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Abstract 

Bartonella bacilliformis was perhaps the most lethal bacterial human pathogen in the pre-antibiotic era, but infections were 

and are limited to a specific geographical area, largely in Peru, corresponding to the range of its sand fly vector. B. bacilliformis 
targets both red cells and endothelial cells. Recent phylogenetic realignments have revealed a close genetic relationship to other 
bacteria which cause human diseases, including bacterial angiomatosis, to the former Grahamella species which infect red cells 

in other mammals, and to plant pathogens and symbionts including Agrobacterium tumefaciens and Rhizobium meliloti. 
Features of B. bacilliformis that contribute to its pathogenesis are slowly coming into view, and are here reviewed. 
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1. Introduction 

Red cells have several properties which may be 

tempting to hemotrophic intracellular parasites, in- 
cluding protection from the humoral immune sys- 

tem, absence of lysosomes, and reasonably long life 
spans (100 days); and red cells can be directly in- 

fected by organisms introduced into the blood by 
blood-sucking insects. Of course, if infection with 

hemotrophic parasites were all that easy, we might 

be inundated with erythrocyte-borne pathogens, 
whereas in actuality, in humans, Plasmodium species 
causes the only major disease involving red cells and 

Bartonella bacilliformis the only minor one. In other 
mammals, however, organisms which are found 

* Tel. : +l (409) 8458686; Fax: +l (409) 847-9481; 
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within or on red cells occur more generally, including 
members of the bacterial families Bartonellaceae and 

Anaplasmataceae (Anaplasma, Haemobartonella, and 

Eperythrozoon) and Babesia species, which occasion- 
ally infect humans and can cause a fatal babesiosis in 

splenectomized humans. 

The only bacterium known to infect human red 
cells and cause disease is the Gram-negative bacter- 

ium, B. bacilliformis, although it seems possible that 
other bacteria, particularly other members of the 

genus Bartonella, may also be able to gain entry 
into human red cells. Carrion’s disease (or bartonel- 
losis, which may have become an inappropriate 

name now that there are many species of Bartonella 
which cause human disease) is restricted to the An- 
des region of South America, mainly Peru, because 
its vector, a sand fly, Lutzomyia (Phlebotomus) ver- 
rucarum (and possibly other closely related sand flies 
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[I]), is restricted to this area. However, travelers 
from Peru with Carrion’s disease may come to the 

attention of physicians elsewhere [Z]. Cosme Bueno 
wrote in 1764 that it was believed that both Car- 

rion’s disease and cutaneous leishmaniasis originated 
from the bite of sand flies [3]. Nocturnal transmis- 

sion by sand flies, active only at night, was proposed 
by Townsend [4] and supported by Hertig [5] who 

grew bacteria, including B. bacillt$vmis, from the tip 

of the proboscis. These and other early experiments 
served to identify the sand fly insect vector. More- 

over, it is eminentIy plausible that B. bacillijkwmis 

could be transmitted from a heavily infected probos- 

cis, as is the case also for Leishmania which is trans- 

mitted by different species of sand flies belonging to 

the genera Phlebotomus, Lutzomyia, and Psychado- 

pygus. About half of the sand flies examined by Her- 

tig, both males (which are not blood suckers) and 

females, had heavy bacterial infections (mostly not 
B. hacilliformis) of the proboscis, and half, none at 

all. In 300 cultures, Hertig recovered B. hucillijkurmis 

only twice (both from females), whereas an uniden- 
tified bacterial species was recovered about 30 times. 

Although the source of the unidentified bacterial spe- 

cies could not be exclusively a blood meal, since it 
was found heavily in males, this is still a possibility 
for B. buciiliformis. The source of the bacteria which 
colonize sand flies is not known. Because of the close 

phylogenetic relationship to the former Grahamella 

species, which are widely prevalent in small wood- 

land mammals, it seems possible that a mammalian 
reservoir for B. hacilZz@mis might exist. It seems 

also possible to me that B. baczliformis might grow 

on some plant or fruit debris with which the sand 
flies associate, eat or obtain fluids. 

Carrion’s disease occurs in two clinical forms, a 
generally non-fatal form characterized by nodular 

cutaneous eruptions, called verruga peruana, and a 
severe anemia, frequently fatal, called Oroya fever 
(so named after a severe epidemic at the Rimac val- 
ley in 1871 which is said to have killed more than 

7000 of the 10000 workers building the railroad be- 
tween Lima and La Oroya). Essentially all the symp- 
toms of Oroya fever (fever, anemia, hepatosplenomeg- 
aly, pallor, rapid pulse, circulatory collapse) follow 
from acute anemia secondary to rapid removal of 
altered and infected red cells. Untreated, Oroya fever 
comes close to having the highest death rate of all 

infectious disease, 40-85?/0, since essentially 100% of 
the red cells can be parasitized [6], and because of 

secondary bacterial infections. In a 1987 epidemic in 
Shumpillan, Peru, 14 persons died of Oroya fever; 

despite the Peruvian proprietary interest in Carrion’s 

disease, the correct diagnosis seems not to have oc- 

curred to the Peruvian Ministry of Health until 

blood cultures grew B. bac~~~~~~rni~ ET]. Fortunatety. 

