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Significant substratum damage can occur when plasticized PVC (pPVC) is colonized by microorganisms. We
investigated microbial colonization of pPVC in an in situ, longitudinal study. Pieces of pPVC containing the
plasticizers dioctyl phthalate and dioctyl adipate (DOA) were exposed to the atmosphere for up to 2 years.
Fungal and bacterial populations were quantified, and colonizing fungi were identified by rRNA gene sequenc-
ing and morphological characteristics. Aureobasidium pullulans was the principal colonizing fungus, establish-
ing itself on the pPVC between 25 and 40 weeks of exposure. A group of yeasts and yeast-like fungi, including
Rhodotorula aurantiaca and Kluyveromyces spp., established themselves on the pPVC much later (after 80 weeks
of exposure). Numerically, these organisms dominated A. pullulans after 95 weeks, with a mean viable count 6
standard error of 1,000 6 200 yeast CFU cm22, compared to 390 6 50 A. pullulans CFU cm22. No bacterial
colonization was observed. We also used in vitro tests to characterize the deteriogenic properties of fungi
isolated from the pPVC. All strains of A. pullulans tested could grow with the intact pPVC formulation as the
sole source of carbon, degrade the plasticizer DOA, produce extracellular esterase, and cause weight loss of the
substratum during growth in vitro. In contrast, several yeast isolates could not grow on pPVC or degrade DOA.
These results suggest that microbial succession may occur during the colonization of pPVC and that A.
pullulans is critical to the establishment of a microbial community on pPVC.

Plasticized PVC (pPVC) is highly susceptible to microbial
attack in many different environmental situations. The prob-
lem was first identified in U.S. government reports of the de-
terioration of military equipment (8, 44), and subsequent re-
ports described defacement and deterioration of commercial
pPVC products (20, 50). Biodeterioration of pPVC is now
known to occur in a wide range of industrial, commercial, and
structural applications (18, 19, 22).

The susceptibility of pPVC results from the presence of
plasticizers, commonly organic acid esters such as dioctyl
phthalate (DOP) and dioctyl adipate (DOA), added to modify
physical or mechanical properties of the polymer. Both bacte-
ria (6, 7, 14) and fungi (5, 36) can degrade ester-based plasti-
cizers. Loss of plasticizers from pPVC due to microbial deg-
radation results in brittleness, shrinkage, and ultimately failure
of the pPVC in its intended application.

Microbial deterioration of pPVC has been studied exten-
sively in vitro. Many studies have examined the resistance of
pPVC formulations incorporating biocides to colonization by
test organisms (38, 39, 46). Other research has determined
biodegradability by measuring changes in the physical proper-
ties of pPVC, such as changes in tensile strength (49), mass
(9), or electrical properties (42) during biodegradation. Several
international standard test methods for microbiological sus-
ceptibility of plastics have been established (1, 2, 26).

Colonization processes occurring on pPVC in the environ-
ment have received comparatively little attention. Nothing is
known about the temporal sequence of microbial colonization
of pPVC in situ. Existing studies have examined fungal deface-
ment of pPVC in tropical or subtropical climates (24, 40). In

both studies fungal growth was evaluated with a subjective,
visual assessment of defacement of the pPVC. Neither study
examined the role of bacteria in the colonization process. Fur-
ther, unrecognized fungal growth was normally identified only
to genus level with basic morphological techniques. Recently,
RNA gene (rDNA) sequencing has been used as a rapid and
reliable tool for the identification of fungi to the species level
(23). This technique has not been used to identify microorgan-
isms that colonize and deteriorate pPVC in the environment.

We examined the microbial colonization of pPVC in situ
by exposing pPVC to the atmosphere in a longitudinal ex-
periment. The principal objectives of this work were (i) to
investigate colonization processes, (ii) to identify important
deteriogenic organisms to the species level using rDNA se-
quencing, and (iii) to determine if there was a relationship
between the microbial colonization sequence observed in situ
and the ability of microorganisms to cause biodeterioration of
pPVC in laboratory tests.

MATERIALS AND METHODS

Culture media and maintenance. Fungi and yeasts enriched from pPVC ex-
posed to the atmosphere were maintained on malt extract agar (MEA) (Oxoid,
Basingstoke, United Kingdom), a medium used widely for the detection, isola-
tion, and enumeration of fungi. Bacteria were maintained on R2A medium (35)
(Difco, Detroit, Mich.), which contains low concentrations of organic nutrients
and is used routinely for the enrichment of bacteria from oligotrophic environ-
ments. For long term storage at 280°C, fungal spores were harvested from agar
plates and frozen in 20% (vol/vol) glycerol. The basal mineral salts medium
(MSM) used for determining the deteriogenic properties of organisms contained
the following (in grams z liter of distilled H2O21): K2HPO4, 7; KH2PO4, 3;
MgSO4 z 7H2O, 0.1; and (NH4)2SO4, 1. DOA agar, used for the isolation of
organisms able to degrade the plasticizer DOA, contained MSM supplemented
with 2 ml of DOA liter21 and 15 g of bacteriological agar (Oxoid) liter21. For
preparation of DOA agar, medium including the DOA was autoclaved at 121°C
for 15 min and allowed to cool to approximately 50°C. An emulsion of plasticizer
was then created within the medium using a homogenizer at full power for 2 min
(260 W, 25,000 rpm; model D-7801; Ystral, Hemel Hempstead, United King-
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dom). DOA agar plates were poured immediately after homogenization. DOA
liquid medium was prepared as DOA agar except without agar.

