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ABSTRACT: In vitro infection of primary cultures of leukocytes from kidneys of rainbow trout 
Oncorhynchus mykiss showed that Renibacterium salmoninarum, an obligate pathogen of salmonids, 
survived within the mononuclear phagocytes (MP). Transmission electron microscopy revealed that 
intracellular survival of the bacterium partially depended on its ability to move from the phagosome 
and into the cytoplasm. Formalin-killed R. salmoninai-un? also escaped into the cytoplasm, albeit at a 
slower rate and after sustaining greater cell wall damage, suggesting that the extracellular protein of 
the bacterium plays a role in intracellular survival. The durability of its cell wall enhanced survival 
within MP and significant bacterial losses occurred only after 96 h as the MP died and exposed the bac- 
teria to antibiotics in the media. The bacteria appeared to maintain a slow rate of intracellular division, 
and dividing bacteria were seen in the micrographs through 240 h. Live R. salmoninarum were cyto- 
toxic to MP; however, the MP persisted in culture and k~lled limited numbers of the bacterium. Adher- 
ence of the bacterium to the surfaces of lymphocytes and erythrocytes was also noted. An economical 
and time-saving method for observing and quantifying information obtained from transmission elec- 
tron microscopy is described. The colony-forming units assay and cell viability counts provided addi- 
tional information to support the data from electron microscopy. 
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INTRODUCTION 

Renibactenum salmoninarum, the agent of bacterial 
kidney disease, causes a systemic infection character- 
ized by granulomatous lesions in the kidney and other 
organs. Histologically, the disease resembles human 
glomerulonephritis (Young & Chapman 1978, Bruno 
1986). The bacterium is a fastidious Gram-positive 
actinomycete (Gutenberger et al. 1991) that is not 
easily controlled with antibiotics in vivo (Elliott et al. 
1989). This obligate pathogen successfully perpetuates 
itself in salmonid populations through the dam, who 
transmits the bacteria to her progeny via intra-ovum 
infections (Evelyn et al. 1986, Brown et al. 1994). It is 
also transmitted through the water from infected to 
healthy fish (Mitchum & Sherman 1981, Bruno 1986). 
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After infection, death can result within a few months 
(Fryer & Sanders 1981) or can occur years later when a 
latent infection is triggered by adverse environmental 
conditions, secondary infections, or reproductive stress 
(Banner et al. 1986, Austin & Austin 1987). 

Renibacteriurn salmoninarurn has been observed in 
phagocytic cells from infected fish, and is hypothesized 
to survive within these cells (Young & Chapman 1978, 
Bruno 1986). Some attributes of the bacterium, includ- 
ing its resistance to lysozyme, production of catalase, 
slow rate of replication (generation times of -24 h; 
Fryer & Sanders 1981), cell surface hydrophobicity, 
autoaggregation (Bruno 1988, Daly & Stevenson 1990), 
and prodigious output of a soluble hemolysin/agglu- 
tinin (Turaga et  al. 1987, Bruno 1988, Daly & Stevenson 
1990, Wiens & Kaattari 1991), suggest that it could 
survive and possibly replicate within the mononuclear 
phagocytes (MP).  This is likely why erythromycin, 
an  antibiotic that can concentrate within mammalian 
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phagocytes (Brittain 1987), is more effective than other 
antibiotics against the organism. It would also explain 
why an effective vaccine has not been developed 
(Elliott et al. 1989). 

The intracellular pathogens of other animals survive 
within MP by various mechanisms. Some remain 
within the phagosome and either prevent fusion with 
lysosomes or resist the enzymes of the resulting phago- 
lysosome (Davis-Scibienski & Beaman 1980, Kiehl- 
bauch et al. 1985, Sibley et al. 1987, Buchmeier & 
Heffron 1991, Dowling et al. 1992). Other intracellular 
pathogens escape into the cytoplasm to minimize 
exposure to the products of phagosome-lysosome 
fusion (Farber & Peterkin 1991, McDonough et al. 
1993). Resistance to the oxygen and hydroxyl radicals 
released during the respiratory burst of the MP also 
protects pathogens (Farber & Peterkin 1991). An under- 
standing of the pathogenic mechanisms of Renibac- 
terium salmoninarum and its interactions with the MP 
would aid in the development of new strategies for 
control. 

To examine the mechanisms of survival of Renibac- 
terium salmoninarum in MP and the concomitant inter- 
actions with other leukocytes, we infected a primary 
culture of anterior kidney cells from rainbow trout with 
the bacterium. The anterior portion of the kidney is 
rich in mononuclear phagocytes, lymphocytes, neutro- 
phils, and other cells of the immune system. Examina- 
tion of electron micrograph negatives in a microfiche 
reader permitted quantitative and qualitative observa- 
tions of virulent R. salmoninarum in association with 
the leukocytes over a period of 10 d .  To better under- 
stand the mechanisms of virulence, these results were 
compared with the cell interactions observed with 
formalin-killed R. salmoninarum and the avirulent 
Arthrobacter globiformis, a related Gram-positive bac- 
terium. In addition to electron microscopic analysis, 
the number of viable intra- and extra-cellular bacteria 
were determined by assaying colony-forming units 
(CFU). 