the vector can be controlled with insecticides and B. 
hacilliformis is presently antibiotic sensitive in both 

Oroya fever and verruga peruana, although there is 

no reason to believe that it could not acquire anti- 

biotic resistance. When the railroad to La Oroya was 
being built, the only protection available to the 

workers was to leave the verrugal area each night 

before sundown. 
It has been suggested that humans are the sole 

host for B. bacitEiformis [8,9]. However, Hertig [5] 
made this disconcerting observation : “The total pop- 

ulation of Verrugas Canyon consists of the families 

and hired labor of two farms at the mouth of the 

Canyon (10 to 20 persons), several railway employ- 
ees and guards who live at the bridge (1 to 12 per- 
sons) and occasional migratory goatherds. It is note- 

worthy that this classic site of verruga, and in 
particular the site of the bridge itself, notorious for 

the high incidence and severity of the disease, is nor- 

mally populated by a mere handful of people.” Bac- 
teremia follows Oroya fever and may continue for as 

long as 15 months [9], so that B. baciZkjvmis could 
be retransmitted back to sand Aies during this time. 

In a study by Herrer [lo], one student had a positive 
blood culture for at least 5 months at which time he 

developed a verrugal eruption. However, most had 

persistently negative blood cultures for several 
months preceding development of verrugal erup- 

tions. These individuals are still infected and presum- 
ably could also serve as reservoirs for the bacteria, 
and the verrugal lesions themselves may persist for 

as long as 18 months. If humans are the sole host, 
interdiction of the ability of B. bacilliformis to perpe- 
tuate symptomatic or asymptomatic infections for 

such long periods might be decisive in eradicating 
the disease. Persistent bacteremia of Bartonella hen- 

seiue lasting well over a year in cats, including those 
owned by cat-scratch disease patients, has been re- 
ported [l 11, as has the presence of B. henselae intra- 
cellularly within feline erythrocytes [12]. About 50% 
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of the bacteremic cats treated with either enrofloxa- 

tin or doxycycline remained bacteremic after 14 

days, suggesting that even long-term antibiotic ther- 

apy might not be fully effective [13]. 
The study of Carrion’s disease and B. bacilliformis 

has had a romantic and bizarre history, which has 

led to more reviews of Carrion’s disease being avail- 

able than current victims of the disease, at least to 

physicians outside of Peru. B. bacilliformis has long 
been perceived as a novel and singular infectious 

agent. Now, as a result of phylogenetic proposals 

based on DNA sequence analysis, B. bacilliformis 

has been transported more into the main stream of 

bacteriology, where its pathogenic properties can be 

compared with those of its relatives, at the expense 

of a diminution of its exotic aura. Several 16th and 

17th century historians and writers about Peru de- 

scribed both a fatal and a disfiguring (‘loathsome 
warts’) affliction of Spanish soldiers during and after 

their conquest of the Inca empire. The connection 

between Oroya fever and verruga peruana was for- 

ever fixed by the death of a Peruvian medical stu- 
dent, Daniel Carrion, who in 1885 injected himself 

with essence of verruga and died of fulminant Oroya 
fever. (See references [14-161 for sensitive and infor- 

mative accounts of the life and death of Carrion.) A 

major expedition to Peru in 1913 by the Harvard 

School of Tropical Medicine, led by Professor Rich- 
ard Strong, resulted in an extensive medical and 

scientific study which is still frequently cited [17]. 
Less well known is their conclusion, that verruga 

peruana and Oroya fever were completely separate 
diseases. They felt the former was due to a virus, 

although they were frustrated by not being able to 

filter it, and the latter to the bacterium investigated 
by Barton in 1905 in patients with Oroya fever and 

studied by him, which they named Bartonella bacilli- 
formis. No animal model for Oroya fever has ever 

been developed, but Strong et al. [17] successfully 
transmitted the ‘virus’ of human verrugas to mon- 

keys by scarification above the eyebrow with verru- 
gal tissue, successively through 12 series of monkeys 

after departing from South America. They were un- 
successful in inducing verrugas by intravenous infu- 
sion of blood from patients with Oroya fever. They 
suggested Carrion’s death to be the result of typhoid 
fever or, if due to Oroya fever, that the verrugal 
extract was taken from a patient suffering from 

both Oroya fever as well as verruga peruana. Since 

they felt there was no definite proof that Carrion 

died of Oroya fever, “it seemed advisable to repeat 

the experiment of Carrion” with a volunteer who 

was inoculated from two cases of verruga peruana, 

two apparently because verrugas were easier to ob- 

tain than volunteers. The volunteer survived, and 

“the last objection to the idea that verruga peruana 

and Oroya fever are two distinct diseases as based 

upon Carrion’s experiment has been removed”. La- 

ter, Noguchi and Battistini [18] performed the reci- 
procal Carrion experiment by successfully culturing 

B. bacilliformis from the blood of a patient who died 

of Oroya fever and then successfully inducing verru- 

ga formation in monkeys. Noguchi [19] reported the 
inability to induce verruga formation with the origi- 

nal blood specimens from which cultures were de- 
rived, even when the infected blood and derivative 

cultures of B. bacilliformis were inoculated simulta- 

neously at separate sites in the same monkeys. 

