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Abstract: Asphalt concrete linings (ACLs) are frequently used in pumped-storage hydropower
schemes with frequently oscillating reservoir water levels. ACLs can be damaged during operation,
which shortens their service life. One type of damage is the formation of blisters. In this study,
the bacterial diversity in damaged and undamaged portions of the ACL of an upper water reservoir
was evaluated. Matrix-Assisted Laser Desorption/Ionization–Time of Flight Mass Spectrometry
(MALDI-TOF MS) was employed for the identification of the bacterial strains. No bacteria were
detected growing inside the undamaged dense layer. Low bacterial diversity (2 and 4 morphotypes)
was found in the upper part that has no contact with the reservoir water and in the lowest part
that is permanently under water, respectively. More complex bacterial diversity (16 morphotypes
covered by 2 different genera and 4 species) was found on the mastic coating of the ACL, which was
alternately under and above the water. Very complex bacterial compositions (53 morphotypes
covered by at least 13 different species from 6 genera) were found in samples taken from open blisters.
Bacterial genera that are known to utilize asphalt products as a source of nutrition were found in the
open blisters. The results reflect the importance of bacterial diversity in blisters and their possible
role in ACL degradation.
Keywords: pumped-storage hydropower plant; asphalt concrete lining; open blisters; bacterial diversity;
MALDI-TOF MS