Plasticized PVC. Sheets of pPVC, 0.5 mm thick, were formulated that con-
tained the following components (parts per hundred resin): EP 6779 PVC resin,
(European Vinyls Corporation Ltd., Runcorne, United Kingdom), 75; Vinnolit
C65V PVC resin (Vinnolit, Cologne, Germany), 25; DOP plasticizer (Exxon
Chemicals, Southampton, United Kingdom), 25; DOA plasticizer (Exxon Chem-
icals), 25; Lankromark LN138 calcium-zinc stabilizer, (Akcros Chemicals, Burn-
ley, United Kingdom), 2; Lankroflex ED63 epoxidized oleate ester (Akcros
Chemicals), 3; and titanium dioxide pigment (Tioxide Europe, Grimsby, United
Kingdom), 10. Individual pPVC pieces were 4.2 by 7 cm and had two 6-mm-
diameter holes in the corners of one of the long edges for attachment to in situ
support racks.

Exposure of pPVC in situ. Three replicate support racks were constructed
on-site at Avecia Biocides (Blackley, Manchester, United Kingdom). Each rack
consisted of three lines of 8-mm-diameter polypropylene wound rope (Steve-
craft, Manchester, United Kingdom), positioned 1.0, 1.5, and 2.0 m above ground
level and held between two steel poles set into concrete and at 7 m apart. Nylon
cable ties (4-mm width; RS Components, Corby, United Kingdom) were inserted
through the rope windings to support pPVC pieces at numbered locations on the
rack. Each rack supports up to 300 pPVC pieces which are held free-hanging in
order to eliminate fixed-orientation effects. The three racks were positioned in
parallel 1 m apart and were orientated at 60° to the horizontal to limit cross
contamination of specimens during rainfall. Ten pieces of pPVC were positioned
on each of the three racks at locations chosen using a random number table.

At each sampling time, three replicate pPVC pieces were selected at random,
one from each rack. Each piece was cut into three 4.2-by-2.5-cm sections, and a
separate analysis was carried out on each section.

Viable counts of fungi, bacteria, and DOA-degrading microorganisms. pPVC
sections (4.2 by 2.5 cm) were placed into 25-ml universal tubes (32-mm diameter;
80-mm length) containing 10 ml of sterile distilled H2O. The tubes were shaken
vigorously in an automatic side-arm shaker (Gallenkamp, Leicester, United
Kingdom) for 1 min. Plasticized PVC samples were transferred to a petri dish
containing 5 ml of H2O and scraped heavily three times on both sides using the
flat edge of a sterile scalpel blade. The pPVC, H2O, and scalpel blade were then
returned to the universal tubes and shaken for a further minute using the sidearm
shaker. A dilution series to 1023 was prepared from each universal tube. Aliquots
of 0.2 ml from each dilution were spread onto three replicate plates each of malt
extract, R2A, and DOA agar. Viable counts were performed on MEA plates
after 5 days of incubation at 25°C, on R2A plates after 7 days of incubation, and
on plasticizer agar plates after 14 days of incubation. To investigate whether
statistically significant changes in CFU counts occurred between sample times,
overall mean viable counts for three replicate pPVC pieces at each time point
were compared using analysis of variance.

Viable counts of fungi within the atmosphere. As a control, to determine
whether DOA-degrading organisms could be isolated from the atmosphere,
plates of both MEA and DOA agar media were exposed to the atmosphere at a
height of 20 m on the roof of the Stopford Building, Manchester, United King-
dom, in March 1997 (during United Kingdom’s winter). Three replicate plates of
each medium were retrieved after 20 h of exposure to the atmosphere. The
number of fungal CFU on each medium was counted after 3, 5, and 7 days of
incubation at 25°C.

Scanning electron microscopy (SEM). pPVC pieces exposed in situ for 95
weeks were rapidly frozen in liquid nitrogen. Specimens were freeze-dried over-
night (model B5A; British Oxygen Company Edwards, Crawley, United King-
dom). Specimens were attached to stubs using Electrodag 915 (Acheson Indus-
tries, Reading, United Kingdom) and sputter coated (model S150 device; BOC
Edwards) with gold before being examined using a Stereoscan 360 scanning
electron microscope (Cambridge Instruments, Cambridge, United Kingdom).

Identification of fungi isolated from pPVC. Fungal isolates were identified by
PCR amplification and partial sequencing of the internally transcribed spacer
(ITS) regions and the 5.8S rDNA or of the V3 domain of large subunit (28S)
rDNA. Initially only the ITS region was sequenced. However, when this se-
quence was insufficient to establish identity, the V3 region also was sequenced.

For preparation of genomic DNA, fresh mycelia or yeasts cells were harvested
in deionized water from overnight plate cultures grown on MEA. The biomass
was pelleted by centrifugation at 8,000 3 g for 10 min, and the supernatant was
discarded. The pellet was frozen by placing the centrifuge tube into liquid
nitrogen, and tubes were then stored at 280°C until the pellet was ground in a
mortar under liquid N2. DNA was extracted according to the method of Ander-
son et al. (3). DNA was observed following electrophoresis in 1% agarose in TPE
buffer (90 mM Tris-phosphate, 2 mM EDTA) and staining with ethidium bro-
mide (1 mg ml21 in TPE buffer).

