
Growth in catheter biofilms and antibiotic
resistance of Mycobacterium avium

Joseph O. Falkinham, III

Correspondence

J. O. Falkinham

jofiii@vt.edu

Department of Biological Sciences, Virginia Polytechnic Institute and State University,
Blacksburg, VA 24061, USA

Received 7 September 2006

Accepted 25 October 2006

Cells of Mycobacterium avium strain A5 adhered to plasticized polyvinyl chloride catheter tubing

and grew at low nutrient concentration, consistent with reports of catheter-associated M. avium

infection. Starting with initial cell densities of 1–26106 c.f.u. ml”1, biofilms of approximately

350 c.f.u. cm”2 formed within 24 h at room temperature. Growth rates of cells in biofilms were

exponential and equal to 2.45 days doubling time. Rates were exponential for 1–2 weeks

incubation and reached cell densities of 6.56104 c.f.u. cm”2 by 4 weeks. Cells grown in catheter

biofilms were significantly more resistant to clarithromycin and rifamycin than cells grown in

suspension.

INTRODUCTION

Catheter-associated infections have been reported
for Mycobacterium avium (Schelonka et al., 1994),
Mycobacterium neoaurum (Davison et al., 1988; George &
Schlessinger, 1999; Holland et al., 1994; Woo et al., 2000), the
M. neoaurum-like species Mycobacterium laticola (Kiska et al.,
2004), Mycobacterium fortuitum (Flynn et al., 1988; Raad et al.,
1991) and Mycobacterium chelonae (Flynn et al., 1988; Raad et
al., 1991). These reports all establish that either slowly or
rapidly growing mycobacteria isolated from catheters should
not be dismissed as laboratory contaminants, but that
catheter-associated infection should be considered.

As part of our continuing studies of the ecology of M. avium
and how habitats occupied by this environmental oppor-
tunistic pathogen result in human infection, we have
investigated the role of biofilms in M. avium persistence in
drinking water systems (Steed & Falkinham, 2006).
Measurement of numbers of M. avium in drinking water
systems throughout the world have shown that the majority
of M. avium cells are in biofilms on pipe surfaces and low
numbers are recovered from bulk water (Falkinham et al.,
2001; Torvinen et al., 2004). Other mycobacteria, specifi-
cally Mycobacterium kansasii (Schulze-Röbbecke &
Fischeder, 1989), M. chelonae (Schulze-Röbbecke et al.,
1992), M. fortuitum (Hall-Stoodley & Lappin-Scott, 1998)
and Mycobacterium phlei (Bardouniotis et al., 2001) also
form biofilms on surfaces, including high density poly-
ethylene and silastic rubber. It is likely that the high cell
surface hydrophobicity of mycobacteria (Van Oss et al.,
1975) contributes to biofilm formation. Such a predilection
for attachment would also lead to colonization of catheter
surfaces.

Counts of mycobacteria growing on surfaces have not
been reported in published accounts of mycobacterial

catheter-associated infections. Further, there have been no
published data on attachment, growth and biofilm forma-
tion in catheter tubing by mycobacteria. Based on the
observation that cells of other pathogenic micro-organisms
grown in biofilms are more resistant to antimicrobial agents
(Bardouniotis et al., 2001; 2003; Donlon, 2001; Nickel et al.,
1985), it is likely that biofilm-grown cells of M. avium in
catheters are relatively antibiotic-resistant compared to cells
grown in suspension. Herein is reported the attachment,
growth and antibiotic susceptibility of M. avium cells grown
in suspension and in catheter biofilms.

METHODS

M. avium strain and growth. M. avium strain A5, which was ori-
ginally recovered from an AIDS patient (Beggs et al., 1995), was cul-

tured on Middlebrook 7H10 agar (BBL Microbiology Systems)

supplemented with 0.5 % (v/v) glycerol and 10 % (v/v) oleic acid

albumin (M7H10) and incubated for 7 days at 37 uC. A single trans-
parent colony was picked and used to inoculate 2 ml Middlebrook

7H9 broth, with the same supplements, in a 166125 mm screw-

capped tube. The resulting inoculum culture was incubated at 37 uC
for 7 days without shaking and streaked on Plate Count Agar
(Difco) for contaminants and M7H10 agar to confirm colony mor-

phology. One millilitre of culture was used to inoculate 9 ml M7H9

in a 206150 mm screw-capped tube and incubated at 37 uC for

7 days with aeration by rotation to produce exponential phase
growth. If the 10 ml culture was found to be free from contaminants

and had the correct transparent colonial morphology, it was refriger-

ated and could be used for up to 2 weeks.