1. Introduction
Asphalt concrete linings (ACLs) have been used to seal the upstream slopes of dams for
decades [1,2]. ACLs are frequently used in mountainous regions in high head pumped-storage
hydropower schemes with frequently oscillating reservoir water levels. An ACL is typically composed
of a transition screed layer spread on the upstream slope of a rockfill dam. This layer is overlaid by
a drainage layer, a binder, a dense layer, and a mastic coating that protects the dense layer against
ultraviolet radiation [2].
The usual service life of an ACL is approx. 30 years. However, sometimes the service life is
shortened due to various types of damage to the lining, which sometimes may be quite extensive [3].
In the case of pumped-storage schemes, damage to the lining primarily occurs within the zone of
water level fluctuation, where the asphalt surface is subject to frequent and significant temperature
changes, which range from −15 to +60 ◦ C [4–6]. One type of local defect is the creation of local
blisters, which can be of different sizes and shapes and which bulge during their development [5].
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Such defects have been documented at, e.g., the Porabka and Žarnowiec reservoirs in Poland [7] and
the Zhanghewan pumped-storage power station in China [5]. During investigations conducted by
the authors, the same defects were also found at the Längental Dam in Austria and at the upper
reservoir of the Markersbach pumped-storage plant in Germany. Knowledge of blister formation is
important because the damage done to the ACL shortens its service life. The blisters that appear on the
asphalt facing could be caused by a number of factors [5]. The causes of their origin and development
have been discussed by experts for decades [2,5,7–9]. It is considered that they gradually develop
for different reasons, which include the use of poor-quality construction materials [10] as well as
unsuitable asphalt concrete production techniques [3] combined with the effects of extreme loads.
The influence of climatic conditions on the mechanical characteristics of bitumens and stone mastic
asphalts was studied by Teltayev et al. [11]. One opinion, which originates from highway engineering,
is that the blisters are the result of the development of volatile gases or water vapour beneath the
asphalt layers of the liner [5]. This development is exacerbated by significant increases in surface
temperatures [4]. According to Wang et al. [5], blistering is caused by the vapour pressure formed
by the water enclosed in the middle of the impervious layer in the presence of high temperatures.
Croll [12] suggested that the creation of blisters is a result of the gradual growth of upward buckles
induced by cyclic changes in stresses due to surface temperature fluctuations. According to the authors
of [13], blister formation is caused by the expansion of water vapour due to the alternation of cold and
warm seasons. Sobolewski [7] attributed the blister development inside upper dense layers to the use
of high porosity aggregate or aggregates containing clayey components, supporting an increase in
moisture inside such layers and producing local blisters.
The above mentioned papers were focused on blister formation from a physical (material) point
of view. Despite numerous studies that have reported microbial utilisation of asphalt under both
laboratory and natural conditions, little consideration has so far been given to microbial activity as a
possible cause of asphalt pavement deterioration [14,15]. Many bacterial strains [16–22], yeasts [23],
fungal, and algal strains [22,24], isolated from contaminated soils and from natural asphalt, have been
shown to degrade asphalt and its fractions by exploiting carbon under aerobic and anaerobic conditions.
The authors of [14] indicated that the development of blisters was mainly due to microbial activity in
the asphalt. According to these authors, the gases produced by microorganisms dissolved into the
asphalt overlay material exist in quantities sufficient to cause blistering.
We hypothesized that bacterial genera that utilise asphalt products as a source of nutrition may
be involved in the subsequent degradation of the ACL in open blisters. For this reason, it is important
to study their composition. The aim of this study was to compare bacterial diversity in undamaged
and damaged ACLs (open blisters) and to discuss the potential role of bacteria in the process of blister
and ACL degradation. Our study focused on the identification of live bacteria that degrade asphalt.
2. Materials and Methods
2.1. Description of the Study Area and Blisters
The studied upper water reservoir of the Dlouhe Strane pumped-storage hydropower plant is
located in the northeast of the Czech Republic in the Jeseniky Mountains. The elevation of the reservoir
is 1350 m above sea level. The climatic conditions at the site are severe: the average annual temperature
is +4 ◦ C; there are 160 days when the temperature is below zero; the average annual precipitation
is 1200 mm; and there are 160 days with snow cover, on average. The bottom and slopes of the
reservoir are equipped with an asphalt concrete lining. The reservoir water level fluctuates according
to the operating regime of the scheme (pumping and hydropower production). In the following text
we distinguish between the lowest part of the slopes, which is permanently below the water level;
the middle zone, which is exposed to water level fluctuations; and the upper part, which does not
come into contact with the reservoir water.
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Figure 2. Photograph of an asphalt concrete lining (ACL) defect (the detail of an open blister).
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2.2. Sampling Method and Sampling Points
The conducted experiments were focused on the identification of bacteria isolated from the
damaged open blisters and from the undamaged blister-free parts of the asphalt concrete lining. All of
the samples analysed in this study were taken in April and May 2014, when the air temperature
reached 26 ◦ C. Many blisters appeared during this relatively warm year, which also featured a mild
winter. The sampling points were chosen with the aim of covering both the areas with a large number
of blisters and the non-damaged areas. Special attention was paid to the parts of the ACL that were
without visible defects. Samples were taken from different elevations of the ACL (the upper part that
has no contact with the reservoir water, the middle zone that is alternatively under and above the
water, and the lowest part that is permanently under water), namely, at 1326, 1340, and 1349 m a.s.l.
The samples from the open blisters were taken at an elevation of 1341 m a.s.l.
The following samples were taken for analysis:
•
•

•
•

Water from the upper reservoir. The water samples from the reservoir were taken into sterile bottles;
Water, asphalt, asphalt with mastic remnants, and crumbled aggregate from inside the openings
of two fully developed blisters in the damaged ACL. The samples were taken in two replicates.
The water from the open blisters was taken using a sterile syringe. The solid samples were taken
using sterile equipment (tweezers, hammers, chisels, and spatulas). The samples (pieces of asphalt
concrete) were stored in sterile bottles or tubes. The equipment was wrapped in aluminium foil,
sterilised via autoclaving, and transported in sterile plastic bags;
Available components used for the preparation of ACL were taken from quarries: aggregates,
sand, and pulverized limestone filler;
A block of undamaged ACL (approximately 0.1 m wide × 0.1 m long × 0.12 m deep) was cut from
the blister-free part of the lining using a sterilized titanium wheel. In the laboratory, the block
was cut into slices with a sterilized disk after 3 h of pre-warming at 40 ◦ C. Peeled samples
of the ACL were taken from the upper face, including the mastic layer, the DAC at depths of
20 and 50 mm, the PAC (one sample), and the interface between the PAC and the drainage
layer (back face, one sample). Mastic samples were taken from three different undamaged ACL
elevations: one from the upper part of the slope, one from the middle zone subjected to water
level fluctuation, and one from the lowest, permanently submerged part of the slope. The last
sample was taken when the reservoir was emptied.