The V3 variable region at the 59 end of the 28S rDNA was amplified with the
fungal universal primers V3-1 (59 GCATATCAATAAGCGGAGGAAAAG)
and V3-2 (59 GGTCCGTGTTTCAAGACGG) (16). PCR reagent concentra-
tions were 0.2 mM for primers V3-1 and V3-2, 2.5 mM MgCl2, 200 mM for each
of the four deoxynucleoside triphosphates, and 1.25 U of Taq DNA polymerase
(Roche Diagnostics Ltd., Lewes, United Kingdom) per 50-ml reaction mixture.
Amplification was performed for 30 cycles with denaturation at 94°C for 1 min,
annealing at 60°C for 1 min, and extension at 72°C for 1 min. ITS regions were
amplified using fungal universal primers ITS-1 (59 TCCGTAGGTGAACCTGC

GG) and ITS-4 (59 TCCTCCGCTTATTGATATGC) (45). PCR reagent con-
centrations were as for V3-1 and V3-2 with the exception of concentrations of
0.25 mM for primers ITS-1 and ITS-4 and 1.5 mM for MgCl2. Amplification was
performed for 35 cycles with denaturation at 94°C for 1 min, annealing at 56°C
for 1 min, and extension at 72°C for 1 min. Amplified products were purified
using the QIAquick PCR purification kit (Qiagen Ltd., Crawley, United King-
dom).

Both strands of the amplified products were sequenced using the ABI BigDye
Dideoxy Terminator Cycle Sequencing kit (Applied Biosystems Inc., Warrington,
United Kingdom). Cycle-sequencing conditions were denaturation at 96°C for
10 s, annealing at 50°C for 5 s, and extension at 60°C for 4 min for 25 cycles, with
a final extension at 60°C for 4 min. The annealing temperature was increased to
55°C for sequencing reactions using the V3-1 primer. Forward and reverse
sequences were aligned using ABI Autoassembler software (Applied Biosystems
Inc.), and the overlapping consensus sequence was compared with sequences in
the EMBL fungal DNA database using Fasta3 sequence homology searches.
Isolates that were identified using their rDNA sequences were compared with
published descriptions of colony and conidial morphology using microscopic
examination. A number of isolates, including those for which no rDNA identity
was found, were identified using morphological techniques at the International
Mycological Institute at Commonwealth Agricultural Bureau International Bio-
science, Egham, United Kingdom.

In vitro tests for biodeterioration of pPVC. We characterized the deteriogenic
properties of fungi isolated from pPVC and two additional strains of Aureo-
basidium pullulans. A. pullulans IMI70103 was obtained from CABI Bioscience,
Egham, United Kingdom, and A. pullulans PRAFS8 was provided by Avecia
Biocides, Manchester, United Kingdom.

(i) Preparation of inocula. Spores or yeast cells were harvested from MEA
plates in deionized water and filtered through three layers of lens tissue paper
(Whatman, Maidstone, United Kingdom). Suspensions were washed three times
in deionized water by centrifugation at 12,000 3 g for 8 min and then adjusted
to approximately 106 spores or yeast cells ml21 in deionized water using a
hemocytometer. Suspensions were checked for purity by streaking onto MEA.

(ii) Biomass and extracellular esterase production with DOA as sole carbon
source. Isolates were grown in DOA liquid medium for 2 weeks at 25°C and
shaken at 250 rpm. Each 100-ml flask, containing 40 ml of medium, was inocu-
lated with 0.2 ml of spore or yeast suspension. Three replicate flasks were
inoculated with each microorganism. For esterase assays, 1.5-ml samples of cul-
ture fluid were removed using a syringe, clarified by filtration through a 0.2-mm-
pore-size cellulose-nitrate filter (Sartorius, Epsom, United Kingdom), and then
either stored at 220°C or used immediately for assays. Cultures of filamentous
fungi were then filtered through preweighed filter paper (Whatman no. 1) and
dried at 70°C until a constant weight was reached. Yeast cultures were decanted
to preweighed 50-ml centrifuge tubes and centrifuged at 3,600 3 g for 5 min to
pellet cells. The supernatant was discarded, and tubes were incubated at 70°C
until a constant weight was reached, usually 24 to 36 hours.

Nonspecific esterase activity was determined by a spectrophotometric assay
with p-nitrophenol butyrate (PNB) (Sigma) as substrate (17). Hydrolysis of PNB
yields p-nitrophenol, which absorbs maximally at 400 nm under alkaline condi-
tions. The assay mixture (1 ml volume) contained 2.2 mM PNB in sodium acetate
buffer (50 mM; pH 5.5) in cuvettes. Culture fluid (500 ml) was added, and cu-
vettes were incubated at 25°C for 1 h. The reaction mix was then made alkaline
by the addition of 0.75 ml of 0.1 M sodium borate (Sigma) before measurement
of absorbance at 400 nm. Esterase activity was determined by reference to a
standard curve of p-nitrophenol. A relative extracellular esterase (REE) unit was
defined as the enzyme activity that liberates 1 nmol of p-nitrophenol from PNB
in 1 h at 25°C at pH 5.5. Three replicate measurements of the extracellular
esterase activity of all fungal isolates were made on separate occasions.

(iii) pPVC weight loss. Preweighed pPVC pieces (4.2 by 2.5 cm) were placed
into petri dishes containing 30 ml of MSM liquid supplemented with 0.5 g of
yeast extract liter21. Three replicate petri dishes were inoculated with 0.2 ml of
spore or yeast suspension from each organism and incubated at 25°C for 6 weeks.
Fungal biomass was removed from pPVC pieces by washing in nonionic deter-
gent (LIP Lipsol, Shipley, United Kingdom), and samples were air-dried at room
temperature (21 to 24°C) until a constant weight was reached. Statistically sig-
nificant differences in percentage weight loss relative to control pPVC pieces
incubated in sterile medium were determined using analysis of variance.