Catheter biofilm apparatus. A CADD-Legacy 1 Ambulatory
Infusion Pump model 6400 (SIMS Deltec) with 50 ml reservoir was

used for the experiments. The tubing was composed of polyvinyl

chloride plasticized with trioctyl trimellitate, acrylonitrile-butadiene-

styrene, polycarbonate and silicone, and had an interior diameter of
0.1 cm. The calculated volume and surface area for the tubing was
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0.01 ml and 0.314 cm2 cm21 length. The pump and tubing system
was chosen because of its widespread use in the United States. The
tubing material is used in catheters from a variety of suppliers.

Catheter apparatus inoculation. Following assembly of the infu-
sion pump and attachment of the catheter tubing, the reservoir was
filled with 49.5 ml autoclaved Blacksburg tap water (assimilable
organic carbon=500 mg l21) and inoculated with 0.5 ml M7H9
broth-grown culture (approx. 26106 c.f.u. ml21). The number of
c.f.u. (ml reservoir suspension)21 was measured by serial dilution in
autoclaved Blacksburg tap water and spreading 0.1 ml on M7H10
agar in triplicate for each dilution. The filled reservoir was attached
and the pump adjusted to a flow rate of 7 ml day21 (flow
speed=0.5 cm min21). For the experiments reported here the
pump was operated at 25 uC (to mimic normal patient usage) from
7 AM to 5 PM daily (10 hours), with 3 ml medium consumed per
day.

Adherence measurements. Immediately and at 2, 4, 6 and 24 h
after initiation of flow, the pump was turned off and a 10 cm
(0.1 ml culture and 3.14 cm2 surface area) section through which
the culture had flowed for the designated time was aseptically
removed using an ethanol-sterilized razor blade. Usually this was the
end of the tubing and the total length of tubing was calculated based
on the number of samples required. The pump was restarted with
no more than a 2 min delay in anticipation of collection of sequen-
tial samples. To estimate reproducibility, multiple sections were cut
and processed as described below. The interior of each section was
rinsed with 2 ml autoclaved Blacksburg tap water delivered with a
20-gauge needle and syringe at a rate of 0.5 ml s21. The exterior
surface of the tubing was sterilized by rolling it across an ethanol-
wet tissue, and the tubing cut longitudinally into two separate pieces
aseptically using an ethanol-sterilized razor blade. The halves were
cut longitudinally again and then cut across at approximately 1 cm
intervals. Using flame-sterilized forceps, the resulting pieces were
transferred to a 166125 mm screw-capped tube containing 5 ml
autoclaved Blacksburg tap water, where they were completely
immersed, and vortexed for 120 s at the highest setting to suspend
the biofilm. Samples (0.1 ml) of the resulting suspension were
spread on five M7H10 agar plates and incubated at 37 uC for
14 days and colonies counted. The results are reported as the
number of M. avium c.f.u. cm22 of catheter tubing surface.

Growth measurements. Following 24 h adherence, the reservoir
containing the cells of M. avium strain A5 was replaced with a new
sterile reservoir to which was added 50 ml autoclaved Blacksburg
tap water. The catheter tubing was rinsed with 50 ml autoclaved
Blacksburg tap water using a syringe with a 20-gauge needle at a rate
of 0.5 ml s21. At 1, 2, 4, 7, 10 and 14 days, at least two 10 cm
tubing sections were removed as described above and the number of
M. avium in the biofilm measured as described for adherence. The
results are reported as the number of M. avium c.f.u. cm22 of cathe-
ter tubing surface.

Antibiotic susceptibility measurements of cells in suspen-
sion. A 0.1 ml sample of the suspension flowing from the end of
catheter tubing after 7 days incubation was collected and 0.05 ml
diluted with 4.95 ml autoclaved Blacksburg tap water (approx.
2.56104 c.f.u. ml21). The suspension was divided into 1 ml ali-
quots, each in a 136100 mm sterile capped tube, and either clari-
thromycin or rifamycin was added to a final concentration of
100 mg ml21 for each of two tubes. The fifth tube was a no-antibio-
tic control. For M. avium strain A5, the MIC for clarithromycin was
1 mg ml21 and for rifamycin 0.5 mg ml21. The concentration of
100 mg antibiotic ml21 chosen for the experiments was based on the
observation that the chlorine-resistance of biofilm-grown cells of M.
avium was 100-fold higher than that of suspension-grown cells
(Steed & Falkinham, 2006). Immediately and after 1, 2 and 3 h of

incubation at room temperature, the surviving c.f.u. ml21 in each of
the five tubes was measured by spreading 0.1 ml on M7H10 agar
medium in triplicate and incubating at 37 uC for 7–14 days. The
results are reported as percentage survival of cells compared to the
no-antibiotic control.