Then, the samples were transported to the laboratory for further analysis, which was performed
the same or next day. The samples were stored at 4 ◦ C. The samples analysed in this study are
summarized in Table 1.
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Table 1. Analysed samples, source, and growth of bacteria in LB medium at different temperatures;
detection of PCR products specific for the domain Bacteria.
Growth (◦ C)

Resource

Source of Bacteria/Sample

PCR
Product Detection

10

30

37

50

Water

Reservoir

+

+

+

-

-

Water

+

+

+

+

+

Damaged ACL,
open blister,
inside hole

Asphalt

+

+g

+

+

+

Asphalt with mastic remnants

+

+

+g

+g

+g

Crumbled aggregate

+

+

+

+

+

Aggregates

+

+

+

+

-

ACL components

Block of ACL,
blister-free
(undamaged)

Undamaged ACL
mastic,
different
elevations

Sand

+

+

+

+

+

Pulverized limestone filler

+

+

+

+

-

Upper face with mastic layer

+

+

+

+

+

20 mm depth inner portion of DAC

+

-

-

-

-

50 mm depth inner portion of DAC

+

-

-

-

-

100 mm depth inside of PAC

+

-

-

-

-

Asphalt from PAC layer—back face

+

+

+

-

-

Upper part without reservoir water

+

+

+

+

+

Middle zone, alternately under and
above water

+

+

+

+g

+g

Lowest part, permanently under
water

+

+

+

+

+g

+—occurrence of phenomenon, —-no growth, g—gas production (bubbles).