(iv) Clear-zone production and colony growth on DOA agar. Clear-zone pro-
duction on agar plates containing emulsified DOA as the sole carbon source was
used to test the ability of fungi to degrade DOA plasticizer. Plates containing 20
ml of DOA agar were inoculated with 50 ml of spore or yeast suspension placed
into 5-mm-diameter wells cut at the center of each plate. Three replicate plates
were inoculated for each organism and incubated at 25°C for 14 days. Clear-zone
production on DOA-agar was scored according to the following criteria: 0, no
clearing; 1, faint clearing below colony; 2, clearing extending beyond colony
boundary; 3, intense clearing (agar completely transparent) extending beyond
colony boundary. Colony growth was reported as follows: 0, no visible growth; 1,
slight growth within inoculation well; 2, colony diameter , 2 cm; 3, colony
diameter $ 2 cm. Tests for clear-zone production and growth on DOA agar were
replicated on three separate occasions.

(v) Growth using pPVC formulation as sole source of carbon. pPVC pieces
(4.2 by 2.5 cm) were placed on 15 ml of solidified MSM agar in a petri dish. A
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further 10 ml of molten MSM agar, cooled to 45°C, was inoculated with 0.1 ml
of spore or yeast suspension and poured over the pPVC. Plates were incubated
at 25°C for 4 weeks. The following criteria were used to score growth on the
pPVC: 0, no visible growth; 1, slight growth, barely visible; 2, growth clearly
visible around the edges of the pPVC; 3, strong growth visible around edges and
in the agar above the pPVC.

rDNA sequences. EMBL accession numbers for rDNA sequences from the 12
fungi identified in this study are as follows (sequences with which matches were
made and the percent match for each sequence are shown in parentheses): MZ7,
AJ276055 (UO5195, 99.6%); MZ8, AJ276054 (AJ000198, 100%); MZ10,
AJ276058 (AIY17066, 99.6%); MZ14, AJ276057 (AJ005674, 94.7%); MZ20,
AJ276059 (UO5915, 99.6%); MZ58, AJ276062 (AJ244236, 100%); MZ65,
AJ276061 (AJ244236, 99.3%); MZ95, AJ276060 (AF138904, 100%); MZ103,
AJ276063 (AF138289, 99.8%); MZ104, AJ276056 (AF033407, 100%); MZ107,
AJ276065 (AF050278, 94.8%); MZ109, AJ276064 (U94948, 98.9%).

RESULTS

Viable counts of microorganisms colonizing pPVC in situ.
Numbers of viable fungi, bacteria, and DOA-degrading organ-
isms occurring on pPVC were monitored throughout the in situ
trial (Table 1). Fungi were established on the pPVC surface
after 40 weeks of exposure (February 1998; during United
Kingdom’s winter). No significant increase (P 5 0.82) in fungal
viable counts occurred during the next 15 weeks, but by week
80 (June 1998) the population had more than doubled. A rapid
increase to 1,500 6 220 CFU cm22 (mean 6 standard error)
occurred in the last 15 weeks of exposure (December 1988 to
March 1989; during United Kingdom’s winter). CFU counts of
fungi able to produce clear zones on DOA agar varied between
65 and 84% of the MEA fungal count.

Viable counts of fungi within the atmosphere. CFU counts
were made on MEA and DOA agar plates exposed to the
atmosphere for 20 h. The fungal counts (mean 6 standard
error) on plates of MEA and DOA agar were 40 6 14 and 2 6
1 CFU, respectively. Therefore, we estimate the proportion of
DOA-degrading fungi deposited onto agar plates from the
atmosphere was 5%.

Identification of in situ isolates. Fungi with 17 morpholog-
ically distinct colony types were identified. rDNA sequence
lengths ranged from 496 to 576 bp for the 5.8S rDNA and ITS
regions and from 518 to 562 bp for 28S rDNA. Representative
colonies of 10 fungal morphotypes were identified using partial
rDNA sequences, and these identifications were confirmed by
microscopic examination and comparison with published de-
scriptions of colony and conidial morphology. Unambiguous
matches (98 to 100% sequence identity) were made using ITS
sequences from isolates MZ8 (Thanatephorous cucumeris)
(13), MZ10 (Alternaria infectoria) (13), MZ58 (A. pullulans)
(13), MZ65 (A. pullulans), and MZ103 (Emericella nidulans;
anamorph, Aspergillus nidulans) (13) and using the 28S V3
region from isolate MZ109 (Taphrina deformans) (10). The
ITS sequence from isolate MZ104 showed 100% identity with

Penicillium glabrum and 99.8% identity with Penicillium lapi-
dosum, Penicillium thomii, and Penicillium purpurescens, differ-
ing from these species by only a single base pair. However, it
was possible to distinguish MZ104 as P. glabrum on the basis of
published colony morphology descriptions (33). ITS sequences
from isolates MZ7 and MZ20 (both Alternaria alternata)
showed the same level of identity (99.63%) with Alternaria lini
as well as with A. alternata, and we were unable to differentiate
these species following morphological examination. As A. alter-
nata is an extremely common species found in abundance in
soil and on other substrates (15), while A. lini is relatively rare
(37) and may be contained within A. alternata (31), isolates
MZ7 and MZ20 were named A. alternata. The ITS sequence of
MZ14 had a relatively low (95%) identity with Petromyces
muricatus. However, P. muricatus is a teleomorphic species of
the Aspergillus ochraceus group (13, 41), and the colony and
conidial morphology of MZ14 were identical to published de-
scriptions of A. ochraceus (34). Thus MZ14 was named Asper-
gillus ochraceus. The 28S rDNA sequence from isolate MZ107
showed 95% identity with Phaeococcomyces nigricans. As spe-
cies level identification requires further biochemical character-
ization, MZ107 was named only to the genus level.

