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Mpycobacterium avium is a potential pathogen occurring in drinking water systems. It is a slowly growing bacterium
producing a thick cell wall containing mycolic acids, and it is known to resist chlorine better than many other
microbes. Several studies have shown that pathogenic bacteria survive better in biofilms than in water. By using
Propella biofilm reactors, we studied how factors generally influencing the growth of biofilms (flow rate, phosphorus
concentration, and temperature) influence the survival of M. avium in drinking water biofilms. The growth of
biofilms was followed by culture and DAPI (4',6’'-diamidino-2-phenylindole) staining, and concentrations of M.
avium were determined by culture and fluorescence in situ hybridization methods. The spiked M. avium survived in
biofilms for the 4-week study period without a dramatic decline in concentration. The addition of phosphorus (10
pg/liter) increased the number of heterotrophic bacteria in biofilms but decreased the culturability of M. avium. The
reason for this result is probably that phosphorus increased competition with other microbes. An increase in flow
velocity had no effect on the survival of M. avium, although it increased the growth of biofilms. A higher temperature
(20°C versus 7°C) increased both the number of heterotrophic bacteria and the survival of M. avium in biofilms. In
conclusion, the results show that in terms of affecting the survival of slowly growing M. avium in biofilms,

temperature is a more important factor than the availability of nutrients like phosphorus.

Mycobacterium avium is a pathogen infecting both humans
and animals. In humans it may cause pulmonary, soft tissue,
and, especially in children, lymph node infections (11, 17).
Recent findings suggest that it may also cause hypersensitivity
pneumonitis-like disease (32, 33). The risk of healthy individ-
uals for getting M. avium infections is regarded as low. In
contrast, the risk is increased with immunodeficiency, espe-
cially in AIDS patients, where infections are disseminated and
often fatal. M. avium is an ubiquitous organism found in drink-
ing water systems worldwide (2, 6, 12, 43, 58), and it has been
detected in biofilms (12). Different warm water systems, such
as hot tubs, circulating bath systems, and hospital water sys-
tems, have been recognized as potential sources of diseases
caused by M. avium (32, 33, 51, 57). There are few reports on
the association between M. avium and drinking water (2).
Transmission from environmental sources is thought to occur
via respiratory and gastrointestinal tracts (55). The risk asso-
ciated with this emerging pathogen in water systems has been
recognized by authorities: the U.S. Environmental Protection
Agency has included M. avium in the contaminate candidate
list for possible regulation in drinking water (54).

All mycobacterial cells, including M. avium, have some
unique characteristics which probably enhance their persis-
tence in biofilms. Mycobacterial cell walls have a high lipid
content that makes them hydrophobic and allows them to
adhere to surfaces easily. Their tolerance to disinfectant chem-
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icals, like chlorine and ozone, is several orders of magnitude
higher than that of Escherichia coli (23, 52). Mycobacteria are
also capable of replicating in free-living amoebae (4), which
may be important in oligotrophic water environments. Biofilm
formation of mycobacteria has been linked to the synthesis of
glycopeptidolipid, and several genes involved in the synthesis
have been identified recently (59).

Several environmental factors influence the survival and
growth of microbes in drinking water systems (42). The effects
of pipe material (39, 47), disinfection (50, 52), and assimilable
organic carbon (AOC) (12, 39, 53) have been studied for my-
cobacteria. The effects of several other factors known to affect
the survival of heterotrophic bacteria in general remain unex-
plored. In boreal regions like Finland and Japan, drinking
waters have a high organic matter content and phosphorus is
the limiting nutrient for microbial growth (29, 36, 46). An
increase in water flow velocity may enhance microbial growth
by enhancing mass transfer of the nutrients into biofilms (30,
41). The effect of flow velocity is not straightforward, and
conflicting results exist (8, 44). If flow velocity is too high,
biofilms are detached (5). Temperature is a well-known factor
influencing microbial growth in drinking water systems either
directly by increasing growth or indirectly by, e.g., decreasing
the effect of chlorine (42). In boreal regions, temperatures in
water distribution systems may vary from as low as 3 to almost
20°C (53, 60). M. avium is a thermotolerant species capable of
multiplying at 42°C. Whether temperatures in boreal drinking
water systems are high enough for the multiplication of M.
avium in biofilms is not known.

