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ABSTRACT

HEAVY METAL-INDUCED STRUCTURAL AND FUNCTIONAL
CHANGES IN CLINICAL AND ENVIRONMENTAL ACINETOBACTER
ISOLATES

OZAKTAS, Tugba
Ph.D., Department of Biology
Supervisor: Prof. Dr. Ayse Giil GOZEN
Co-Supervisor: Prof. Dr. Feride SEVERCAN
February 2015, 98 pages

Heavy metal pollution is a threat resulting from increased anthropogenic activities.
Cadmium (Cd), lead (Pb) and silver (Ag) are among the heavily used metals in
different industrial areas. The accumulation of these hazardous substances in nature
affects all organisms including human. Bacteria can tolerate these toxic heavy metals
up to a degree by their intrinsic resistance mechanisms. Heavy metal resistance
factors generally assist the spread of resistance to other toxic substances and
antibiotics. Acinetobacter species are widely distributed opportunistic pathogens in
nature. For assessing the molecular patterns of resistance as well as tolerance of
Acinetobacter to heavy metals, an environmental and a clinical isolates were
subjected to sub-lethal concentrations of Cd, Pb, and Ag. Extent of molecular
changes was measured with ATR-FTIR spectroscopy by using alive intact bacterial
cells. There were remarkable differences in molecular changes which manifest
themselves as apparent resistance and tolerance strategies. These different strategies
then lead to differences in physiologies between the isolates originating from two
very different environments. This study showed that Pb was the most influential
heavy metal on the cellular molecules; in turn it was the most tolerated one.

Especially in environmental strain, Pb and Ag induced the extracellular
%



polysaccharide (EPS) synthesis. Furthermore, one of the noteworthy results of this
study is that Pb, in environmental strain, caused formation of multiple strand
polyribonucleotide aggregations. Interestingly, membrane dynamics were shaped by
Cd and Pb in environmental isolate. In contrast clinical isolate did not exhibit
measurable change in membrane dynamics. This study gave evidence on the
adaptation to specific environments, by modulating the physiology of a bacterium
arising from operating with different strategies. Measurable molecular changes than
are attributable to the epigenetic potentials of bacteria which provides selections for

modulation.

Keywords: Heavy metal resistance, MIC, Acinetobacter, ATR-FTIR spectroscopy,

Cadmium, Lead, Silver
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KLINiK VE CEVRESEL ACINETOBACTER iZOLATLARINDA AGIR
METAL iLE UYARILAN YAPISAL VE iSLEVSEL DEGIiSIKLiKLER

OZAKTAS, Tugba
Doktora, Biyoloji Boliimii
Tez Yiiriitiiciisii: Prof. Dr. Ayse Giil GOZEN
Ortak Tez Yiiriitiiclisii: Prof. Dr. Feride SEVERCAN
Subat 2015, 98 sayfa

Antropojenik etkilerin artis1 ile olusan agir metal kirliligi biliylik bir tehdit
olusturmaktadir. Kadmiyum (Cd), kursun (Pb) ve giimiis (Ag) farkli endiistriyel
alanlarda yogun olarak kullanilan metaller arasindadir. Bu tehlikeli maddelerin
dogada birikmesi, insan dahil tiim organizmalar1 etkilemektedir. Bakteriler bu agir
metalleri kendi dogal direng¢ mekanizmalar1 sayesinde bir dereceye kadar tolere
edebilirler. Agir metal direng faktorleri genellikle diger toksik maddelere ve
antibiyotiklere olan direng faktdrlerinin de yayilmasini kolaylastirirlar. Acinetobacter
tiirleri dogada yaygin olarak bulunan firsat¢1 patojenlerdir. Acinetobacter’in agir
metallere karsi olan direng ve toleransinin molekiiler durumunu belirlemek igin,
cevresel ve klinik izolatlar1 Cd, Pb ve Ag’nin subletal konsantrasyonlarina maruz
birakilmigtir. Zarar gdrmemis canli hiicrelerdeki molekiiler degisiklikler ATR-FTIR
spektroskopisi ile Olciilmiistiir. Belirlenen bu kayda deger degisimler bakterinin
gelistirdigi direng ve tolerans stratejisini olusturmaktadir. Ortaya cikan fizyolojik
degisiklikler farkli cevrelerden gelen iki izolatin olusturdugu farkli stratejiler
kaynaklidir. Bu ¢alismaya gore, en ¢ok tolere edilebilen agir metal olan Pb, hiicresel

molekiiller tizerindeki en etkili agir metaldir. Calismada 6ne ¢ikan diger sonuglar ise
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Ozellikle g¢evresel izolatta Pb ve Ag’nin hiicre disi polimerik maddelerin (EPS)
sentezlenmesini tetiklemesi ve Pb’nin yine ¢evresel izolatta ¢ift sarmalli
riboniikleotidlerin ¢ogalmasina neden olmasidir. Ayrica gevresel izolatta Cd ve Pb
kaynakli hiicre zar1 dinamiklerinin yeniden sekillenmesi tespit edilmisken, bu tarz bir
degisim klinik izolatta oOl¢iilmemistir. Bu calisma, spesifik cevrelerdeki farkli
stratejilerden kaynaklanan fizyolojik adaptasyonlara bir kanit olusturmaktadir.
Olgiilebilen bu molekiiler degisiklikler, bakterilerin degisimleri icin secilimlerine

firsat yaratan epigenetik potansiyallerine dayandirilabilir.

Anahtar Sézciikler: Agir Metal Direnci, MIK, Acinetobacter, ATR-FTIR

Spektroskopisi, Kadmiyum, Kursun, Giimiis
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CHAPTER 1

INTRODUCTION

Heavy metal pollution is a growing threat for environment and human health (Nithya
et al., 2011; Huang and Liu, 2013). These toxic heavy metals are already present in
the environment but they accumulate as a result of human activities. The major
sources of this pollution are the coal, natural gas, paper, textile, cosmetic, food
packaging, electroplating, and metal refining industries, mining and waste
incineration plants (Bruins et al., 2000; Matlock et al., 2002; Wijnhoven et al., 2009;
Huang and Liu, 2013; Naik and Dubey, 2013). Since heavy metals have long
biological half-lives and they are non-biodegradable in the environment, they can be
accumulated throughout the food chains and finally be hazard for human beings
(Jiang and Fan, 2008; Martins et al., 2004).

Heavy metal accumulation in the environment and their toxic effects on the public
health is regularly monitored by international organizations, such as the United
States Agency for Toxic Substances and Disease Registry (ATSDR), the World
Health Organization (WHQO) (Jarup, 2003), the European Commission (Holm et al.,
2002). According to Comprehensive Environmental Response, Compensation, and
Liability Act 2013 Substance Priority List of ATSDR
[http://www.atsdr.cdc.gov/SPL/index.html] lead (Pb) is the second and cadmium

(Cd) is the seven in the top 10 most hazardous substances. Cd toxicity may reveal
itself through syndromes and effects including renal dysfunction, hypertension,
hepatic injury, lung damage and teratogenic effects (Hajialigol et al., 2006; Satarug
et al., 2003; Alomar et al., 2010). Similarly, Pb is known to cause various types of
serious health problems such as neurological and reproductive damages and cancer
(Ahmedna et al., 2004; reviewed by Naik and Dubey, 2013). Although silver (Ag)
has not been cited among the most hazardous heavy metals to public health yet, the

increased usage of silver-based materials in various areas from health to electronics
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Is most likely to require caution in the near future due to its toxic impacts (Monteiro
et al., 2009; Volker et al., 2013; Saulou et al., 2013). It is known that Ag has
antimicrobial effect, also it was well documented that Ag ions are highly toxic to
aquatic organisms (Bragg and Rainnie, 1974; Schreurs and Rosenberg, 1982;
Ghandour et al., 1988; Eisler, 1996). In addition, argyria, impaired night vision, and
abdominal pain can be seen in humans as a result of Ag toxicity (Rosenman et al.,
1979; Rosenman et al, 1987; Simon, 2003; Braydich-Stolle et al., 2005).

The increase of heavy metals in the environment forces microbial communities to
modify their compositions and metabolic capabilities for their sustainability (Guzzo
and DuBow, 1994; Selvin et al., 2004). In other words heavy metals may act as
driving force for the microbial evolution (Nithya et al., 2011). Microorganisms have
adapted a variety of tolerance mechanisms to virtually all toxic metals. These
mechanisms are generally plasmid-mediated and thus they easily spread throughout
microbial communities (Rouch et al., 1995; Hoostal et al., 2008; Martinez et al.,
2006). Heavy metal-resistant microorganisms may be useful as indicators of potential

toxicity to other organisms (Jansen et al., 1994; Naik and Dubey, 2013).

It is already known that Cd and Pb are highly toxic for bacteria even at low
concentrations (Nies, 1999; Trajanovska et al., 1997). Likewise, high concentrations
of both nonessential and essential metals are lethal to bacteria via blocking functional
groups of important molecules (Bruins et al., 2000). Specifically, it is known that Pb
damages structures of DNA, protein and lipid, and also replaces essential ions in
enzymes (Nies, 1999; Roane, 1999; Asmub et al., 2000; Hartwig et al., 2002). When
Cd and Ag ions enter the cell, they easily interact with thiol (sulfhydryl) groups of
proteins and inhibit the enzymes and eventually cellular metabolism is disrupted
(Nies, 1992; Lebrun et al., 1994; Bruins et al., 2000; Nies, 1999; Hassen et al., 1998;
Kim et al., 1998; Wang et al., 2010a). Also it was shown that Cd ions cause single-
strand breaks in bacterial DNA (Trevors et al., 1986).