MATERIALS AND METHODS 

Bacteria. A strain and passage of Renibacterium sal- 
moninarum proven to be virulent in vivo was used for 
this study. The D-6 strain, originally isolated from 
Oncorhynchus kisutch (Craig Banner, Dept. Micro- 
biology, Oregon State University, Corvallis, OR, USA), 
was grown in kidney disease broth with charcoal (Daly 
& Stevenson 1985) at 15OC on a shaker until log phase 
growth was observed (8 d). After sampling for counts 
by the CFU assay, killed R. salmoninarum cells were 
prepared by the addition of formalin [0.3% of total 
volume killed the bacteria as verified by lack of growth 

on KDM I1 medium (Evelyn 1977) after 16 wk]. The 
formalin-killed bacteria were centrifuged (2000 X g for 
20 min) 4 times with intermediate 3 min vortex mixing 
in peptone saline (0.85% NaCl, 0.1 % proteose pep- 
tone; Difco, Detroit, MI, USA) to disperse the pellet. 
The washings removed some, but not all, of the extra- 
cellular protein as indicated by a reduced autoaggre- 
gation of the formalin-killed bacteria. To infect the 
leukocytes, the formalin-killed and live R. salmoni- 
narum were resuspended in tissue culture media to 
similar optical densities at 520 nm. Colonies on KDM I1 
were counted after incubation a t  15°C for 21 d and 
determined to be 1.16 X 108 and 1.62 X 10' CFU ml-l 
for the live and formalin-killed R. salmoninarum, 
respectively. 

Arthrobacter globiformis (DSM 20124), a taxonomi- 
cally close relative of Renibacterium salmoninarum, 
served as a nonpathogenic Gram-positive control and 
was grown for 24 h at 26°C in tryptic soy broth (4 g 1-l) 
supplemented with yeast extract (2 g I-'). The culture 
was suspended in medium to yield an infecting dose of 
4 .4  X 108 CFU ml-l. 

Collection and cultivation of trout leukocytes. Modi- 
fied Leibovitz's L-15 tissue culture medium with L- 
glutamine (Flow Laboratories, Inc., McLean, VI, USA) 
was supplemented with 10% heat-inactivated fetal 
bovine serum, 0.8 % glucose, 0.5 % fungizone (GIBCO 
Laboratories, Grand Island, NY, USA) and buffered 
with 1 M Tris HCl to pH 7.4 (referred to as 10% L-15) 
(Braun-Nesje e t  al. 1981). 

Eight rainbow trout (Oncorhynchus mykiss), weigh- 
ing 320 to 658 g, were killed and bled from the caudal 
vein before the anterior kidneys were aseptically 
removed. To prevent loss of adherent cells, all cell 
preparation was performed in polypropylene tubes at 
4°C. The kidney tissues, 13.7 g ,  were pooled and man- 
ually homogenized to single cell suspension in 10 % L- 
15 (supplemented with heparin, 20 U ml-'; penicillin- 
streptomycin, 500 I.U. ml-' and 500 mg ml-'; and 
gentamicin, 250 mg ml-l; pH 7.4). To diversify the MP 
population, peritonea1 macrophages were collected 
after 4 of the 8 fish were injected intraperitoneally with 
1 m1 Freund's incomplete adjuvant emulsified with the 
extracellular protein of Renibacterium salmoninarum 
(Turaga et al. 1987) 3 d prior to tissue collection 
(Mbawuike et al. 1986). Cells collected by peritoneal 
lavage (primarily from 2 responding animals) were 
added to the kidney cell preparation and accounted for 
4.5 % of the total leukocyte preparation. Large clumps 
were removed from the cell preparation by centrifuga- 
tion, approximately 20 X g, 1 min. The supernatant was 
then pelleted and washed 2 times (200 X g for 20 min) 
with 10% L-15 plus antibiotics. Cells were maintained 
in suspension, rather than in monolayer cultures, to 
retain the nonadherent leukocytes and to maximize 
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handllng ease and counting accuracy. The p~-eparation 
was diluted to 7.7 X 10' cells ml-' and rotated (20 rpm) 
in polypropylene tubes on a tissue culture rotator 
(Scientific Industr~es, Bohemia, NY) overnight at 15OC. 
The cell preparat~on contained MP, lymphoid cells, 
neutrophils, and thrombocytes, as well as erythrocytes 
(the latter were excluded from cell counts) as deter- 
mined from electron micrographs and differential 
staining of cell preparations (May-Grunwald stain; 
Yasutake & Wales 1983). 

Infection of leukocytes. Prior to infection, cells were 
washed 3 times (200 x g for 20 mln at  4OC) w ~ t h  10"o 
L-15 to remove the antibiotics, diluted to 2.6 x 107 cells 
ml-l, and distributed equally into 4 tubes. The cells 
were pelleted and the supernatant replaced with a n  
equivalent volume of bacteria (live or formalin-killed 
Renibacterium salmoninarum, or Arthrobacter globi- 
formis) in 10% L-15 or with 10','u L-15 alone (control). 
At 0 h (29 h post-collection), there were 4 to 6 bacteria 
per cell (approximating 222 bacteria per MP). The 
leukocytes were then rotated for 2 h at 15°C. After 
incubation, the tubes were centr~fuged at 100 X g for 
5 min to separate the cells from noningested bacteria. 
This centrifugation step was repeated 3 times with 
10", ,  L-15 containing penicillin G (165 I.U. ml-') and 
gentamicin (250 mg ml-'). The cells from each treat- 
ment were aliquoted in 1 m1 amounts into 2 m1 presili- 
conized microcentrifuge tubes (Slickseal; Island Scien- 
tif~c, Bainbr~dge Island, \MA, USA), capped, and stored 
at a 25" angle at 15°C. The m e d ~ u m  was changed at 
169 h by centrifuging (2000 X g) the tubes to pellet all 
bacterial cells and leukocytes, removing the super- 
natant, and replacing it with an equivalent volume of 
fresh 10% L-15 plus antibiotics. The i n e d ~ a  antibiotics 
prevented the extracellular growth of R. salrnoninarurn 
as shown by PI-evious tests where v~ab le  bacteria at 
6.7 x 10' CFU ml-' in 10% L-15 (w~thout  leukocytes) 
were reduced by 3 logs within 12 h by gentamicin or 
were inhibited by penicillin. Both antibiotics have 
limited or no penetration into mammalian phagocytic 
cells (Fountain et al. 1985, Sanchez et al. 1986), a find- 
ing verified for intact piscine MP by intracellular 
survival of the bacteria for >48 h.  

