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ABSTRACT: This study was prompted by concern that the widespread use of erythromycin (EY) for
prophylactic treatment of kidney disease of salmonids caused by Renibactenum salmoninarum (Rs)
could lead to the development of antibiotic-resistant strains of the pathogen. From a British Columbia
strain of Rs sensitive to EY (minimum inhibitory concentration of ca 0.25 pg EY ml-') a highly resistant
culture was developed in vitro by inoculahng cells growing in the presence of 0.1 pg EY ml-' onto medla
containing increasingly higher concentrations of antibiotic, up to 500 pg EY ml-'. The high level of
resistance was maintained for at least 6 passages on EY-free medium but declined on further passaging.
The resistant strain was of lower virulence for sockeye salmon Oncorhynchus nerka than the parent
strain. Attenuation of the EY-resistant strain appeared to be attributable more to serial passage on
culture media than to a n effect of the antibiotic. Implications of these findmgs are discussed in relation
to fish culture practices.

INTRODUCTION
Following reports of Wolf & Dunbar (1959), Klontz
(1973), Groman & Klontz (1983), Austin (1985a), and
Bullock & Leek (1986),the broad spectrum, macrolide
antibiotic erythromycin has been widely used in an
effort to prevent or control the spread of kidney d s e a s e
of salmonids caused by Renibactenum salmoninarum.
Concern that extensive therapeutic use of this antibiotic
could lead to the generation of antibiotic-resistant
strains of R. salmoninarum stimulated the investigation
reported here. Development in vitro of erythromycin
resistance in a British Columbia (BC) isolate of R. salmoninarum and some physiologic and pathologic properties of the resistant strain are described.

MATERIALS AND METHODS
Bacterial cultures. A strain of Renibacterium salmoninarum (our stock 384) used by Bell et al. (1984)
was cultured to develop erythromycin (EY) resistance.
To our knowledge this strain had not been exposed
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previously to EY. This parent strain will be designated
Rs; RsR will refer to the derived EY-resistant strain, and
RsP to the parent strain that had been passaged on EYfree medium 12 times (starting from the frozen stock of
Rs) to simulate passages used to develop RsR.
Culture media. Our Rs strain, stored at -85 "C, was
routinely cultured at 15 "C on KDM 2 agar (Evelyn
1977) but containing only 5 % foetal bovine serum. This
medium, here designated K5, was also used as a base
to which filter-sterilized erythromycin (Sigma No. E6376) was added aseptically just before pouring the
cooled liquid agar. Concentrations of antibiotic are
reported as active ingredient.
Quantitative evaluation of growth. The drop-plating
technique of Miles & Misra (1938) was used for enumeration of Rs on K5, and counts were based on the
mean number of colonies from 5 or 7 replicate 25 p1
drops. Colonies were counted under a stereomicroscope. In addition, a quantitative estimate of biomass
was obtained using the following procedure. Five replicate plugs of agar with growth from each 25 p1 drop
were removed with a cork borer. Each plug was placed
in a test tube and agitated in 10 m1 of 0.85 % NaCl
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containing 0.1 OO/ formalin to prevent further growth.
When growth had been removed and the agar had
settled, the absorbance of the supernatant was read in
a 'Spectronic 20' (Bausch and Lomb) spectrophotometer at 540 nm.
Stability of erythromycin in K5. Erythromycin concentrations were determined using the method
described by Evelyn et al. (1986),except that test solutions were added to stainless steel cylinders placed on
the bioassay agar
The stability of EY under our conditions of media
preparation and incubation was determined using
liquid rather than solid K5 for pracbcal reasons. Autoclaved medium was cooled to 46 " C ; serum and filtersterilized EY were added to provide aliquots containing
C.125, G.25, and Q.5 @gEY ml-l. These Lqiiid aliquois
were then treated comparably to solid K5. Samples for
assay were removed immediately and at intervals up to
12 d of incubation at 15 "C. Samples were stored at
-85 "C and assayed as a group for EY concentration.
Development of resistance to erythromycin. Resistance was developed by exposing Rs to a series of
increasing concentrations of EY. Cells surviving at the
highest levels of antibiotic were then plated on even
higher levels. Initially, 25 p.l suspensions of Rs (2 X 106
cfu [colony forming units] ml-l) were dropped onto K5
agar containing 0.1 pg EY ml-' because preliminary
studies showed that the MIC (Minimum Inhibitory
Concentration) was between 0.25 and 0.5 ~ l gEY ml-l.
Growth was then suspended in sterile tap water and
drop-plated on K5 (control) and on K5 containing 0.25
~g EY ml-l. The procedure was repeated using 1.0, 1.5,
4, 10, 25, 100 and, finally, 500 kg EY ml-', usually after
14 to 18 d incubation. Intermediate concentrations of
EY were also tested at each transfer but inocula were
taken from media containing the above levels of EY.
the highest tested at each transfer.
Stability of resistance to erythromycin. In order to
test the stability of resistance to EY, Strain RsR was
serially transferred on antibiotic-free K5 medium. At
each transfer the cells were also plated on media containing 0.5, 300, and 500 yg EY ml-'. The time between
transfers of RsR on antibiotic-free medium ranged from
7 to 18 d. Subcultures on antibiotic-containing medla
were incubated up to a maximum of 30 d before belng
discarded.
Pathogenicity tests. Sockeye salmon Oncorhynchus
nerka were obtained in 1982 as surface-disinfected
eggs from Weaver Creek, BC, reared in ground water,
and fed Oregon Moist pellets (OMP) (Moore-Clark Co.)
under the normal daylight cycle at the Rosewall Creek,
Vancouver Island, rearing facility. In July 1984 the fish
were brought to the Pacific Biological Station for
experimentation where rearing continued as before but
in dechlorinated Nanaimo City water. Chemical