In this study, molecular changes in Acinetobacter species upon exposure to Pb, Cd,
and Ag were investigated. The members of Acinetobacter genus are aerobic gram-
negative rods. They are oxidase-negative, catalase-positive, non-motile, non-
fermentative, capsulated, and ubiquitous bacteria (Mujumdar et al., 2014; de Breij et
al., 2010; Euzeby, 1997). Acinetobacter species can be found in both soil and aquatic
environments as a member of normal microbiota as well as opportunistic pathogen
(Mujumdar et al., 2014; Pandey et. al., 2011). Since Acinetobacter species often
appear as contaminant for drinking water (Bifulco et. al., 1989; Simoes et. al., 2008)
and as participant of most important nosocomial infections (Rathinavelu et. al., 2003;
Luna and Aruj, 2007; Giamarellou et. al., 2008; Gootz and Marra, 2008; Peleg et. al.,
2008; Keen et. al., 2010; Tayabali et. al., 2012), they receive special attention in
terms of public health concern. Specifically A. haemolyticus is an important human
pathogen which causes the upper respiratory tract infections (Mujumdar et al., 2014),
endocarditis (Martinez et al., 1995) and bloody diarrhea (Grotiuz et al., 2006).
Moreover, Acinetobacter infections are not only limited to human clinical cases
(Joly-Guillou, 2005; Ong et. al., 2009; Regalado et. al., 2009; Falagas et. al., 2007;
Hu and Robinson, 2010; Sengstock et. al., 2010; Moreira Silva et. al., 2012; Ozaki et.
al., 2009); they are also known as an important fish pathogen (Mujumdar et al., 2014;
Pandey et. al., 2011). Furthermore, certain strains are used for biotechnological
applications such as bioremediation of environmental toxins and bioengineering of
enzymes in recent years (Luckarift et. al., 2011; Abdel-El-Haleem, 2003; Singh et.
al., 2011; Jung et. al., 2011; Zhao et. al., 2011; Tayabali et. al., 2012).

In order to assess molecular changes in Acinetobacter species upon exposure to Pb,
Cd, and Ag, ATR-FTIR spectroscopy was used in measurements. The principle of
Fourier Transform Infrared (FTIR) spectroscopy is based on the absorption of the IR
radiation. Chemical bonds in most molecules vibrate in different modes (Fig. 1). The
energy of these molecular vibrations can be detected in the infrared region of
electromagnetic spectrum (Haris and Severcan, 1999; Marcelli et al., 2012). Since

certain types of covalent bonds and their modifications can be localized by specific

3



absorption peaks (Nichols et. al., 1985), IR spectrum provides detailed information
about all biochemical components of cells, that is, proteins, lipids, polysaccharides
and nucleic acids (Nichols et. al., 1985; Chittock et. al., 1999). Furthermore, FTIR
spectroscopy can detect minute changes in molecular structure (Haris and Severcan,
1999). Thus FTIR spectroscopy has been successfully used to obtain information
dealing with conformational changes in biomolecules as well as the information on
quantitative changes (Naumann, 1984; Haris and Severcan, 1999). Changes in
biochemical compositions of the intact microbial cells can also be analyzed by using
FTIR spectroscopy (Naumann, 1984; Nichols et. al., 1985; Lamprell et al., 2006; Feo
et al., 2004). Because FTIR spectra are specific enough each species of bacteria even
in a strain level (Dziuba et al., 2007), they can be used for identification as well as
characterization of molecular compositions under different stress conditions
(Alvarez-Ordonez and Prieto, 2010; Alvarez-Ordonez et al., 2011). The Attenuated
Total Reflectance (ATR) technique provides the analysis of living cells (Barth,
2007). With this technique the composition of bacteria can be nondestructively
characterized by forming thin layers from liquid or solid samples (Nichols et. al.,
1985; Haris and Severcan, 1999; Wang et al., 2010b).
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Figure 1. Simple illustrations of some vibrational modes of chemical bonds: two
stretching modes and four different bending vibrations (Marcelli et al., 2012).

1.1 Aim and Scope

Our aim was to detect and measure the total molecular changes in an environmental
and a clinical isolates of the same bacteria in response to heavy metal exposures. We
hypothesized that the clinical and environmental bacteria should have different
responses, if the environment that they are adapted to has marked influence on their

genetics and in turn physiology.

Accumulated heavy metals are required to be cleaned-up from contaminated areas.
Microorganisms are affected first from this type of environmental pollution, and they
must develop some adaptations to survive in this kind of areas. Due to their specific
ways to interact with heavy metals, bacteria are used in remediation processes of
polluted environments. Although there are many studies related with metal resistance

mechanisms, they are generally concentrated on specific biochemical mechanisms. In
5



present study, heavy metal-induced whole cell alterations were examined in more
detail on bacteria isolated from natural and clinical environments. Two different
Acinetobacter strains were chosen: environmental Acinetobacter sp. which is a
freshwater fish derived isolate and clinical Acinetobacter haemolyticus ATCC
19002. To test our hypothesis, the two Acinetobacter were exposed to sub-inhibitory
concentrations of three heavy metals (Cd, Pb, and Ag) and the molecular
modifications in the whole bacterial cells were measured. This study contributes the
field of microbial ecology by giving conclusive evidence on “bacteria adapted to

different environments apply different strategies to cope with a given inhibitor”.



CHAPTER 2

MATERIALS AND METHODS

2.1 Chemicals

The salts of heavy metals used in this study, CdCl,. 2.5H,0, Pb (NO3), and AgNO3
were obtained from Sigma-Aldrich. Stock solutions of heavy metals were prepared
as 50 mg/ml. Working concentrations were started from 1 mg/ml and decreased in
two-fold series down to 1.95 pg/ml (1000, 500, 250, 125, 62.50, 31.25, 15.63, 7.81,
3.9, 1.95 ug/ml). When it was required, in between concentrations were also used for

the metals to obtain MIC values.

2.2 Microorganisms and Culture Conditions

Acinetobacter sp., a fish mucus-dwelling bacteria, was isolated from Lake Mogan,
Ankara, Turkey and its 16S rRNA sequence can be reached in NCBI GenBank
database under accession number JF421721 (Ozaktas et al., 2012). Well defined
Acinetobacter haemolyticus ATCC 19002 was examined as reference bacteria for

this research.

Bacteria were inoculated into nutrient broth (NB) medium consisting of (in g/L);
peptone from meat (5 g) and meat extract (3 g) followed by overnight incubation at
200 rpm and 28°C. To determine the concentration of cells, the culture was serially
diluted, then subsequently plated on nutrient agar (NA) and colony forming units
(CFUs) were counted. For each culture optical density (OD) were also measured at
600 nm. The working concentrations of bacteria were set at 0.5 at ODgyy Which
corresponded t010° CFU/m.



2.3 Heavy Metal Resistance

Heavy metal resistance was determined by the broth dilution method. Minimum
inhibitory concentration (MIC) is the lowest concentration leading to bacterial
growth inhibition. After incubation for 48-72 h at 28°C, the MIC values of each
tested heavy metal for two strains of Acinetobacter were determined. After that sub-
inhibitory concentrations of each metal were experimented (Table 1). This values
were the highest concentration of tested heavy metals which provide growth of

bacteria upon 48 h incubation. All experiments were carried out in triplicates.

Table 1. Sub-inhibitory concentrations of Acinetobacter strains after 48 hours
incubation time

Tested Heavy Metals

Bacteria (ng/ml)
Cd Pb Ag
Environmental Acinetobacter sp. 7.81 600  15.63
A. haemolyticus ATCC 19002 80 900 15.63

2.4 Sample Preparation for FTIR Spectroscopy Measurements

In order to find out the molecular changes in the metal exposed bacterial cells, a
PerkinElmer Spectrum 100 FTIR spectrometer (Perkin-Elmer Inc., Norwalk, CT,
USA) equipped with a Universal ATR accessory was used. Bacterial cells were
grown with and without the metals (for metal-treated and control groups;
respectively) for ATR-FTIR spectroscopy measurements. Bacterial cells were
collected by centrifugation (10,000 X g for 10 min) (Schuster et al., 1999; Quilés et
al., 2010; Kardas et al., 2014) and adjusted to working concentration mentioned
above. The supernatant was decanted and pellets were dissolved in 15 ul sterile

deionized water.



2.5 ATR-FTIR Spectroscopy Analysis

Infrared spectra were obtained between 4000-650 cm™ region at 22 + 1°C in an air
conditioned room. A total of 100 scans were taken at a resolution of 4 cm™.
Collection of spectra and processing of data were carried out using the Perkin-Elmer
Spectrum 5.0.1 software. The background spectrum of air was substracted
automatically. Totally 5 pl of bacterial suspension was placed on to the
diamond/ZnSe crystal plate by sequential applications while drying with N, gas.
Three separate bacterial suspensions of each sample were scanned. The average
spectrum of this triplicate was used for further spectral and statistical analysis.
Eventually, 10 spectra from these replicates were recorded for each group (control
and metal-treated groups) of bacteria. Savitzky-Golay smooth function (at 9 points)
was carried out to minimize of the noise. Band positions, band areas and bandwidths
were determined after smoothing step: The wavenumber at the centers of the peaks
were used for band position measurements. Besides smoothing, baseline correction
was additionally required to calculate band areas. Also bandwidths were measured
by the width of 0.75 X height of the peaks. Baseline corrected and normalized

average spectrum of the 10 spectra was used for visual demonstration.

The absorption peak of Pb (NO3), itself was subtracted from the spectra of Pb-treated
bacteria. For accurate subtraction, spectra of the Pb solution was recorded in the
same conditions with the sample. The overlapping spectra of Pb solution in
corresponding values (600 and 900 pg/ml) were digitally subtracted from the
spectrum of the Pb-treated bacteria. Difference spectra with a subtraction factor of

“1” were obtained for just Pb-treated groups.

2.6 Statistical Analysis

The data which was obtained from analysis of ATR-FTIR spectra were expressed as

mean + standard deviation (SD). The significance of differences was analyzed by

9



One-way Anova with Tukey’s Multiple Comparison test and the results of each
group were compared with each other. The p values less than or equal to 0.05 were
considered as statistically significant. Degrees of significance were expressed as *p <
0.05; **p < 0.01; ***p < 0.001; ****p < (0.0001. All statistical analyses were carried
out by using GraphPad Prism 6.01 software.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Microbial Resistance to Heavy Metals

Metals, even essential ones, at high concentration are toxic. Cd, Pb and Ag are
nonessential heavy metals and have no known biological role for microorganisms
(Bruins et al., 2000). According to our measurements, the order of tolerance for
environmental Acinetobacter sp. and A. haemolyticus ATCC 19002 were; Cd < Ag <
Pb and Ag < Cd < Pb; respectively (Fig. 2). Among the three, Pb appeared to be the
most tolerated heavy metal in both bacteria. Similar results were also reported
dealing with Pb and Cd resistances for A. haemolyticus (Zakaria et al., 2007). In the
presence of the three metals the bacteria grew slower. This slowing down was also
reported for other bacteria (McEntee et al., 1986; Mergeay, 1991). This type of
adaptation period is said to be crucial for especially induction of DNA repair
mechanisms (Rouch et al., 1995) and adjustment of cell physiology to restrict the
distribution of toxic metal in the cell or to repair damaged components (Mitra et al.,
1975; Pages et al., 2007).
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Figure 2. MIC of environmental Acinetobacter sp. and A. haemolyticus ATCC
19002 towards Cd, Pb, and Ag.