The Strong report has some wonderfully uncom- 
plimentary things to say about other investigators, 

including Rocha-Lima, who described stainable 
structures within endothelial cells, and especially 

about Charles Townsend, the entomologist who first 

postulated that the disease was transmitted by the 

sand fly (“from what we saw of his work during 

our stay in Peru that from a medical standpoint his 
observations need confirmation before they can be 

accepted”). Their belief that verruga peruana was 
not due to B. bacilliformis probably derived from 

their inability to observe the bacterium in the verru- 
gal lesions, although they found B. bacilliformis 

abundantly in endothelial cells in Oroya fever. 

They seem not to have found any clue in their twin 
observations that B. bacilliformis infects endothelial 

cells and that verrugas are composed of tumor-like 
growths of endothelial cells and angioblasts. 

Although the free bacteria are readily stainable in 
red cells with Giemsa or Wright stain, they are ap- 

parently not always reliably observable in the verru- 
gal tissue, the best stain being the Warthin-Starry 

silver stain (itself, reportedly, not very reliable), 
which was not among the many stains employed 
by the Harvard expedition. 

It is clear that in Carrion’s disease, B. bacilliformis 
gains access both to red cells and to endothelial cells, 
but apparently not other cell types, although it can 
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enter a wide variety of cells in tissue culture [20]. 
Usually patients develop Oroya fever first and verru- 

ga peruana later, although sometimes there is no 

noticeable hematic phase. Garcia et al. [8] suggest 

that partial acquired immunity may account for the 

absence of the hematic phase in some individuals. 

The verrugal lesions occur in a variety of forms 

which may be miliary (small, multiple, confined to 

the papillary dermis), nodular (medium sized, in the 

reticular dermis or the subcutaneous tissue), or mu- 

lar (involving all layers of dermis and subcutaneous 

tissue). Early lesions are formed by proliferation of 

newly formed capillaries in association with endothe- 

lial hyperplasia and cell division. The capillaries can 

either be collapsed in a pseudoepitheloid pattern 
with no lumens or have well formed capillaries 

with open lumens [21]. The lesions are friable and 

bleed easily. Bacteria were seen in extracellular 
spaces near blood vessels and between the endothe- 

lial cells, as well as intracellularly (Rocha-Lima in- 

clusions). 
These lesions resemble those of cutaneous bacil- 

lary angiomatosis, observed in immunodeficient 

AIDS patients or in immunosuppressed patients, 

and also resemble Kaposi’s sarcoma. Bacillary angio- 
matosis can be cured with antibiotics and there are 

now many literature reports that the responsible 
agent has a 16s rRNA sequence that is closely re- 

lated to B. bacilliformis and to several Rochalimaea 

bacterial species that are now reclassified in the 
genus Bartonella. The causative agent in bacillary 

angiomatosis is now called B. henselae. The agent 
of trench fever is Bartonella quintana, spread by the 

louse. Bartonella elizabethae and B. quintana have 
been isolated from patients with infective endocardi- 

tis [22,23]. 

2. Genetic map and molecular phylogeny 

The B. bacillijkwmis genome is a circular 1600 kb 
DNA molecule (3940% GC) [24] containing 6 Not1 
sites and 4 SfiI sites which have been ordered by 
pulsed field gel electrophoresis to form a physical 
map [25]. The locations of the two rRNA operons 
have been determined accurately by mapping of the 
2 CeuI sites, which are known to occur within the 
23s rRNA, and is in agreement with the locations 

assigned by hybridization to NotI-SJiI double di- 

gested fragments DD4 and DD8. Also located by 

hybridization are ialA and ialB in fragment DD4 

and jlaA, flagellin (GenBank accession number 

L20677) in DD7. Genes recently located are leuS, 

leucyl-tRNA synthetase (GenBank U57688, 41.6% 
identity to Bacillus subtilis and 39% identity to Es- 

cherichia coli) in DD2, Bb65, GroEL chaperone 

(GenBank M98257 and Z15160) in DD5, and pyrF, 

orotidine 5’ monophosphate decarboxylase (Gen- 

Bank U57689), on the 5’ side ofjaA in DD7. Three 

ORFs of 930, 372 and 741 bp lie between pyrF and 

,flaA; only the 930 bp ORF matches in a BLAST 

search, most closely with two other ORFs, f.286 in 

E. coli (43% identity) and HI1654 in Haemophilus 

influenzae (39% identity). 
In B. henselae there are 5 Not1 sites and 3 S’I sites 