2.3. Isolation of DNA and Polymerase Chain Reaction (PCR)
Polymerase chain reaction (PCR) was used to confirm the presence of bacterial DNA in the
samples. DNA extraction was performed in the following way: sediments of cells were prepared via
the centrifugation (10,000× g for 5 min.) of water samples and from rinses of solid samples. Approx. 2 g
of solid samples were shaken for approx. 10 min. in 4 mL of sterile water. Large particles were
removed by filtering and the cells in the samples (4 mL) were centrifuged and treated in 500 µL of
lysis buffer (10 mM Tris-HCl pH 7.8, 5 mM EDTA pH 8.0, and lysozyme 10 mg mL−1 ) for 1 h at
laboratory temperature. Then, 12.5 µL of 20% SDS and 5 µL of proteinase K (100 µg mL−1 ) were
added and incubated at 55 ◦ C overnight. The DNA was isolated using magnetic poly (2-hydroxyethyl
methacrylate-co-glycidyl methacrylate)—P(HEMA-co-GMA) microspheres in the presence of 8.0% (w/v)
poly(ethylene glycol) (PEG 6000) and 2.0 M sodium chloride concentrations [25]. The adsorbed DNA
was released from the microspheres in a low ionic strength TE buffer (10 mM Tris-HCl pH 7.8 and
1 mM EDTA pH 8.0). The PCR was performed with Feub (TCC TAC GGG AGG CAG CAG T) and
Reub (GGA CTA CCA GGG TAT CTA ATC CTG TT) primers specific for the domain Bacteria [26].
Briefly, the PCR mixture contained 1 µL of 10 mM dNTP, 1 µL (10 pmol µL−1 ) of each primer, 1 µL
of Taq 1.1 polymerase (1 U µL−1 ), 2.5 µL of PCR buffer, and 1 µL of DNA matrix (Approx. 10 ng µL−1 );
the PCR water was added to reach a volume of 25 µL. The amplification was carried out using the
following cycle parameters: 5 min of the initial denaturation period at 95 ◦ C (hot start), 30 s of
denaturation at 95 ◦ C, 30 s of primer annealing at 55 ◦ C, and 30 s of extension at 72 ◦ C. The DNA
amplifications were performed on a Cycler MJ ResearchMini (Bio-Rad, Hercules, CA, USA) according
to the standard procedures. The PCR products (466 bp) were detected using agarose gel electrophoresis
in 0.5 × TBE buffer (45 mM boric acid, 45 mM Tris-base, 1 mM EDTA, pH 8.0). The agarose gel
electrophoresis was carried out using an electrophoresis unit (Bio-Rad). The DNA was stained with
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ethidium bromide (0.5 µg mL−1 ), decolorized in water, and observed on an EB-20E UV transilluminator
from Ultra Lum (Claremount, CA, USA) at 305 nm and documented photographically.
2.4. Cultivation of Bacteria
Bacteria cultivation was used to analyse the live cells. Bacteria from the analysed water samples
(3% inoculation) or pieces of solid samples divided into 4 probes (approx. 1 g 10 mL−1 ) were cultivated
in common bacterial LB medium (Oxoid, London, UK) at four different temperatures: 10, 30, 37,
and 50 ◦ C. The growth of the cells in the mixed cultures was monitored over 1–10 days with regard to
the turbidity of the liquid media, the creation of sediment, or of a surface membrane. The experiments
were repeated twice. Gas production was manifested by the creation of bubbles in the liquid LB
medium. The cultures were transferred to LB-agar plates in order to obtain individual bacterial colonies.
Colonies of different isolates (morphotypes) were purified via the repeated streaking (3 to 4 times)
of 1 colony on LB agar and cultivated at 30 ◦ C for two days for MALDI-TOF MS (Matrix-Assisted
Laser Desorption/Ionization–Time of Flight Mass Spectrometry) (Bruker Daltonik, Bremen, Germany)
identification and the recognition of bacterial diversity.
2.5. MALDI-TOF MS Bacteria Identification
One colony of the purified strain was taken, resuspended in 1000 µL of water, centrifuged (10,000× g
for 3 min), and resuspended in 50 µL of 75% ethanol [27]. In some cases (when MALDI-TOF spectra
of insufficient quality were achieved), more loopfuls of colonies were collected in 1000 µL of water
and treated as stated above. For MALDI-TOF MS, the cells sedimented by centrifugation were
extracted with 50 µL of an acetonitrile/formic acid/water (50:35:15, v/v) mixture by vortexing for 1 min.
After centrifugation (10,000× g for 2 min), the supernatant was deposited on the stainless-steel sample
plate at a volume of 0.3 µL and, after drying at room temperature, overlaid with 0.3 µL of a saturated
alpha-cyano-4-hydroxycinnamic acid solution in an acetonitrile–water–trifluoroacetic acid (50:47.5:2.5,
v/v) mixture. MALDI-TOF mass spectra measurements were carried out using an Ultraflextreme
instrument (Bruker Daltonik, Bremen, Germany) operated in the linear positive ion mode using
FlexControl 3.4 software (Bruker Daltonik, Bremen, Germany).
2.6. Data Analysis
The mass spectra were processed using Flex Analysis (version 3.4; Bruker Daltonik, Bremen,
Germany) and BioTyper software (version 3.1; Bruker Daltonik, Bremen, Germany). The results of
the identification were expressed by BioTyper log(scores), indicating the similarity of the unknown
MALDI-TOF MS profile to available database entries (BioTyper database version 8.0.0.0; Bruker Daltonik,
Bremen, Germany). The similarities between the individual mass spectra of the strains and the Biotyper
database entries were expressed in the format of log(scores) obtained under the Biotyper software’s
default settings. Log(score) values greater than 2.000 correspond to species identification with high
confidence; log(score) values between 1.700 and 1.999 to species identification with low confidence;
and log(score) values lower than 1.699 to no identification. If the score difference between the first and
second identification hit was lower than 0.1, the result was considered ambiguous. MALDI-TOF mass
spectra-based dendrograms were generated using the correlation distance measured with the average
linkage algorithm (Unweighted Pair Group Method with Arithmetic Mean—UPGMA) settings and
Pearson’s correlation coefficient.
3. Results
3.1. Demonstration of Bacterial Presence
PCR-ready DNA was isolated from the water samples and the rinses of the hard samples and
amplified (without cultivation). Amplicons specific for the domain Bacteria (466 bp) were detected
using agarose gel electrophoresis. The results are given in Figure 3. It was confirmed that bacterial
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DNA (from both live and dead cells) was present in all samples. Bacteria isolated from the tested
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identification, and the number of Species
non-identified morphotypes.
Ambiguous
Source
of
Resource
Water

