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O .M . V Ä IS ÄN E N, A. W EB ER , A. BE N NA SA R , F .A . RA IN E Y, H. - J. BU S SE AN D M. S. S AL KI N OJ AS AL ON E N. 1998. The microbial content of printing paper machines, running at a temperature
of 45–50 °C and at pH 4·5–5, was studied. Bacteria were prevalent colonizers of the machine
wet end and the raw materials. A total of 390 strains of aerobic bacteria were isolated and
86% of these were identified to genus and species by biochemical, chemotaxonomic and
phylogenetic methods. The most common bacteria found at the machine wet end were
Bacillus coagulans and other Bacillus species, Burkholderia cepacia, Ralstonia pickettii, and in
pink slimes, accumulating in the wire area and press section, species of Deinococcus,
Aureobacterium and Brevibacterium. Paper-making chemicals also contained species of
Aureobacterium, B. cereus, B. licheniformis, B. sphaericus, Bordetella, Hydrogenophaga,
Klebsiella pneumoniae, Pantoea agglomerans, Pseudomonas stutzeri, Staphylococcus and
sometimes other enteric bacteria, but these did not colonize the process water. Yeasts and
moulds were not present in significant numbers. A total of 131 strains were tested for their
potential to degrade paper-making raw materials; 91 strains were found to have degradative
activity, mainly species of Burkholderia and Ralstonia, Sphingomonas and Bacillus, and
enterobacteria produced enzymes which degraded paper-making chemicals. Stainless steel
adhering strains occurred in slimes and wire water and were identified as Burkholderia cepacia,
B. coagulans and Deinococcus geothermalis. Coloured slimes were formed on the machine by
species of Deinococcus, Acinetobacter and Methylobacterium (pink), Aureobacterium, Pantoea
and Ralstonia (yellowish) and Microbulbifer-related strains (brown). The impact of the strains
and species found in the printing paper machine community on the technical quality of
paper, machine operation, and as a potential biohazard (Hazard Group 2 bacteria), is
discussed.

INTRODUCTION

Micro-organisms are constantly introduced into paper
machines through raw materials, i.e. water, fibres (especially
mechanical pulp and recycled fibre), and paper-making
chemicals. The paper machine environment is favourable for
microbial growth because of the suitable temperature (30–
50 °C) and pH (4–10), and the presence of nutrients flowing
to the machine with the pulp and paper-making chemicals.
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Therefore, micro-organisms will always be present in the
machines.
Micro-organisms cause various problems in paper
machines. High numbers of free-living bacteria in the process
waters as such are not necessarily harmful for machine operation and the quality of the paper product, unless they produce slime or attach to paper-making materials or machine
parts. Slime-producing bacteria attached to surfaces may create flocs of slime which, when released into the processing
water, may clog wires and felts, and cause breaks in the paper
web. Attached bacteria growing on surfaces as a biofilm may
not easily be washed out of the machine and they thus gain
an advantage over free-living bacteria. Biocides (slimicides)
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are widely used in the paper industry to control excessive
bacterial growth (Eagon 1995). Slime-embedded bacteria are
more resistant to biocides than unattached bacteria (Brown
and Gilbert 1993; Claus and Mueller 1996). Many microorganisms degrade paper-making materials such as cellulosic
fibre, starch, casein and resin sizers (Väisänen et al. 1989), or
may cause a deterioration in product quality by producing
odour, taste, undesirable colouring and contamination (Väisänen et al. 1991, 1994; Pirttijärvi et al. 1996).
The microbial biodiversity and the causative agents of the
specific undesirable phenomena in paper machines are poorly
known. The aim of this work was to characterize the microbial
communities of a printing paper machine and their undesirable properties in order to control the problems and risks
associated with microbial growth.

³ 0·1; Zn, ³ 0·5. The redox potential of white water was
approximately 230 mV S.C.E. and conductivity was 74–95
mS m−1. Six different commercial biocides were pumped by
timer-linked automated dispensers (15–30 min active with
intervals of 2–4 h) into different sites of the machine, each
biocide containing one or several of the following effective
components: 5-oxo-3,4-dichloro-1,2-dithiol, 2,2-dibromo-3nitrilopropionamide, methylenebisthiocyanate, 2-methyl-4isothiazolin-3-one, 5-chloro-2-methyl-4-isothiazolin-3-one,
and glutaraldehyde. The hydraulic retention of the recycled
water (Fig. 1) was longer than the intervals of dosage and
pumping into different sites was not synchronous. It is
assumed that all machine waters and raw material flows contained 0·5–5 ppm of any of the biocides at any time.
Isolation and identification of micro-organisms

MATERIALS AND METHODS
The paper machine (Fig. 1)

The raw materials used in the machines include ECF
(elementary chlorine free) bleached pulp, groundwood pulp,
broke, mineral pigments, starch and carboxymethyl cellulose
(CMC). The length of time that the paper-making materials
stay in the machine varies from 2 h for starch in the starch
container to approximately 1 week for broke in the broke
container. The temperature, pH and soluble organic carbon
content of the raw materials and the machine wet end samples
are shown in Table 1. Composition of white water (wet end)
was as follows (mg l−1): total N, 4–13; NO3–, ³ 1; NH+4 ,
–
2–
³ 0·1; total P, 1·6–5·3; PO3–
4 , 1·2–4·2; Cl , 30–60; SO4 , 200–
2000; SiO2, 11–13; K, 10–20; Na, 200–1000; Fe, 2·7–3·5; Mn,
2·0–2·4; Ca, 28–300; Mg, 7–12; Al, 0·6–1·8; Ba, ³ 0·1; Cu,