3.2 ATR-FTIR Analysis of Heavy Metal Exposed Bacterial Cells

ATR-FTIR spectra for the control (metal-free) and metal-treated cells were recorded
to investigate the changes of cellular macromolecules in response to the heavy metal
exposure. By analyzing the spectra, certain characteristic bands can be assigned to
the main functional groups present in the bacterial cells. Table 2 represents the list of
significant absorption peaks observed in the ATR-FTIR spectra following metal (Cd,
Pb, and Ag) exposure in the two different Acinetobacter strains and related reports in
literature. Also Fig. 3 shows the representative spectrum of control group in
environmental Acinetobacter sp. with band numbers.

12
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Figure 3. The representative IR spectrum of control environmental Acinetobacter sp. in the 4000-900 cm™.
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Table 2. FTIR band assignments in the related literature

Band Band
position Spectral assignments References
no -1
(cm™)
. Pagnanelli et al., 2000;
| | vOotemio s & (04 | am & zsener, 202
(Amide A) y e dypglysaﬂchari de‘; Gorgulu et al., 2007;
Garip et al., 2009
Beech et al., 1999; Casal
2 2959 vas (C-H) of -(;gésgroups offatty | o Mantsch, 1984; Boyar
& Severcan, 1997
Beech et al., 1999; Casal
3 2925 vas (CHy) of lipids & Mantsch, 1984; Boyar
& Severcan, 1997
vs (CH3) of mainly proteins with .
4 2874 little contribution of lipids, Cakmak et al., 2006; Ozek
T etal., 2014
carbohydrates and nucleic acids
Schultz & Naumann,
. 1991; Casal & Mantsch,
> 2852 vs (CHy) of lipids 1984; Boyar & Severcan,
1997
Casal & Mantsch, 1984;
6 1741 v(C=0) of triglycerides Naumann, 1984; Severcan
etal., 2005
~1650 _ . Barth & Zscherp, 2002;
! (Amide I) v(C=0) of proteins Haris & Severcan, 1999
N L Barth & Zscherp, 2002;
8 ( Arr}isdseol ) comblnatu]zpotr)rl]‘ 5$’(;It-e|;|r?s& (C-N) Naumann, 2001; Ozek et
P al., 2014
o | 1451 5(CH,) of lipids Jiang etal., 2004;

Cakmak et al.,2006
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Table 2. (Cont.) FTIR band assignments in the related literature

Band Band
no position Spectral assignments References
(cm™)
10 1394 vs(COQO) of amino acid side chains & free | Naumann, 2001;
fatty acids Kardas et al., 2014
1400 to Barth & Zscherp,
11 1200 combination of 6(N-H) & v(C-N) from 2002; Naumann,
(Amide 111) proteins/ components of proteins 2001; Kardas et
al., 2014
. L N Naumann, 2001;
t2 | gz |7 CO) ol st e | oo
PRoSpROTIP al.,2006
combination of v(CO) & 6(COH) from Sockalingum et
13 1173 polysaccharides & v(PO) from phosphate | al., 1997; Banyay
groups etal., 2003
Gao & Chorover,
o 2009;
14 1156 sugar ring vibration from cell wall Sockalingum et
al., 1997
Liquier et
15 1117 v(C-O) of ribose al.,1991; Banyay
etal., 2003
. L - Naumann, 2001;
to | aomp | v4PO ol il st e | Ganp et 200
PROSPROTIP Kardas et al., 2014
17 1056 vs(C-0O-C) & v(P-O-C) of polysaccharides | Quiles et al., 2010;
on capsule and peptidoglycan Kardas et al., 2014
v(CO) & v(CC) of alcohols & carboxylic Bouhedja et al.,
18 1034 acids & 6(COH) of polysaccharides mainly | 1997; Huang &
on cell wall Liu, 2013
Liquier et
. al.,1991; Quiles et
19 992 Ribose skeleton al 2010: Kardas
etal., 2014
Cakmak et
20 966 v(CC) of DNA and RNA backbones al.,2006; Garip et
al., 2009

v, stretching vibration; v, symmetric stretching vibration; v,s, asymmetric stretching
vibration; ¢, bending vibration
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3.2.1 Changes in Cellular Components after Heavy Metal Exposure

The frequencies of the molecular vibration can be monitored using the absorption of
IR light (Haris and Chapman, 1992; reviewed by Arrondo et al. 1993; Goormaghtigh
et al. 1994; Siebert, 1995). The vibrational spectrum of biomolecules is directly
influenced by intra- and intermolecular situations (Barth and Zscherp, 2002). Thus
conformational changes (Garip et al., 2009; Ozek et al., 2014; Barth and Zscherp,
2002), conformational freedom and flexibility (Barth and Zscherp, 2002; Barth,
2007), and alterations in their concentrations (Kardas et al., 2014) can be deduced
from the spectral parameters: band position, bandwidth and band area; respectively.
In this study, the differences between control and heavy metal-treated groups
provided knowledge about molecular changes under the influence of heavy metals in
different bacteria. The significant differences between controls and treated groups
were given in tables 3-5 and in figures 4-8 in terms of band position, band area and
bandwidth for both Acinetobacter strain. Also these changes were shown in figures
9-14.
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Table 3. The band frequencies with significant differences between control and heavy metal treated environmental Acinetobacter sp.

Frequency values (cm™) for environmental Acinetobacter sp. (n=10)

Control vs. 7.8 pg/ml Cadmium

Control vs. 600 ug/ml Lead

Control vs. 15.63 ng/ml Silver

Band
Ctrl Mean = SD Cd Mean £+ SD % P°  pb Mean + SD % P- Ag Mean £ SD % p-
change value change value change value
1 3263.53+3.59 3264.07+5.15 -0.02 ns 3258.17+3.31 0.16 *  3264.81+ 3.08 -0.04 ns
4 287424 £0.42 2874.58+0.25 -0.01 ns 287494+0.35 -0.02 **** 287464+ 0.19 -0.01 *
5 2852.61 +0.37 2851.85+1.20 0.03 ns 2851.32+048 0.05 ** 285149+ 1.00 0.04 *
9 1451.37+0.29 1450.67+0.54  0.05 ** 1449.55+0.47 013  **** 1450.51+ 0.29 0.06 falaled
10 139431 £0.50 1393.17+0.95 0.08 *139245+099 0.13 ***1392.54+ 0.84 0.13 faleied
11 1308.49 +£0.98 1309.57+2.60 -0.08 ns 1311.72+0.81 -0.25 *** 131120+ 0.84 -0.21 **
12 1234.18 £0.77 123455+ 1.56 -0.03 ns 1234.55+1.02 -0.03 ns 123241+ 1.02 0.14 **
14 NO NO - - 1155.11 £1.42 - - 1161.26 +2.37 - -
15 1118.16£0.17 111896 +0.4  -0.07 ns 1120.05+1.82 -0.17 *x o 1118.92+ 0.25 -0.07 ns
16 1082.70 £ 0.26  1082.12+0.40  0.05 ** 1081.34+0.46 004  **** 108197+ 0.09 0.07 falaled
17 1056.46 £ 0.29 1055.51+0.44 0.09 ns 1053.57+2.57 0.27 *** 1055.32+ 0.16 0.18 ns
18 1034.15+0.49 1032.27+0.67 018  **** 103222+045 019  **** 103245+ 089 0.16  ****
19 992.83+0.20  992.62 +0.25 0.02 ns  978.88+7.62 143  **** 99256+ 0.25  0.03 ns
20 966.23 £ 0.27  966.45+0.30  -0.02 ns NO - - 966.53 + 0.64  -0.03 ns

*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, non-specific; NO, not observed
The “-” indicates increases and the “+” shows decreases when compared to control group values
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Table 4. The band frequencies with significant differences between control and heavy metal treated A. haemolyticus ATCC 19002

Frequency values (cm™) for Acinetobacter haemolyticus ATCC 19002 (n=10)

Control vs. 80 pg/ml Cadmium

Control vs. 900 pg/ml Lead

Control vs. 15.63 pg/ml Silver

Band
Ctrl Mean £ SD Cd Mean+SD P~ phMeanSD 20 P~ AgMeanzsSD _ 2 p-
change value change value change value
1 3263.58+3.19 3264.55+1.86 -0.03 ns 3263.70+3.22 0.00 ns 3271.95+3.15 -0.26 falolakel
4 2873.73 £0.49 2874.18+0.50 -0.02 ns 2874.73+0.47 -0.03 Fxk 287484+ 0.66 -0.04 falalel
7 1640.27 £ 1.68 1639.64 £0.53  0.04 ns 1636.97+029 020  **** 1639.21+0.87 0.06 ns
8 1536.53 £2.00 1535.28+£0.91 0.08 ns 1536.62+ 097 -0.01 ns 1538.17+1.18 -0.11 *
9 1450.61 £ 1.66 1448.35+0.38  0.16 * 144871 +0.55 0.13 ** 1449.78 £1.74  0.06 ns
10 1392.79 £1.05 1394.89+097 -0.15 FrxE1391.95+£0.62  0.06 ns 1393.15+£ 094 -0.03 ns
11 1313.17+1.31 1302.97 £1.55 0.78 FrRxx 1312.16+1.83 0.08 ns 1301.74+3.09 0.88 faloiakal
12 123246 +£1.33 123223 +0.65 0.02 ns 1231.96+0.52 0.04 ns 1233.93+0.96 -0.12 *x
13 117444 +0.85 1173.42+0.10  0.09 **  1173.84+0.13  0.05 ns 1174.80 +1.00 -0.03 ns
14 1156.78 £0.90 115698 +0.31 -0.02 ns 1156.14+0.26 0.06 * 1157.14+0.28 -0.03 ns
15 1116.19+1.07 111531 +0.58 0.08 ns 1110.55+1.54 0.51 **Rx* o 1113.21+046  0.27 fakaloie
16 1082.37+0.29 1082.19+0.31  0.02 ns 1081.60+0.31 0.07  **** 1082.03+0.29 0.03 ns
17 1057.15+0.35 1056.32+0.20 0.08 FrAE1053.62+042 0.34 FrxE - 1056.18+0.37  0.09 falolakel
18 1031.02 +£0.77 1029.00+0.57 020  **** 1028.60+0.55 0.24  **** 1028.79+0.43 0.22  ****
19 991.98+0.22 992.14+0.12  -0.02 ns  991.04+ 026 0.09  **** 99202+0.71 0.00 ns
20 966.04 £0.59  965.52 £0.23 0.05 ns 968.01 +1.43 -0.20 FrEE 096594+ 0.27 0.01 ns