Antibiotic susceptibility measurements of cells in catheter
biofilms. After 7 days incubation (exponential phase, biofilm
growth), the pump was turned off and twenty-four 10 cm sections
through which the culture had flowed were aseptically removed
using an ethanol-sterilized razor blade. The sections were treated as
described for adherence measurements. For each of the two antibio-
tics and the antibiotic-free control, tubing pieces from a 10 cm sec-
tion were transferred to four 166125 mm screw-capped tubes
containing 5 ml autoclaved Blacksburg tap water. Clarithromycin or
rifamycin was added to two sets of four tubing pieces to final con-
centrations of 100 mg ml21 and the third set served as the antibio-
tic-free control. Immediately, and after 1, 2 and 3 h incubation at
room temperature, one tube from each set was vortexed, as above,
to suspend the biofilm. Based on acid-fast fluorescent microscopy
(Strahl et al., 2001) more than 95 % of the adherent cells were
removed. The remaining c.f.u. ml21 were measured by spreading
0.1 ml each suspension on M7H10 agar medium in triplicate and
incubating plates at 37 uC for 7–14 days. The results are reported as
the percentage of remaining c.f.u. for each time point for each treat-
ment compared to the no-antibiotic control.

Statistical analysis. Values for survival following antibiotic expo-
sure were compared by Student’s t-test or ANOVA using InStat, ver-
sion 3.0 (GraphPad Software).

RESULTS AND DISCUSSION

Experimental approach

The same experimental approach was employed for
adherence, growth and antibiotic susceptibility measure-
ments. First, the catheter tubing was primed with autoclaved
Blacksburg tap water, and second, the reservoir for the
catheter pump was filled with the same, and inoculated with
M. avium strain A5 to yield a density of approximately
26106 c.f.u. ml21 (approx. 100-fold dilution of the M7H9
broth culture). After the reservoir had been attached to the
pump and catheter tubing, the pump was started and
samples collected at different times. For growth experi-
ments, the reservoir containing the M. avium suspension
was replaced with sterile tap water after 24 h, and the tubing
rinsed before the pump was restarted. Samples were
collected from the distal portion of the tubing through
which the water or suspension had flowed for the specific
time period. In our experience, colonization of mycobac-
teria on the surface of catheter tubing was not uniform
requiring that long sections of catheter tubing (10 cm) were
sampled at least twice. That practice resulted in good
reproducibility of the measurements from independent
experiments.

Adherence of M. avium to catheter tubing

In Table 1 the mean c.f.u. cm22 (±SD) of M. avium cells
adhering to the catheter tubing at different times for
four independent experiments is shown. The only colony
types recovered from the adherence measurements were
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transparent, as was the isolate used for inoculating the
cultures and suspensions. The measurements were limited
to 24 h to reduce the impact of any increase in cell number
in the reservoir suspension or tubing (suspension and
adherent cells) due to growth. After 4 and 6 h of adherence,
numbers of M. avium equalled those in drinking water
biofilms (Falkinham et al., 2001; Torvinen et al., 2004) and
artificial systems with other mycobacteria and surfaces
(Bardouniotis et al., 2001; 2003; Hall-Stoodley & Lappin-
Scott, 1998; Hall-Stoodley et al., 1999; Schulze-Röbbecke &
Fischeder, 1989) including M. avium (Carter et al., 2003).
The observation that there was no increase in adherent cells
from 4 to 6 h (Table 1) was repeatable and may be due to the
possibility that not all cells in the suspension were capable of
adherence due to growth stage differences. The number of
M. avium cells at 24 h could be due to both adherence and
growth of adherent cells. Unfortunately, no surface counts
were provided in previous reports of catheter-related
mycobacterial infections for comparison. The influence of
different flow rates or cation and anion concentrations was
not investigated.