The paper machine wet end, the raw materials and the paper
products were sampled at each site during 1993–1996 four
times, in the cold (October, November, December, January,
February) and in the warm (July, September) season. Slimes
were mechanically removed from the machine surfaces and
the bacteria isolated as described by Väisänen et al. (1994).
Paper was disintegrated into a slurry in sterile distilled water
according to standard methods (TAPPI 1990). Aerobic heterotrophic bacterial counts were determined on plate count
agar (Difco Laboratories, Detroit, MI, USA), and yeasts and
moulds were determined on Sabouraud dextrose agar (BBL;
Becton Dickinson, Cockeysville, MD, USA) with chloramphenicol (150 mg ml−1) and novobiocin (150 mg ml−1).
The plates were cultivated at both 28 and 50 °C due to
the difference in temperature prevailing at the machine wet
end and during storage of the chemicals (Table 1). Approxi-

Fig. 1 Schematic presentation of operation of a printing paper machine
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Table 1 Properties of the raw

materials and the wet end of the paper
machine studied

—
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Temperature
Sample
(°C)a
pHa
DOCb (mg l–1)a
—
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Paper-making chemicals
Starch slurry
23
8·5
NDc
CMC slurry
38
5·8 (2 0·1)
ND
Bentonite slurry
45 (2 1)
10·1 (2 0·1)
ND
Kaolin A slurry
33 (2 3)
7·5 (2 0·2)
ND
Kaolin B slurry
35 (2 1)
7·4 (2 0·1)
ND
Other pigments
30 (2 2)
8·4 (2 0·3)
ND
Water for coatingd
40 (2 6)
5·7 (2 0·4)
4·5 (2 0·5)
Machine wet end
Warm water
44 (2 1)
6·0 (2 0·1)
6·3 (2 1·7)
Chemical pulp
50 (2 3)
4·4 (2 0·5)
685 (2 213)
Groundwood
50 (2 2)
4·7 (2 0·2)
885 (2 364)
Pulped broke
44 (2 3)
4·5 (2 0·3)
443 (2 52)
Coated broke
44 (2 3)
4·8 (2 0·3)
814 (2 239)
Machine chest
49 (2 3)
4·6 (2 0·1)
780 (2 298)
Headbox
46 (22)
5·0 (2 0·2)
535 (2 228)
Wire water
46 (2 2)
4·9 (2 0·2)
421 (2 145)
White watere
45 (2 2)
4·9 (2 0·2)
479 (2181)
Spray water
33 (2 5)
5·6 (2 0·3)
163 (2 46)
Water from press
36 (2 3)
4·6 (2 0·8)
334 (2177)
—
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
a
Mean values measured on two to four different sampling dates (2 standard deviation).
b
DOC, dissolved organic carbon.
c
ND, not determined.
d
Chemically purified water, used for making the slurries of paper-making chemicals.
e
Used for making the pulp and broke slurries.

mately 390 bacterial strains were isolated from the agar plates
and identified by their whole cell fatty acid composition using
the MIDI Microbial Identification System, library version
3.9 (Microbial ID, Newark, DE, USA), as described in Väisänen et al. (1994), API 20E and API 20NE strip tests
(BioMérieux SA, Marcy-l?Etoile, France) and the Biolog GN
MicroPlate System (Biolog Inc., Hayward, CA, USA). Where
indicated, strains were classified by analysis of respiratory
quinones by HLPC, sphingolipids by gas chromatographymass spectrometry (Nohynek et al. 1995), and polyamines.
PCR amplification of 16S rDNA and sequencing

The protocol for the Gram-negative isolates was as follows.
One individual colony was picked from agar plates, suspended
in 100 ml of sterile TE buffer (pH 8·0), heated at 100 °C for
5 min and centrifuged at 15 000 g for 5 min. The supernatant
fluids were recovered and stored at 4 °C for further analysis.

A 1 ml sample was used for amplifying the 16S ribosomal
DNA by PCR using standard protocols as described previously (Karlson et al. 1993). Amplified DNA was purified
with Microcon 100 microconcentrators (Amicon GmbH,
Witten, Germany) and its quality was controlled by gel electrophoresis on a 1% agarose gel with TAE buffer and subsequent ethidium bromide staining (Sambrook et al. 1989).
The sequence of the amplified 16S rRNA gene was determined directly with an Applied Biosystems 373 A DNA
sequencer (Perkin-Elmer, Applied Biosystems GmbH, Weiterstadt, Germany) and standard 16S rRNA sequencing primers (Lane 1991) using the protocols recommended by the
manufacturer for Taq polymerase initiated cycle sequencing
with fluorescent dye-labelled dideoxynucleotides. Partial
(between nucleotide positions 28 and 517 (E. coli 16S rRNA
gene sequence numbering)) and nearly full length (from positions 28–1524) 16S rDNA sequencing analyses performed
as described were used to aid identification. The sequences
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of deinococci were prepared as described by Rainey et al.
(1996). The nearly full length 16S rDNA sequences were
deposited at the EMBL with the accession numbers AJ001051
(strain A28241), AJ001052 (strain B28161), AJ001053 (strain
C28242), AJ000002 (strain A5073) and Y15444 (strain
E50053).

Enzymatic activity

The ability of the bacterial strains to degrade fibre and papermaking materials was tested in plate assays. Hydrolysis of
starch, casein, carboxymethyl cellulose and b-glucan were
tested as described in Väisänen et al. (1989). Hydrolysis of
xylan, pectin (polygalacturonic acid, Na salt, Sigma P-1879)
and extracted pine resin were tested as described in Hallaksela
and Salkinoja-Salonen (1992; the pine resin medium without
spruce wood extract). Hydrolysis of triolein and Tween-80
as model compounds for wood lipids was tested as described
by Smibert and Krieg (1994; Method 2).