characteristics of both rearing waters have been
described by Bell et al. (1984).
Two experiments were conducted to compare the
pathogenicity of Rs, RsR, and RsP. In the first experiment, 50 to 70 g anaesthetized (75 ppm MS222) sockeye salmon were each inoculated intraperitoneally
(i.p.) with 0.1 m1 of aseptically prepared dilutions of
viable cells in physiological saline. Each of 3 groups of
10 fish was given in the order of 106, 104 or 102bacteria
(Rs or RsR) fish-', respectively. Fish were fin-clipped to
identify the dosage given and the Rs- and RsR-inoculated fish were reared in 2 separate 200 1 fibreglass
tanks with a flow rate of ca 15 1 min-'. Control fish (10)
were injected similarly with sterile physiological saline
and placed in a separate tank. Fish were fed to satiation
5 d pe1 week clr~dreared in fresh water, the temperature regime of which is included in Fig. 1. A similar
protocol was followed in the second experiment.
In the second experiment the pathogenicity of RsR
was also compared to that of the parent strain that had
been passaged on K5, i.e. to Strain RsP. In both experiments, Rs and RsR inocula were stored at -85 "C until
needed, rather than being maintained by passage on
fresh media. Unless otherwise noted, rearing densities
and tank dimensions were similar for each strain of
inoculum tested. The same stock of sockeye salmon
(new weight range 130 to 160 g) as used in the first
experiment was inoculated.
Confirmation of BKD. Kidney tissue from dead or
moribund fish was routinely examined for typical
lesions (Fryer & Sanders 1981) and plated aseptically
on Tryptic Soy Agar (TSA, Difco) and on K5. Smears for
microscopic examination were also made. Plates were
incubated for 6 wk at 15 "C before being discarded.
Fish were considered to have confirmed BKD if there
was little or no growth on TSA but typical growth of Rs
on K5. If, as rarely happened, there was no growth of Rs
on K5 despite the presence of typical lesions and
numerous characteristic Rs cells in kidney smears, the
fish were also considered to have died of BKD.
Viable counts of Rs in the kidney. Enumeration of Rs
in the kidney was done by first removing the entire
kidney aseptically. The tissue, without its covering
membrane, was weighed, diluted 1:l (w/v) with sterile
physiological saline and thoroughly blended in an iced,
sterile, glass homogenizer. Serial 10-fold dilutions in
sterile saline were prepared from which 25 p1 aliquots
were drop-plated as previously described. Numbers
are reported as cfu (particularly because cells may have
been aggregated) per gram wet weight of h d n e y , and
were determined by averaging colony counts from 5
replicate drops.
Haematocrits. Haematocrits were determined using
heparinized capillary tubes spun for 3 min in a ClayAdams microhaematocrit centrifuge.
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RESULTS AND DISCUSSION
Stability of erythromycin in K5
Erythromycin appeared to be stable under our conditions as evidenced by the fact that zones of inhibition
were constant (tl mm) from replicate samples taken
throughout the 12 d incubation period. Further, the
weighed amount of EY added to the test medium was
quantitatively confirmed by the bacterial assay method
(data not shown). Medium without added EY gave no
zone of inhibition. We therefore concluded that cells
inoculated onto antibiotic-containing media were
exposed to the actual amount of EY indicated.

