 
(A) S. typhimurium- or (8) S. typhimurium (mig-5::g@)-infected BALB/c mice. (C) A transmitted light and 
fluorescence image of sorted fluorescent cells from (6) as imaged through a long-pass fluorescein- 
rhodamine filter (Chroma Technologies). BALB/c mice were injected intraperitoneally with 1 O5 S. typh- 
murium bearing various mig-gfp fusions. After 3 days the spleens were removed and gently homoge- 
nized in phosphate-buffered saline supplemented with 10% FCS. The cell suspension was analyzed in 
a FACScalibur cytometer (Beckton Dickinson) and in a Nikon epifluorescence microscope. 
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To determine how lnany migs were under the 
control of PhoP/PhoQ, we co~ljugated plas- 
inids bearlng mig: :dp fi~slons into a S. typhi- 
m ~ ~ r i ~ ~ m  straln bearl11g a phoP::TnlO mser- 
tion (30). Eight of the 14 migs required 
PhoP/PhoQ for induction in inacrophages 
(Table I ) ,  including two migs (mig-5 and 
mzg- 14) important for S. typhzmurium vlru- 
lence 111 BALBIc mice. Thus, the PhoPI 

cells, we i11jected BALB/c mice intraperi- 
toneally with lo5 S ,  typhimurium bearing 
different mig::gfp fi~sio~ls. Three days after 
infection, the saleens and livers were ho- 

murium straln SL4702R (poiA rpsL) This straln does 
not support the repi~cation of CoEl piasmlds and 
thus the pFPV plasmid integrates by homologous 
recombination Total DNA for each integrant was 
Isolated, and 10 k g  of DNA was digested either with 
Hlnd Ill or Sph I .  The dlgested DNAwas regated and 
used to transform E, colistra~n DH12S. Plasmid DNA 
was isolated from Ampr colonies, dgested w~th re- 
strlctlon enzymes, and compared with predicted S 
typhimurium chromosomal DNA fragments from 
DNA blot hybridizations The captured DNA down- 
stream of each mig promoter was sequenced by 
subcloning rest~.~ct~on enzyme-digested DNA frag- 
ments nto the sequencing vector pBK-CMV (Strat- 
agene) and by prmer walk~ng. ORFs, deduced am)- 
no acld sequence, and proten motifs were deter- 
mined with programs from the Wisconsin GCG 
package The sequences descrbed have been de- 
posited w~ti i  GenBank (accession numbers 
AF020804-AF020812). 

11. D. I. Friedman. Cell 55. 545 (1 988). 

mogenlzeh and' analyzed by fluorescence 
lnicroscopy and floi47 cytornetry (Fig 3).  
All mlg::gfp fusions were active wlthin 
infected spleenocytes and hepatocytes. In 
heavilv colonized anlmals, as much as 5% 

PhoQ two-compo~lent system is a major reg- 
ulator of macrophage-inducible genes impor- 
tant in Salmonella sp. virulence as previously 
noted (19, 29, 31, 32). Because S. typhi- 
mtoium can invade and realicate in a wide 

of all ipleenocytes were infected with one 
or more fluorescent organisms. T h e  ability 
to track infected cells in a n  animal host 
should extend the utility of this selection 
technolo~v  to enable the ide~ltification of 

variety of cell types (9), we tested mig induc- 
tion in RAW 264.7 macrophages, activated 
RAW 264.7 inacrophages (10 U of intelfer- 
011-y and 1.5 ng/lnl lipopolysaccharide), the 
epithelial cell line Hep-2 , HeLa fibroblasts, 
and FSDC dendritic cells (33). The level of 
intracellular mig: :gfp expression was indistin- 
guishable among these different cell types. 
From these results, we conclude that migs 
resaond to colnrnon intracellular cues rather 

" ?  

host cell subsets that are preferentially 
targeted by a pathogen. 

Although rnany intracellular-induced 12. A. Aiaoui, P. J. Sansonetti, C. parsot, J. Bacterioi 
174, 7661 (1992). 

13. A. Allaoui, R. Schulte, G. R. Cornelis Mol. Microbioi. bacterial genes (for example, spz, and those 
contained in SPI-2) do not seem to have a 18, 343 (1 995). 