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, non-specific
The “-” indicates increases and the “+” shows decreases when compared to control group values
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Figure 4. Bar diagram representing the concentration information obtained from the

band areas of control and heavy metal treated environmental Acinetobacter sp. in the

4000-1200 cm™ region. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

represent the degree of significance, which is against control for each heavy metal

treated groups.
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Figure 5. Bar diagram representing the concentration information obtained from the
band areas of control and heavy metal treated environmental Acinetobacter sp. in the
1200-900 cm™ region. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
represent the degree of significance, which is against control for each heavy metal

treated groups.
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Figure 6. Bar diagram representing the concentration information obtained from the
band areas of control and heavy metal treated A. haemolyticus ATCC 19002 in the
4000-1600 cm™ region. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

represent the degree of significance, which is against control for each heavy metal

treated groups.
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Figure 7. Bar diagram representing the concentration information obtained from the
band areas of control and heavy metal treated A. haemolyticus ATCC 19002 in the
1600-1120 cm™ region. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

represent the degree of significance, which is against control for each heavy metal

treated groups.
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Table 5. The bandwidth values with significant differences between control and heavy metal treated environmental Acinetobacter sp.
and A. haemolyticus ATCC 19002

Bandwidth values (cm™) for environmental Acinetobacter sp. (n=10)

Control vs. 7.8 pg/ml Cadmium Control vs. 600 pg/ml Lead  Control vs. 15.63 pg/ml Silver
Band
%
no Ctrl Mean = SD Cd Mean £+ SD o P Pb Mean + SD o P°  Ag Mean + SD chan P-
change value change value g o 9 value
5 571+ 0.33 507+ 0.57 12.62 * 5.05+ 0.36 13.07 * 5,09+ 0.69 1218 ns

7 38.59 £ 0.65 4031+ 091  -4.27 ** 4471+ 1.78  -13.69 **** 3971+ 0.71 -2.82 ns
8 37.51+ 0.36 37.64+ 0.86 -0.35 ns 3885+ 0.68 -3.45 *F* O 36.63+ 1.06 240 ns

Bandwidth values (cm™) for A. haemolyticus ATCC 19002 (n=10)

Control vs. 80 pg/ml Cadmium Control vs. 900 pg/ml Lead  Control vs. 15.63 pg/ml Silver
Band
%
no % p- % p- p-
Ctrl Mean = SD Cd Mean = SD Pb Mean + SD Ag Mean £ SD chang
change value change value o value
3 18.63 £1.92 18.99+0.58  -1.90 ns 20.82+£0.65 -10.52 * 18.72+2.38 -0.48 ns

*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, non-specific
The “-” indicates increases and the “+” shows decreases when compared to control group values
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Figure 9. The average spectra of the control and heavy metal treated environmental Acinetobacter sp. in the 4000-900 cm™ region. The

spectra were normalized with respect to the amide A located at 3264 cm™.
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spectra were normalized with respect to the amide A located at 3264 cm™.



3.2.1.1 Changes in Cellular Proteins

The amide bands (at around 3264, 1639, 1535, and 1310 cm™) generated by
vibrations of the functional groups in peptides give valuable information about
secondary structure of polypeptides and proteins (Haris and Severcan, 1999; Barth,
2007). Additionally CH; symmetric stretching band (at 2874 cm™) mainly
originating from cellular proteins (Cakmak et al, 2006; Ozek et al., 2014) were
evaluated to obtain information on metal effects.

3.2.1.1.1 Aspect of Molecular Structure and Interactions

Protein structural changes are the most frequently encountered results in heavy metal
toxicity (Poole and Gadd, 1989). Nonessential metals show great affinity to bind to
thiol-containing groups of proteins (Deratani and Sebille, 1981; Hughes and Poole,
1989; Poole and Gadd, 1989). Especially bacterial membranes mostly contain sulfur-

rich proteins (Morones et al., 2005).

In this study according to vibrational spectra it was found that there were significant
structural changes in functional groups which were mainly related with proteins in
the all heavy metal treated groups (Table 3 and 4). Proteins of two Acinetobacter
strain differed under the influence of the same heavy metal. For instance, the
significant (p <0.05) shift in the position of amide Il band was only seen in Ag-
treated A. haemolyticus, there was a similar shift in the spectrum of another bacteria
exposed to Cd (Huang et al., 2013). The amide Il band is the combination of
primarily N—H bending with a contribution from C-N stretching vibrations (Haris
and Severcan, 1999; Barth and Zscherp, 2002). The amide 11 band is mostly affected
by amino acid side chain vibrations like amide | band. Nevertheless, amide II
vibrations are not as sensitive as amide | vibrations in terms of correlation between
band position and secondary structure of proteins (Barth and Zscherp, 2002). Instead,
it can give valuable information about general state of proteins (Carpenter and
Crowe, 1989). The fine changes in protein structure arising from hydrogen bonding
27
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will be primarily marked by the NH bending vibrations (Haris and Severcan, 1999;
Barth and Zscherp, 2002) as it was measured in Ag-treated A. haemolyticus in this

study.

Another important example, frequency downshift at the amide | band was only seen
in Pb treated A. haemolyticus in this study. The similar alteration was also reported
for Cr contacting A. haemolyticus EF369508 (Yahya et al., 2012), and shifts at the
same band to higher values in other Cd and Pb treated bacteria were observed
(Choudhary and Sar, 2009; Huang and Liu, 2013). The vibrations in amide | region
(1600-1700 cm™) corresponding to polypeptide backbone of secondary-structure of a
protein (Surewicz et al., 1993) are composed of many overlapping structures such as
a-helices, B-sheets, turns and non-ordered or irregular structures (Haris and
Severcan, 1999). If amide | absorption occurs in the spectral range between 1620-
1640 cm™, proteins are said to be in B-sheet structure (Haris and Chapman, 1992;
Surewicz et al., 1993; Haris et al., 1986; Susi and Byler, 1986; Tamm and Tatulian,
1997; Naumann, 2001). In the studied two Acinetobacter strain, amide | bands of
control groups observed at around 1639 cm™. Likewise, in a previous report, the
bands below 1640 cm™ may also originate from vibrational motions of o -helical
structures (Torii and Tasumi, 1992). Thus we cannot say that this downshift in Pb-
treated A. haemolyticus was a direct result of changes in -sheet structure of bacterial

L. resembles more with the cases

proteins. In our case -downshift of nearly 3 cm ~
mentioned by Barth and Zscherp (2002): downshift of 1 cm™ for C=0 groups were
related with a binding of several aliphatic compounds. Furthermore, amino sugars
(with N-acetyl/glucuronamide groups) from cell associated polysaccharides could

also manifest this band (Beech et al., 1999; Kazy et al., 2009).

In other studies especially dealing with metal contaminated environments, Cd-treated
(Choudhary and Sar, 2009; Huang et al., 2013; Huang and Liu, 2013) and Pb-treated
bacteria (Huang and Liu, 2013) showed frequency shifts in amide A band, on the
contrary, in our study Pb and Ag-treated Acinetobacter strains had shift at this band
but not Cd-treated one. Since the amide A band is a broad and strong band (~3300
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cm™) due to the stretching of the N—H bond of amino groups along with O—H
vibrations of the hydroxyl groups from proteins and polysaccharides (Pagnanelli et
al., 2000), the presence of these shifts was ascribed to the involvement of the
bounded amino and hydroxyl groups during metal binding to bacterial surface (Kazy
et al., 2006; Huang and Liu, 2013). It was also supported by the knowledge about
that specifically the frequency of this band depends on the strength of the hydrogen
bond rather than the conformation of the polypeptide backbone (Barth and Zscherp,
2002; Barth, 2007): hydrogen bonding -especially to PO, groups- lowers the
frequency of stretching vibrations by 3-20 cm™ (Colthup et al., 1975; Brown and
Peticolas, 1975; Arrondo et al. 1984; Pohle et al. 1990; George et al. 1994) as in the
case of Pb- treated environmental Acinetobacter sp. (nearly 5 cm™ downshift), but
increases that of bending vibrations (Colthup et al., 1975) like in Ag-treated A.

haemolyticus (nearly 8 cm™) in this study.

3.2.1.1.2 Aspect of Concentration of Functional Groups

Under normal conditions intracellular metal concentrations are regulated by
nonspecific membrane transport mechanisms (Nies and Silver, 1995). When metal
concentration were reached to toxic levels in the cell, however, synthesis of specific
ion efflux systems start to exclude (Bruins et al., 2000). In addition, proteins in
nuclear region were increased most probably to protect the DNA from heavy metal
ions (Feng et al., 2000).

In this study changes in concentrations of functional groups which were related with
bacterial proteins in all heavy metal treated groups were also observed in different
levels: In Pb-treated environmental Acinetobacter sp. only reducing concentration at
amide | band (Fig. 4C) in this study, on the other hand, in another study with heavy
metal treated environmental microflora (Nithya et al., 2011), reduction in amide |
was reported for Cd-exposed bacterial cells. This means that there was considerable

decrease in the interaction between the proteins and peptides (Mecozzi et al., 2007)
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in the case of Pb-treated environmental Acinetobacter cells; we did not detect

significant difference in the other metal-treated cells.

The amide A bands were significantly increased in both Ag-treated Acinetobacter
strain and also in Pb-treated A. haemolyticus, while in Cd-treated A. haemolyticus it
was significantly decreased when compared to untreated control groups (Fig. 4A and
6A). Increased or reduced concentrations of functional groups related with amide A
band was also reported for Pb and Cd treated sediment bacteria by Nithya et al.
(2011) like in the case of Cd-, Pb-, and Ag-treated Acinetobacter cells. It is known
that the amide A band is also affected by hydration status of the sample. Since
Acinetobacter cells were dried by N, gases before measuring by using ATR-FTIR
spectroscopy, the contribution of water to this band can be ignored. Therefore all

alterations were thought to be mainly related with proteins and polysaccharides.

It can be said that in environmental strain a few functional groups changed their
concentration; on the other hand, almost all functional groups changed their
concentrations in A. haemolyticus under the effect of the three heavy metals.
Especially A. haemolyticus was more to be influenced by Pb as indicated via
increased protein band area, while there was not noticeable change in Cd-treated
environmental strain. Furthermore, the changes at the bands of amide A and amide

I11 were common in all heavy metal treated groups of A. haemolyticus.