Development of resistance to erythromycin
Our strain of Rs, the initial MIC value of which was
determined to be ca 0.25 pg EY ml-l, eventually grew
in the presence of 500 yg EY ml-' by culturing it with
stepwise increases in the level of antibiotic. As measured by our quantitative technique, growth on EYcontaining media was less than half that on K5 alone
until a range of 16 to 30 pg EY ml-' was reached. In this
range, growth was equal to but not significantly greater
than that on K5 ( p > 0 . 0 5 by l-way ANOVA). At concentrations of EY > 30 yg ml-', growth again declined
significantly ( p < 0.05) compared to that on K5 alone
(data not shown).
Based on the incremental levels of EY used to
develop the resistant strain of Rs, it is evident that cells
were able to grow with 3- to 5-fold increases in concentration of the antibiotic. It is not known if the cells could
have withstood even greater increases because each of
the 7 concentrations of EY (0.25, 1, 1.5,4, 10, 25, and
100 yg ml-l) used to develop resistance was the highest
tested at each transfer. In other words, there might
have been a concentration of EY at which cells were
'switched on' and became remarkably more resistant,
as occurred with certain staphylococci (Weisblum &
Demohn 1969). If so, this concentration was not determined for Rs.

Growth of Rs and RsR on antibiotic media
and stability of resistance
The results shown in Part A of Table 1 again confirm
that the MIC of EY for Rs is about 0.25 pg ml-' and also
show what portion of the inocula grew at lower levels of
the antibiotic. (Although these percentages are based
on a broad range of plate counts, they could b e useful
for estimating the fraction of a population of naive, i.e.
EY-susceptible, Rs that might proliferate in the pres-
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ence of various concentrations of EY.) The portion of
the population that failed to grow might either have
been inhibited or killed, that is, all of the initial
inoculum might have survived but only some grew.
Whether EY is bacteristatic or bactericidal depends
upon many factors, the most important of which is
concentration of the antibiotic. The usual prophylactic
dosage is about 10 mg EY kg-' fish body weight (Hastein 1984).Approxin~atingthis dosage to 10 mg l-' and
assuming uniform distribution, the concentration
would be equivalent to 10 yg n ~ l - l ,initially well above
the MIC, before physiological clearance.
In contrast to our results, Austin (1985a) found that
all 40 of his test strains of Rs streaked on KDM 2 failed
to grow at a concentration of EY phosphate a s low a s
0.05 yg ml-l. Austin's strains might have been more
susceptible than ours but possibly his inocula were too
low or his incubation times too short to allow any
resistant cells to form visible growth.
As can b e seen from Part B of Table 1, growth of RsR
was not inhibited by any concentration of EY from 0 to
500 pg ml-l. (Increased survival in the presence of EY
is probably spurious.) From Part C of Table 1 it can b e
seen that there was no significant @> 0.05) decline in
growth at any level of EY even after 6 serial passages
on EY-free medium. Despite the absence of selective
pressure from EY in vitro, it was not until after 3
additional passages that resistance was rather abruptly
reduced to near the original level of sensitivity (data
not shown). Following the 10th passage of RsR on EYfree medium, growth in the presence of 0.5 pg EY ml-'
was very scant compared to that from the same
inoculum on K5. On the 11th passage the former EYresistant strain failed to grow at the aforementioned
level of EY but grew readily on antibiotic-free medium.
Controls of the parent EY-sensitive strain grew well on
K5 but always failed to grow in the presence of 0.5 yg
EY ml-' unless extremely heavy inocula and long incubation times were used.
Therapeutically, the development in vitro of resistant
Rs and the stability of this property are disconcerting
but it remains to be seen if either of these events can
occur in vivo. Further, pathogenicity tests reported
herein suggest that RsR would probably not readily
survive in the host, although survival might be quite
different if resistant Rs were formed in vivo.