The aim of this study was to find out, how flow velocity,
phosphorus, and temperature affect the survival of M. avium in
experimentally produced biofilms. Because, like all bacteria,
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TABLE 1. Propella and inlet water quality during the spiking experiments

Mean = SD (no. of observations)®

Propella water

Test
Flow velocity (m/s) Total phosphorus (pg/liter) Temp (°C)
A B A B A B
Flow velocity 0.10 = 0.00 (12) 0.24 +0.00 (12) ND ND 15.6 2.0 (7) 16.2 = 1.4 (5)
Phosphorus 0.24 = 0.00 (16) 0.24 + 0.00 (13) 42+0.9(5) 13.8 =3.2(5) 14.8 = 0.8 (16) 15.0 £ 0.9 (15)
Temp 0.25 = 0.00 (9) 0.25 +0.00 (9) ND ND 7.0 £ 0.5 (14) 20.0 = 0.5 (14)

“ EC, electrical conductivity; ND, not determined.

only a small minority of mycobacteria are culturable (24, 34,
35), we applied microscopic methods based on fluorescence in
situ hybridization (FISH) of specific rRNA regions developed
recently (24) in parallel with culture to detect both culturable
and nonculturable M. avium.

MATERIALS AND METHODS

Experimental setting. Biofilms were grown in Propella (Xenard; Mechanique
de Precision, Seichamps, France) biofilm-monitoring reactors (40). The re-
actors included 20 polyvinyl chloride (PVC) coupons, with the area of a
coupon being 2.01 cm?. The reactors were placed in a containment cabinet
with a separate ventilation system, and we disinfected waste waters with
chlorine before draining them into a sewer. In each experiment, two reactors
(A and B) were used in parallel and their flow velocities, concentrations of
phosphorus, and temperatures were adjusted as described in Table 1. In the
basic run, water flow through the Propella reactor was maintained at about
185 ml/h and the flow rate was about 0.24 m/s, corresponding to a Reynolds
number of over 15,000 (turbulent flow). The retention time of water in the
reactor was 12.4 h. In the water flow experiment, the flow velocity of reactor
A was adjusted to 0.1 m/s, also a turbulent flow rate. In the phosphorus
experiment, the phosphorus concentration in reactor B was increased by
adding Na,HPO, with a separate flow so that the increase in Propella was
about 10 wg PO,-P/liter. In temperature experiments, the temperatures were
adjusted to 7 and 20°C, with a temperature element incorporated into the
Propella devices. A cooling or warming effect was achieved by circulating cold
or warm water, respectively, through the temperature element. Before spik-
ing, the reactors were run for 4 weeks with drinking water from a municipal
distribution supply using bank-filtrated lake water as raw water. The charac-
teristics of the drinking water are described in Table 1.

Spiking. M. avium strain E89 isolated from brook water was grown in Middle-
brook 7H9 broth with oleic acid-albumin-dextrose-catalase enrichment (Difco)
at 35°C for 10 days. The cells were centrifuged (15 min, 1,650 X g, Sorvall
GLC-3), washed with 0.9% NaCl, suspended in autoclaved municipal drinking
water, and spiked into Propella reactors. The concentrations of mycobacteria in
the reactors at the time of the spiking were 10* CFU/ml.