14. J. Mecsas and E J. Strauss, Emerg. lnfect. Dis. 2, 
271 (1996). 

15. J. E. Shea, M. Hensel, C. Gleeson, D. W. Holden, 
?roc. Natl. Acad. Sci. U.S A. 93, 2593 (1 996). 

16. M. Hensel et a/. , Mol. Mlcrobioi. 24 (1 997). 
17. S. Jackowski, P. D. Jackson, C. 0. Rock, J. Biol. 

Chem. 269,2921 (1 994). 
18. F. C. Sonclnl, E. Garcla-Vescovi, F Solomon, E. A. 
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clear role in survival in tissue culture mod- 
els of infection, they are essential for viru- 
lence in animals (15, 25). This suggests that 
intracellular induction of key bacterial vir- 
ulence determinants is reauired for svstemic 

than those ~tniilue to macrophages. Our find- 
ing that PhoP/PhoQ-dependent genes are 
not macrophage specific is consistent with a 
previous report of a PhoP/PhoQ-dependent 
gene that is induced in polarized epithelial 
cells (34). The macrophage-inducible viru- 
lence factor (ssaH) present within SPI-2 did 
not require PhoP/PhoQ for intracellular ac- 
tivity. ssaH is part of an operon that includes 
other essential cornnonents of the tvoe I11 

infection. By tracking t i e  expression of 
these genes in infected animals, we might 
be able to f~trther define when and where 
virulence factors are expressed. New gen- 
erations of soectrallv distinct fluorescent 

10079 (1 992). 
20. B. L. Wanner, in ( I ) ,  vol. 1, pp. 1357-1381 
21. M. Riien and S. Sukupolvi, Microb. Pathog. 5, 275 protein reporters (37) may soon permit 

the simulta~~eous inollitorine of m u l t i ~ l e  (1 988). 
22. M. Rohrwild et ai., ?roc. Nati. Acad. Sci. U.S.A. 93, 

5808 (1 996) 
23. GenBank accession number U14003. 
24. The mig-30::gfp fusion was isolated as a 385-base 

pair (bp) DNA fragment. No ORFs were detected 
upstream of the gfp juncture, suggesting that the 
macrophage-induced transcript formed is antisense 
to yjsH and not the result of readthrough from an 
uwstream aene 

- 
bacterial genes in response to the host 
environment. 

T h e  selection methodolopv described , . 
secretion apparatus such as ssaJ (16). This 
suggests that the regulation of the sy~lthesis 

" 1  

here represents a tool with which to dis- 
sect the genetic basis of the interactions 

u 

between two or more organisms. T h e  only 
genetic requirements are that the test or- 
ganism be able to lnaintain a n  enlsolnal 

of components of thls secretory apparatus 
may occur through a different mechanism, 
possibly the putative t w o - c o i n p o ~ ~ e ~ ~ t  regula- 
tory system (SsrAlSsrB) that is also present 
within SPI-2 11 5. 35). Therefore. we tested 

25. P A ~ u l i g  and R Cultiss Ill, Infect. immunoi. 55, 
2891 (1987). 

26 P A. Guliq et a/., Moi Microbiol. 7, 825 (1993). 
', 
elenle11t and express a functional gfp. T h e  
technology should be widely applicable to 
the study of gene induction by bacterial, 
fungal, viral, and protozoan pathogens or 
to the study of syrnblosis and gene regula- 

27 ORFs and associated DNA downstream of each 
cloned mig were i~iserted i~ i to  the allelic exchange 
vector pRTP-I Where appropriate restriction s~tes 
were available, an S2 Kanr element was inserted to 
disrupt the ORF. Alternatively an internal fragment 
from the ORF was ampllfled by polymerase cha~n 
reacton and inserted Into the suicide vector pGP704 
(Ampr). These constructs were mobliized into 
SL1343R (rpsi), followed by selection of the appro- 
priate antbiotic resistance marker. Gene disruptions 
by integration at the homologous site were con- 
firmed by DNA blot hybridization (38) and mobilized 
into SL1344 by P22HT phage transduction. Tiiese 
mutations are likely to have polar effects on genes 
downstream of the disrupted ORFs, and thus mig 
inseriiona mutants represent mutations in potential 
mig operons 

28. Competition experiments between wild type S. ty- 
phimurium and mig-S2Kn mutants were performed 
to determine the virulence of eacii mutant strain. 
Eight-week-old female BALB/c mice were injected 
intraperitonealiy with a 1 : I  mix (total of l o 3  organ- 
isms) of wild-type and mutant S, typhimurium 
strain. After 6 days, the anlmals were killed, and the 
colony-forming units present in the spleen were 
determined. We determined the test strain's com- 
petltlve index (GI) by calculating the rato of mutant 
strain to wild-type present in the spleens. Virulence 
defects were scored by the ability of mig mutants to 
compete w~ th  wd- type S. typhimurium. A CI of 1.0 
represents equal competitive advantage of the two 
strains to colonize the spleens of BALBIc mlce As 
a control, a known attenuated S, typhimurium 

an ssaH::gfp fi~sion in S. typhimurium back- 
g r o ~ ~ n d s  bearing a mi11iT115K111 insertion in 
either ssrA or ssrB (15). Indeed, disruption of 
either the sensor or regulator conlponents 
resulted in a loss of ssaH::& inductioil with- 
in RAW 264.7 cells. 

Type I11 secretion systelns in pathoge~lic 
bacteria are also called contact-depende~~t 
secretory systelns because of their role in  
the translocation of bacterial orotei~ls 

tion in co~nplex lllicrobial communities. 
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