in a 2200 kb DNA molecule [26]. We have not yet 

completed a determination of the order of the sites in 
B. henselae. B. vinsonii has a genome size of 1700 kb 

with 4 Not1 sites and 4 SfI sites [27]. 
B. bacilliformis has been transformed by electro- 

poration with the cosmid PEST, an RK2 wide host 

range replicon [28], as has B. quintana [29]. Neither 

B. bacilliformis nor B. quintana could be transformed 
with pMK20 (ColEl replicon), pML31 (F replicon), 

and pUCKl8 (pMB1 replicon). 
The complete genomic sequence for several bacter- 

ia is now available and there is an extensive library 

of sequences for specific bacterial genes from many 
Gram-negative organisms. Given the complete se- 

quence for a genome, it is possible to infer a great 
deal about the biochemical pathways and their con- 

trol mechanisms, and hence about the biochemical 
physiology of the bacterial species. Even with an in- 

complete sequence, Riley [30] had demonstrated that 

a global view of E. coli in terms of its catalog of 
genes is possible and adds great insight. For a bac- 

terial species like B. bacilliformis, which has not been 
extensively investigated, it may well be that the most 
efficient route to understanding the physiology and 
pathology of the species would be to first sequence 
the DNA. Important inferences have already been 
drawn from the revised phylogenetic relationships 
which resulted from comparison of 16s RNA se- 
quences alone. Correlations resulting from compar- 
ison of the complete DNA sequence of B. bacillifor- 
mis with the DNA databanks presumably could lead 
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to a detailed understanding of this bacterial species; 

of course it would be appropriate to test that under- 
standing with a real experiment before declaring B. 
bacilliformis solved. 

The revised phylogenetic position of Bartonella 

has already resulted in considerable insights. Birtles 

et al. [31] determined the sequence of DNA coding 

for 16s rRNA in B. bacilliform& (GenBank X60042) 

using PCR amplification. (Other independent se- 
quences for the 16s rRNA are [32] (GenBank 

Z11683); and [33] (GenBank M65249)). Comparison 
with other 16s sequences yielded a phylogenetic tree 

with B. bacilltformis most closely related to Rochali- 

maea quintana (now Bartonella quintana), a pre- 
viously unknown relationship, and, in decreasing or- 

der, Brucella abortus, Agrobacterium tumefaciens, 

Hyphomicrobium vulgare, three species of Rickettsia, 
and Ehrlichia risticii. Further work [34] gave se- 

quence identity values of about 98% with B. 

elizabethae, B. henselae, B. quintana, B. vinsonii, 

and three species of Grahamella, and lower sequence 
identity values to B. abortus, Rhizobium species, Ehr- 

lichia, and Anaplasma marginale. 

Based on the 16s RNA sequences as well as other 
criteria, it was proposed to transfer the genus Rocha- 

limaea from the family Rickettsiaceae to the family 

Bartonellaceae and the genera Bartonella and Rocha- 
limaea were combined [35]. In addition to B. bacilli- 

formis, this genus now contains B. quintana, B. 
henselae, B. elizabethae and B. vinsonii. Second, a 

proposal was made to unite the genera Grahamella 

and Bartonella so that the genus Bartonella would 
contain the additional species Bartonella talpae, Bar- 
tonella peromysci, Bartonella grahamii, Bartonella 

taylorii, and Bartonella doshiae. 

There are relatively few other DNA sequences de- 

termined, but in general they support the relation- 
ships described for 16s rRNA. Minnick et al. [36] 

cloned and sequenced the DNA coding for 23s 
rRNA in B. bacilltformis. None of the other species 
of Bartonella, or other close relatives, have been se- 
quenced yet for 23s rRNA, so detailed phylogenetic 

analysis was not possible. The closest match was to 

Rhodopseudomonas palustris (85.4% sequence iden- 
tity), including predicted stem-loop structures. The 
16S-23s intergenic spacer region (906 bp) contains 
the sequences for isoleucine-tRNA and alanine- 
tRNA [37]. The 5s rRNA gene was also sequenced 

by Minnick [38]. In addition to being closely related 

to the 5s sequences of B. quintana (93% identity), B. 

henselae (91% identity) and less closely related to 
Brucella abortus (86%), it also closely matches Hae- 

mobartonella felis (93% identity), Vibrio cyclosites 
(91% identity) and Achromobacter cycloclastes 

(86%) a denitrifying bacterium. 

A series of DNA sequences for citrate synthase 

(gltA) from B. bacilliformis and its close relatives 

has been determined. The sequence for B. bacilltfor- 

mis corresponds closely to the sequences for other 

Bartonellaceae (89-92% identity) and less closely to 

Rhizobium (81-82%) and Rickettsias (~71% iden- 

tity) [39]. 