Seven fungal morphotypes, including isolates MZ108 and
MZ110 for which no ITS or 28S rDNA match was available,
were identified at the International Mycological Institute using
morphological techniques. Identification to the species level
was possible for the yeasts MZ108 (Kluyveromyces marxianus)
and MZ110 (Rhodotorula aurantiaca) and the filamentous
fungi MZ111 (Epicoccum nigrum) and MZ112 (Paecilomyces
lilacinus). MZ113 was identified only to the genus level (Kluy-
veromyces sp.), and MZ114, an intensely red yeast, could not be
identified.

In situ colonization sequence. We made viable counts of the
17 fungal morphotypes throughout the colonization period
(Table 2). A. pullulans was the primary colonizing isolate and
was dominant between 25 and 80 weeks of exposure. After 25
weeks, A. pullulans was isolated from only two of the three in
situ racks, but by 40 weeks this fungus was established on all
three racks and its frequency had increased significantly (Table
2) (P 5 0.02). The A. pullulans mean viable count was stable
from 40 to 55 weeks (P 5 0.46) but increased significantly from
55 to 80 weeks and again from weeks 80 to 95 (Table 2). After
95 weeks, larger colonies of A. pullulans were visible to the eye
as black specks (#2 mm in diameter) on the pPVC substratum.

A group of yeasts and yeast-like fungi were established after
80 weeks of exposure. These microorganisms had colony mor-
phologies identical to isolates MZ107, MZ108, MZ109, MZ110,
and MZ114. A significant increase in the numbers of each of
these organisms occurred on all three racks between 80 and 95
weeks of exposure (P # 0.005) (Table 2). The most abundant
of these isolates had the same colony morphology as MZ109.
E. nigrum, a filamentous fungus, also appeared to be a second-
ary colonizer. It was initially isolated after 80 weeks from one
of the in situ racks, but by 95 weeks this organism was recov-
ered from all three racks (Table 2).

Throughout the in situ trial, several filamentous fungi and
the yeast K. marxianus occurred sporadically (0 to 15 CFU
cm22). The filamentous fungi included representatives of the
genera Alternaria, Aspergillus, Cladosporium, Emericella, Pae-
cilomyces, Penicillium, and Thanatephorous. Usually these or-
ganisms were isolated from only one or two of the in situ racks
during sampling, although Alternaria alternata was recovered in
low numbers from all three racks after 10 and 40 weeks of
exposure (Table 2).

SEM of pPVC samples exposed in situ. pPVC samples ex-
posed to the atmosphere for 95 weeks were examined under

TABLE 1. Viable counts of fungi isolated from pPVC
exposed in situ over 95 weeks

Sample wk
(date)

All fungi on MEA
(CFU cm22)a

% DOA-degrading
fungib

10 (July 1997) 5 6 1 74
25 (October 1997) 2 6 0 65
40 (February 1998) 110 6 27 84
55 (June 1998) 120 6 15 76
80 (December 1998) 260 6 27 71
95 (March 1999) 1,500 6 220 80

a Mean viable counts 6 1 standard error of the mean from three replicate
pPVC pieces, one taken from each in situ rack, are shown.

b Numbers of fungi recovered on DOA agar expressed as a percentage of all
fungi recovered on MEA.
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SEM (Fig. 1). Colonies of A. pullulans, 50 to 2,000 mm in
diameter, were randomly dispersed across the surface of the
pPVC. A. pullulans appeared both as young colonies in the
early stages of development (Fig. 1a) and as well-established,
circular or oval colonies with extensive hyphal growth (Fig. 1b).
Yeast phase growth of A. pullulans was not observed, and my-
celia appeared as chains of branching, septate hyphae. There
was no evidence of penetration of the pPVC substratum by
hyphae of A. pullulans. Very few other microorganisms were
observed on the pPVC under SEM. Ovoid, yeast-like cells
occurred occasionally either singly or in clumps of two to three
cells, both associated with A. pullulans colonies and on uncolo-
nized areas of the plastic. No bacteria were observed.

In vitro tests for biodeterioration of pPVC. Organisms with
the highest level of extracellular esterase activity (100 to 250
REE ml21) included all three strains of A. pullulans, MZ10,
MZ95, MZ107, and MZ111. Isolates with little or no extracel-
lular esterase activity (#2.0 REE ml21) included MZ110,
MZ114, MZ103 (E. nidulans), and MZ8 (Table 3).

Extracellular esterase activity was not correlated with activ-
ity in other tests. No significant difference (P 5 0.15) occurred
between the mean esterase activity of isolates that produced
strong DOA clear zones (score 3; MZ7, MZ10, MZ58, and
MZ20) and those that demonstrated no clearing (score 0;
MZ95, MZ104, MZ107, MZ108, MZ110, MZ114, and MZ115).
Similarly, there was no significant difference (P 5 0.28) in
mean esterase activity between isolates showing strong growth
on DOA agar (score 3; MZ7, MZ10, MZ14, MZ20, MZ95,
MZ111, MZ112, and MZ115) and those showing no growth
(score 0; MZ107, MZ108, MZ110, and MZ114). We also ob-
served differences between strains of the same fungal species.
For example, A. alternata strain MZ20 showed poor esterase
activity in comparison with A. alternata strain MZ7. Measure-
ments of extracellular esterase activity, clear-zone production,
and growth on DOA agar were carried out on three separate
occasions, and the same trends among all of the fungal isolates
were observed.