3.2.1.1.3 Aspect of Conformational Freedom and Flexibility

Bandwidth changes of amide | and Il represent the conformational freedom of
proteins (Wharton, 2000; Barth and Zscherp, 2002). Environmental Acinetobacter
showed conformational flexibility of cellular proteins after heavy metal exposure
(Table 5). However, there were not any significant changes in metal treated groups
of A. haemolyticus ATCC: 19002. Thus for amide I, both Cd-treated and Pb-treated
environmental groups had significantly broader bands. For amide Il, only Pb-treated
group was significantly broader than control group. The studies with metalloproteins
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have reported that the amide Il band greatly changes in the metal free forms than
metal-bound forms (Jackson et al., 1991; Alvarez et al., 1987; Hadden et al., 1994).
This changes most probably originated by flexibility/mobility in the proteins; they
contain little or no alteration in secondary structure (Haris and Severcan, 1999).
Besides, toxic metal ions inactivate the proteins interfering with important cellular
functions by replacing essential metal ions (Nieboer and Fletcher, 1996).
Conformational freedom did not change in Ag-treated ones. It is known that flexible
structures will give broader bands than rigid structures as binding of molecules to
proteins decreased the conformational freedom (reviewed by Barth, 2007).
Environmental Acinetobacter strain when exposed to Cd and Pb, had increased

protein flexibility.
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Figure 11. The average spectra of the control and heavy metal treated environmental Acinetobacter sp. in the 1800-900 cm™ region. The

spectra were normalized with respect to the amide I located at 1639 cm™.
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Figure 12. The average spectra of the control and heavy metal treated A. haemolyticus ATCC 19002 in the 1800-900 cm™ region. The

spectra were normalized with respect to the amide I located at 1639 cm™.



3.2.1.2 Changes in Cellular Lipids and Fatty Acid Components

Under the stress conditions, such as heavy metal toxicity, microorganisms can alter
their lipid biochemistry especially to change membrane fluidity. This type of
response includes changes of fatty acid composition and inhibition of lipid
biosynthesis and lipid peroxidation (Denich et al., 2003; Heipieper et al., 2003;
Markowicz et al; 2010; Guschina and Harwood, 2006).

The strong bands are functions of the antisymmetric and symmetric CH; stretching
modes of the acyl chains (at around 2925 and 2852 cm™; respectively), and the minor
bands are that of the antisymmetric stretching vibrations of the terminal CH; (at
around 2959 cm™) groups of fatty acids. These bands give valuable information on
cellular lipids and other fatty acid containing components (Boyar and Severcan,
1997; Severcan, 1997; Severcan et al., 2005). In addition, the ester group vibrations
(C=0 stretching; at around 1741 cm™) (Boyar and Severcan, 1997; Severcan et al.,
2005; Korkmaz and Severcan, 2005) and the bending vibrations of CH, groups (at
around 1451 cm™) (Jiang et al., 2004; Cakmak et al., 2006) are also used to evaluate

cellular lipids in bacterial cells.

3.2.1.2.1 Aspect of Molecular Structure and Interactions

The band at 1451 cm™ is characteristic for the CH, scissoring motion in lipids (Jiang
et al., 2004). This group of vibrations arises mainly from cell envelope components
(peptidoglycan, teichoic acid, LPS, phospholipids, and membranes) (Jiang et al.,
2004; Yu and Irudayaraj, 2005; Kamnev et al., 1999). A pronounced shift to lower
values in all heavy metal treated groups except Ag-treated A. haemolyticus occurred
in this region (Table 3 and 4). This shift was similar with Cr-treated A. junii and Cd-
treated Pseudomonas sp. and most probably due to the binding of metals to
lipoproteins (Paul et al., 2012; Choudhary and Sar, 2009).
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The absorption peaks at 2959, 2925, and 1741 cm™ did not show significant changes
in their positions in any group. In the other studies, though, there were shifts for CH,
antisymmetric stretching (2925 cm™) in Cd-treated and Pb-treated bacteria (Huang
and Liu, 2013), and for C=0 stretching of triglycerides (1741 cm™) in Cd treated
bacteria (Huang et al., 2013).

Since the frequency shift of the acyl chain methylene symmetric and antisymmetric
stretching bands near 2852 and 2925 cm™ give direct information about
order/disorder transitions of membranes of bacteria (Schultz and Naumann, 1991;
Casal and Mantsch, 1984), it can be said that “state of order” of the membranes
(cytoplasmic membrane and outer membrane) were higher than control groups for
Pb- and Ag treated environmental Acinetobacter strain with significantly decreasing
frequency values at 2852 cm™ (Table 3). This type of stabilization of membrane was
most probably resulted due to the formation of ionic bonds between Ag and Pb
cations and negative charges on the phospholipids. This nonspecific binding of the
toxic metal ions to the membrane also prevented them entering to the cells.

Since no additional significant changes observed apart from these bands (at 1451 and
2852 cm™), there were not any remarkable conformational changes determined in the
membranes of studied bacteria against resistance to Cd, Pb, and Ag. These may
imply that the heavy metal resistance in part is a function of nonspecific binding. For
all tested groups of Acinetobacter, the other modifications of fatty acid structure
could be part of a defense or/and repair mechanism aimed at reducing the damage

caused by heavy metal stress.

3.2.1.2.2 Aspect of Concentration of Functional Groups

The changes in the concentration of functional groups in lipid related components in

the heavy metal exposed cells differed with respect to each metal and differed

between the two bacteria. Shared situation in all metal-treated Acinetobacter groups

was the reduction of the concentrations related to C=0 stretching of ester groups in
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triglycerides mainly due to cell walls and cellular membranes at around 1741 cm™
(Naumann, 1984). Decreasing fatty acid content inferred to be most probably due to
lipid peroxidation as a result of metal exposure was reported for Cd as in the study of
Markowicz et al. (2010).

In turn, the band of CH, symmetric stretching (at 2852 cm™) observed in different
levels (increase or decrease) after each metal exposure in A. haemolyticus (Fig. 6E)

but not in environmental Acinetobacter isolate.

Besides, only Pb-treated A. haemolyticus had significantly increased area at the
bands for CHs antisymmetric stretching (2959 cm™; Fig. 6B) and CH, antisymmetric
stretching (2925 cm™; Fig. 6C) modes of lipids; and only Ag-treated environmental
Acinetobacter had significantly increased area at the bands for CH, bending (1451
cm; Fig. 4D).

In brief, Pb-treated A. haemolyticus cells prominently were defined by rising fatty
acid concentration. On the contrary, there were reduced fatty acid content detected in
Cd and Ag treated bacteria as well as Pb-treated environmental Acinetobacter isolate.
This increased content for fatty acids was also reported for Pb-treated sediment
bacteria but not for Cd treated cells in the study of Nithya et al. (2011).

3.2.1.2.3 Aspect of Conformational Freedom and Flexibility

Bacteria can modify their acyl chain structure by changing the level of saturation,
type of saturation (cis to trans), the level of branched structure, type of branching and
the length of acyl chain (Denich et al., 2003; Grogan and Cronan, 1997; Heipieper et
al., 2003; Kim et al., 2001).The bandwidth value of the CH, stretching bands (at
2925 and 2852 cm™) represents the changes of translational and rotational mobility
of the fatty acid chains (Schultz and Naumann, 1991; Boyar and Severcan, 1997;
Severcan et al., 2005; Korkmaz and Severcan, 2005). In this context, only in Cd-

treated and Pb-treated groups of environmental Acinetobacter cells had significantly
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narrower bandwidth for CH, symmetric stretching (at 2852 cm™) than in control
group (Table 5). This means that Cd and Pb exposure cause a reduction in the lipid
fluidity in the environmental strain of Acinetobacter (Cakmak et al., 2006; Severcan
et al., 2005). On the other hand, significantly broadened band (at 2925 cm™) in Pb-
treated A. haemolyticus indicated that Pb treatment cause an increase in the lipid
fluidity for the clinical strain of Acinetobacter (Table 5) (Severcan et al., 2005;

Korkmaz and Severcan, 2005).
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Figure 13. The average spectra of the control and heavy metal treated environmental Acinetobacter sp. in the 3000-2800 cm™ region.
The spectra were normalized with respect to the CH, asymmetric stretching band located at 2925 cm™.
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Figure 14. The average spectra of the control and heavy metal treated A. haemolyticus ATCC 19002 in the 3000-2800 cm™ region. The

spectra were normalized with respect to the CH, asymmetric stretching band located at 2925 cm™.



3.2.1.3 Changes in Genetic Elements

Significantly altered absorption peaks at 1233, 1174, 1117, 1082, 994, and 966 cm™
revealed changes in nucleic acids of two Acinetobacter strains after exposure to sub-
lethal Cd, Pb, Ag concentrations. The bands at 1250-1000 cm™ and region
containing vibrations of the sugar—phosphate chains are sensitive to nucleic acid
backbone conformation (A-, B- or Z-form) (Banyay et al., 2003). In addition, the
bands in the 1000-800 cm™ region, which contains the sugar—phosphate backbone
related vibrations, are used as marker for nucleic acid sugar puckering modes (N- and
S-type) (Banyay et al., 2003).

3.2.1.3.1 Aspect of Molecular Structure and Interactions

Heavy metal toxicity partly results from alterations in the structural conformation of
nucleic acids (Poole and Gadd, 1989). The antisymmetric and symmetric stretching
vibrations of PO, (at 1233 and 1082 cm™, respectively) mostly originate from
phosphodiester backbone of cellular nucleic acids; the contribution of phosphate
residues in membrane lipids can be disregarded (Rigas et al. 1990; Wong et al., 1991;
Wang et al., 1997). The strong peak at around 1233 cm™ was significantly shifted
after treatment with sub-inhibitory concentration of Ag in both Acinetobacter but the
shifts were in opposite energy values (Table 3 and 4). There were not any changes in
the Cd- or Pb-treated Acinetobacter groups in terms of PO, antisymmetric stretching.
On the other hand, in a study with environmental Pseudomonas sp., a shift in Cd
treated group was reported previously (Choudhary and Sar, 2009). This band is
sensitive to nucleic acid backbone conformation and irrelevant from nucleobase and
sugar vibrations (Banyay et al., 2003). Furthermore it allows the determination of
structural transitions among DNA forms (Naumann et al. 1996). In this study, the
absorption peak for this band was nearly at 1240 cm™ which indicates A-form double
helix (Taillandier and Liquier, 1992).
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The band at around 1082 cm™ significantly shifted to lower energy in all heavy
metal-treated environmental Acinetobacter groups (Table 3) and Pb-treated A.
haemolyticus (Table 4). Similar frequency shift was also observed in other studies
with heavy metal treated environmental bacteria (Nithya et al., 2011) and in the Cr-
treated A. haemolyticus (Yahya et al.,, 2012). This band is less sensitive to
conformational changes in nucleic acids than antisymmetric PO, stretching (Banyay
et al., 2003). The appeared downshift of band position measured in this suggested
contribution of phosphate groups to hydrogen bonding (Barth and Zscherp, 2002;
Severcan et al., 2005; Korkmaz and Severcan, 2005). This strengthening of hydrogen
bonding indicated structural changes in DNA/RNA conformation (Awayda et al.,
2004).