Electron microscopy

The steel coupons were fixed in 3% (w/v) glutaraldehyde
in 0·1 mol l−1 sodium phosphate (pH 7·4) for 2 h at room
temperature, washed twice with 0·1 mol l−1 sodium phosphate (pH 7·4) for 15 min, dehydrated in a graded series of
ethanol (50–99·6%), and prepared for SEM as described
(Nurmiaho-Lassila et al. 1990). The coupons were examined
with a model JSEM-820 scanning electron microscope (JEOL
Ltd, Tokyo, Japan).
Total organic carbon and nutrients

Wet end samples were diluted in distilled water, filtered
through Whatman GF/A glass fibre filters, and analysed for
dissolved organic carbon (DOC) with a TOC 5000 Total
Organic Carbon Analyser (Shimadzu Corp., Kyoto, Japan)
according to the ISO 8245 Standard (ISO 1987).

RESULTS

Biofouling assay

Enumeration and identification of microbes in various
parts of the paper machine

Biofilm formation was studied by immersing stainless steel
coupons (AISI 304 or AISI 316, 15 × 20 × 2 mm) in wire
water in the machine. After 1 and 3 days, the test coupons
were removed, rinsed well in running water and processed
for isolation or scanning electron microscopy. For isolation,
bacteria were either scraped off the surface of the coupons,
isolated and purified, or melted agar containing (15 g l−1)
cultivation medium was poured directly onto the steel
coupon. The coupons were incubated at 28 or 50 °C, and the
strains growing from the steel towards the agar were isolated.
The potency for biofouling of selected pure culture strains
isolated from the paper machine was assayed as follows. Cells
were suspended (approximately 107–108 cells ml−1) in 10 ml
of nutrient broth (pH 7·0) or 10 ml of autoclaved paper
machine wire water amended with 50 or 100 mg l−1 of yeast
extract when indicated. The yeast extract (100 mg l–1) added
to the wire water contained the following elements (mg l−1):
total N, 10; total P, 1·1; Fe, ³ 0·05; Ca, ³ 1; Mn, ³ 0·05;
Mg, ³ 1; Al, ³ 0·05; Cl–, ³ 1; SO42–, ³ 1. Nutrient broth
contained (mg l–1): total N, 950; total P, 64; Fe, 0·7; Ca, 2·3;
Mn, ³ 0·1; Mg, 0·7; Al, ³ 0·05; Cl–, 62; SO42–, 210. pH of
wire water (pH 4·8) was not adjusted, or was adjusted to 6·5
or 7·0 with NaOH. Stainless steel coupons (AISI 304 or AISI
316) were immersed in the suspensions in 100 ml bottles and
incubated with or without shaking (150 rev min−1) at 28, 45
or 48 °C for 1 day, after which the coupons were removed,
rinsed well with running water, and processed for scanning
electron microscopy.

The viable aerobic heterotrophic bacteria content in the wet
end circuits of paper machines (Fig. 1) was high, ranging
from 105 (white water) to 108 (raw material slurries) cfu ml−1
in the water-containing materials as shown in Fig. 2. Very
high bacterial counts, up to 108 cfu ml−1, were found in
mineral pigment slurries, but the dry chemicals and the water
used for making the slurries contained much lower counts.
This indicates that the source of bacterial growth was in the
containers themselves. Bacterial counts in the paper products
were considerably lower and varied from 50 to 104 cfu g−1
(Fig. 2), showing that the dry end (140 °C on the surface)
dramatically reduced the number of viable bacteria in the
paper product.
Similar aerobic heterotrophic counts of bacteria in the
samples taken from the wet end of the machine were obtained
at 28 and 50 °C, with the mean counts varying from 5 × 104–
107 cfu ml−1, depending on the sampling site (Fig. 2). In the
paper-making chemicals, higher aerobic bacterial counts were
usually obtained at 28 than at 50 °C, except for the bentonite
slurry, from which much higher counts were persistently
obtained at 50 °C. This slurry was stored at a higher temperature (45 °C) than the other chemicals. Of the strains
isolated at 28 °C, only 14% could grow also at 50 °C and from
the strains isolated at 50 °C, 58% could grow at 28 °C. This
indicates that the populations from incubations at 28 and at
50 °C showed some degree of diversity.
Yeasts were found only in small amounts in the wet end
samples. Moulds were scarce (³ 102 cfu ml−1) and found
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Fig. 2 Viable aerobic heterotrophic count of bacteria in the raw materials, paper machine wet end and products. Cultivations were

performed at 28 and 50 °C. The detection limit was 102 cfu ml−1, except for the samples marked with (103 cfu ml−1) and with
(10 cfu ml−1). Area no. 1 on the left displays samples from paper-making chemicals, area no. 2 on the right, samples from the machine
wet end, area no. 3, the products. The order of columns follows the direction of the paper-making process. The vertical bars
over the columns indicate S.D. calculated on data obtained from three or four independent samplings in different seasons (winter,
summer). (,), 28 °C; (Ž
), 50 °C

mainly in the mineral pigments, starch, and some wet end
samples.
Of the 390 bacterial strains isolated from two machines,
86% could be identified to genus or species level using whole
cell fatty acid analysis (FAME) and physiological testing
(Biolog and API strip tests), or in the case of ambiguous
results, by partial (500–1000 bases as indicated) or full 16S
rDNA sequencing (Table 2). The most frequent con-