The ability of in situ isolates to cause weight loss from pPVC
was determined after incubation with pPVC for 6 weeks under

TABLE 2. Frequency of occurrence of fungi with different colony morphologies recovered from pPVC throughout the in situ trial

Colony morphotype
Mean CFU cm22 at wka

10 25 40 55 80 95

Aureobasidium pullulans 0 1 6 1 (2) 93 6 50 (3) 120 6 35 (3)b 150 6 20 (3) 390 6 53 (3)

Epicoccum nigrum 0 0 0 0 0.3 6 0.7 (1) 32 6 13 (3)
Phaeococcomyces sp. 0 0 0 0 10 6 9 (2) 64 6 49 (3)
Pink-red yeast, unidentified 0 0 0 0 17 6 11 (3) 170 6 110 (3)
Rhodotorula aurantiaca 0 0 0 0 0.7 6 0.7 (3) 73 6 69 (3)
Taphrina deformans 0 0 0 0 86 6 55 (3) 490 6 240 (3)
Kluyveromyces sp. 0 0 0 0 0 220 6 153 (3)

Alternaria alternata 3 6 1 (3) 0.3 6 0.6 (1) 4 6 3 (3) 0 0 4 6 7 (1)
Alternaria infectoria 0 0 0.2 6 0.4 (1) 0 0.1 6 0.3 (1) 0
Aspergillus niger 0.3 6 0.5 (1) 0 0 0 0 7 6 11 (2)
Aspergillus ochraceus 0 0 3 6 5 (1) 0 0 0
Cladosporium herbarum 0 0 0 0 0 0.6 6 0.7 (2)
Emericella nidulans 2 6 2 (2) 0.3 6 1.2 (1)b 0 0 0.1 6 0.3 (1) 0
Kluyveromyces marxianus 0 0 0 0 0.6 6 1.1 (1) 0
Paecilomyces lilacinus 0 0 0 0 0 6 6 7 (2)
Penicillium glabrum 0.5 6 1.2 (1) 0 12 6 22 (1) 0 0 0
Thanatephorous cucumeris 0 0 0 0 0.3 6 0.5 (2) 3 6 5 (1)

a The mean viable counts and standard errors from three replicate pPVC pieces, one taken from each in situ rack, are shown. The number of racks on which fungi
occurred at each sample time is indicated in parentheses.

b No statistically significant change in mean CFU count in comparison with previous sample time (P . 0.05).

FIG. 1. SEM of the surface of pPVC exposed in situ for 95 weeks. (a) A.
pullulans colony in early stages of development (magnification, 3250); (b) es-
tablished A. pullulans colony (magnification, 3125).
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MSM supplemented with yeast extract. The net weight loss in
all cases was very low (7 to 50 mg), and therefore direct com-
parisons of the weight loss caused by individual species were
not possible. However, all 20 isolates tested caused significant
(P # 0.01) weight losses of .1% in comparison to control
pPVC pieces incubated in sterile medium (Table 3). The great-
est weight reduction, 6.8%, was caused by MZ103.

DISCUSSION
This study is the first detailed, quantitative investigation of

the microbial colonization of pPVC. A. pullulans was the prin-
cipal colonizing fungus. This organism initially colonized the
pPVC after 25 weeks of exposure to the atmosphere and was
isolated throughout the remainder of the in situ trial. SEM
studies demonstrated that A. pullulans colonized pPVC in the
absence of other microorganisms and therefore acts as a pri-
mary colonizer of pPVC. A. pullulans is increasingly recognized
as the major causative agent of defacement of various diverse
materials, such as painted surfaces (11, 21, 48) and wood (27),
in addition to pPVC exposed to tropical conditions (24, 40).
The present study demonstrates that A. pullulans is also an
important colonizer of pPVC in temperate climates.

The success of A. pullulans in colonizing pPVC in situ is
probably due to a combination of several factors. A. pullulans,
which usually colonizes the phylloplane (13), can withstand
periods of desiccation and high temperatures and produces
highly melanized hyphae that protect against UV exposure
(12). A. pullulans also produces extracellular polysaccharides
that may facilitate permanent adhesion to surfaces (4), and
factors controlling adhesion of A. pullulans to pPVC have
recently been characterized (43). Therefore, adaptations for
survival within the phylloplane probably confer advantages on

A. pullulans for the colonization of painted and plastic surfaces
within the environment (51).

A. pullulans also has considerable enzymatic capabilities. All
three strains of A. pullulans produced high levels of extracel-
lular esterase and could degrade DOA in vitro. In addition to
producing extracellular esterase, A. pullulans also produces
significant amounts of cellulase, proteinase, phosphatase, in-
vertase, and maltase (47). The ability of A. pullulans to secrete
such a variety of hydrolytic enzymes might enable it to utilize
exogenous carbon sources that accumulate on the pPVC dur-
ing long periods of exposure in situ. Extracellular esterase
production is hypothesized to aid in the colonization of pPVC
through the hydrolysis of organic-ester plasticizers (5, 28, 32).
However, in this study extracellular esterase production did
not correlate with DOA clearing or growth using pPVC as the
sole source of carbon. These results may be due to differences
in the specificity of esterase enzymes towards DOA plasticizers
and the PNB synthetic substrate used in esterase assays. Thus,
measurement of esterase activity alone is not a reliable indi-
cator of the ability of an organism to degrade plasticizers or
colonize pPVC.