3. Motility 

Individual B. bacilliformis bacteria are highly mo- 

tile and have multiple unipolar flagella. Most of the 

bacteria in a culture, however, are present in large 
clumps. We isolated a variant in which clumping was 

reduced in order to study the individual bacteria. 
Other variants which possess flagella, but are non- 

motile, and which can revert spontaneously to moti- 

lity, can be isolated from cultures going into station- 

ary phase. Flagella were isolated and analyzed by 
SDS-PAGE by Scherer et al. [40] and by J. Arevalo 

and G. Ihler (unpublished results) and in bothcases 
a 42 kDa protein was identified as a major compo- 

nent of flagella using antibody directed against pur- 

ified flagella. Scherer et al. [40] obtained a 17 amino 
acid residue sequence which was related to the fla- 

gellins of Caulobacter crescentus. J. Arevalo and G. 

Ihler (unpublished results) cloned and sequenced a 
flagellin gene. Putative -35 and - 10 Shine-Dalgarno 

and chain-termination (TAG) sequences were identi- 

fied for an ORF with a predicted protein product of 
39 843 Da, which was closely related to the flagellar 
genes of Rhizobium meliloti and Azospirillum brasi- 
lense Sp7. In the case of R. meliloti, the gene product 
of either JtaA or flaB (coding for similar but not 

identical flagellins, the major structural protein of 

flagella) alone can form functional flagella, but if 
both are present, they interact to form a complex 
flagellum composed of two similar but non-identical 
proteins [41]. In A. brasilense Sp7, the polar flagel- 
lum and lateral flagella are coded for by separate 
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genes,@ and laf7 [42]. Since the predicted sequence 

for the B. bacilliformis flagellar protein differed at 6 
of 17 amino acid residues from the N-terminal ami- 

no acid sequence determined by Scherer et al. [40], it 

seemed possible that a second flagellin gene might 
exist in B. bacilliformis. However, we have not lo- 

cated a second gene coding for flagellin, despite ex- 

tensive efforts. It seems likely that the amino term- 

inal sequence may contain incorrect residues, due to 

technical problems (M. Minnick, personal communi- 

cation). 
Sequences have been determined 3.2 kb upstream 

(E. Upeslacis and G. Ihler, unpublished results) and 

0.9 kb downstream ofj!uil. Directly upstream from 
the&A sequence are three ORFs of 741 bp, 372 bp, 

and 930 bp that do not match known genes in fla- 

gellar operons. These ORFs are preceded by a gene 

identified as a putative pyrF. Thus, so far, there is no 
evidence that @A lies near other genes concerned 

with flagella. No other genes concerned with flagellar 

synthesis have been isolated or sequenced. 

4. Binding and entry 

B. bacillifbrmis requires motility for optimal bind- 

ing, but non-motile bacteria which have flagella can 

be bound to red cells by centrifuging the bacteria 

with erythrocytes, thus promoting surface contact 
and interaction. Cloned flagellin and flagella isolated 
directly from B. bacillformis do not directly bind to 

erythrocytes, suggesting that flagellin is not directly 

involved in binding (J. Arevalo and G. Ihler, unpub- 

lished results). Anti-flagellar antibody reduces bind- 

ing considerably [40] as does antibody to sarkosyl- 
insoluble outer membrane proteins (J. Arevalo and 

G. Ihler, unpublished results). At high concentra- 
tions of antibody to outer membrane proteins, no 
bound bacteria were seen, but at these concentra- 

tions the bacteria aggregated into large clumps, so 
the binding assay was probably not meaningful. 
However Fab fragments from the IgG fraction of 
immune serum directed against sarkosyl-insoluble 
proteins were prepared and could totally prevent 
binding without aggregating the bacteria or affecting 
motility, suggesting that binding to red cells may 
involve the outer membrane proteins of B. bacillifor- 

mis. 

Several efforts have been made to isolate genes 

involved in the process of cell entry. A BamHI frag- 

ment that conferred the invasion phenotype on non- 

invasive E. coli was isolated and has now been se- 

quenced; an ORF coding for a 27.4 kDa protein was 

suggested to be the gene mediating invasion [43]. 