Bacteria/Grou
p

Resource

Water

Morpho
Types

Source of

Bacteria/Group 7
Reservoir/I

Water/II

Reservoir/I

Asphalt/III
Water/II

11
11

Asphalt/III

Asphalt with
Damaged
mastic
12
Damagedremnants/IV
ACL, open
Asphalt with
ACL, open
blister, inside
mastic
blister, inside
remnants/IV
hole
hole

Crumbled
aggregate/V
Crumbled
aggregate/V

19

Genus
Identification

Identification/
No. of Species
Strains
Morpho
Genus
Identification/
P. chlororaphis
Types Pseudomonas
Identification
No. of Strains
P. fragi
Pseudomonas
P.chlororaphis
(4)
P. chlororaphis
7
Pseudomonas
P. fragi
P. koreensis
Pseudomonas
B. cereus
11
Pseudomonas
P.chlororaphis
(4)
Bacillus
B. thuringiensis
P. koreensis
Pseudomonas
B. licheniformis
11 Pseudomonas
B. cereus
Bacillus
thuringiensis
Bacillus
L. B.
fusiformis
B. licheniformis
Lysinibacillus
L. boronitolerans
(4.9 g)
Pseudomonas
fusiformis
Staphylococcus
S. L.
xylosus
Bacillus
12
L. boronitolerans (4.9
Lysinibacillus
P. koreensis
g)
Pseudomonas
Staphylococcus
B. subtilis
S. xylosus
Bacillus
L. fusiformis
(2)
P. koreensis
Lysinibacillus
Pseudomonas
S. equorum
(2)
B. subtilis
Bacillus
Staphylococcus
fusiformis (2)
S.L.warneri
Lysinibacillus
Rhodococcus
19
S. equorum (2)
Staphylococcus R. erytropolis (5)
S. warneri
Micrococcus
Rhodococcus
M.
luteus (5)
R. erytropolis
Micrococcus

M. luteus

Identification/
No.
of Strains
Ambiguous
Identification/

a
Pseudomonas
No. of Strains(4)

Pseudomonas (5) b

Without
Identification/
Without
No. of Strains

Identification/
No. of 1
Strains

Pseudomonas (4) a

1

Pseudomonas (5) c2b

Pseudomonas (2) c1
Bacillus (1)

2

Pseudomonas (2) c1
Bacillus (1) c2

6

Pseudomonas (4) d1
Lysinibacillus (1) d2

Pseudomonas (4) d1
Lysinibacillus (1) d2

Pseudomonas (1)

6

4 (4.10 g)
4 (4.10 g)

6

Pseudomonas (1) e
e

2

6
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Table 2. Cont.

Resource

ACL
components

Block of ACL,
blister-free
(undamaged)

Undamaged
ACL mastic,
different
elevations

Ambiguous
Identification/
No. of Strains

Without
Identification/
No. of
Strains

Source of
Bacteria/Group

Morpho
Types

Genus
Identification

Species
Identification/
No. of Strains

Aggregates/VI

4

Pseudomonas
Bacillus
Lysinibacillus

P. chlororaphis
B. licheniformis
L. fusiformis

Sand/VII

9

Pseudomonas
Lysinibacillus
Aeromonas

P. chlororaphis
P. frederiksbergenesis
L. sphaericus
L. fusiformis (3)
A. salmonicida

Pulverized
limestone
filler/VIII

2

Bacillus

Upper face with
mastic layer/IX

4

Bacillus

B. licheniformis (2)
B. pumilus

Asphalt from
PAC layer back
face/X

3

Microbacterium
Micrococcus

M.
hydrocarbonooxydans
(2)
M. luteus

Upper part
without
reservoir
water/XI

2

Middle zone,
alternately
under and
above water/XII

16

Bacillus
Staphylococcus

B. licheniformis (2)
B. cereus
B. pumilus
S. equorum (3)

9 (8.11 g)