taminants of the machine wet end were Burkholderia cepacia,
Ralstonia pickettii, Ralstonia solanacearum, Pantoea agglomerans, Microbulbifer-related strains, Bacillus coagulans, B.
cereus and other Bacillus species. Paper-making carbohydrates, such as CMC and starch, contained, for example,
B. licheniformis, B. circulans, Burkholderia cepacia and Burkholderia caryophylli. In the mineral pigments, Aureobacterium
esteroaromaticum, B. licheniformis, B. sphaericus (B. latero-
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Table 2 Bacterial species identified from raw materials, process circuits and paper products of printing paper machines. In total, 390

strains were independently isolated at 28 or 50 °C, Gram-stained and identified by FAME, Biolog and API systems. The table
includes the strains which showed similarity indices in these analyses of ×0·3 (FAME) and ×0·5 (Biolog and API). In addition, some
frequently found strains which remained unidentified by these methods were analysed by Microlog (TM), and for polar lipids, lipoquinones,
polyamines, partial or full 16S rDNA sequence (marked *). Biological Hazard Group (Anon. 1995) is indicated in parenthesis (2)
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
—
Species/strains
Cultivated at
Cultivated from
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
—
Acidovorax delafieldii
28 °C
Slime
Acinetobacter radioresistens
28 °C
Slime
Arthrobacter ilicis
28 °C
Mineral coated paper
Alcaligenes piedchaudii (2)
28 and 50 °C
Warm water, head box, spray water
Aureobacterium esteraromaticum
28 °C
Kaolins
Aureobacterium testaceum
28 °C
Pink slime under suction boxes
Bacillus cereus (2)
28 °C
Wire area slimes
Bacillus circulans
50 °C
Sizing starch (boiled)
Bacillus coagulans
50 and 28 °C
Head box, machine chest, ground wood, uncoated and mineral coated
printing paper
Bacillus licheniformis
50 °C
Bentonite
Bacillus sphaericus
50 °C
Bentonite
Brevibacillus brevis
28 °C
Uncoated printing paper
28 °C
Kaolin
Bordetella avium*a
Brevibacterium acetylicum
28 °C
Pink slime under suction boxes
Burkholderia cepacia* (2)
50 and 28 °C
Wire water, head box, pulped broke, filter press exudate, CMC slurry,
warm water, white water, machine chest, ground wood, chemical
pulp, spray water, uncoated paper
Cellulomonas flavigena
50 °C
Sizing starch (boiled)
50 °C
Machine surfaces of stainless steel
Deinococcus geothermalis*b
50 °C
Pink slimes, wire water splashes
Deinococcus sp.*c
Enterococcus durans (2)
28 °C
Pink slime under suction boxes
Hydrogenophaga palleronii (2)
28 °C
Bentonite slurry
Klebsiella pneumoniae (2)
28 °C
CMC slurry, white water, head box, pulped broke, spray water
Methylobacterium mesophilicum
28 °C
Kaolin
50 °C
Kaolin, mineral pigment slurries, coated broke
Microbulbifer-like strains*d
Micrococcus luteus
28 °C
Formulated mineral pigment
Pantoea agglomerans (2)
28 °C
Starch slurry
Paenibacillus macerans
28 °C
Bentonite
Pseudomonas stutzeri
28 °C
Kaolins
Ralstonia pickettii
50 and 28 °C
Pulped broke, shower water, warm water, head box
Ralstonia solanacearum
50 °C
Spray water, bentonite
28 °C
Spray water, warm water, wire water
Sphingomonas capsulata* e
28 °C
Spray water, warm water, wire water
Sphingomonas sp.*f
Staphylococcus epidermidis (2)
28 °C
Bentonite slurry
Staphylococcus haemolyticus (2)
28 °C
Gypsum slurry
Xanthobacter agilis
28 °C
Slime
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
—
a
By partial 16S rDNA sequence, six strains were 98–99% similar to Bordetella avium; similarity index by FAME was 0·6–0·8 to B. avium and
by Microlog(TM), 0·6–0·7.
b
Partial (500 nucleotides) sequences of E50051, E50153 and E50053 were identical, full 16S rDNA sequence of the strain E50053 showed
99·9% similarity with D. geothermalis AG-3a (type strain).
c
The strains E50104 and E50106 had partial 16S rDNA (500 nucleotides) sequence identical to D. geothermalis E50053, but differed by lacking
(E50104) of anteiso fatty acids totally or almost totally (E50106, the ratio of iso/anteiso ×10).
d
Represent a new species or genus in the lineage Microbulbifer-Xanthomonas-Xylella-Stenotrophomonas. The 16S rDNA of four strains (A5073,
B5071, B5081, D5071) isolated at different times and sites from kaolins and pigment slurries, were sequenced from the 5? end to about position
1000, and the sequences were identical. Full sequence of strain A5073 was determined and showed closest similarity to Microbulbifer hydrolyticus
IRE-31 T. FAME of the four strains showed C15:0 iso as the main whole cell component (×50% of total); anteiso acids were absent or
present only in traces; iso 17:1 cis 6 was the main unsaturated, and iso 11:0 3OH the main hydroxy acid. AFLP fingerprinting of total DNA
with Apa1-Taq1 revealed a few bands in common with S. maltophilia but were too different from S. maltophilia to be classified as
Stenotrophomonas or Xanthomonas. Microlog(TM) gave similarity index of 0·5–0·6 to Pasteurella anatipestifer; polyamine pattern (×90%
spermidine) distinguished these strains from Stenotrophomonas and grouped them with Xanthomonas (Busse and Auling 1988). The four
strains differed from the published description of M. hydrolyticus type strain (Gonzalez et al. 1997) by 16S rDNA sequence, in quantitative
ratios of the whole cell fatty acids.
e
Similarity of 16S rDNA full sequence, the strains (A28241, C28242) in this group to that of S. capsulata ranged from 97·7 to 98·4%.
Similarity to S. capsulata by Microlog (TM) indices, 0·4–0·7.
f
Contain sphingolipid and ubiquinone Q-10. Probably a new species of Sphingomonas, full 16S rDNA sequence was most similar to S. rosa
(95·5%, strain B28161).
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sporus, not confirmed by 16S rDNA), Bordetella avium,
Hydrogenophaga palleroni, Methylobacterium methylicum,
Microbulbifer-related strains and Staphylococcus epidermidis
were found. Bacillus licheniformis, B. sphaericus, Bordetella
avium, Hydrogenophaga palleroni, Pseudomonas stutzeri, and
the Pantoea and Staphylococcus species did not colonize the
process water, even though high numbers of these bacteria were introduced to the process from the storage tanks
of paper-making chemicals.
Several species were isolated from coloured slimes in the
machine; they produced coloured slimy colonies when cultured in the laboratory (Table 2). Of the organisms identified,
strains of Acinetobacter radioresistens, Methylobacterium mesophilicum and Deinococcus geothermalis were pink, species of
Aureobacterium, Pantoea and Ralstonia were yellowish and
strains of Microbulbifer-like strains were brown (Table 2).
Several of these species were cultivable from the same pink
slimes growing on the machine. The strains, identified by
FAME and 16S rDNA (1000 nucleotides sequenced from
four strains and almost full sequence of strain A5073), were
closest to the genus Microbulbifer so they are preliminarily
quoted here as Microbulbifer-like strains (although the differences with Microbulbifer were almost as significant as those
with the genera Xanthomonas, Stenotrophomonas and Xylella).
The strains differed in 16S rDNA (up to 5%), quantitative
ratios of FAME, polar lipids, polyamines and/or sensitivity
pattern towards antimicrobial substances from each of these
genera (Table 2). These strains will probably warrant a new,
separate species and possibly a genus, within the mentioned
lineage of gamma-proteobacteria.
Slime-forming strains were isolated from spray waters.
These were identifiable by whole cell fatty acids, sphingolipid
and ubiquinone contents (Q-10) as species of Sphingomonas.
They were not found in the raw materials, and their route
of entry into the machine is presently unknown. Sequence
comparisons analysis of 16S rDNA showed that one group
of strains was related to Sphingomonas capsulata (97·7–98·4%
similarity of the full sequence of strains A28241 and C28242),
whereas the representative (strain B28161) of the other group
was distant to all validly described species and closest to S.
rosa (95·5% similarity of the full sequence). The latter group
possessed a whole cell fatty acid pattern uncommon for Sphingomonas (30% of cis-9-hexadecenoic acid vs 3–13% in the
other strains). It probably represents a new species.
The distributions of taxa growing at 28 and at 50 °C from
inocula of different areas of the paper machine are shown in
Fig. 3. The figure shows that the thermotolerant and thermophilic bacteria in machine wet end were mainly Bacillus
(B. coagulans), Burkholderia cepacia, Ralstonia solanacearum,
Ralstonia pickettii and the Microbulbifer-like strains.
About 80% of the identified strains from the paper products were members of the genera Bacillus and Brevibacillus,
which may have survived the heat in the drying section