Mitchell and Minnick [44], using protection (by the 
red cell membrane) from gentamicin-killing as an 

assay for intra-erythrocytic E. coli, tested 750 E. 

coli clones containing B. bacilliformis restriction frag- 

ments and found two (with identical inserts) that had 

a 77lo-fold increased survival. Sequence determina- 
tion identified two orfs called ialA and ialB (jnva- 

sion-associated locus) potentially coding for proteins 
of 20.1 kDa and 19.9 kDa, respectively. The ialAB 

locus is present also in B. quintana and B. henselae, 

but not B. vinsonii or B. elizabethae, B. abortus, or E. 

coli (M. Minnick, personal communication). When 

tested individually, neither was as effective as the 

original clone (perhaps because they are part of a 

polycistronic operon (M. Minnick, personal commu- 

nication)), but ialB appeared to increase survival 
above background for one of two E. coli strains 

(presumably due to an intracellular location, which 

would provide protection from gentamicin). ialA 

contained an N-terminal region related to an 

NTPase consensus domain. i&B was not found to 
be closely related to any other known proteins in a 

BLAST search. Nevertheless, the authors felt there 

might be some analogy between ialB and the Yersi- 
nia sequence for uil kdhesion and invasion locus) 

because of a perceived similarity with respect to pos- 
sible biological function, molecular mass, and amino 

acid sequence similarity. However 10 of the 21 resi- 

dues identified as identical were in a putative signal 
sequence, including the chain-initiating methionine, 
so in the mature protein only 11 of 164 residues 
are identical. The designation of many of the amino 

acid pairs in the two sequences as similar seems bio- 

chemically unreasonable. At present there seems to 
be no compelling reason to conclude that ialB is 
evolutionarily related to uil, but the two might 
have some similar function. Because iulB has a signal 
sequence, like ail, it is likely to be an exported, peri- 
plasmic or outer membrane protein. 

Two additional genes flanking idAB have been 
sequenced, ctpA on the 5’ side encoding a 434 codon 
ORF most closely matching a C-terminal protease 
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from Synechocystis species [45] and on the 3’ side a 

177 codon inorganic pyrophosphatase [46} whose de- 

duced protein sequence is 53% identical to the E. coli 
protein and which can compliment E. coli mutants. 

Specific bacterial proteins involved in recognition 

have not been identified yet, although the product of 

i&B might be such a protein. Batterman et al. [47] 
suggested that binding of B. henselae and B. quintana 

might be mediated by pili similar to type 4 pili. Outer 

membrane proteins may be involved in the interac- 

tion with red cells, particularly the initial reversible 

interactions. Minnick [48] identified 14 proteins 

(11.2-75.3 kDa) in the outer membrane, 11 of which 

could be labelled by external iodine and two of 
which could be degraded by proteinase K treatment 

of intact bacteria. Two dimensional gels suggest 

there may be about 50 outer membrane proteins 

(M. Minnick, personal communication). Similar stud- 

ies analyzing the outer membrane protein of B. ba- 

cilliformis were done by J. Arevalo and G. Ihler (un- 

published results), who cloned two genes coding for 

outer membrane proteins, one coding for a putative 

18.5 kDa protein (GenBank L47642) corresponding 

to Omp16 of Brucellu abortus and less well with sev- 
eral peptidoglycan-associated lipoproteins, and a 38 

kDa outer membrane protein (J. Arevalo and G. Ih- 
ler, unpublished results). 

B. bacilliformis is known to gain entry into nu- 

cleated cells as well as red cells, including mesenchy- 

ma1 cells from the tunica vaginalis of guinea pigs 

[49], HeLa cells, fibroblasts, laryngeal epithelium 
and HUVEC cells [50,51] where it initially is found 

in small membrane-bound vacuoles which increased 

in number and size. Entry into nucleated cells was 

much more rapid than into red cells and was reduced 

by cytochalasin D, suggesting that the nucleated cells 

were more actively involved in uptake than red cells, 
which largely are non-endocytic. Several putative re- 
ceptors on HUVEC cells (72, 52, 32 (doublet), and 

19 kDa) and BL-3 cells (72, 50, 32 (doublet) and 19 
kDa) were identified by incubating blots of cell mem- 
brane proteins separated by SDS-PAGE with radio- 

active bacteria (J. Arevalo and G. Ihler, unpublished 

results). These proteins have not yet been character- 
ized further. Using the same assay no red cell pro- 
teins could be recognized by the radioactive bacteria. 

Binding is at first reversible and subsequently irre- 
versible; bacteria bind either singly or in clumps to 

red cells and, being highly motile, can push the ery- 

throcytes around and or twirl on the surface. The red 
cell surface becomes markedly deformed with 

trenches, conic depressions, and hole-like depres- 
sions, and bacteria can be seen within the trenches 

or deep within some of the indentations [52]. Even- 

tually the bacteria become intracellular, entrapped 

within vacuoles presumably formed by pinching off 

of the red cell membrane. Within the small vacuoles, 

motion of the bacteria is limited to vibration or 

small jerks. The bacteria can be released osmotically 

from the vacuole and observed to race around the 

inner periphery of the red cell, occasionally taking a 

short cut along a diameter. 
A protein factor, called deformin, was found in 

the supernatant of cultures of B. bacilliformis which 

reproduced the morphological changes in the red 

cells exactly, including formation of internal vacuoles 

[53]. This protein, 67 kDa by SDS-PAGE and 130 

kDa by gel exclusion chromatography or velocity 

sedimentation in glycerol, was purified 1840-fold 

[54], but an N-terminal sequence could not be ob- 

tained. The protein is very hydrophobic and consid- 

erable purification was readily obtained by binding 

and eluting with cholate from phenyl-Sepharose; 
cholate was required during further purification to 
prevent loss of the activity. Deformation could be 

reversed with vanadate, dilauroylphosphatidylcho- 

line, or by raising the internal Ca2+ concentration 

with the ionophore A23187. The enzymatic activity 

of the protein, if any, is not known, nor is the mech- 

anism of action by which the membrane is deformed. 
The possibilities range from a simple phospholipase 

to a complex transmembrane activity. 