Biofilm analyses. Biofilm samples were taken six times during the 4-week
experiments. The samples were taken a day after spiking, on the day 4, and
thereafter once a week. At each sampling, three PVC coupons were removed and
biofilms were detached from the coupons by 2 min of sonication with a probe
(MSE Soniprep 150 ultrasonic disintegrator, no. 41371-250, probe no. 38121-
1154, 9.5-mm diameter, 20 kHz; MSE, Loughborough, England) in 25 ml of
deionized water filtered through a 0.1-um membrane filter. Control samples of
two coupons were taken before the spiking to ensure the absence of inherent M.
avium in the system. For the cultures of M. avium, 13-ml and 1-ml portions of the
biofilm suspension as well as 10-fold serial dilutions made in sterile deionized
water were decontaminated with 0.005% cetylpyridinium chloride for 30 min
(48). After decontamination, the samples were filtered on sterile cellulose nitrate
filters (50-mm diameter, 0.2-pm pore size; Sartorius, Goéttingen, Germany)
which were then rinsed with sterile deionized water. The filters were placed on
Mycobacteria 7H11 agar with oleic acid-albumin-dextrose-catalase enrichment
(Difco), sealed with Parafilm, packed in plastic bags, and incubated at 35°C for
4 weeks. FISH analyses of M. avium were performed from the detached biofilm
suspension. One milliliter of the suspension was filtered on 0.2-um Anodisc
filters (Whatman, Maidstone, England). Bacteria on filters were fixed for 15 min
with 80% ethanol. After air drying, 50 pl of hybridization buffer containing 200
nM MAV148 peptide nucleic acid probe (24) was added to the filters. Bacteria

were hybridized at 59°C for 90 min, and subsequently, the filters were immersed
in 59°C washing buffer for 30 min (24). Hybridized bacteria were detected with
an Olympus BX-51 TF epifluorescence microscope using an UPlanFI 100x/1.30
oil objective (Olympus Co. Ltd., Tokyo, Japan). The microscope was equipped
with a fluorescence mirror unit (U-41001) with an excitation filter (460 to 500
nm), dichroic mirror (505 nm), and emission filter (510 to 560 nm). Bacteria were
counted using an ocular grid. Heterotrophic plate counts (HPCs) were analyzed
using the spread plate method on R2A agar (Difco) by incubation at 22°C for 7
days (1). The total number of bacteria was analyzed by filtering 5 ml to 7 ml of
the biofilm suspension on a Nuclepore membrane (0.2-pm pore size; Whatman,
Maidstone, England) and staining with 4’, 6-diamidino-2-phenylindole (DAPT)
stain (final concentration, 5 wg/ml) for 15 min. All biofilm results were calculated
per surface area (cm?).

Water analyses. Water samples were taken from the inlet and effluent of
Propella reactors simultaneously with biofilm samples. For the cultures of M.
avium, volumes up to 500 ml and 10-fold serial dilutions made in sterile deion-
ized water were decontaminated and incubated in a manner similar to that used
for biofilm samples. FISH analyses for M. avium were performed from a 3-ml
sample of effluent water. Water samples were filtered on 0.2-pm Anodisc filters
(Whatman, Maidstone, England), and hybridization was performed as described
above for the biofilms. HPCs and the total number of bacteria were analyzed as
described above for the biofilms. The concentration of AOC was determined by
a modification (37) of the method of van der Kooij et al. (56), and the concen-
tration of microbially available phosphorus was determined by bioassay (27).
Total organic carbon (TOC) was analyzed by a high-temperature combustion
method with a Shimadzu 5000 TOC analyzer (Shimadzu, Kyoto, Japan) (13).
Total phosphorus concentration was determined using the ascorbic acid method
(14), and residual free chlorine was determined with a Palintest Micro 1000
chlorometer (Palintest Ltd., Tyne and Wear, United Kingdom). Electric conduc-
tivity (EC) was measured with a WTW pH/Cond 340i meter according to the
manufacturer’s instructions (Weilheim, Germany).

Statistical analyses. The median concentrations of HPCs, total bacteria, cul-
turable M. avium, and M. avium analyzed by FISH were calculated from the
results obtained from the three parallel Propella coupons detached at each
sampling. The effects of the flow rate, phosphorus, and temperature on the
microbiological variable measured were analyzed by nonparametric, two-tailed,
Wilcoxon-signed rank test (SPSS 13.0 for Windows; SPSS, Inc., Chicago, IL).