(140 °C on the paper surface) as thermoresistant spores. The
most frequent Bacillus species in the paper products were B.
coagulans, B. licheniformis and Brevibacillus brevis, while the
Gram-negative species were mainly Burkholderia cepacia.

Degradative properties of bacteria in the printing paper
machine

A total of 131 strains of bacteria, isolated at 28 or 50 °C, were
tested for their potential to degrade materials related to papermaking chemicals. Forty strains expressed no activity towards
any of the eight materials tested, and 91 degraded one or
more of the materials shown in Fig. 4. Some of the bacteria
(e.g. Aureobacterium sp., B. licheniformis, the Microbulbiferlike strains, Pseudomonas stutzeri, Sphingomonas sp. and enterobacteria) produced many enzymes capable of degrading
paper-making chemicals, e.g. starch, casein and CMC
(Fig. 4). Most of these bacteria were found in the papermaking chemicals, and fewer or none at the machine wet
end. Most of the Burkholderia cepacia strains were lipolytic,
degrading Tween-80 and triolein.

Adhesive properties of bacteria in the printing paper
machine

From slimes collected at the wet end area, bacteria were
isolated and identified as Acidovorax delafieldii, Acinetobacter
radioresistens, Aureobacterium testaceum, B. cereus, Brevibacterium acetylicum, Deinococcus geothermalis and Enterococcus (Table 2). Figure 5 shows scanning electron micrographs of stainless steel (AISI 304) coupons immersed in
paper machine wire water in the mill; it shows that bacteria
had already tightly adhered to the surface within 1 day and
after 3 days the surface was almost completely covered with
bacteria and other material from the wire water. The dominant strains, not removable by a spray of water, were isolated
from these steel coupons and identified as Burkholderia cepacia and B. coagulans. The third dominant type of strains were
Gram-positive cocci, with morphological and biochemical
similarity to members of the genus Deinococcus. Five strains
were partially 16S rDNA sequenced (500 nucleotides, Table
2) and found to be 100% identical (both the more and the
less pink). One strain (E50053) was completely sequenced
and was 99·9% similar to the type strain of D. geothermalis
AG-3a.
Ten different bacterial strains isolated from the steel coupons were tested in the laboratory for attachment to stainless
steel coupons in autoclaved paper machine wire water
enriched with yeast extract (50 mg l−1) and with pH adjusted
to 6·5. Three strains capable of a very high level of attachment, i.e. Burkholderia cepacia E28 L3, B. coagulans E50 L1
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Fig. 3 Relative distribution of different bacterial taxa in paper-making materials, in the paper machine wet end and in products.