The small band at around 1173 cm™ is mainly assigned to sugar—phosphate backbone
vibrations with a contribution more on the sugar moiety side (Pohle and Fritzsche,
1980). There was no significant difference in frequency value in environmental
Acinetobacter sp. On the other hand only Cd-treated A. haemolyticus had significant
downshift in band position which appeared to be due to the structural variation in the
nucleic acids (Table 4) as pointed out in the study of Nithya et al. (2011). This band
specifically used for identification of A-form of nucleic acids (Banyay et al., 2003).

There was significant frequency shift of the vibrational modes of ribose at nearly
1117 cm™ in only Pb-treated group to higher energy (at around 1120 cm™) with
respect to control in environmental Acinetobacter (Table 3). Double stranded
polyribonucleotides absorption was reported at around 1119 cm™ as in the case of
Pb-treated environmental Acinetobacter (Tsuboi, 1969). On the other hand Pb- and
Ag-treated A. haemolyticus had lower energy than control group (Table 4).

The band at around 992 cm™ represents ribose-phosphate main chain vibrations

(Banyay et al., 2003). There were remarkable significant (Table 3 and 4) decreases in

the frequency values in only Pb-treated cells for both Acinetobacter groups with

respect to controls. Actually the absorption peaks at 992 and 966 cm™ detected in

control bacteria spectrum disappeared in the spectrum of Pb-treated environmental
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strain. Instead, a new band at 979 cm™ was located in Pb-treated environmental
strain. According to previous studies A-form of DNA is responsible for absorption
peaks at around 977 and 968 cm™ (reviewed by Banyay et al., 2003). We assumed
that the two bands (at 992 and 966 cm™) which were related with nucleic acids
congregated and seen as one band (at 979 cm™) after sub-lethal Pb exposure in
environmental Acinetobacter. The relatively small downshift in Pb-treated A.
haemolyticus when compared to environmental strain most probably arisen from
vibrations of —OH group in ribose-phoshate chain (Liquier et al., 1991).
Furthermore, the band at 966 cm™ is marked for main chain vibrations of nucleic
acids (Tsuboi, 1969; Ci et al., 1999; Banyay et al., 2003; Cakmak et al., 2006). This

band showed significant shift to a higher value only in Pb-treated A. haemolyticus.

In summary, it was shown that Pb caused a highly significant change in nucleic acid

vibrations among other tested metals.

3.2.1.3.2 Aspect of Concentration of Functional Groups

In terms of changes in concentrations for nucleic acid related functional groups, all
heavy metal treated groups exhibited different effects: Band area values at 1173 cm™
of all metal-treated environmental Acinetobacter were significantly less than control
group (Fig. 5A). On the other hand, only Pb treated A. haemolyticus ATCC: 19002
had highly significant increase compared to control group (Fig. 7E). This was similar
to the study of Pb treated bacteria (Nithya et al., 2011). Pb treated A. haemolyticus
showed increase in sugar concentration attributed to nucleic acids, reverse was
recoreded in environmental Acinetobacter sp for the three metals. Another similarity
between Cd- and Pb-treated environmental Acinetobacter was in the reduced

concentration of the PO, antisymmetric stretching (at 1233 cm™; Fig. 4F).

Reduced band area at 1233 and 1173 cm™ and increased at that of 992 cm™ were also

common between both Pb-treated Acinetobacter strains, as compared control. Only

Pb treated group showed significant change in the band area (at 1117 cm™) analysis
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for both of the bacteria groups (Fig. 5C and 8A). In turn A. haemolyticus, the
changes (increases or decreases) for the band at 992 cm™ was detected in all heavy
metal treated groups. We were able to see the band at 966 cm™ was significantly (p
<0.0001) sharpened in Pb-treated A. haemolyticus similar to as described in a
previous study reporting Cd-treated environmental Pseudomonas sp. (Choudhary and
Sar, 2009). However, total disappearance of this band in our Pb-treated
environmental Acinetobacter strain was curious. In short, in terms of nucleic acid
contents higher number of changes was observed in Pb-treated bacterial cells.
Especially when we evaluated the backbone marker bands (1233, 1173, 1117, and
1082 cm™), decreased nucleic acid content were prominent in all metal-treated
environmental Acinetobacter, while there was an increased concentration of nucleic

acids in only Pb-treated A. haemolyticus.

3.2.1.4 Changes in Cell Wall and Other Surface Layers

Cell wall is the first cellular structure to contact with metal ions (Chakravarty and
Banerjee, 2012). The complexation between various functional groups present on the
cell surface and metal ions could be identified by FTIR analysis (Huang and Liu,
2013) by evaluating specified bands at 1394, 1156, 1056, 1034 cm™.

3.2.1.4.1 Aspect of Molecular Structure and Interactions

Toxic metals are excluded from cells by alterations of permeability barriers that
include cell envelope and other surface layers (such as capsule and biofilm) of
bacteria (Rouch et al., 1995; Ji and Silver, 1995). Bacteria can keep toxic metal ions
away from sensitive cellular components with the help of these protective layers
(Bruins et al., 2000). Proteins located in periplasmic space and outer membrane
cause resistance by periplasmic binding or extracellular sequestration of heavy metal
ions (Silver and Walderhaug, 1992; Silver and Ji, 1994). Besides, biosorption which
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is another resistance mechanism involves all cell wall components: peptidoglycan

layer, outer and inner membranes (Wang et al., 2006).

The weak band observed at nearly 1156 cm™ is assigned to sugar ring vibration (Gao
and Chorover, 2009) mainly from extracellular polysaccharides (EPS) (Nichols et.
al., 1985; Quiles et al., 2010). There were not any related bands in control and Cd-
treated groups of environmental Acinetobacter sp., although, it appeared in Pb-
treated and Ag-treated (at around 1155 and 1161 cm™; respectively) environmental
Acinetobacter sp. (Table 3). For A. haemolyticus, it was present in all heavy metal-
treated groups and control group, however, the only significant change was observed
in the case of Pb-treatment as a position downshift (Table 4). Nonspecific binding of
metals to the outer membrane and EPS coatings also protects bacteria naturally
(Beveridge and Murray, 1976; Hoyle and Beveridge, 1983; Scott et al., 1988; Scott
and Palmer, 1988; Scott and Palmer, 1990). Especially in gram-negative bacteria,
EPS have an important role for metal biosorption and sequestration (Silvestry-
Rodriguez et al., 2008; Pandey et al., 2011) and Acinetobacter species are capable of
biofilm formation (Pandey et al., 2011). It is known that metal exposure can induce
the production of EPS (Kidambi et al., 1995; Wuertz et al., 2001). Although this type
of resistance specifically for Cd ions was experimentally proven for many bacteria
(Scott et al., 1988; Scott and Palmer, 1988; Mergeay, 1991), EPS related band was
not seen in Cd-treated environmental Acinetobacter in this study. By contrast, Pb-
and Ag-treated groups had this band at different positions. Nevertheless Pb-treated
group had the band nearer to original EPS band position than Ag-treated group.
Furthermore, band area analysis also showed that Pb-treated bacteria had more EPS
content than Ag- treated bacteria. In turn, only Pb-treated bacteria had slight shift
with increasing band area in A. haemolyticus. Our results showed that Pb was the

most EPS production inducing heavy metal compared to Cd and Ag.

It can be said that the shift due to symmetric stretching of COO" vibration at 1394
cm? was common in all the heavy metal treated groups of environmental

Acinetobacter sp., although they were remarkably different in heavy metal treated A.
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haemolyticus. This band mainly originated from amino acid side chains from
peptidoglycan and capsule (Melin et al., 2001; Helm and Naumann 1995).

C-O-C and P-O-C symmetric stretching of polysaccharides on capsule and
peptidoglycan were indicated with the band at 1056 cm™. There was a significant
shift to the lower energy value only in Pb-treated group for environmental
Acinetobacter sp. (Table 3); on the other hand, all heavy metal-treated A.
haemolyticus had significantly lower values than the control group (Table 4). There
was no change at this band position in the case of Cd-treated environmental
Acinetobacter sp. though it was reported for Cd-treated environmental B. cereus
(Huang et al., 2013).

The shift in the band position at nearly 1034 cm™ to lower energy value was the only
significant change which was observed in all the heavy metal-treated groups for both
Acinetobacter strains in cell wall region of the ATR-FTIR spectrum (Table 3 and 4).
This band is assigned to CO and CC stretching of alcohols and carboxylic acids, and
also COH bending motions of polysaccharides (Mathlouthi and Koenig, 1986; Huang
and Liu, 2013). In the study of Huang and Liu (2013), however, the shift to higher

values was reported for Cd- and Pb-treated Pseudomonas sp.

Since the spectral vibrations at 1394, 1056 and 1034 cm™ are mostly related to
polysaccharides from peptidoglycan, the structural changes directly correlated with
band positions may point out the changes in peptidoglycan layer of bacteria.
Furthermore, the bands 1394 and 1034 cm™ commonly downshifted in all metal-
treated environmental Acinetobacter, whereas the bands 1056 and 1034 cm™

commonly downshifted in all A. haemolyticus tested metals.

The other quite interesting situation about the cell wall related vibrations, all
significantly changed band positions in both Acinetobacter examined groups were
shift to lower energy values except the band at 1394 cm™ which were observed as to
higher energy values in Cd-treated A. haemolyticus.
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Since the binding affinity of metal ions especially to extracellular polysaccharides
depend on some factors such as the cation size/charge ratio, the bacterial
polysaccharide charge, and the physical state of the biofilm (van Hullebusch et al.,
2003), the observed spectral changes in this study were the results of differences
among tested heavy metals and the bacteria.