RESULTS

Flow velocity. The HPCs of biofilms were, on average, 1.5
times higher with the flow velocity of 0.24 m/s than those
with the flow velocity of 0.1 m/s (P < 0.05) (Fig. 1A). The
effect of flow rate on HPC was not significant in reactor
effluent water. The effect was also insignificant for the total
counts of bacteria in both biofilms and effluent waters (Fig.
1B). M. avium spiked into the model system persisted in the
biofilms and effluent water for the entire study period. M.
avium plate counts from biofilms were two to three times
higher at the higher flow velocity during the first 2 weeks
than those grown at the lower flow rate; however, this dif-
ference was not seen after the second week (Fig. 1C). There
was no statistical difference in the culturability of M. avium,
i.e., the ratio of FISH to plate counts, between the two flow
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TABLE 1—Continued

Mean = SD (no. of observations)*

Inlet water

. AOC (pg Total MAP . e .
pH EC (uS/em) Chloylne TQC acetate eq. phosphorus (ng PO4-P/ HPC bacteria Total bacteria
(mg/liter) (mg/liter) Clliter) (ngliter) liter) (CFU/ml) (cells/ml)
80=0.1(5) 201+23(5) 0.17+0.01(4) 28=02(5) 71=15(5) 3.0=18(5) 020=0.13(5) 5.1x10°=9.0x10*(5) 1.5x10°=3.0 X 10*(5)
79+02(5) 189+8(5) 0.15+0.06(5) 28+02(5 106=79(5) 39=0.6(5) 0.18=0.09(5) 43x10>=43x10*(5) 7.1 x10**=2.6x 10*(5)
78 =02(5) 194+17(5) 0.17+0.08(5) 35+04(5 55+20(5) 7.8=23(5) 026=0.16(5) 1.6x10°=*14x10%(5) 1.8x10°* 15X 10*(5)

velocities in either biofilms or waters. Plate and FISH counts
of M. avium in effluent waters and FISH counts in biofilms
decreased during the experiment but were at similar levels
with both flow rates (Fig. 1C and D).

Phosphorus. The addition of phosphorus had a dramatic
effect on the HPCs, which on average were 7 and 30 times
higher in biofilm and effluent water samples, respectively,
when phosphorus concentration was 13.8 wg/liter than when
the concentration was 4.2 pg/liter (P < 0.05) (Fig. 2A). A
similar effect of phosphorus concentration was seen in total
counts of bacteria in effluent waters (P < 0.05) (Fig. 2B).
The plate and FISH counts of M. avium decreased in bio-
films during the first 3 weeks but started to increase after
that (Fig. 2C and D). After the first week, the plate counts
of M. avium in biofilms were 2.7 times higher, on average,
with the lower phosphorus concentration but the FISH
counts of M. avium were similar with both concentrations
(Fig. 2C and D). In the effluent waters, the plate counts of
M. avium were similar or higher with the lower concentra-
tion but the FISH counts were, on average, 1.7 times lower
with the lower concentration (P < 0.05) (Fig. 2C and D).
These results led to a decreased ratio of FISH to plate
counts, i.e., a higher culturability of M. avium, in effluent waters
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with the lower concentration of phosphorus. The ratios of FISH
to plate counts were 173 and 317, with concentrations of 4.2 and
13.8 ngfliter, respectively (P < 0.05). The ratios were similar in
biofilms, 247 and 615, with the phosphorus concentrations of 4.2
and 13.8 pg/liter, respectively, but the difference did not reach
statistical significance.

Temperature. The increase in temperature increased the
HPCs and total bacterial counts in effluent waters. The results
were on average four and two times higher at 20°C than at 7°C,
respectively (P < 0.05) (Fig. 3A and B). Also, the plate counts of
M. avium were 2 to 10 times higher in biofilms at 20°C than those
at 7°C (P < 0.05) (Fig. 3C). After a few days, the same trend was
also detected in plate counts of M. avium in effluent waters. In
contrast, FISH counts of M. avium were similar throughout the
study for both biofilms and effluent waters (Fig. 3C and D). These
results led to a decreased ratio of FISH to plate counts in biofilms,
i.e., higher culturability, at a higher temperature. The ratio was
265 at 7°C and 67 at 20°C (P < 0.05).