Sampling sites marked with * yielded no bacteria or the isolated strains were non-viable upon purification. (a) Bacteria cultivable
at 28 °C. ‘Others’ include Acinetobacter, Alcaligenes, Bordetella, Comamonas, Hydrogenophaga and CDC group IVC-2 strains. (b) Bacteria
cultivable at 50 °C. ‘Other Gram-negative rods’ include Acidovorax, Methylobacterium, Microbulbifer-like strains and unidentified
species; ‘others’ include Alcaligenes, Deinococcus and CDC group IVC-2 strains. ( ) Burkholderia and Ralstonia; (-), Bacillus and
=== ), Aureobacterium; (
=== ), Pseudomonas;
Brevibacillus; (
), Enterobacteria; ( ), other Gram-positive rods, ( ) Sphingomonas; (
( ), other actinomycetes; (,), other Gram-negative rods; (Ž), others; (+), Staphylococcus

and Deinococcus geothermalis E50053, are shown in Fig. 6a–c.
The other strains, isolated from steel coupons immersed
in-mill, Bacillus sp., Staphylococcus sp. and an unidentified
Gram-positive rod (E28 L4) (Fig. 6d), did not adhere in large
numbers under laboratory conditions.
As Burkholderia cepacia actively and firmly adhered to steel
surfaces, we studied the adherence under different
conditions. Figure 7 shows Burkholderia cepacia F28 L1
adhering to coupons of stainless steel (AISI 316) in nutrient
broth (pH 7·0) or in autoclaved wire water enriched with
yeast extract (100 mg l−1). The wire water was used as it was
(pH 4·8) or with the pH adjusted to 7·0. The coupons were

incubated at 28 or 48 °C, with or without shaking. The cells
tended to attach from the wire water to the steel in the form
of large aggregates in which the contours of individual cells
could not easily be detected. The incubation temperature (28
or 48 °C) during the contact time had no noticeable effect on
attachment. When the steel was in contact with the bacteria
in nutrient broth, the cells attached evenly as individual cells
or as small aggregates. The total nitrogen content of nutrient
broth was 13 times higher and that of total phosphorus, 10
times higher, than the contents of white water fortified with
100 mg l−1 of yeast extract. The nutrient composition of the
contact medium influenced the attachment of Burkholderia
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Fig. 4 Paper machine bacterial taxa

capable of degrading raw materials
of relevance to paper-making. Number
of strains tested of each taxon are shown
in the legend. ‘Other Gram-negative
rods’ include Acidovorax,
Methylobacterium, Microbulbifer-like
strains and unidentified species;
‘others’ include Acinetobacter,
Alcaligenes, Bordetella, Comamonas
and Hydrogenophaga strains. ( ),
Burkholderia and Ralstonia (27);
(+), Staphylococcus (3); (
),
Enterobacteria (20); (-), Bacillus
and Brevibacillus (31); ( ),
Sphingomonas (8); ( ), other Gram=== ), Pseudomonas (7);
positive rods (2); (
=== ), Aureobacterium (2); (,), other
(
Gram-negative rods (22); (Ž), others
(9)

cepacia strains more than pH, temperature or agitation. Laboratory studies of biofouling should therefore be conducted
in media relevant to the industrial environment.
DISCUSSION

There are few previous reports on the bacterial species found
in paper machines. Gram-negative genera reported for this
environment include Klebsiella, Enterobacter, Achromobacter,
Aeromonas, Alcaligenes, Acinetobacter, Flavobacterium, Gallionella, Pseudomonas and Sphaerotilus, sulphur-oxidizing
(Thiobacillus, Beggiatoa) and reducing genera (Desulfovibrio),
and even Shigella, while Gram-positive genera include Bacillus, Staphylococcus and Micrococcus (Goldstein 1984; Hollis
1985; Holt 1988; Hughes-van Kregten 1988; Hughes 1992).
Most authors indicated the isolated strain by genus only, and
few details of the methods used for their identification were
included. Bacterial species reported in paper machines
include Staphylococcus aureus, Pseudomonas aeruginosa and
Sphingomonas (Pseudomonas) paucimobili (Hughes-van Kregten 1988; Holt 1988; Hughes 1992) and slime-producing
Klebsiella terrigena (Claus and Mueller 1996). Most published
reports did not specify what kind of paper products were
being produced or any particulars other than the pH of the
paper making process.
Earlier, we studied the bacterial flora of food quality paper
making machines and their products (Väisänen et al. 1989,
1991; Pirttijärvi et al. 1996) and slimes from various types
of machines, including newsprint machines (Väisänen et al.