3.2.1.4.2 Aspect of Concentration of Functional Groups

According to the analysis of the changes in the concentration of functional groups for
cell wall and other surface layer related components in the heavy metal exposed
cells, it can be said that they were totally different from each other. Besides, while
Cd-treated environmental strain had no changes, Pb and Ag caused the remarkable

changes especially in environmental strain (Fig. 5B, 7B, 7F, 8C and 8D).
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CHAPTER 4

CONCLUSION

Cd was the most toxic metal for environmental Acinetobacter isolate, Ag,
however, exhibited the highest toxicity for clinical Acinetobacter. Pb was the
least toxic for both Acinetobacter isolates. Also both Acinetobacter isolates had

the same MIC value for Ag.

Apparently, Acinetobacter cells protect themselves from mid-range level Cd
toxicity by sequestration of metals by proteins and carbohydrates. This
intracellular and extracellular sequestration was further supported by altered

membrane permeability.

The most pronounced environmental Acinetobacter cells after Ag exposure was
EPS production. Thus it can be deduced that protection of environmental
Acinetobacter sp. is mediated through arrest and immobilization of Ag in EPS.

The prominent reductions in concentrations of proteins, lipids, carbohydrates
and RNA recorded under the influence of Ag treatment were interpreted as cell

size reduction indicators.

Environmental Acinetobacter strain exposed to high concentration of Pb
majority of cellular components had changed. The changes were more limited
upon Cd and Ag. Interestingly Pb caused alteration in RNA structure.

The dissimilarities in heavy metal-induced molecular changes for the two
Acinetobacter strains (environmental and clinic) can be attributed to their

different adaptation strategies which they assume in different environments.
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APPENDIX A

The Significant Differences Measured by ATR-FTIR Spectroscopy after Heavy

Metal Treatment for both Acinetobacter Strain

Table Al. The significant differences after Cd treatment for environmental

Acinetobacter sp. (n=10)

Frequency values (cm™)

Band no
Ctrl Mean = SD Cd Mean £ SD % change  p-value
9 1451.37 £ 0.29 1450.67 + 0.54 0.05 *k
10 1394.31 £ 0.50 1393.17 £ 0.95 0.08 *
16 1082.70 £ 0.26 1082.12 + 0.40 0.05 **
18 1034.15+0.49 1032.27 £ 0.67 0.18 falaloie
Band area values (cm™)
Band no
Ctrl Mean = SD Cd Mean + SD % change  p-value
6 0.30+0.02 0.16 =0.02 87.50 faloiakel
12 11.20 £ 0.90 8.81 £1.56 27.13 kel
13 1.47£0.16 0.68 £0.12 116.18 falaloie
Bandwidth values (cm™)
Band no
Ctrl Mean = SD Cd Mean £+ SD % change  p-value
5 571+ 0.33 5.07+ 0.57 12.62 *
7 38.59 + 0.65 40.31+ 0.91 -4.27 *x

*p <0.05, **p <0.01, ***p < 0.001, ****p < 0.0001
The “-” indicates increases and the “+” shows decreases when compared to control group
values
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Figure Al. The average spectra of the control and Cd-treated groups of environmental Acinetobacter strain in the 4000-900 cm™ region.



Table A2. The significant differences after Cd treatment for A. haemolyticus ATCC
19002 (n=10)

Frequency values (cm™)

Band no
Ctrl Mean = SD Cd Mean + SD % change  p-value
9 1450.61 + 1.66 1448.35 +0.38 0.16 *
10 1392.79 £ 1.05 1394.89 + 0.97 -0.15 falaiaad
11 1313.17 £ 1.31 1302.97 + 1.55 0.78 Fkkx
13 1174.44 + 0.85 1173.42+0.10 0.09 ke
17 1057.15 £ 0.35 1056.32 £ 0.20 0.08 falaiaad
18 1031.02 +0.77 1029.00 + 0.57 0.20 Fkkk
Band area values (cm™)
Band no
Ctrl Mean = SD Cd Mean £ SD % change  p-value
1 56.25+7.51 46.31£2.97 21.46 **
5 1.50+0.11 1.37+0.11 9.49 *
6 0.36 £0.03 0.18 £0.02 100.00 Fkkx
11 1.46 £ 0.25 4.09 +0.37 -64.30 fakaloiel
19 091 +£0.19 1.15+0.15 -20.87 *

*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
The “-” indicates increases and the “+” shows decreases when compared to control

group values
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Figure A2. The average spectra of the control and Cd-treated groups of A. haemolyticus ATCC 19002 strain in the 4000-900 cm™

region.



Table A3. The significant differences after Ag treatment for environmental

Acinetobacter sp. (n=10)

Frequency values (cm™)

Band no
Ctrl Mean + SD Ag Mean + SD % change p-value

4 2874.24 £ 0.42 2874.64 £ 0.19 -0.01 *

5 2852.61 +0.37 2851.49+ 1.00 0.04 *

9 1451.37 +£0.29 1450.51 + 0.29 0.06 kel
10 1394.31 +£ 0.50 1392.54 + 0.84 0.13 kel
11 1308.49 + 0.98 1311.20+ 0.84 -0.21 ol
12 1234.18 £ 0.77 1232.41 + 1.02 0.14 ol
14 NO 1161.26 +£2.37 - -
16 1082.70 + 0.26 1081.97 £ 0.09 0.07 kel
18 1034.15 £ 0.49 1032.45 + 0.89 0.16 fakaloie

Band area values (cm™)
Band no
Ctrl Mean = SD Ag Mean £ SD % change p-value

1 50.04 £2.72 61.80 £6.29 -19.03 *

6 0.30 +0.02 0.26 +0.03 15.38 **

9 3.96 +£0.26 4.86+0.49 -18.52 *

11 2.30+£0.16 1.74 £0.19 32.18 *
13 1.47 +£0.16 0.44 +£0.07 234.09 falaieied
14 NO 0.43+0.07 - -

*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; NO, not observed
The “-” indicates increases and the “+” shows decreases when compared to control
group values
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Figure A3. The average spectra of the control and Ag-treated groups of environmental Acinetobacter strain in the 4000-900 cm™ region.



Table A4. The significant differences after Ag treatment for A. haemolyticus ATCC

19002 (n=10)

Frequency values (cm™)

Band no
Ctrl Mean = SD Ag Mean + SD % change  p-value
1 3263.58 +3.19 3271.95+3.15 -0.26 kK
4 2873.73 £0.49 2874.84 £ 0.66 -0.04 kel
8 1536.53 +£2.00 1538.17+1.18 -0.11 *
11 1313.17 £ 1.31 1301.74 + 3.09 0.88 falolakel
12 1232.46 +1.33 1233.93 £ 0.96 -0.12 **
15 1116.19 £ 1.07 1113.21 £0.46 0.27 falaloie
17 1057.15 +£0.35 1056.18 £ 0.37 0.09 falolakel
18 1031.02 +0.77 1028.79 +£0.43 0.22 falaleied
Band area values (cm™)
Band no
Ctrl Mean = SD Ag Mean £ SD % change  p-value
1 56.25+7.51 63.33 £7.25 -11.18 *
4 1.40+0.13 1.18 £0.09 18.64 kel
5 1.50£0.11 1.26 £0.12 19.05 okl
6 0.36 +0.03 0.27 £0.07 33.33 falaied
11 1.46 £0.25 0.64 +0.07 128.13 falaleled
17 3.08 +£0.61 2.45+0.33 25.71 **
18 3.53+0.78 2.41+0.35 46.47 falaloie
19 0.91+£0.19 0.58 £0.10 56.90 *x

*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001
The “-” indicates increases and the “+” shows decreases when compared to control

group values
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Figure A4. The average spectra of the control and Ag-treated groups of A. haemolyticus ATCC 19002 strain in the 4000-900 cm™
region.



Table A5. The significant differences after Pb treatment for environmental

Acinetobacter sp. (n=10)

Frequency values (cm™)

Band
no Ctrl Mean = SD Pb Mean + SD % change p-value
1 3263.53 +3.59 3258.17 +3.31 0.16 *
4 2874.24 £0.42 2874.94 £ 0.35 -0.02 fakaioie
5 2852.61 £0.37 2851.32 +£0.48 0.05 **
9 1451.37 £0.29 1449.55 + 0.47 0.13 falaleied
10 1394.31 £ 0.50 1392.45+0.99 0.13 kel
11 1308.49 + 0.98 1311.72 £ 0.81 -0.25 kel
14 - 1155.11+1.42 - -
15 1118.16 £0.17 1120.05 +1.82 -0.17 kel
16 1082.70 £ 0.26 1081.34 £ 0.46 0.04 falaieied
17 1056.46 + 0.29 1053.57 +£2.57 0.27 falalel
18 1034.15+0.49 1032.22 £ 0.45 0.19 falolakel
19 992.83 £ 0.20 978.88 +7.62 1.43 Fkkk
20 966.23 +£0.27 NO - -
Band Band area values (cm™)
no Ctrl Mean = SD Pb Mean = SD % change p-value
6 0.30+0.02 0.11 £0.02 172.73 faloiakel
7 30.01 £1.43 23.30+5.68 28.80 *k
12 11.20 £ 0.90 4.23+0.70 164.78 faloiakel
13 1.47+0.16 0.02 +£0.01 7250.00 falaieied
14 NO 222 +1.58 - -
15 3.11+0.16 1.78 £0.96 74.72 falaieied
19 1.02 +0.09 5.83+1.45 -82.50 falolakel
20 0.64 +0.07 NO - -
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Table A5. (Cont.) The significant differences after Pb treatment for environmental

Acinetobacter sp. (n=10)

Bandwidth values (cm™)

Band
no
Ctrl Mean = SD Pb Mean = SD % change p-value
5 571+ 0.33 5.05+ 0.36 13.07 *
7 38.59 + 0.65 4471 + 1.78 -13.69 falaieled
8 37.51+ 0.36 38.85+ 0.68 -3.45 faleie

*p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001; NO, not observed
The “-” indicates increases and the “+” shows decreases when compared to control
group values
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Figure A5. The average spectra of the control and Pb-treated groups of environmental Acinetobacter strain in the 4000-900 cm™ region.