Mechanism of resistance to erythromycin
Resistance to antimicrobials may be associated with
constitutive or inducible factors, chromosomal mutations, or with DNA replicons in episomes or plasmids.
As Davies & Smith (1978) pointed out, there are a
number of possible mechanisms to explain antimicro-
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Table 1. Renibactenum salmoninarum. Survival of Rs 384 on first exposure to erythromycin, after developing resistance (RsR),and
after the resistant culture had been subcultured on antibiotic-free medium
Erythromycin
( ~ m1-l)
g

Dlluhon of
inoculum

Mean cfu 0.025ml-'
(n = 7)[range]

cfu ml-'

Calculated
'10 survivors

(A) First exposure (Rs)
0 (K51

(B) Resistant culture (RsR)
0 (K51

95
190-l051
101
189-1071
101
187-1 161
97
[84-1071
100
[84-1211
98
181-1 l?]

(C)Resistant culture (RsR) from erythromycin-free mediumb
0 (K54
10-~
336
1321-3611
10-~
315
100
1264-3513
200
10-~
311
(279-3381
10-~
330
300
(310-3521
400
10-~
304
[264-3371
500
10-~
302
1259-3621
a

1.34 X 10l0
1.26X 1010
1.24 X 10"
1.32X 1010
1.22X 1010
1.21 X 10"'

Arbitrarily designated to be 100 %. Numbers in parentheses are from a similar experiment in whlch the inoculum contained
8 X 10' cfu ml-'
Passaged 6 tlmes on erythromycin-free medium (K51

bial resistance. Briefly, some of these are: blockage of
entry of the drug into the cell; altered affinity of the
target site for the drug; inactivation of the drug; bypassing the blocked pathway; reducing the cell's
dependence on the blocked pathway; saturating or
'titrating out' the drug; producing an inhibitor of the
inhibiting drug.
The macrolide EY is one of several classes of antibiotics listed by Weisblum & Demohn (1969) that inhibit
the activity of the 50 S ribosome subunit. Resistance to
EY and other macrolides appears to be associated with
mutational (Tanaka et al. 1968) or plasmid-mediated

(Weisblum et al. 1971) blockage (e.g. methylation) of
the binding site(s) on the 23s RNA, the latter phenomenon occumng in streptococci and staphylococci. It is
noteworthy that EY-resistant cells usually also show
cross-resistance to other macrolide antibiotics. However, Weisblum & Demohn (1969) reported that certain
EY-resistant mutants of Staphylococcus aureus had the
unusual property of sensitivity to other macrolides.
Moreover, when these mutants were exposed to
between 0.001 and 0.1 pg EY ml-' they showed
induced resistance to certaln other macrolides, lincosaminides, and the streptogramin-B group. In this
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case, EY was said to have 'antagonized' the action of
other antibiotics that also act on the 50 S ribosome
subunits. It would b e interesting to know if our RsR
showed any of the above properties but we have not
tested cross-resistance to any other macrolides, nor
have we tested directly or indirectly for plasmids.
Regarding plasmids, it is noteworthy that Toranzo et al.
(1983) were unable to detect plasmid DNA in a strain of
Renibacterium salmoninarum used in a survey of plasmids in bacterial fish pathogens.
In summary, the mechanism of EY resistance
developed in our strain of Rs is unknown.