DISCUSSION

The data showed that M. avium spiked into Propella reactor
adhered directly to existing biofilms and persisted in PVC
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FIG. 1. HPC (A), number of total bacteria (B), M. avium plate count (C), and M. avium analyzed by FISH (D) in the effluent waters and
biofilms with different flow velocities. Symbols for biofilms: B, 0.1 m/s, CFU, or cells/cm?; [, 0.24 m/s, CFU, or cells/cm>. Symbols for water: A,
0.1 m/s, CFU, or cells/ml; A, 0.24 m/s, CFU, or cells/ml; X, inlet water, CFU, or cells/ml. Error bars indicate standard deviations.
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FIG. 2. HPC (A), number of total bacteria (B), M. avium plate count (C), and M. avium analyzed by FISH (D) in the effluent waters and biofilms
with different phosphorus concentrations. Symbols for biofilms: B, 4.2 wg/liter, CFU, or cells/em?; [J, 13.8 pg/liter, CFU, or cells/cm?. Symbols for water:
A, 42 pgfliter, CFU, or cells/ml; A, 13.8 pg/liter, CFU, or cells/ml; X, inlet water, CFU, or cells/ml. Error bars indicate standard deviations.

coupons for the entire 4-week study period, confirming our
preliminary results on the adherence of M. avium to similar
drinking water biofilms (25). The concentrations of M. avium
remained rather constant from the first sampling. This indi-
cates that the adherence from water phase to biofilms hap-
pened during the first day. This result agrees with those of
Dailloux and coworkers (7), who showed that the adherence of
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Mycobacterium xenopi, another slow-growing mycobacterium,
took place in hours. In all experiments, M. avium concentra-
tions in biofilms showed a slight increase after a 3-week period.
However, due to the short study period, it was impossible to
estimate whether this was caused by growth or normal fluctu-
ation between the attached and free-living cells.

The survival levels of culturable and FISH-analyzed M.
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FIG. 3. HPC (A), number of total bacteria (B), M. avium plate count (C), and M. avium analyzed by FISH (D) in the effluent waters and
biofilms with different temperatures. Symbols for biofilms: B, 7°C, CFU, or cells/cm?; [, 20°C, CFU, or cells/cm?. Symbols for water: A, 7°C, CFU,
or cells/ml; A, 20°C, CFU, or cells/ml; X, inlet water, CFU, or cells/ml. Error bars indicate standard deviations.
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avium in biofilms were similar, with flow velocities of 0.1 m/s
and 0.24 m/s. Other heterotrophic bacteria present in the bio-
film grew better with a higher flow velocity, as reported in
earlier studies (30, 41). The increased bacterial growth with
higher velocity has been attributed to a more rapid mass trans-
fer of nutrients to biofilm microbes (41). Since M. avium is slow
growing, perhaps rapid availability of nutrients is not as necessary
for its growth as it is for more rapidly growing organisms. Both
flows in our experiment were turbulent, and apparently 0.1 m/s
was sufficient to transfer nutrients to this slow-growing organism
and maintain its survival.