Lowest part,
permanently
under water/XIII

4

Bacillus

B. thuringiensis (2)
(8.2 g, 8.3 g)

2 (8.1 g)

1

Pseudomonas (2) f1

Bacillus (2) f2

1

2

Ambiguous identification—identified as members of more than one species. a P. rhodesiae/P. gessardi/P. antarctica, P.
gessardi/P. rhodesiae/P. proteolytica, P. teatrolens/P. fragi/P. lundensis, P. teatrolens/P. fragi; b P. corrugata/P. chlororaphis/P.
thivervalensis/P. chlororaphis/P. corrugate, P. chlororaphis/P. thivervalensis, P. fragi/P. teatrolens, P. chlororaphis/P. kilonensis, P.
chlororaphis/P. corrugate; c1 P. rhodesiae/P. antarctica, P. rhodesiae/P. antarctica/P. grimontii; c2 B. altitudinis/B. pumilus; d1
P. rhodesiae/P. trivialis/P. gessardii, P. rhodesiae/P. tolaasii/P. antarctica, P. antarctica/P. tolaasii/P. fluorescens, P. corrugata/P.
jessenii; d2 L. fusiformis/L. boronitolerans; e P. chlororaphis/P. jeseni; f1 P. brassicarum/P. kilonensis, P. fredericksbergensis/P.
mandelii; f2 B. thuringiensis/B. cereus; g: gas production; S: Staphylococcus; R: Rhodococcus; M: Micrococcus; P: Pseudomonas;
B: Bacillus; L: Lysinibacillus; A: Aeromonas.