Growth of M. avium in catheter biofilms

To measure growth certain precautions were required. The
pump was turned off at 24 h and the reservoir switched to
one containing only sterile Blacksburg tap water.
Furthermore, the entire length of the catheter tubing was
rinsed with autoclaved Blacksburg tap water. Thus, increase
in numbers due to further adherence and growth of the
mycobacterial cells in the reservoir and tubing, did not
contribute to numbers of adherent cells, and only increase in
the number of already adherent cells were measured. Cells of
M. avium strain A5 grew on the surfaces of the catheter
tubing (Fig. 1). The numbers were reproducible and
reached very high densities by 4 weeks (almost
76104 c.f.u. cm22). The uneven distribution of cells and
colonies in the catheter tubing undoubtedly contributed to
the variation in the c.f.u. values. It is likely that the drop
from 24 h (end of adsorption period, Table 1) to 48 h (0
time, Fig. 1) reflected the absence of any contribution of the
inoculated reservoir (26106 c.f.u. ml21 at 24 h) and

rinsing the complete length of the catheter tubing with
autoclaved Blacksburg tap water. Only transparent colony
types were recovered from the growth measurements, so
there was no change or selection for other types (e.g. opaque
or rough). The plot of c.f.u. cm22 against duration of
incubation (Fig. 1) demonstrated that the increase in M.
avium strain A5 numbers was exponential over the first
2 weeks of incubation (doubling time 2.45 days) and
stationary phase had not been reached by 4 weeks
(Fig. 1). This doubling time is remarkable considering
that cells were in a medium consisting essentially of
autoclaved tap water at 25 uC. The doubling times for cells
growing in biofilms have been reported for M. phlei
(0.4 days; Bardouniotis et al., 2001), Mycobacterium
marinum (0.45 days; Bardouniotis et al., 2003) and M.
fortuitum (0.3 and 0.18 days; Bardouniotis et al., 2003 and
Hall-Stoodley & Lappin-Scott, 1998, respectively). Although
these reported doubling times are considerably shorter, they
were measured under conditions where growth of adherent
cells and continued adherence of cells from suspension both
contributed to the increased accumulation of cells on the
surfaces. Further, in all those studies, cells were grown in
Middlebrook 7H9 broth at 37 uC, which would substantially
increase growth rates.

Antibiotic susceptibility of M. avium in catheter
biofilms

Antibiotic susceptibility was measured against three types of
M. avium strain A5 cells: (1) cells were grown for 1 week in
catheter biofilms and exposed to the antibiotics while in the
biofilm (sessile), (2) cells grown for 1 week in biofilms were
harvested from catheter tubing (liberated cells) and exposed
to the antibiotics in suspension, (3) cells grown in
suspension for 1 week were collected from the water flowing
through catheter tubing (planktonic cells) and exposed to
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Table 1. Adherence of M. avium strain A5 cells to catheter
tubing

The numbers of M. avium cells adhering to catheter tubing upon

exposure of tubing to 26106 c.f.u. M. avium ml21 are given.

Numbers are expressed as the means (±SD) of four independent

experiments.

Duration of

adherence (h)

No. of adhering cells

(c.f.u. cm”2 catheter tubing±SD)

0 <3.2

2 9.0±4.4

4 25.6±3.7

6 30.1±2.1

24 356±63.3

Fig. 1. Growth of M. avium strain A5 in catheter biofilms. The
number of M. avium cells is expressed as c.f.u. cm”2 following
a 24 h adherence period and 24 h circulation of sterile tap
water (time 0=48 h). Incubation was at 25 6C. Values are
expressed as means (±SD) of two independent experiments.
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antibiotics. All cell types were exposed to 100 mg clarithro-
mycin ml21 or 100 mg rifamycin ml21 for 0, 1, 2 and 3 h.
The results, listed in Table 2 (mean±SD for two indepen-
dent experiments), document the variation in numbers of
surviving cells exposed to antibiotics in biofilms (sessile) or
harvested and suspended (liberated) compared to those of
cells grown in suspension (planktonic). The variation in
counts (Table 2) is likely due to the presence of aggregates in
planktonic and liberated cells that might be incompletely
dispersed. For cells exposed to antibiotics in biofilms, the
major reason for the variation in numbers is the uneven
distribution of cells and microcolonies along the length of
the catheter tubing. In spite of this variation, the trends are
clear and demonstrate that survival of cells of M. avium
strain A5 cells grown in biofilms was significantly higher
than that of cells in suspension (Student’s t-test, P<0.05).
There was no significant difference between the suscept-
ibility of cells grown in biofilms and exposed in either the
biofilm or in suspension (Table 2). Possibly the relatively
low density and immaturity (e.g. absence of an extracellular
matrix) of the biofilm was responsible. It is unlikely that
aggregation contributed to antibiotic resistance due to
reduced penetration of the antibiotics. Microscopic exam-
ination of the suspensions showed that the largest aggregates
were 25 colonies or fewer and the biofilms consisted of
monolayers of cells and small microcolonies (fewer than 100
cells colony21). Such aggregates would not prevent
antibiotic penetration in the time-frames employed here
(Nichols et al., 1989). Only transparent colonies were
detected amongst the survivors, indicating that antibiotic
exposure did not select for an alternative type. This is
expected, because the transparent types are more antibiotic
resistant than opaque colony types (Woodley & David,
1976). Quite possibly, antibiotic exposure of biofilms of