Transmission electron microscopy. At 1, 2, 4.5, 24, 
48, 96, 168, and 240 h ,  1 tube of leukocytes (1 ml) from 
each treatment was centrifuged to pellet the leuko- 
cytes and all extracellular bacteria. The pellet was 
fixed with 2 % glutaraldehyde (purified Grade I, Sigma) 
in 0.1 M cacodylate buffer (pH 7.2) at 15OC. After 1 h, 
the cells were washed with 0.2 M cacodylate buffer 
(pH 7.3) ,  spun in a microcentrifuge (model 235B, Fisher 
Scientific, Pittsburgh, PA, USA) at 22 000 X g for 3 min, 
and the supernatant removed. Each cell pellet was 
carefully stirred with 2 drops of cooled 2% agarose 
(type VII, low gelling temperature <30°C; Sigma, St. 

Louis, MO, USA) (Watanabe et al. 1988). The agarose- 
cell mixture was spun at 22 000 x g for 1.5 min to con- 
centrate the cells and then allowed to gel on ice before 
cutting Into 1 mm cubes. Following 2 rinses in buffer, 
the cubes were post-fixed In aqueous 1 %, osmlum 
tetroxide, dehydrated in acetone, and embedded in 
Medcast-Araldite 502 resin (Ted Pella, Inc., Redding, 
CA, USA). The blocks were sectioned so that 1 to 2 
1-~bbons of serial sections of leukocytes would be con- 
tamed on each grid. Between grids, 220 pm of the 
sampled block was removed so that each grid con- 
tained an  unique collection of leukocytes. This was 
done to avoid serial sections of the same leukocytes 
between grids and to maximize the number of MP 
examined. The thin sections 'were stained with satu- 
rated aqueous uranyl acetate, and then washed, dried, 
and stained with bismuth subnitrate (Riva 1974). Spec- 
imens were examined with a Zeiss EM 10/A transmis- 
sion electron microscope at  an  accelerating voltage of 
60 kV. All cells within one thin section on a grid were 
photographed In consecutive micrographs at  a magni- 
fication of x1250 to obtain an  unbiased sampling. 
Periodically, serial sections of the MP on a grid would 
be  scanned to verify the location (intra- or extra- 
cellular) of the bacteria. More than 200 n~icrographs, 
each with 1 to 40 cells, were critically examined to 
ascertain the effects of treatment at 4.5 and 96 h .  A 
total of another 118 micrographs provided additional 
information at the other 6 time points. Rather than 
printing numerous micrographs, the micrograph nega- 
tives were exarmned on a microfiche reader (Model 
4020, Micro Design, Hartford, WI, USA) at a magnifi- 
cation of x56 000. Viewing a projected negative image 
(rather than a positive image of prints) presented no 
problems and the high magnification permitted more 
detailed evaluation of bacterial and cellular features. 
Contact prints of each negative were made and the 
individual cells were numbered to be used as a map for 
viewing of the negatives with the microfiche. This per- 
mitted identification of each cell, avoided the problem 
of duplicate readings, and allowed quantification of the 
observations. The observations were summed in con- 
tingency tables and statistical significance was deter- 
mined by chi-square analysis. 

Assessment o f  cell viability: The PIP were rated by 
the integrity of their plasma membrane, nucleus, and 
cytoplasm (Ghadially 1988) and ranked as viable, 
intact-nonviable, or nonintact-nonviable (Table 1 ) .  

Assessment of intracellular bacterial location and 
bacterial cell damage: Intracellular bacteria were re- 
corded as being located in a phagosome when sur- 
rounded by a phagosome membrane (>50% intact), or 
in the cytoplasm when surrounded by host cell cyto- 
plasm (<50% phagosome membrane contact). Bacteria 
were considered intact if the integrity of the shape,  
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Table 1 Class~fication of mononuclear phagocytes (MP] used in the electron micrographs. MP were classified according to the 
integrity of their cellular components (viabil~ty; Ghadially 1988) and intactness. Unless otherwise noted, only the MP classified as 

viable or intact-nonviable were used in statistical analysls 

Classifica t ~ o n  Integrity of cellular components 
Plasma membrane (X  intact) Cytoplasm Nucleus 

Viable > 95 Contiguous Normal 
Intact-nonvlablea 60-95 Contiguous/disrupted NormaVpyknotic 
Nonintact-nonviable < 60 Skeletal, with scant or no organelles Pyknotic or absent 

"The presence of one or more abnormalities in cell integrity classified the MP as nonviable. An MP was deemed lntact if the 
cytoplasm and plasma membrane were complete enough to retain intracellular bacteria 

bThese cells were designated MP if intact phagolysosomes containing bacteria were enclosed within a cytoplasmic skeleton 
associated with some plasma membrane 

cytoplasm, and cell wall (>50%) was retained. Any 
bacteria seen in the nonintact-nonviable MP were con- 
sidered extracellular. 