We have detected hemolytic activity when red cells 

and B. bacillifarmis are incubated together, and by 

extracts of B. bacilliformis, and have cloned a gene 
which may code for the hemolytic activity [55]. Also 
M. Minnick (personal communication) has found a 
hemolysin in B. bacilliformis. Possibly this hemolysin 

might be deformin. Bacterial toxins and extracellular 
proteins may be exported from Gram-negative bac- 

teria by pullulanase-like transporters or ABC trans- 

porters and the toxin genes are often found adjacent 
to the transporter. We have sequenced (E. Upeslacis 
and G. Ihler, unpublished results) a 641 codon pu- 
tative ABC-type transporter from B. bacilliformis, 
txpA, which is closely related to chvA of A. tumefa- 
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ciens (55% identity) and ndvA of R. meliloti (54% 

identity). chvA and ndvA are involved in B-(1,2)-glu- 

can export. txpA is more distantly related (through 

the ATP cassette) to ABC transporter genes for leu- 
kotoxins (29% identity with IktB of H. injuenzae and 

27% identical with clyl-B of Actinobacilluspleuropneu- 

moniae) and hemolysins, including hlyB of E. coli 

(27% identity). Downstream from txpA (120 bp) is 

a sequenced putative alanine-transferase gene, alas 

(56% identity to H. infuenzae and 54% to E. coli) 

which is oriented in the opposite direction to txpA. 

Upstream from txpA and also oriented in the oppo- 

site direction to txpA is a > 654 bp ORF which is 

related to the ORFs yceC in E. coli (36% identity) 

and HI0412 in H. infuenzae (37% identity). Since 

sequences both upstream and downstream appear 
to be genes unrelated to the transporter, no function 

as yet can be reliably assigned to the transporter, but 

carbohydrate transport is perhaps more probable 
than toxin transport. 

Culture supernatants or extracts of B. bacillifbrmis 

were reported to contain a substance, apparently a 
protein, which stimulated the proliferation of HU- 

VEC cells and HPV cells in vitro and also produc- 
tion of t-PA. This protein could function as an an- 

giogenesis factor and could be responsible for 

stimulation of capillary growth in verrugas [51]. Ex- 

tracts of B. henselae have been reported to stimulate 

synthesis by HUVEC of adhesion molecules (E-selec- 

tin, ICAM-1, and VCAM-1) [56]. Since the verrugas 
form and persist over very long periods of time, un- 

derstanding this angiogenesis system might be im- 

portant, whether the direct mediators are human 

proteins synthesized in response to some bacterial 
input or whether the bacteria synthesize a protein 

which functions as an angiogenesis factor. 

5. Chaperonins and heat shock proteins 

B. bacillijormis grows optimally, but slowly (1 da 
doubling time) at 28°C in cell culture in a complex 
medium containing whole blood or red cell lysate 
and serum, but under these conditions fails to grow 
at 37°C which might explain its propensity in vivo 
to preferentially localize verrugas in skin and its abil- 
ity to circulate within red cells for very long periods 
of time. B. henselae does grow at 37°C which may 

explain its somewhat increased ability to localize in 

internal organs. Temperature may also provide a 

clue to the bacterium as to whether it is in an insect 

or a human host and serve as a signal to modulate its 
response. It is not known whether laboratory strains 

are still virulent, since there is no assay for virulence 

and no animal model is available, except for verruga 

formation in monkeys. 

Knobloch and Schreiber [57] identified an immu- 
nogenic protein (65 kDa by SDS-PAGE) which they 
called Bb65, and cloned the gene for it. The amino 

terminal sequence was homologous to the heat shock 
protein of Mycobacterium tuberculosis. We had pre- 

viously found that anti-GroEL (E. coli) reacted 

strongly with B. bacilliformis proteins (S. Kar and 

G. Ihler, unpublished results) and later cloned and 

sequenced the gene for this protein (Y.-H. Xu and 

G. Ihler, GenBank M98257). Our deduced sequence 

was close to the previously determined N-terminal 

amino acid sequence. A DNA sequence was subse- 

quently submitted by Schreiber (GenBank Z15 160); 
the two sequences differ by 6 bases (3 amino acids). 
About half the chaperonin protein appears to be 

located extracellularly, and half associated with the 

bacteria since about equal amounts were found in- 
tracellularly and in membrane fractions (Y.-H. Xu 

and G. Ihler, unpublished results). Possibly the ex- 

tracellular fraction may assist in maintaining stabil- 

ity of extracellular proteins, as proposed, for exam- 

ple, in Helicobacter pylori [58]. Minnick [59] has 

investigated the proteins synthesized after a tempera- 
ture shift from 25°C to 37°C and found increased 

levels of this chaperonin and 23 other heat shock 

proteins, including 3 outer membrane proteins. 