1994). Paper, paperboard, liner and carton produced under
neutral or alkaline conditions invariably contained strains
belonging to species of Bacillus, Brevibacillus and Paenibacillus
(Väisänen et al. 1989, 1991, 1994; Pirttijärvi et al. 1996). In
slimes, we reported Pantoea (Enterobacter) agglomerans, Klebsiella pneumoniae, Burkholderia (Pseudomonas) cepacia, Burkholderia caryophylli, Aureobacterium (Flavobacterium) sp.,
Clavibacter michiganense, B. licheniformis and B. cereus (Väisänen et al. 1994).
The present study was focused on identifying the major
and significant cultured organisms occurring in raw materials,
process waters, paper machine wet end and final products of
printing paper machines operating at pH 4·4–5·0. Bacillus
and Brevibacillus, but rarely Paenibacillus, species were found
in low densities only at locations other than the final product,
paper, slimes and deposits (Fig. 3a,b). Their presence in
paper products can be explained by their survival through
the hot (¦ 140 °C) part of the machine.
Printing paper machines have many niches suitable for the
growth of large quantities of bacteria (Fig. 2). The viable
count of bacteria obtained by cultivation at 50 °C was often
as high or higher than that obtained at 28 °C, but species
diversity observed at 50 °C was low (Fig. 3). Massive growth
of bacteria may harm a printing paper machine by producing
enzymes which cause the deterioration of raw materials
and/or products, accumulating biomass on machine parts
which clogs vital filters, presses, wires, spray pipelines and
nozzles, or passing into the end product in the form of
coloured, visible or smelly spots. Carbohydrate degrading
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Fig. 5 Scanning electron micrographs of stainless steel coupons (AISI 304) after immersion in the wire water of a printing paper

machine for 1 and for 3 d
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Fig. 6. Attachment of pure cultures of paper machine bacteria to stainless steel. The figure shows scanning electron micrographs of

stainless steel coupons (AISI 304) immersed for 1 day at 45 °C in suspensions of paper machine bacteria prepared in autoclaved white water
of a printing paper machine supplemented with 50 mg l−1 of yeast extract, pH adjusted to 6·5 with NaOH. (a) Burkholderia cepacia
E28 L3; (b) Bacillus coagulans E50 L1; (c) Deinococcus geothermalis E50053; (d) Gram-positive rod E28 L4
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Fig. 7. Attachment of Burkholderia cepacia F28 L1 to paper machine steel under different conditions. The figure shows scanning
electron micrographs of stainless steel coupons (AISI 316) immersed for 1 day in suspensions of Burkholderia cepacia F28 L1
made in nutrient broth, pH 7·0, 28 °C (a), in sterilized wire water with 100 mg l−1 of yeast extract, pH 7·0, 28 °C (b), pH 4·8, 48 °C,
stationary (c), pH 4·8, 48 °C, in a shaker (d)
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activities are known to be typical for the species and genera
found in the paper machine environment, namely B. licheniformis, species of Burkholderia (Gillis et al. 1995) and Microbulbifer-like strains. Lipid degrading activities (Fig. 4) may
remove resins and pitches. This might be expected in the taxa
Burkholderia (Gillis et al. 1995), B. licheniformis (Pirttijärvi et
al. 1996), Ralstonia solanacearum (Holmes et al. 1987), Ralstonia eutropha (Yabuuchi et al. 1995), Aureobacterium esteraromaticum, A. testaceum (formerly Flavobacterium) and Microbulbifer (Gonzalez et al. 1997).
Bacillus licheniformis, Brevibacillus brevis, Burkholderia
cepacia and the Microbulbifer-like strains possessed both
carbohydrate degrading activity and the capacity to grow at
the machine temperature of 50 °C. Other isolates capable
of long-term growth at 50 °C under laboratory conditions
(Table 2) were identified as strains of Alcaligenes piedchaudii,
B. circulans, B. coagulans, B. sphaericus, Cellulomonas flavigena, Deinococcus geothermalis, Ralstonia pickettii and Ralstonia
solanacearum. The machine temperature was rarely suitable
for the propagation of most of the other microbes isolated
from the machine environment (Table 1); the microbes may
merely survive.
We identified strains of Burkholderia cepacia, B. coagulans
and Deinococcus geothermalis with the capacity for actively
adhering to stainless steel (Figs 6 and 7) more effectively
in the machine water environment than in microbiological
growth medium. Stainless steels AISI 304 and AISI 316
possess low surface energy, as does polystyrene. When we
searched for bacteria that actively and firmly adhered to the
paper machine, we found B. coagulans, the same species as
that found by Bidle et al. (1993) using polystyrene as the
surface for attachment. Bidle et al. also found adhesive
‘Pseudomonas-like’ strain EU-2, possibly related to our
adhesive Burkholderia cepacia isolates. Pseudomonas cepacia
has been transferred to the new genus Burkholderia cepacia
(Yabuuchi et al. 1992). The properties of the third adhesive
species (several closely related isolates from two paper
machines) showed they were deinococci; partial and full 16S
rDNA sequencing (Table 2) revealed identity with a recently
described thermophilic and slightly acidophilic new species,
Deinococcus geothermalis, whose natural habitat is described
as hot springs at 48–55 °C (Ferreira et al. 1997). This species
was described as extremely radiation resistant (Ferreira et al.
1997), but as radiation resistance of deinococci has been linked
to desiccation resistance (Mattimore and Battista 1996), the
latter property may be of crucial importance for the persistence of the deinococcal strains on surfaces which are only
wet periodically (wet end and press section of the machine,
Fig. 1).
The bacteria found in the machine wet end and raw
materials should be evaluated not only by considering problem-free running of the machine and technical quality of the
paper product, but also by environmental, occupational and