CFU assay. To determine the number of viable intra- 
cellular and extracellular Renibacterium salmoni- 
narum and Arthrobacter globiformis at 24, 48, 96, 168, 
and 240 h, 3 replicate tubes of leukocytes (1 m1 ali- 
quots) from each treatment were centrifuged at 100 X g 
for 1.5 min to pellet the leukocytes. The supernatant, 
containing extracellular bacteria, was separated into 
another tube and the bacteria pelleted (22000 X g, 
5 min). The pellet was washed 3 times with peptone 
saline to remove antibiotic and then diluted to 1 m1 
for determination of CFU. To release intracellular bac- 
teria, 1 m1 of sterile distilled water was added to the 
leukocyte pellets to disrupt cellular membranes. This 
preparation was centrifuged at  22 000 X g for 5 min. If 
cell lysis was incomplete after 3 washings (as deter- 
mined by light microscopic examination), Triton X-100 
(1 % total) was added for 10 min and the cells were 
washed again. This procedure ruptured the cells but 
did not reduce the bacterial CFU. The resulting pellet 
was then diluted to 1 ml. For determination of CFU, the 
intracellular and extracellular bacterial fractions were 

diluted in peptone saline (10' to IO-~  per ml) and inoc- 
ulated on duplicate plates of the appropriate medium. 
Bacterial colonies were counted after maximum growth 
was obtained (6 wk for R. salmoninarum and 5 d for 
A.  globiformis). 

Cell enumeration and viability. To assess the effects 
of the bacteria on leukocyte viability, the cells were 
enumerated on a Spencer hemacytometer using trypan 
blue dye exclusion. For each treatment, 20 m1 samples 
were collected at 0, 24, 48, 96, 168, and 240 h from 
each of 3 replicate tubes designated for this purpose. 
Data were log transformed and analyzed using uni- 
variate repeated-measures analysis of variance. 

RESULTS 

Intracellular survival of Renibacterium salmoninarum 
in mononuclear phagocytes 

Virulent Renibacterium salmoninarum survived within 
the MP at a much higher rate than the nonpathogenic 
Arthrobacter globiformis. R. salmoninarum persisted 
in high numbers through 96 h, and more than 94 % of 

Table 2. Numbers of viable intracellular and extracellular Renibacterium salmoninarum and Arthrobacter glob~formjs after 
infection of MP as determined by colony-forming units (CFU) assay. Antibiotics In the media prevented extracellular division 

of bacteria 

Bactertum Time No. of viable bacteria (*SDId % lntracellular 
(h) lntracellular Extracellular Total bacterial cells 

R. salmoninarum 24 
4 8 
96 

168 
240 

24 
4 8 
96 

168 

dEach value represents the mean CFU X 104 per m1 from 3 replicates except where starred ( ' )  (1 value) 
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the viable bacterial cells were intracellular as deter- 
mined by CFU assay (Table 2). After 96 h,  there was a 
significant decrease (p  < 0.001) in the number of viable 
intracellular bacteria, perhaps attributable to the 
decline in viable leukocytes (Fig. 1) .  In contrast, .4 

globiformis was rapidly killed or poorly ingested by the 
MP despite an  infecting dose nearly 4 times that of 
R. salmoninarum (Table 2 ) .  

The observations from electron microscopy con- 
firmed the results from the CFU assay. Examination of 
several hundred cell profiles from the Arthrobacter 
globiformis infection at  1, 2, 4.5, 24, and 48 h revealed 
only 4 MP with intracellular bacteria and few extracel- 
lular bacteria. However, Renibacterium salmonlnarum 
was common in MP, and as  many as  11 and 42 bacteria, 
at  4.5 and 96 h ,  respectively, were counted in cross 
sections of MP (Fig. 2 ) .  

Renibacterium salmoninarum, whether live or for- 
malin-killed, was resistant to degradation by the MP. 
At 4 .5  h ,  5 7 %  of the formalin-killed (n  = 278) and 66 % 
of the live (n = 119) R ,  salrnoninarum had intact cell 
walls. By 96 h ,  these numbers decreased by only 7 to 

+ A. glonrlormis 

* Kllled RS 
+ Live RS 

104 

0 50 100 150 200 250 

Time (h) 

Fig. 1 Effect of treatment and time on the viability of the 
cultured leukocytes (primarily lymphocytes, MP, neutrophils, 
and accessory cells). By 96 h, live Renibacterium sal- 
moninarum (RS) signdicantly reduced the number of viable 
leukocytes relative to the other treatments (p  < 0.01). The 
leukocytes were differentially sensitive to culture conditions, 
and observations from micrographs showed that the MP per- 
sisted significantly longer (p  < 0.0001) in culture than the 
other leukocytes. At 96 h, MP comprised nearly two-thirds of 
the leukocyte population, a reversal of the frequency seen a t  
4.5 h. Beyond 96 h, the combined effects of live R. salmoni- 
narum and culture conditions severely reduced the number of 
MP. Each data point represents the mean of 3 replicates a s  

determined from trypan blue exclusion assays 

Live RS 
Killed RS 

No. of R. salmoninarum 

Fig. 2.  Numbers of intracellular bacteria observed in cross- 
section profiles of MP at 4 . 5  and 96 h after infection with live 
or formalin-killed Renibacterium salrnoninarum (RS). Intra- 
cellular bacteria averaged 3 and 6 (live treatment), and 6 and 
8 (formalin-killed treatment) per cell profile, at  4.5 and 96 h, 