opaque M. avium variants might lead to selection for
transparent variants. The fact that the cells grown in catheter
biofilms and exposed to antibiotics in suspension were as
resistant to the antibiotics as were cells exposed in biofilms,
suggests that physiological changes, leading to antibiotic
resistance, occur in M. avium cells when grown on surfaces.
The same was noted for cells of M. avium grown on glass
biofilms and exposed to chlorine (Steed & Falkinham,
2006).

The data demonstrate that cells of M. avium adhere to and
grow on a type of catheter surface and are consistent with
reports of catheter-related mycobacterial infections, includ-
ing those due to M. avium (Schelonka et al., 1994). Although
the growth rate of M. avium strain A5 was rather slow
(2.45 days doubling21), it was sufficient to generate a
substantial biofilm population in tap water after 2 weeks
(Table 2). Based on earlier data showing that the majority of
M. avium cells in drinking water systems are in biofilms on
pipe surfaces (Falkinham et al., 2001; Torvinen et al., 2004),
our strategy for isolating, detecting and enumerating
mycobacteria now focuses on surfaces as the samples of
choice.

The fact that cells of M. avium grown on catheter surfaces
are significantly more resistant to antibiotics than cells
grown in suspension is in agreement with similar studies
with other pathogens, including Pseudomonas aeruginosa
(Nickel et al., 1985). Furthermore, the antibiotic-resistance
of catheter-biofilm-grown M. avium has implications for
treatment of infected patients and methods for measuring
antibiotic susceptibility of M. avium and probably other
mycobacteria. Cells of M. avium strain A5 grown in biofilms,
liberated and exposed to antibiotics in suspension were
more resistant than cells grown in suspension (Table 2). In
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Table 2. Antibiotic susceptibility of M. avium strain A5 cells grown in suspension and in
biofilms.

Antibiotic susceptibility is expressed as the survival of M. avium strain A5 cells following exposure to

antibiotics in suspension or in biofilms. Values are the means (±SD) for two independent experiments.

Cell growth and exposure Duration of exposure (h) Percentage survival±SD

Clarithromycin Rifamycin

Grown and exposed in suspension 0 100 100

1 19±3 62±6

2 8±0.6 17±0.3

3 2±0.7 7±0.8

Grown in biofilms exposed in suspension 0 100 100

1 42±24 135±10

2 31±12 100±27

3 44±12 94±21

Grown and exposed in biofilms 0 100 100

1 156±65 107±15

2 79±43 68±22

3 73±51 158±16
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contrast, cells of P. aeruginosa grown in biofilms liberated
and exposed to antibiotics in suspension were as susceptible
to antibiotics as were planktonic cells (Anwar et al., 1989).
Thus, it would appear that biofilm growth leads to a
physiological change, reflected here as antibiotic-resistance.
Because cells liberated from catheter biofilms were as
resistant to antibiotics as were cells exposed in biofilms,
antibiotic concentrations based on results of susceptibility of
suspension-grown cells may be too low to kill or inhibit the
growth of mycobacteria released from the catheter biofilms.
Consequently, it may be necessary to develop methods for
assessing MICs of mycobacteria grown in biofilms.
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5-8 £46 £76 £104 £133 £162 £191 £219 £249 £35 Page nos:
9-16 £58 £92 £128 £162 £196 £231 £267 £301 £40 Extent:

17-24 £70 £110 £151 £191 £231 £272 £312 £353 £46 Price:

each 8pp extra £18 £23 £29 £35 £40 £46 £53 £58 Invoice: IR/

PAYMENT BY CREDIT CARD (Note: we cannot accept American Express)

Please charge the sum of £____________ to my credit card account.

My Mastercard/Visa number is (circle appropriate card; no others acceptable):

Expiry Security

date Number

Signature: _________________________ Date: _______________

Cardholder’s name and address*: _______________________________________________________________________________

___________________________________________________________________________________

*Address to which your credit card statement is sent. Your offprints will be sent to the address shown at the top of the form.
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