lated RsR had been lulled or sequestered, possibly in
other tissues.
All but 3 out of 30 fish inoculated with Rs died of
confirmed BKD. Kidneys from 23 of the mortalities
contained 99 19 (SD) X 10' cfu Rs g-l wet wt. The
vast number of Rs necessary to kill the host suggests
that death depended upon sheer numbers of the pathogen rather than upon production of toxins. However,
perhaps the lytic enzymes of the host and/or pathogen
(Smith 1964, Goodfellow et al. 1985) could account for
the kidney damage reported by Young & Chapman
(1978) and Bruno (1986).

Pathogenicity of RsR

Experiment 2

Experiment 1

The possibility that the avirulence of RsR shown in
Experiment 1 was the result of serial passage on
laboratory media was examined in a second experiment. Mortalities of fish inoculated with Rs or RsP are
shown in Fig. 2. No saline-injected control fish died
during the experimental period. Mortality rates in
Experiment 2 using Rs were much lower than in
Experiment 1 even though inocula used in the second
experiment were considerably higher. The lower rate
might be attributable to the low post-inoculation rearing temperature and/or the greater size/age of the fish
used in this experiment. Nevertheless, mortality rates
following inoculation with RsP were even lower than
with Rs (comparing inocula of 105 and lo7 cfu) and
when the experiment was terminated at 208 d postinoculation ( p i . ) only 23 out of 30 RsP-inoculated fish
had died, 22 of confirmed BKD. Of the surviving 7 fish,
4 had confirmed infections of Rs but none showed gross
signs of the disease. Three fish showed no signs of the
infection and, perplexingly, these had been given the
highest inoculum. The first group of survivors might be
considered carriers whereas the second group might be
considered refractory, both conditions possibly related
to genetic constitution (Suzumoto et al. 1977).

Although i.p. inoculations of Rs into sockeye salmon
smolts caused mortality in patterns like those that had
been demonstrated in earlier work (Bell et al. 1984)
(Fig. l ) ,inoculation of comparable numbers of RsR into
other groups of smolts did not result in any mortality
during the 170 d incubation period. (There was also no
mortality of saline-injected control smolts.) These
results suggest that RsR was either avirulent, or of low
virulence compared to Rs. At the termination of the
experiment the RsR-inoculated fish appeared grossly
healthy and had mean haematocrits of 41 % f 3 (standard deviation, SD) compared to saline-injected controls with a mean haematocrit of 47 O/O f 1.4 SD. No
bacteria could be cultured from the kidneys of RsRinoculated smolts using any of the following media:
TSA, K5 or K5 with 1 or 500 pg EY ml-l. Further, no Rslike cells could be seen when 50 oil immersion fields of
Gram-stained smears of kidneys from each fish were
examined, or when kidney smears from 10 of these fish
were similarly examined using the indirect fluorescent
antibody technique of Bullock & Stuckey (1975), capable of detecting our Rs and RsR. Evidently the inocu-

Fig. 1. Oncorhynchus nerka. Cumulative percent
mortahty from confirmed BKD (August to January) of sockeye salmon following inoculation with
(0)
3.02 X 106, (D) 3.02 X 104,or (A) 3.02 X 102 cfu of
Rs fish-' (Experiment 1). (X) Temperature. (Replicate sockeye salmon similarly inoculated with
3.6 X 106, 3.6 X 104 or 3.6 x 102 cfu of RsR did not
die during this experimental period)