respectively. N = 40 to 65 MP per  treatment and time 

10% (n = 319 and 292). Based on the average numbers 
of intracellular bacteria and uninhabited MP (Fig. 2),  
the MP cleared no more formalin-killed than live bac- 
teria by 96 h. The resiliency of the bacterial cell wall 
was also revealed by the numerous bacteria seen in the 
micrographs at  168 and 240 h.  At these time points, R. 
salrnoninarum cells (live treatment) were found pri- 
marily in the culture medium among cellular debris 
and dissociated pyknotic nuclei; the formalin-killed 
bacteria were found both within intact MP and extra- 
cellularly. Many of the live and  formalin-killed R. sal- 
moninarum were morphologically intact and  retained 
their coccobacillus shape,  complete cell walls, and 
contiguous cytoplasms despite their former or pre- 
sent intracellular residence and exposure to media 
antibiotics. 
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Fig. 3 At 4 .5  h post-~nfection, llve Renibactenum salmon~narum IS found In ac t~ve  phagosomes ( p l )  and in the cytoplasm (-X-) of 
MP. The bactena may use 1 or 2 methods for escaping the phagosome. lyslng the phagosome membrane or budding out of the 
phagosome into a ves~cle w ~ t h  a t~ghtly apposed membrane In t h ~ s  micrograph, the bacteria appear to be in the process of 
b u d d ~ n g  out of the phagosome ( p l )  although there are breaks In the membrane (arrowheads) which could indicate a lytic action. 
Close examln.atlon of 2 bacteria (V] reveals that they are mostly enclosed with~n a fraglle vesicle, the membranes of which prob- 
ably disintegrate so that the bacterla are eventually free within the cytoplasm. The membrane of 1 phagosome (p2) has dis- 
integrated, l eav~ng  a bacterium In the cytoplasm. Elther mechanism (lysis or buddmg) would allow the bacteria to escape from 
the pnmary phagosome and avold or lessen the effects that result after phagosome-lysosome fusion. Melanin (m) is seen in a 

deter~orating phagosome 

Although the bactenum was durable, at least some 
MP appeared capable of killlng Renibactenum sal- 
monmarum. By 96 h, distorted bacteria appeared in 
the micrographs and there was a significant increase 
(p < 0.001) in the number of MP lacklng bacteria 
(Fig 21, an indication that R. salmoninarum was sus- 
ceptible to the enzymes in the phagolysosome, where 
bacterial degradation occurs. In the MP. 3 phenomena 
were noted: multiple bacteria wlthln large phago- 
somes, single bacteria contained in vesicles with 
tightly apposed membranes, and bacteria located free 

In the cytoplasm (F~gs .  3 & 4 ) .  Both the live and forma- 
11n-killed bacter~a appeared to move out of the phago- 
some, either by budding through the membrane or by 
partially dissolving and/or mechanically disrupting the 
enclosing membrane. Fragments of the membrane 
usually remained In contact with the bacteria in the 
cytoplasm. By 4.5 h, most live R .  salmoninarum cells 
were located In the cytoplasm (Table 3, Fig 5) .  In 
contrast, the formalin-killed R. saImoninarum left the 
phagosome more slowly and at 4 5 h, significantly 
fewer (p  < 0.001) were found in the cytoplasm com- 

Table 3. Intracellular locat~on of live and formahn-k~lled Renibdctenum salmoninarum (RS) at 4.5 and 96 h post-infection of MP 

Treatment 

. p 

Live RS 

Ttme No of MP Percent frequency of MP population 
(h) observed with RS in with >501';, of RS with 250"(7 of RS with R S  in 

phagosome only in phagosomr! in cytoplasm cytoplasm only 
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Fig. 4.  Formalin-killed Reniba~~arium salmoninarum, 96 h after infection, move from the phagosome into the cytoplasm, resisting 
degradation by the MP. (A) Four bacteria are enclosed in a phagosome with an intact membrane ( p l )  and 8 are in phagosomes 
with incomplete membranes (p2). Another 4 bacteria are in transition (p3) between phagosome and cytoplasmic residence as the 
phagosome membranes have disintegrated, leaving only an empty space around part of the bacteria. Another 4 bacteria are pre- 
sent in the cytoplasm (arrowheads). Extensive deposits of melanin (electron-dense black granules) are present in the cytoplasm 
and in 2 phagosomes. Nu: nucleus. (B) At an increased magnification, intact bacteria with attached membrane fragments (arrows) 
in the cytoplasm and in deteriorating phagosomes (p2, p3) are seen. The bacteria were formalin-killed while in log phase growth; 

thus many bacteria with transverse cell walls are apparent (9) in the micrographs. Melanin (m) is seen in the cytoplasn~ 
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W Intact RS 

phagosorne cytoplasm phagosome cytoplasm 
Killed R S  Live RS 

Fig. 5 .  Total intracellular Renibactedum salmoninarum (RS), 
intact and damaged, in the phagosome and cytoplasm of MP 
at 4 5 h. lntracellular bacteria numbered 278 in 51 MP and 119 
in 40 MP in the killed and live R. salmoninarum treatments, 

respectively. Data were taken from electron micrographs 

pared with the live R. salmoninarum treatment. By 
96 h,  a significant increase in the number of formalin- 
killed R. salmoninarum cells in the cytoplasm was 
observed (p  < 0.002), equivalent to the number of live 
R. salmoninarum seen at this time. There was no sig- 
nificant change in the number of live R. salmoninarum 
in the cytoplasm between 4.5 and 96 h. 