Bacteria cells isolated from the components used for the asphalt concrete lining’s production
(aggregates, sand, and pulverized limestone filler) were grown at all temperatures, with the exception
of those from the aggregates and pulverized limestone filler, in which bacteria did not grow at 50 ◦ C
(Table 1). They formed 15 morphotypes on solid media (Table 2, Groups VI–VIII). The bacteria detected
were of the genus Pseudomonas (P. chlororaphis and P. frederiksbergensis, two strains with ambiguous
identification), Bacillus (B. licheniformis, two strains with ambiguous identification), Lysinibacillus
(L. fusiformis and L. sphaericus), and Aeromonas (A. salmonicida), while one strain from the aggregates
was not identified.
3.2. Cultivation and Identification of Bacteria from the Undamaged ACL
Some parts of the surface were without apparent damage (blister-free). Bacteria were cultivated
from the upper face of the block with the mastic layer at all temperatures, and from the PAC of the back
face at 10 and 30 ◦ C. No bacteria were cultivated from inner portions (at depths of 20, 50, and 100 mm)
of the block without damage at any tested temperature (Table 1). The bacteria from the upper face with
its mastic layer were grown in 4 morphotypes. These were identified as being of the genus Bacillus
(2 strains of B. licheniformis and 1 strain of B. pumilus), while 1 strain was not identified. The bacteria
in the back face (3 morphotypes) were identified as being of the genus Microbacterium (2 strains of
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the species M. hydrocarbonooxydans) and Micrococcus (1 strain of the species M. luteus); see Table 2,
Groups IX and X.
The results of the cultivation of bacteria from mastic scraped from the undamaged ACL at different
elevations are shown in Table 1. The bacteria grew at all the tested temperatures, as did the bacteria
from the open blister. The bacteria from the middle and lowest parts of the slope produced gas at 37
and 50 ◦ C. The bacterial presence in the mastic differed depending on its location. The mastic from
the upper part of the slope with no contact with the reservoir water contained few bacterial species:
only 2 morphotypes were grown, and these remained without identification (Table 2, Group XI).
The mastic from the middle zone of the slope, which was alternately in contact with circulating water
and exposed to air, was relatively rich in different bacteria. Among the 16 morphotypes found, 4 were
classified into the genus Bacillus (B. licheniformis—2 strains, B. cereus and B. pumilus) and 3 into the genus
Staphylococcus (S. equorum), while altogether 9 morphotypes remained without identification with
regard to genus (Table 2, Group XII). One non-identified (NoID) strain (8.11) produced gas. The mastic
in the lowest part of the slope (4 morphotypes) contained gas-producing bacteria of the genus Bacillus
(B. thuringiensis—2 strains, 8.2 and 8.3) and two non-identified strains (8.1, a gas producer) (Table 2,
Group XIII).
3.3. Cultivation and Identification of Bacteria from the Damaged ACL
The defects in the ACL were manifested by the creation of thousands of local blisters for reasons
which remain unknown. The blisters were of different sizes and shapes, and were discovered practically
all around the peripheral dam, though their intensity varies. Newly formed blisters were closed,
but they opened up as they developed. The closed blisters bulged slightly without any apparent
cracks or openings visible from the surface of the lining. Cells present in the damaged ACL were taken
from the open blisters (which contained water, asphalt, asphalt with mastic remnants, and crumbled
aggregate) and cultivated. The bacteria grew at all of the temperatures tested (Table 1). Altogether,
53 different morphotypes were isolated.
The bacteria isolated from the water (Table 2, Group II) were classified into 11 morphotypes,
nine of which were identified as members of the genus Pseudomonas (4 of the species P. chlororaphis,
and 5 of ambiguous species in which the spectra enabled genus identification). Two morphotypes
were not identified.
The bacteria from the solid samples grew in 42 morphotypes. The most complex bacterial
compositions were found on the asphalt (11 morphotypes), asphalt with mastic remnants
(12 morphotypes), and crumbled aggregate (19 morphotypes) (Table 2, Groups III–V). They were
classified into 6 genera (Pseudomonas, Bacillus, Lysinibacillus, Staphylococcus, Rhodococcus, and Micrococcus)
and 12 species. A total of 9 morphotypes were identified in terms of genus only (ambiguous species
identification), whereas 16 morphotypes have yet to be identified. The high bacterial diversity is
demonstrated in the dendrogram in Figure 4.
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M. hydrocarbonooxydans and M. luteus strains cultivated from the back face of the PAC layer originated
from the period when the reservoir was reconstructed some years ago. Both of these species are known
to use oil for their growth [29,30].
4.3. Identification of Bacteria from the Damaged ACL
The bacteria isolated from the water in the open blisters exhibited a higher diversity of morphotypes
(different species of the genus Pseudomonas, 11 morphotypes) compared to the bacteria isolated from the
reservoir water (other species of the genus Pseudomonas except one, 7 morphotypes). This is probably
influenced by the presence of different substrates in the tested water samples.
The blistering occurred in the middle zone of the ACL, which was subjected to reservoir water
fluctuation. Bacterial diversity in the damaged ACL (open blisters) was higher (53 morphotypes)
in comparison with the blister-free parts (22 morphotypes). The most complex bacterial population
was found on the crumbled aggregate (6 different genera and 8 species) and on the asphalt with