A group of yeasts and yeast-like fungi became established on
the pPVC much later than A. pullulans, towards the end of the
in situ trial. Therefore, these yeasts probably play a secondary
role in the colonization of pPVC in the sense that they require
additional nutrients, e.g., the metabolites of other fungi or
accumulated exogenous nutrients, before they can grow on the
pPVC. These hypotheses are consistent with the observation
that none of the yeasts, except Kluyveromyces sp., can degrade
DOA or grow on pPVC as the sole source of carbon in vitro.
Yeasts are not generally considered as important deteriogenic
organisms on artificial surfaces, even though they have been

TABLE 3. Deteriogenic properties of fungi isolated from pPVC during the in situ triala

Isolate Identification Esterase activity
(REEb ml21)

Biomass in DOA
liquid medium

(mg/40 ml)

Specific esterase
activity

(REE mg21)

Growth on
DOA agarc

Clearing on
DOA agard

Growth on
pPVCe

pPVC weight
loss (%) f

MZ58 Aureobasidium pullulans 250 6 40 11 6 4.1 1500 6 1300 1 3 1 3.7 6 0.7
MZ10 Alternaria infectoria 240 6 17 12 6 0.3 800 6 75 3 3 2 3.9 6 0.5
MZ95 Aspergillus niger 190 6 7 13 6 2.8 630 6 210 3 0 1 1.8 6 0.2
PRA FS8 Aureobasidium pullulans 160 6 6 8.8 6 1.5 760 6 240 1 2 3 3.6 6 0.7
IMI70103 Aureobasidium pullulans 150 6 16 5.2 6 1.5 1300 6 700 2 2 2 3.4 6 0.7
MZ107 Phaeococcomyces sp. 120 6 4 6.9 6 2.4 840 6 370 0 0 3 4.0 6 0.2
MZ111 Epicoccum nigrum 100 6 19 23 6 4.2 180 6 44 3 2 2 1.4 6 0.3
MZ7 Alternaria alternata 81 6 10 17 6 0.4 300 6 120 3 3 2 4.1 6 0.3
MZ109 Taphrina deformans 68 6 10 27 6 9.6 160 6 130 1 1 1 1.4 6 0.4
MZ113 Kluyveromyces sp. 51 6 19 18 6 12 260 6 260 1 1 1 1.9 6 0.7
MZ115 Cladosporium herbarum 50 6 21 14 6 4.2 150 6 78 3 0 3 1.7 6 0.4
MZ112 Paecilomyces lilacinus 27 6 9 44 6 7.0 26 6 11 3 2 3 4.0 6 1.5
MZ108 Kluyveromyces marxianus 18 6 6 25 6 8.7 49 6 51 0 0 0 1.8 6 0.2
MZ14 Aspergillus ochraceus 12 6 5 17 6 1.3 29 6 8.4 3 2 1 3.9 6 0.3
MZ20 Alternaria alternata 11 6 6 12 6 2.3 27 6 14 3 3 2 4.2 6 1.2
MZ104 Penicillium glabrum 5 6 3 31 6 5.3 8.1 6 6.4 1 0 1 2.0 6 0.4
MZ8 Thanatephorous cucumeris 2 6 1 11 6 0.6 6.1 6 2.3 2 2 0 1.7 6 0.1
MZ114 Unidentified pink-red yeast 0.4 6 0.3 17 6 3.6 1.3 6 1.4 0 0 0 1.8 6 0.4
MZ103 Emericella nidulans 0.4 6 0.3 7.3 6 3.2 6.5 6 8.3 1 1 1 6.8 6 0.6
MZ110 Rhodotorula aurantiaca 0.3 6 0.4 16 6 4.5 1.0 6 1.5 0 0 0 1.9 6 0.2

a Test methods used were measurement of extracellular esterase activity and biomass production during growth using DOA as the sole carbon source, clear-zone
production, growth on DOA agar, growth on pPVC, and pPVC weight loss. Isolates are ranked in order of decreasing extracellular esterase activity. Mean values 6
1 standard error of the mean are shown.

b An REE is the enzyme activity that liberates 1 nmol of p-nitrophenol from PNB in 1 h at 25°C and at pH 5.5.
c Scores for growth on DOA agar: 0, no visible growth; 1, slight growth within inoculation well; 2, colony diameter , 2 cm; 3, colony diameter $ 2 cm.
d Scores for clear-zone production on DOA agar: 0, no clearing; 1, faint clearing below colony; 2, clearing extending beyond colony boundary; 3, intense clearing (agar

completely transparent) extending beyond colony boundary.
e Scores for growth on pPVC: 0, no visible growth; 1, slight growth, barely visible; 2, growth clearly visible around the edges of the PVC; 3, strong growth visible around

the edges and in the agar above the pPVC.
f The initial weight of individual pPVC pieces (100% weight loss value) ranged from 500 to 730 mg. The mean weight loss 6 standard error of the mean from sterile

pPVC controls was 0.1 6 0.1%.
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recovered from deteriorated rubber and building materials
(29) and from deteriorated pPVC during tropical exposure
trials in Puerto Rico (24). Neither study provided information
on the abundance of the yeasts or their role in the biodeterio-
ration of these materials. Thus, the present study is the first
to attribute a significant role to yeasts in the colonization of
pPVC.