Intracellular replication of 
Renibacterium salmoninarum 

Replicating forms of Renibacterium salmoninarum 
were present in the electron micrographs throughout 
10 d (Fig. 6), but the innately slow division of the bac- 
terium and the limited duration of MP in culture pro- 
hibited qu.antification by electron microscopy or CFU 
assay. Because antibiotics in the media prevented ex- 
tracellular division, observations of replicating bacteria 
as late as 240 h after infection, well beyond the time re- 
quired for bacterial turnover, suggests that some intra- 
cellular division occurred. Throughout the experiment 
there were never more than 2 replicating bacteria per 
MP profile in the live treatment, but active replication 
may have occurred in the unsampled period between 
48 and 96 h. In a previous experiment performed under 
similar conditions, 44% of the intracellular bacteria 
(n = 9) were actively replicating at 72 h in 1 MP profile, 
indicating that intracellular replication was ongoing. 

Interactions of Renibacterium salmoninarum and M P  

Live Renibacterium salmoninarum was significantly 
more toxic to the MP than formalin-killed R. salmoni- 
narum (p  < 0.001). Observations from the micrographs 
showed that, as early as 4.5 h,  the populations of MP 
infected with the live bacteria sustained more damage 
(represented by nonintact-nonviable cells) than those 
infected with the formalin-killed bacteria (Table 4). 
This trend continued through 96 h (p 5 0.001) and was 
verified by trypan blue exclusion tests (p  < 0.05; Fig. 1). 
The MP seemed to tolerate only a limited number 
of live intracellular bacteria and at 96 h there was 
an average of 20 R. salmoninarum per viable M P ,  as 
extrapolated from TEM, trypan blue exclusion, and 
CFU data. After 96 h it was difficult to find intact MP in 
the micrographs representing the live treatment. Sub- 
sequently, there was a 40-fold decline in viable R. 
salmoninarum by 168 h (Table 2), most likely resulting 
from the release of bacteria from disrupted MP and 
exposure to the antibiotic-containing medium. The MP 
appeared to tolerate higher numbers of formalin-killed 
R. salmoninarum and as many as 42  bacteria were 
observed in cross sections of viable MP at 96 h in the 
micrographs. Physical evidence of extensive phago- 
lysosome activity or bacterial-induced damage, such 
as phagosome membrane lysis, failed to explain the 
losses of MP in the bacterial treatments. 

Throughout the experiment, viable MP actively 
ingested melanin granules, creating a new subset of 
melanomacrophages (Fig. 7 ) .  The presence of Reni- 
bacterium salmoninarum, whether live or formalin- 
killed, seemed to trigger disruption of melanocytes, the 

Fig. 6. Replicating Renibacterium salmoninarum was seen at 
240 h and this bacterium, lacking completed cell wall con- 
struct~on (white arrow), was found in a clump of cellular 
debris. Anhbiotics in the media prevented extracellular 
bacterial division; thus the process of replication must have 

started in an MP 
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Table 4 .  Effect of treatment on MP viability as described by the frequency of viable, intact-nonviable, or nonintact-nonviable 
cells. RS: Renjbacterium salmon~narum 

Treatment Time No. of cell 
(h1 profiles 

Percent frequency of MP viabilityd 
Viable Intact-nonvinble Nonintact-nonviable 

Control 

Live R S  4.5 
96.0 

Killed RS 4.5 
96.0 

*Viable: intact plasma membrane, contiguous cytoplasm, and normal nuclei; intact-nonviable: disrupted plasma membrane, 
cytoplasm, or pyknotic nuclei; nonintact-nonviable: disrupted plasma membrane, poorly defined cytoplasm, and pyknotic nuclei 

bNot done. Identification of MP lacking phagosomes, residual bodies, and other characteristic properties was equivocal a t  this 
time polnt 

repositories of melanin. From micrographs, the fre- 
quency of melanomacrophages increased from 9 to 
10% at 4.5 h to 30 to 32% at 96 h in cell populations 
infected with R. salmoninarum. This was nearly double 
the frequency seen in control treatment populations 
( l ?  %) at 96 h. The presence of melanin in phagosomes 
and cytoplasm of the MP did not appear to degrade the 
bacteria (Fig. ?C) altho.ugh it was often seen in active 
and old phagolysosomes. 

Interactions of Renibacterium salmoninarum 
and other cells 

Phagocytosis of Renibacterium salmoninarum by cells 
other than MP was not observed. However, as many 
as 1 to 9 R ,  salmoninarum, live or formalin-killed, ad- 
hered to the plasma membranes of lymphocytes at 
4.5 h (Fig. 8). Bacteria were found tucked within the 
membrane invaginations of the lymphocytes and pos- 
sibly penetrated into the cytoplasm of the cells; how- 
ever, the latter observation could not be verified be- 
cause serial sections of these cells were not examined. 
More rarely, R, salmoninarum was found embedded on 
the surface of erythrocytes. Some cells (lymphocytes, 
plasma cells, and erythrocytes) with surface-embedded 
bacteria were phagocytosed by MP (Fig. 9). 

DISCUSSION 

For years, chronic infections of Renibacterium sal- 
moninarum have plagued salmonids and reduced sur- 
vival of these fish. The bacterium has developed sur- 
vival strategies that allow it to persist within fish 
populations for generations (Fryer & Sanders 1981) 
and elude control by chemotherapy and vaccines 
(Elliott et al. 1989). In those animals which do not suc- 
cumb to acute infections, the bacterium appears to 

remain dormant or to be controlled by the immune 
system of the host. However, long-standing infections 
of R. salmoninarum often culminate during reproduc- 
tion and infect future progeny (Evelyn et al. 1986). We 
demonstrated virulence characteristics of R. salmoni- 
narum that allow avoidance of immune defenses and 
verified that it survives within MP despite the attempts 
of this cell to eliminate ~ t .  