6. Phage 

Bacteriophage with 40 nm diameter heads and 16 

nm tails have been seen in B. bacilliformis cultures 
[60]. Heads associated with burst cells were mostly 
full, without tails. Phage attached to cell fragments 
had empty heads. In electron microscopic observa- 
tions, some of these phage particles were seen bound 
to flagella (L. Hendrix and G. Ihler, unpublished 
results). Cultures of B. bacilliformis can be cured of 
the virus and its associated DNA. A similar phage 
particle was reported in B. henselae [61]. Fourteen kb 
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DNA was found associated both with phage from B. 

henselae and B. bacilliformis. The DNA however was 
reported to be a heterogeneous mixture of chromo- 

somal sequences, and so the phage may be capable 
of generalized transduction. The explanation for this 

phenomenon presently has not been elucidated. 

Neither chromosomal DNA nor the 14 kb DNA 

from cultures containing the phage are cut with 

EcoRI or HindIII, but chromosomal DNA from cul- 

tures not containing the DNA is cut by these restric- 
tions enzymes. BamHI, BglII and PstI cleave all 

three DNA species (L. Hendrix and G. Ihler, unpub- 

lished results). This observation suggests that the 
phage may code for a DNA modification enzyme. 

7. Speculation 

Because of the close phylogenetic relationship be- 
tween B. bacilliformis and some plant bacteria, espe- 

cially A. tumefaciens and R. meliloti, it is worth keep- 
ing in mind that some endothelial cell surface 

proteins contain conserved domains in common 
with proteins on plant cells. These domains could 

function as binding sites for the bacterium. For ex- 
ample, Saprolegnia ferax contains an integrin and a 

spectrin homologue [62]. A. tumefaciens binds to a 

carrot protein on the surface of carrot cells which is 

closely related to vitronectin and in fact binds to 
human vitronectin [63]. A vitronectin-like protein is 

involved in attachment of A. tumefaciens to carrot 

suspension culture cells [63]. Both vitronectin and 
antibodies to vitronectin inhibit binding to carrot 

cells. There are more such candidate proteins on en- 
dothelial cells than on red cell surfaces. Although 

reticulocytes display ~14 pl integrin, mature red cells 

do not, but mature red cells do contain, for example, 
the integrin associated protein, IAP (CD47), a mem- 

brane protein. It seems possible that the mechanism 
of entry into red cells differs from the mechanism 

used for endothelial cells. 
Plant bacteria closely related to B. bacilliformis 

initiate a tumor-like process in plants; A. tumefaciens 

causes plant cells to proliferate to form a gall of 
disorganized callus tissue and R. meliloti causes 
root nitrogen-fixing nodules to form, both structures 
being superficially analogous, perhaps, to a verruga. 
The plant bacteria are motile and, attracted by 

chemotaxis, bind in a process that is dependent on 

a variety of outer membrane proteins and by an 
ndvA- or chvA-requiring process, which may be ex- 

port of cyclic p-1,Zglucans (reviewed in [64]). Cellu- 

lose fibrils bind aggregates of the bacteria closely to 

the plant cells. (B. bacilliformis also grows in aggre- 

gated mats, although there is, so far, no evidence to 
indicate that cellulose fibrils are involved in creating 

the aggregates. The aggregates can be dispersed in 

concert with the disappearance of two proteins by 

proteinase K under conditions where there is no deg- 
radation of flagellin.) Two-way signalling occurs 

between the bacteria and the plant cells followed 

by expression of proteins that drive plant cell 

growth. Some aspects of this process may also apply 

to infections in mammals by bacteria related to plant 
bacteria. For example, Brucella, also closely related 

to B. bacilliformis, synthesizes cyclic p-( 1,2)-glucans 

[65] which may be important in the infectious proc- 

ess. Although we do not think that B. bacilliformis 
transfers DNA like A. tumefaciens (it has no plasmid 

that we can detect, but the strange properties of the 

phage are worth further consideration) and we do 
not think that auxin synthesis or interference with 

plant hormones are likely to drive endothelial cells 

to duplicate, some type of transmembrane signalling 

must occur to initiate formation of verrugas through 

a tumor-like cell response, and it seems possible this 
could be the result of evolutionary conservation of 

homology. It might be amusing to see if verrugas can 
fix nitrogen. 
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