+

DAYS POST INOCULATION
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Fig. 2. Oncorhynchus nerka. Cumulative percent mortality from confirmed BKD (December
to July) of sockeye salmon following inoculation
~ ((o 1 . 2 107,
~ or (n) 1.2 X 10'
with (2) 1 . 2 10"
cfu Rs; or (m) 5 . 6 107,
~
(m) 5 . 6 lo5,
~
or ( A )
5.6 X lo3 cfu RsP (Experiment 2). Ambient temperature of incubation is shown in the upper
graph. Experiment terminated at 208 d p. i. (Replicate sockeye salmon similarly inoculated with

80'
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DAYS POST INOCULATION

None of the fish inoculated with RsR (up to 8 X log
cfu fish-') and held in the same type of tank and
rearing density as used for Rs- and RsP-inoculated fish
succumbed to infection during the 208 d incubation.
However, fish inoculated with 1.6 X 10'' cfu RsR and
reared at roughly twice the density began to die at 167
d p i . At 208 d, 90 % had died, all of confirmed BKD
(Fig. 3). These results suggest that the virulence of both
RsR and RsP had been reduced by passage on media
and that EY might, in addition, have caused selection of
a less virulent strain. Typical Rs grew from kidney
tissue of 2 mortalities from the RsR inoculated fish (i.e.
it grew when plated on K 5 but not when plated on K 5
containing 50 pg EY ml-l). Unfortunately, because
most tissue samples were accidentally destroyed in
refrigerated storage, kidneys from only the above 2 fish
were available for testing. Therefore, these results sug-

8~

log, 8 x 107, or

8 x 105 cfu RsR did not die
during this experimental period)

gesting that the originally injected RsR had lost its
strong resistance in vivo to EY must be regarded as
preliminary. Finally, it is not possible to state whether
the higher inoculum, the environment, or both factors
played a role in causing the mortalities following inoculation with RsR but, whatever the cause, the feasibility
of using an attenuated strain of Rs as a vaccine should
be approached with caution.
Antibiotic-resistant strains of bacteria have become a
serious problem in piscine (Aoki et al. IQ??), human,
and veterinary medicine (Stewart-Harris & Harris
1982). Our development of an EY-resistant strain of
Rentbacterium salmoninarum in vitro indicates a
potential for this phenomenon to occur in fish culture
practice but, as far as we are aware, to date there have
been no reports of EY-resistant Rs resulting from the
use of the antibiotic in fish culture. Nevertheless, the
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Fig. 3. Oncorhynchus nerka. Cumulative percent
mortality from confirmed BKD (December to July)
of sockeye salmon inoculated with 1.6 X 10" cfu of
RsR (same cell suspension and water temperature
as referred to in Fig. 2) and held at about twice the
density used in Experiments 1 and 2

Bell et al.- Erythromycin-resistant strain of Renibacteriun~salmon~narum

25

-

possibhty that resistance of Rs to EY might occur in the
field and be associated with transmissible plasmids is
of grave concern. Any resistant strains of Rs should be
examined for such plasmids. However, if a plasmidless,
EY-resistant strain of R. salmoninarum were produced
as a result of medicating fish stocks (i.e. in vivo), the
consequences might be minimal for 2 reasons. First, we
have some indication that virulence of a resistant strain
might be impaired suggesting that the bacterium may
have difficulty under field conditions to colonize the
host and invade its tissues, processes that have been
well described by Trust (1986). Second, without the
selective pressure of the anhbiotic, the resistant R.
salmoninarum may disappear after medcation is withdrawn, although this may take some time.
As Austin (198513)pointed out in his useful guidelines
for chemotherapy of fish diseases, 'full dosage must be
administered to ensure totalinactivation of the pathogen.
If even a few cells survive, they may serve as a vehicle for
resistance transfer in the aquatic milieu causing further
problems'. Survival of resistant cells in vivo may be
minimized by using 'combination therapy' which is the
simultaneous use of 2 or more non-cross-resistant antimicrobial~.This approach to piscine therapy should be
considered more frequently because treatment is based
on the reasonable assumption that it is highly improbable
that a strain of bacterium will produce cells resistant to
more than one of these antimicrobials.
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