mastic remnants (4 different genera and 6 species). The predominant genera of the asphalt-degrading
bacteria are the genera Pseudomonas, Chromobacterium, and Bacillus [16], or Pseudomonas, Acinetobacter,
Alcaligenes, Flavimonas, and Flavobacterium [17]. Bacterial genera Pseudomonas, Bacillus, Lysinibacillus,
and Staphylococcus were identified in samples taken from inside the blisters from the water,
asphalt, asphalt with mastic remnants, and crumbled aggregates (Table 2). Bacterial species
commonly found in soil are Bacillus cereus (Gram-positive, facultatively anaerobic, motile,
and spore forming) [31], Bacillus thuringiensis (Gram-positive, aerobic, and spore-forming) [32],
Bacillus licheniformis (Gram-positive, facultatively anaerobic, and spore-forming) [33], Bacillus subtilis
(Gram-positive, facultatively anaerobic, motile, and spore-forming) [34], Pseudomonas koreensis
(Gram-negative, non-spore-forming, and motile) [35], Pseudomonas chlororaphis (Gram-negative,
aerobic, motile, and non-spore-forming) [36], Staphylococcus xylosus (Gram-positive, aerobic to
facultatively anaerobic, non-spore-forming, and forms clusters of cells) [37], Lysinibacillus boronitolerans
(Gram-positive, spore-forming, and motile) [38], Lysinibacillus fusiformis (Gram-positive, motile,
and spore-forming) [39], and Micrococcus luteus (Gram-positive to Gram-variable, obligate aerobic,
non-spore-forming, and non-motile) [40]. In contrast with the bacterial strains isolated from natural
asphalt sources, which were anaerobic, the abovementioned bacteria are facultatively anaerobic or
aerobic [19]. According to the literature [28,41–45], all bacterial genera identified in this work in the
investigated blisters (Pseudomonas, Bacillus, Lysinibacillus, Staphylococcus, Rhodococcus, and Micrococcus)
contain species that degrade polycyclic hydrocarbons/oil/asphalt. Bacteria of the genera Pseudomonas,
Bacillus, and Rhodococcus show the ability to degrade and transform a wide variety of natural organic
compounds via diverse catabolic pathways [24,44,46,47]. Some acids produced by microorganisms [18]
may react with aggregate components and produce gas, too. According to the authors of [14],
gases produced by microorganisms can disturb the asphalt overlay material. Asphalt can act as a
substrate for certain bacteria that can degrade it directly [16–22]. Other bacteria can survive and utilize
the decomposition products of degrading bacteria. The production of biosurfactants is a common
mechanism that enables bacteria to solubilise viscous oils [28,48–50]. The solubility of asphalt is
important for bacteria that use it as source of nutrition. This solubility is enhanced by increases in
temperature. Some of the bacterial strains isolated from the open blisters were spore forming, allowing
them to survive extreme environmental conditions with regard to temperature. Individual species
are of course part of the mixed microbial consortia (microbial community) at high cell densities [19].
Although individual microorganisms have mechanisms for hydrocarbon degradation, other species
may aid in this process via symbiotic relationships [51,52]. Some papers have reported the important
role of a bacterial consortium composed from Pseudomonas and Rhodococcus [53,54].
The bacterial species Bacillus cereus [31], Bacillus subtilis [34], Pseudomonas koreensis [35], Pseudomonas
chlororaphis [36], Lysinibacillus boronitolerans [38], and Lysinibacillus fusiformis [39] were motile with
swarming growth. Swarming growth can support the spread of non-motile bacteria involved in
consortia [55]. The microorganisms that are present in the open blisters do not automatically have a
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specifically related function there. Thus, it can be stated that the study of bacterial activities will lead
to a better understanding of the process of open blister evolution and ACL destruction.
The transfer of bacteria from the reservoir water and environment (e.g., air, rainwater, or snow)
as well as the climate should be taken into consideration. The relatively quick appearance of
blisters in summer could be attributed to the enhanced activity of bacteria at higher temperatures.
This consideration could explain why visible differences in blister formation occur in different parts of
the perimeter lining. According to the authors of [13], water and air enter through cracks caused by the
shrinkage of the overlay during the cold season. The blisters rise and crack (burst) during the warm
season as a result of the softening of the asphalt binder and the stresses created by the expansion of the
pavement matrix caused by air and moisture. It can be assumed that the opening of a blister allows
microorganisms to attack it and participate in its degradation. For this reason, great care must be taken
during the production of asphalt concrete linings. This statement agrees with the recommendation of
the authors of [5].
The results presented here show that bacterial diversity in the damaged ACL (open blisters) was
much higher in comparison with the blister-free undamaged parts of the ACL (mastic) in the zone of
water level fluctuation. The bacterial genera that were isolated from the open blisters (water, asphalt,
asphalt with mastic remnants, and crumbled aggregates) occur in all environments around the world.
Hence, the obtained results reflect the importance of the study of bacterial diversity in blisters and the
possible role of such bacteria in ACL degradation. In future research, special attention should be paid
to the study of bacterial activities, and specifically those of bacteria with catabolic pathways for the
degradation of petroleum hydrocarbons. In particular, from a practical point of view, special attention
should also be paid to the procedures used in the production of ACLs.
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