We found that the cell wall of Renibacterium sal- 
moninarum contributes to bacterial survival and, thus, 
constitutes a virulence factor. This was verified by 
contrasting R. salmoninarum with Arthrobacter globi- 
formis, a close phylogenetic relative (Stackebrandt et 
al. 1988, Gutenberger et al. 1991, Gutenberger 1993). 
Although significant similarities exist in the cell wall 
construction, 16s rRNA, and biochemistry between R. 
salmoninarum and A. ylobiforrnis (Sawai et al. 1976, 
Goodfellow et al. 1985, Jones & Krieg 1986, Guten- 
berger 1993), the differences in their internalization 
and resistance to enzymatic degradation by MP are 
striking. Both live and formalin-killed R. salmoni- 
narum, but not A. globiformis, were readily phago- 
cytosed by MP in the absence of complement, and 
often retained intact cell walls for up to 240 h. In this 
respect, R. salmoninarum resembles Mycobacterium 
tuberculosis, another intracellular pathogen that, viable 
or not, has a formidable cell wall that resists degrada- 
tion by the MP (McDonough et al. 1993). The durability 
of R. salmoninarum might be attributed to its cell wall, 
unique among Cram-positive bacteria, which contains 
a rare amino sugar (Kusser & Fiedler 1983) and is 
highly resistant to in vitro lysis (lysozyme and pres- 
sures of 20 000 psi followed by detergent and protein- 
ase K; Gutenberger et  al. 1991). 

Although its cell wall is durable, Renibacterium 
salmoninarum was not completely resistant to the 
enzymes of the phagolysosome. This explains the 
necessity for the rapid escape of the bacteria from 
phagosomes. Some bacteria appeared to bud out of the 
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Fig. 7. (A) At 96 h, this intact, but non-viable, melanomacrophage (MP) contains bacteria (arrowheads) and a large deteriorating 
phagosome (P) with melanin. By this time, many MP had ingested melanin that had been released from melanocytes or other dis- 
rupted melanomacrophages. Melanin may help protect the scavanging MP from the enzymes exuded from piscine neutrophils 
which, having little or no phagocytic capability, appear to kill micro-organisms extracellularly (Ellis 1982, Rowley et al. 1988. 
Ferguson 1989). Two melanin granules (m) and 2 residual bodies (rb) are seen in the cytoplasm, as  is a cross section of a dead 
erythrocyte (e).  Nu: nucleus. In (B), a residual body (rb), a n  old phagolysosome that has completed degradation of its contents 
(Ghadially 19881, is evidence of the activity of the MP. By 96 h, 4 8  to 56% of the infected MP had residual bodies. an increase from 
4.5 h (9 to 12%) .   cle elan in (clustered around m] was often seen in areas of degradat~on although it had no apparent effect on 
closely associated Renjbacterium salmoninarum (C) Even the formalin-killed bacterium seen here (arrow) appears intact (the 

lndistlnct edges are the result of the luxtaposltlon of the bacteria to the knife edge durlng sectioning) 

phagosome and plnch off some of the membrane to 
create a bacterial-containing vesicle with tightly 
apposed membranes. This is a mechanism that is used 
by Mycobacterium tuberculosis to avoid the killing 
proteins incorporated into the phagosome after fusion 
with the lysosomes. Later, the vesicle membranes dis- 
appear leaving the bacteria in the cytoplasm (Mc- 
Donough et  al. 1993), a situation that was noted in 
our micrographs. Alternatively, many of the bacteria 

appeared to escape into the cytoplasm by disrupting 
a.nd possibly lysing the phagosome membrane. Listeria 
monocytogenes, another intracellular pathogen, enlists 
this tactic Lhrough a n  apparent hemolysin-induced 
lysis of the phagosome (Farber & Peterkin 1991). 
Regardless of the mechanism used, budding or mem- 
brane lysis, the transition of R. salmoninarum from 
the phagosome into the cytoplasm undoubtably con- 
tributes to its survival withln the MP. The resistance of 
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Fig 8 (A)  At 4 5 h after ~nfection, 
Ren~bactenum salmoninarum was 
found embedded (arrowheads) in the 
plasma membrane of lymphoid cells 
Nu nucleus. (B) An enla~gement of 
(A) suggests that the llve bacterium 
partially lysed the membrane and 
entered the cytoplasm, however, the 
bacterla may be simply trapped In- 

s ~ d e  the membrane ~ n v a g ~ n a t ~ o n s  

R. salmoninarum to lysozyme (Fryer & Sanders 1981), 
the endogenous enzyme in the cytoplasn~ of MP, fur- 
ther supports this strategy for intracellular survival. It 
is notable that the formalin-killed R. salmoninarum 
also retained, in reduced capacity, the abllity to move 
from the phagosome into the cytoplasm, despite pre- 
infection treatment with formalin and saline washes. 