microbiological safety. The Classification Directive of the
European Union (Anon. 1995) and its application guidelines
place restrictions on the laboratory use and containment
requirements for industrial handling of all organisms with a
Hazard Group × 1. Of the organisms commonly found in
the present study or other published studies cited in this
paper to be colonizers of paper machines or their raw
materials (wood, starches, kaolins, bentonites, raw water,
etc.), those classified in Hazard Group 2 are indicated by
numeral (2) behind the species name in Table 2. These are
discussed below.
The Gram-positive Group 2 organisms found in the paper
machines studied here were B. cereus, Enterococcus durans and
Staphylococcus species, all in low numbers. Bacillus cereus
has consistently been found in many paper-making studies
(Hughes-van Kregten 1988; Pirttijärvi et al. 1996; Väisänen
et al. 1989, 1991) but in low numbers (³ 10% of all bacilli).
Bacillus cereus is also a native constituent of forest Norway
spruce (Picea abies) tree xylem, before any contact of the tree
with a factory (Hallaksela et al. 1991). Bacillus cereus is a
common contaminant of grains, flour and the dairy industry.
Its numbers in (normal) foods are likely to exceed the numbers occurring in paper products or the paper-making
environment. Staphylococcus aureus was sometimes reported
in paper mills (Hughes-van Kregten 1988); we also found it
occasionally, but more regularly we found Staph. epidermidis
and Staph. haemolyticus, which also belong to Hazard Group
2. These species were usually found in mineral pigments (e.g.
kaolin, bentonite) and pigment slurries, suggesting animal
contact during the history of mining, transport and storage
of the pigments before the paper process. Enterococcus durans
was occasionally found in paper machine slimes. Presumptive
faecal enterococci have also been reported in paper machine
waste waters. Niemi et al. (1993) used protein profiling to
group these and found that 17 out of 73 forest industry
waste water isolates were indistinguishable from the species
Enterococcus faecium, Ent. hirae and Ent. durans, all of which
are considered as Hazard Group 2 (Anon. 1997).
Several taxa of beta-proteobacteria with hazard category 2
(Anon. 1995; Anon. 1997) were found in the paper machine
environment: Alcaligenes piedchaudii and its close relatives
A. xylosoxidans subsp. xylosoxidans (formerly Achromobacter)
and subsp. denitrificans (synonym A. denitrificans), A. faecalis,
Bordetella avium and Burkholderia cepacia (this paper and
Hughes 1992). Burkholderia cepacia strains comprise saprophytic bacteria, plant pathogens, and some clinical isolates.
The present study shows their extreme adhesiveness, indicating that they will be difficult to remove from any industrial
system which they have colonized. Biofilm bacteria have poor
sensitivity to any biocides (Brown and Gilbert 1993; Boulange-Petermann 1996), and adhesion frustrates mechanical
cleaning.
The gamma-proteobacteria of Hazard Group 2 most fre-
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quently reported in other paper mills were Acinetobacter species (Hollis 1985). Acinetobacter lwoffii was identified to species
level (Hughes 1992). We did not find Acinetobacter spp. of
Hazard Group 2 in printing paper machines; the only species
of this genus found by us was Ac. radioresistens, which is a
class 1 organism. Acinetobacter radioresistens is exceptionally
resistant to radiation (Nishimura et al. 1988) and may therefore be desiccation and heating resistant (Mattimore and
Battista 1996), explaining its ability to colonize machine surfaces as slimes (Table 2).
Acinetobacter calcoaceticus occurs naturally inside live conifer trees (Hallaksela and Salkinoja-Salonen 1992), and may
enter paper mills inside logs. Acinetobacter calcoaceticus is
a phosphate accumulating biological wastewater treatment
bacterium, as well as Ac. lwoffii. Pseudomonas aeruginosa and
Sphingomonas (Pseudomonas) paucimobili, both of which are
pathogens and Hazard Group 2 organisms, were reported
to occur on paper machines in New Zealand (Hughes-van
Kregten 1988; Hughes 1992). We did not find these species
in the paper machine environment. The Sphingomonas species
found by us were most closely related to Sphingomonas capsulata and Sphingomonas rosa, and the Pseudomonas species
was Ps. stutzeri.
Of the other gamma-proteobacteria with a Hazard Group
of 2, Klebsiella pneumoniae and Pantoea (Enterobacter) agglomerans (synonym Erwinia herbicola) were commonly found in
paper machines (Hollis 1985; Hughes-van Kregten 1988;
Holt 1988; Hughes 1992; and this study). Klebsiella pneumoniae has a biotope in grass roots where it fixes dinitrogen
for the plant. Klebsiella pneumoniae subsp. pneumoniae, an
opportunistic pathogen, was reported in large quantities in
pulp and paper mill wastewaters possessing a high C:N ratio
(Niemi et al. 1987). High densities (× 104 cfu ml−1) of thermotolerant E. coli were also reported to occur on a continuous
basis (Niemi et al. 1987). These enterobacteria may be capable
of multiplying in pulp and paper mill process waters. The
environmental isolates of E. coli and Kl. pneumoniae could
not be distinguished from the clinical isolates (Niemelä et al.
1985; Muranen et al. 1996). The environmental E. coli strains
mainly belonged to serotypes not known to cause disease in
humans or animals (Niemi et al. 1987).
The richest sources of Hazard Group 2 organisms in the
printing paper machine environment were the clay minerals
and slimes. These are of high consistency, where the efficacy
of chemical disinfectants is likely to be low because of the
high solids contents. Clay minerals absorb organic matter and
attenuate efficacy of chemical slimicides. Clay minerals are
handled in large quantities in many other trades, such as
manufacture of potteries and construction materials, and soil
tillage in agriculture.
The only Hazard Group 2 organism capable of massively
colonizing the machines was Burkholderia cepacia. Most bacteria of Group 2 in the paper machines are also ubiquitous in

natural environments outside the mills. The available data
on their biology are insufficient for assessing whether their
occurrence in-mill may represent a biohazard. More refined
studies, such as genetic fingerprinting, are required to compare mill strains with other environmental strains and clinical
isolates.
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Väisänen, O.M., Nurmiaho-Lassila, E.-L., Marmo, S.A. and Salkinoja-Salonen, M.S. (1994) Structure and composition of bio-

© 1998 The Society for Applied Microbiology, Journal of Applied Microbiology 84, 1069–1084
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