When phosphorus was added to the model system, the HPCs
in biofilms and water and total number of bacteria in water
were increased. Finnish drinking waters have a high content of
organic matter (20), originating from large areas of peatlands
and forests. Phosphorus, instead of carbon, has been shown to
be the nutrient limiting the microbial growth in both drinking
waters (26, 28, 36) and biofilms (26, 29). We added 10 pg/liter
phosphorus, but the addition of phosphorus amounts as low as
1 pg/liter has been enough to increase HPCs and microbial
biomass in phosphorus-limited drinking water and biofilms, as
reported earlier (26). The effect of the addition of phosphorus
on M. avium was different. The plate counts of M. avium in
biofilms or water were similar or higher after the first week,
with the phosphorus concentration at 4.2 pg/liter. In contrast,
the numbers of M. avium analyzed by FISH in effluent waters
were slightly higher, with the phosphorus concentration at 13.8
pg/liter. The culturability of M. avium was thus higher, i.e., the
ratio of FISH to plate counts is lower in biofilms at a lower
phosphorus concentration. These results show that M. avium
does not benefit from the addition of phosphorus as other
heterotrophic bacteria do, and phosphorus does not appear to
be a limiting nutrient for its growth. Perhaps the need for
phosphorus (e.g., for nucleic acid synthesis) by slowly growing
mycobacteria is lower than that of faster-growing bacteria. The
higher concentration of phosphorus may also increase compe-
tition with other microbes in biofilms so that the slower-grow-
ing M. avium does not survive as well. M. avium appears to
survive better in biofilm with a lower phosphorus concentra-
tion and less competition. Leys and coworkers (31) have sug-
gested that the ability of mycobacteria to degrade recalcitrant
polycyclic aromatic hydrocarbons in low-nutrient soils makes
them competitive with faster-growing organisms. Norton and
coworkers (39) observed the inhibitory effect of competition on
M. avium. They found out that the elimination of other mi-
crobes from copper pipes resulted in growth and almost pure
culture of M. avium in biofilm, while the percentage of M.
avium was much lower before elimination. It has been shown in
previous field studies (12, 53) and in nondisinfected pilot sys-
tems (39) that the increase in AOC increases the growth of M.
avium and other slowly growing mycobacteria. More studies on
AOQOC, microbially available phosphorus, and other nutrients in
controlled circumstances, however, are needed to fully under-
stand their role in the survival of M. avium in drinking water
systems. Our results for phosphorus indicate that controlling
M. avium in drinking water systems is not possible by reducing
the phosphorus concentration. The opposite is true for other
heterotrophic bacteria, which can be controlled by removing
phosphorus through coagulation and filtration processes
(38, 28).
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Of the variables tested, water temperature had the clearest
effect on the survival of M. avium in biofilms. Compared to a
temperature of 7°C, a temperature of 20°C increased the sur-
vival of culturable M. avium and culturability. The effect of
temperature on other heterotrophic bacteria was similar, but it
was seen more clearly in effluent waters than in biofilms. These
results agree with those of earlier studies showing that the
growth of heterotrophic bacteria increases in drinking water at
temperatures above about 15°C (3, 22, 45). An increase in
temperature also enhances the bacterial numbers and biomass
in biofilms (8, 16, 29). Earlier results for the effect of temper-
ature on mycobacteria are similar. In natural water or water
filtrate, Mycobacterium intracellulare, a close relative of M.
avium, grows at temperatures between 15.5°C (15) and 20°C
(18). Several studies have shown that more mycobacteria can
be found from environmental sources during warmer months
of the year (9, 19), and a seasonal pattern has also been de-
tected for drinking waters (21). Though a temperature of 20°C
increased the survival of M. avium, M. avium growth could not
be detected during the 4-week study period. M. avium is a
thermotolerant species able to multiply at 42°C and resisting
temperatures up to 53°C (39). It has been isolated more fre-
quently from hot than from cold water systems of buildings
(10). These results indicate that a temperature higher than
20°C and/or a longer incubation period is needed for growth of
M. avium in these kinds of water distribution systems. The
better survival of M. avium at 20°C than at 7°C, however,
suggests that keeping the drinking water temperature as low as
possible is also important for controlling M. avium in the sys-
tems.

In conclusion, this study showed that M. avium persisted in
drinking water biofilms for weeks without a decline in concen-
trations. Factors found to influence the survival of M. avium
included temperature, nutrient conditions, and competition
with other microbes. The availability of phosphorus as such
was not essential for survival. The results here were obtained
on PVC material. Since the pipe material may have interac-
tions with system variables (49), it is necessary to also know the
effect of the system variables on other surfaces.
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