Another factor contributing to lntracellular survival 
and disease transmission might be the lengthy gen- 

eration time of Renibdcterium salmoninarum which is 
218 h at 15 to lB°C even in aerated culture medium 
(Fryer & Sanders 1981, S. Gutenberger unpubl. data). 
The bactena appeared to replicate slowly withln MP, 
as noted by slghtings in the micrographs at 240 h post- 
~nfection. The slow replication of R. sa1monina.1-urn 
probably contributes to its success as a pathogen for 2 
reasons. Dormant or slowly growing bactena are resis- 
tant to many antibiotics that target actively replicating 



Dis Aquat Org 28: 93-106, 1997 

Fig 9. Bacteria embedded In the membrdrles of erythrocytes and lymphocytes seemed to induce phagocytosis of the affected cells 
by MP At 4.5 h ,  a n  immature erythrocyte (ER) with a membrane-embedded Ren~bacferium salmoninarum (arrowhead) has been 

phagocytosed by an  active melanomacrophage which has also engulfed other bacteria (arrows). Nu: nucleus 

bacterla (Tuomanen et al. 1986). After removal of the 
antibiotic, a reservoir of viable pathogens is likely to 
persist, particularly if some dormant bacteria are pro- 
tected In an  intracellular location. This would explain 
the resurgence of R. salmoninarum in populations of 
fish after antibiotic treatment had Initially suppressed 
disease epidemics (Elliott et  al. 1989). Also, live R. 
salmoninarum was toxic to MP and other leukocytes. 
Therefore, rapid intracellular growth of the bacterium 
would promote death of host cells which would be dis- 
advantageous for its long-term survival in the fish and 
~ t s  subsequent vertical transmission. 

Many of the attributes that contribute to the success- 
ful replication of the bacterium may be induced by the 
extracellular protein (antigen F, soluble protein) of 
Renibacterium salmoninarum (Getchell et al. 1985). 
This protein is associated with the cell surface, pro- 
duced in prodigious quantities, and implicated in viru- 
lence (Bruno 1988) The major and best characterized 
component of the extracellular protein is a 57 kDa pro- 

tein (p57) which has autoaggregating, hydrophobic, 
(Daly & Stevenson 1990), leukoagglutinating and pos- 
sibly, immunosuppressive properties (Turaga et al. 
1987, Rockey et al. 1991, Wiens & Kaattan 1991). Hy- 
drophobic surface proteins promote phagocytosis by 
MP, an  attnbute made apparent by the rapacious 
uptake of the bactena by the MP despite a lack of com- 
plement in the media. Wiens & Kaattari (1991) note 
that the protein possesses characteristics simllar to 
adhesion proteins which may allow bacterial attach- 
ment to cellular receptors. In our study, the adherence 
of R. salmoninar-um to the plasma membranes of lym- 
phocytes and erythrocytes supports this hypothesis. 
Perhaps this provides a means of systemic transporta- 
tlon. The hemolytlc activity of the extracellular proteln 
may also Induce lysis of membranes (Evenden et al. 
1990), allowing bacteria to escape from the phagolyso- 
some. In addition, ~f R ,  salmoninarum can disrupt the 
plasma membrane of lymphocytes, as suggested by the 
micrographs, then this may explain the flnding that 
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purified p57 reduces antibody synthesis (Rockey et  al. 
1991). The lytic and adherent activities of the formalin- 
killed bacteria were diminished but not eliminated, 
either because the bacteria were no longer producing 
protein or because the pre-infection treatment had 
removed some of the extracellular protein. This could 
be why MP infected with killed R. salmoninarum 
survived longer and tolerated larger numbers of the 
bacteria. 

Although Renibacterjum salmoninarum has formid- 
able defenses to survive intracellularly, the MP were 
capable of killing the bacterium, a result also noted by 
Bandin et  al. (1993). The mixture of leukocytes in cul- 
ture, including some previously exposed to the extra- 
cellular protein of R. salmoninarum, may have pro- 
duced interleukins that activated bacterial killing by 
MP. However, neither interleukins nor activation of 
MP are required for the killing of intracellular patho- 
gens (Crowle 1988, Dowling et  al. 1992). Crowle (1988) 
suggests that some, but not all, MP in a population are 
able to kill intracellular Mycobacterium tuberculosis; 
thus the infection is perpetuated in vivo. This may also 
be true for R, salmoninarum in vivo. Moreover, we 
found that the MP phagocytosed melanin granules 
which might have improved the life-span of these cells, 
thereby increasing the odds of killing the bacteria. 
Ingestion of melanin by phagocytes may be a mecha- 
nism of protection against the effects of free radicals 
exuded from piscine neutrophils and tissue debris 
(Ellis 1982, Rowley et  al. 1988, Ferguson 1989). Dis- 
persed melanin and increased numbers of melano- 
macrophages (MP containing melanin) are  character- 
istic of chronic inflammations in fish (Bruno 1988, 
Ferguson 1989), a condition duplicated in our primary 
cultures infected with live or formalin-killed R,  sal- 
moninarum. The internalized bacteria appeared un- 
affected by melanin and,  may, like the MP, capitalize 
on its protective features to survive intracellularly. 

Results of this work suggest the mechanisms that 
allow Renibacterium salmoninarum to perpetuate 
chronic infections of bacterial kidney disease and 
resist treatment by antibiotics and vaccines. Because of 
its cell surface components, R. salmoninarum is readily 
phagocytosed by MP and is able to move from the 
phagosome and into the cytoplasm. This mechanism 
does not require active growth (or even viability), and 
in concert with its durable cell wall R. salmoninarum 
may remain dormant in the cytoplasm of the MP. The 
MP appear to tolerate limited numbers of virulent 
intracellular R. salmoninarun~, and extensive replica- 
tion would result in loss of protective host cells. The 
success of R. salmoninarum as  a pathogen likely 
results from its ability to survive in the cytoplasm of MP 
and maintain minimal replication until conditions favor 
maximum reinfection. 
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