Interestingly, only a few yeast cells were observed during
SEM studies of the pPVC substratum. These results suggest
that high yeast CFU counts resulted from a small number of
rapidly multiplying yeast colonies and highlight the general
problem of using CFU counts to quantify fungi. CFU counts
depend on how readily the fungal material on the pPVC breaks
into individual propagules during the isolation procedure. For
example, for the same amount of biomass, a colony of a bud-
ding yeast or a sporulating filamentous fungus may yield many
more CFUs than a spreading hyphal mycelium. Thus, while
CFU counts are useful in determining which organisms are
colonizing and multiplying on the pPVC, they are not usually a
reliable indicator of the fungal biomass present on the substra-
tum.

Bacteria were not isolated from the pPVC during the trial,
and none were detected during SEM studies or following
DAPI (49,69-diamidino-2-phenylindole) fluorescence staining
of organisms removed from the pPVC substratum (data not
shown). Bacterial growth might be inhibited by desiccation,
solar irradiation, or in situ acidification of the pPVC following
photochemical or thermal degradation (25, 30). Acidification
of the pPVC could inhibit bacterial growth, as fungi tolerate
lower pHs than do bacteria.

Fungal colonization of pPVC appeared to be influenced by
seasonal climatic changes. Major increases in fungal CFU
counts occurred only during the British winter. For example,
fungal CFU counts increased by 470% during the winter pe-
riod between November 1998 (80 weeks) and March 1999 (95
weeks), largely due to the establishment of yeasts and yeast-
like fungi on the pPVC. In contrast, no increases in fungal
CFU counts occurred when pPVC pieces were sampled during
the British summer months. Fungal growth or sporulation dur-
ing the summer period might be inhibited by desiccation and
high temperatures caused by long periods of direct solar irra-
diation. Indeed, Upsher and Roseblade (40) reported that a
marked reduction in the amount of fungal growth on pPVC
can occur during dry periods. Extended studies of the coloni-
zation process are needed to determine whether yeasts that
establish on the pPVC during the winter months can survive on
the pPVC through the succeeding summer period.

Whether an organism can colonize pPVC also probably de-
pends on its ability to obtain carbon from the pPVC formula-
tion. Evidence supporting this hypothesis comes from the ob-
servation that between 64 and 84% of fungi colonizing pPVC
could degrade DOA. In contrast, among fungi deposited onto
agar plates from the atmosphere, only 5% could degrade DOA
at the time of sampling. Although the proportion of DOA-de-
grading fungi within the atmosphere is likely to be influenced
by environmental parameters and probably varies seasonally,
these results support the hypotheses that selection for fungi
that can degrade DOA occurs on the pPVC substratum and
that organisms that can degrade DOA may have a competitive
advantage during the colonization of pPVC.

In addition to A. pullulans, many of the recovered fungi, e.g.,
Alternaria spp., Aspergillus spp., Paecilomyces sp., and Clado-
sporium sp., have previously been isolated from deteriorated
pPVC in tropical exposure trials (24, 36) and are common
colonizers of painted surfaces and building materials (for a
review, see reference 19). In particular, A. alternata, A. infec-

toria, and P. lilacinus had high activity in all of the test meth-
ods, demonstrating that they are potentially important de-
graders of pPVC within the environment. Under ideal growth
conditions within warm and humid tropical exposure trials,
these organisms would probably grow readily on the pPVC
substratum. However, these organisms were isolated infre-
quently and in low numbers in this study, suggesting that en-
vironmental factors limited the establishment of these organ-
isms on the pPVC. Thus, while in vitro methods identified
fungi potentially capable of causing biodeterioration of pPVC,
they were not predictive of the organisms that colonized pPVC
in the environment.

We observed discrepancies between the ability of fungi to
grow on the intact pPVC formulation as the sole carbon source
and their ability to degrade DOA in vitro. For example, Phaeo-
coccomyces sp. grew well on pPVC but could not produce
clear zones in DOA agar. It is possible that components of
the pPVC formulation other than the plasticizers can support
the growth of fungi on pPVC. We used DOA in the present
study because it is known to be more susceptible than the other
plasticizer, DOP, to microbial attack (5). However, in addition
to DOA and DOP the pPVC formulation also contains small
quantities of a calcium-zinc stearate stabilizer and an epoxi-
dized oleate ester stabilizer that can be utilized by various fungi
as a sole carbon source (36). Thus, while the homogenized
plasticizer agar technique is useful to determine if an organism
can degrade a plasticizer, it is not necessarily predictive of the
organism’s ability to grow on a complex pPVC formulation.

We found no evidence that the mechanical properties of the
pPVC were altered due to microbial degradation of plasticizers
in the environment. Although fungi can increase the tensile
strength of pPVC in vitro due to the degradation of plasticizers
(39, 46), tensile testing of exposed pPVC pieces showed no
significant change in either the tensile strength or the percent
elongation at breaking (data not shown). We think that the
fungal biomass that accumulated on pPVC pieces during the in
situ trial was insufficient to cause a measurable change in the
mechanical properties of the pPVC.

In summary, our results suggest that a colonization sequence
may occur during colonization of pPVC in situ. A. pullulans
is the principal colonizing fungus, and secondary colonizing
yeasts establish themselves much later. In vitro biodeterio-
ration tests were not predictive of the ability of fungi to
colonize pPVC in the environment, emphasizing the impor-
tance of field trials in investigations of the microbial suscepti-
bility of pPVC formulations. Knowledge of the organisms that
colonize pPVC and their ecology is essential for the design of
novel pPVC formulations and biocides that provide long-term
protection against biodeterioration of pPVC in situ.
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