Table A6. The significant differences after Pb treatment for A. haemolyticus ATCC

19002 (n=10)

Frequency values (cm™)

Band no
Ctrl Mean = SD Pb Mean + SD % change  p-value

4 2873.73 £0.49 2874.73 £0.47 -0.03 kel
7 1640.27 = 1.68 1636.97 +0.29 0.20 falaleied
9 1450.61 + 1.66 1448.71 £ 0.55 0.13 **

14 1156.78 £ 0.90 1156.14 £ 0.26 0.06 *

15 1116.19 + 1.07 1110.55+1.54 0.51 fakaloie
16 1082.37 £ 0.29 1081.60 + 0.31 0.07 falolakel
17 1057.15 £ 0.35 1053.62 +0.42 0.34 fakaloie
18 1031.02 £ 0.77 1028.60 + 0.55 0.24 falolakel
19 991.98 +0.22 991.04 = 0.26 0.09 falolakel
20 966.04 £ 0.59 968.01 £ 1.43 -0.20 kK

Band area values (cm™)
Band no
Ctrl Mean = SD Pb Mean + SD % change  p-value

1 56.25+7.51 74.50 £ 3.95 -24.50 falaloie
2 241 +£0.23 2.79 £0.07 -13.62 kel
3 5.80 +0.48 6.71 £0.22 -12.22 kel
4 1.40+0.13 1.61 +0.06 -13.04 kel
5 1.50+0.11 1.68 +£0.07 -10.71 **

6 0.36 +0.03 0.23 £0.03 56.52 falaleled
8 20.15+3.54 2361 £1.13 -14.65 ol

10 7.72 £1.29 9.16 £ 0.63 -15.72 *x

11 1.46 +£0.25 4.67 £0.50 -68.74 falaloie
12 8.33 +1.54 5.29+0.65 57.47 falaleied
13 1.12+0.18 2.15+£0.18 -47.91 ok
14 0.94 £0.15 2.10+£0.18 -55.24 falaloie
15 3.42+£0.54 4.18+0.26 -18.18 falal
16 4.60 +£0.83 7.17£0.40 -35.84 falaloie
17 3.08+0.61 476 £0.23 -35.29 falaloie
18 3.53+£0.78 4.51+0.23 -21.73 falal
19 0.91+£0.19 2.11+0.28 -56.87 falaloie
20 1.35+0.33 2.45£0.48 -44.90 falaieied
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Table A6. (Cont.) The significant differences after Pb treatment for A. haemolyticus
ATCC 19002 (n=10)

Bandwidth values (cm™)

Band no
Ctrl Mean = SD Pb Mean £+ SD % change  p-value

3 18.63 £1.92 20.82 £0.65 -10.52 *

*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
The “-” indicates increases and the “+” shows decreases when compared to control
group values
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Figure A6. The average spectra of the control and Pb-treated groups of A. haemolyticus ATCC 19002 strain in the 4000-900 cm™
region.
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Table A7. The significant differences among metal treated groups for environmental Acinetobacter sp. (n=10)

Frequency values (cm™)

Cdvs. Pb Cdvs. Ag Pb vs. Ag
Band
no Cd Mean £SD Pb Mean+SD Ag Mean+=SD 9% change p-value % change p-value % change p-value
1 3264.07 £5.15 3258.17+3.31 3264.81+ 3.08 0.18 ** -0.02 ns -0.20 wx
7 1639.78 £ 1.28 1637.97+1.40 1639.02+ 1.00 0.11 ** 0.05 ns -0.06 ns
9 1450.67 £ 0.54 1449.55+0.47 1450.51 £ 0.29 0.08 falokakel 0.01 ns -0.07 falaiakad
11 1309.57+2.60 1311.72+0.81 1311.20+ 0.84 -0.16 * -0.12 ns 0.04 ns
12 1234.55+1.56 1234.55+1.02 123241+ 1.02 0.00 ns 0.17 kel 0.17 falaiel
14 NO 1155.11+1.42 1161.26 +£2.37 - - - - -0.53 falaiakad
16 1082.12+0.40 1081.34+0.46 1081.97+ 0.09 0.08 falokakel 0.01 ns -0.07 kol
17 1055.51 £ 0.44 1053.57+2.57 105532+ 0.16 0.02 * 0.02 ns -0.17 *
19 992.62+£0.25 978.88+7.62 992.56+ 0.25 1.40 falakakel 0.01 ns -1.38 falaiakad
20 966.45 +0.30 NO 966.53 + 0.64 - - -0.01 ns - -
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Table A7. (Cont.) The significant differences among metal treated groups for environmental Acinetobacter sp. (n=10)

Band areas (cm™)

Band Cdvs. Pb Cdvs. Ag Pb vs. Ag
0) -
N0 CdMean+SD PbMean+SD Ag Mean+SD cha/gge p-value % change p-value % change vaFL)Iue
1 47.59 £5.37 60.05 + 15.80 61.80 +6.29 -20.75 * -22.99 kel -2.83 ns
6 0.16 £ 0.02 0.11 £0.02 0.26 £0.03 45.45 falaiolel -38.46 falaioiel -57.69 falaioiel
12 2.52+0.41 2.57+0.63 1.74 £0.19 -1.95 ns 44.83 kel 47.70 kel
13 8.81+1.56 423 +0.70 9.94 +1.67 108.27 falalaked -11.37 ns -57.44 falalaked
14 0.68+£0.12 0.02 £0.01 0.44 £ 0.07 3300.00 falakaiel 54.55 falalolel -95.45 falalolel
15 NO 222 +1.58 0.43 +0.07 - - - - 416.28 kel
16 2.70+£0.48 1.78 £ 0.96 2.56+0.31 51.69 kel 5.47 ns -30.47 *
20 1.26 +£0.31 5.83+1.45 1.35+0.35 -78.39 falakaiel -6.67 ns 331.85  Fx**
21 0.63+£0.17 NO 0.71+0.21 - - -11.27 ns - -
Bandwidth values (cm™)
Band Cdvs. Pb Cdvs. Ag Pb vs. Ag
an
0] -
N0 CdMean+SD PbMean+SD Ag Mean +SD /o p-value % change p-value % change P
change value
7 40.31+ 091 4471+ 1.78 39.71 £ 0.71 -0.84 kel 151 ns 12.59 fakaiolel
8 37.64 £ 0.86 38.85+ 0.68 36.63 + 1.06 -3.11 *x 2.76 * 6.06 fakaiolel

*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, non-specific; NO, not observed

The “-” indicates increases and the “+” shows decreases
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Figure A7. The average spectra of the heavy metal-treated groups of environmental Acinetobacter strain in the 4000-900 cm™ region.
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Table A8. The significant differences among metal treated groups for A. haemolyticus ATCC 19002 (n=10)

Frequency values (cm™)

Cdvs. Pb Cdvs. Ag Pb vs. Ag
Band
no CdMean+SD PbMean=SD  Ag Mean £+ SD % p-value % p-value % p-value
change change change

1 3264.55+1.86 3263.70 +£3.22 3271.95+3.15 0.03 ns -0.23 fakaioie -0.25 fakaioie
4 2874.18 £0.50 2874.73 £0.47 2874.84 £ 0.66 -0.02 ns -0.02 * 0.00 ns
7 1639.64 + 0.53 1636.97 + 0.29 1639.21 £ 0.87 0.16 falaiakad 0.03 ns -0.14 falolakel
8 1535.28 £ 0.91 1536.62 +0.97 1538.17+1.18 -0.09 ns -0.19 kel -0.10 ns
10 1394.89 + 0.97 1391.95+0.62 1393.15+0.94 0.21 kol 0.12 kel -0.09 *
11 1302.97 + 1.55 1312.16 = 1.83 1301.74 + 3.09 -0.70 kol 0.09 ns 0.80 falakalal
12 1232.23 +£0.65 1231.96 +0.52 1233.93 +0.96 0.02 ns -0.14 *k -0.16 falaied
13 1173.42+0.10 1173.84+0.13 1174.80 = 1.00 -0.04 ns -0.12 kel -0.08 *
14 1156.98 + 0.31 1156.14 £ 0.26 1157.14+£0.28 0.07 kel -0.01 ns -0.09 kel
15 1115.31+0.58 1110.55+1.54 1113.21+£0.46 0.43 fakaiolel 0.19 kel -0.24 falaloie
16 1082.19 +0.31 1081.60 +0.31 1082.03 +0.29 0.05 falaled 0.01 ns -0.04 *
17 1056.32 +0.20 1053.62 +0.42 1056.18 = 0.37 0.26 fakaiolel 0.01 ns -0.24 fakaloiel
19 992.14+0.12 991.04 + 0.26 992.02 +0.71 0.11 folaiale 0.01 ns -0.10 falaleied
20 965.52 +£0.23 968.01 + 1.43 965.94 +0.27 -0.26 folaiale -0.04 ns 0.21 falaleied




Table A8. (Cont.) The significant differences among metal treated groups for A. haemolyticus ATCC 19002 (n=10)

Band area values (cm™)

16

Band Cdvs. Pb Cdvs. Ag Pb vs. Ag

M0 CdMean+SD PbMean+SD AgMean=SD 9% change p-value % change p-value % change p-value
1 46.31 +2.97 74.50 +£3.95 63.33 £7.25 -37.84 falaiakad -26.88 falolakel 17.64 folelad
2 2.51+£0.22 2.79£0.07 2.24+0.16 -10.04 *x 12.05 * 24.55 folaieha
3 5.90+0.50 6.71 £0.22 5.68 £0.45 -12.07 kel 3.87 ns 18.13 fakaiole
4 1.42 £0.12 1.61 +£0.06 1.18 £0.09 -11.80 *x 20.34 okl 36.44 falaiaad
5 1.37+0.11 1.68 +£0.07 1.26 £0.12 -18.45 fakaiolel 8.73 ns 33.33 falaiakad
6 0.18 £0.02 0.23+0.03 0.27+0.07 -21.74 ns -33.33 kel -14.81 ns
8 21.48 £1.83 23.61£1.13 19.15+1.97 -9.02 ns 12.17 ns 23.29 faleled
9 5.32+047 5.81£0.38 4.56 +0.49 -8.43 ns 16.67 * 27.41 kel
10 8.61+0.77 9.16 £ 0.63 7.22+£0.79 -6.00 ns 19.25 il 26.87 falaied
11 4.09 +0.37 4.67 £ 0.50 0.64 +0.07 -12.42 fole 539.06 falaieied 629.69 Fkkk
12 8.05+0.83 5.29+0.65 7.39+£0.83 52.17 Fkkk 8.93 ns -28.42 Fkk
13 1.11£0.10 2.15+0.18 0.98+£0.14 -48.37 folaiale 13.27 ns 119.39 Fkkx
14 0.81 £0.07 2.10+0.18 1.00+£0.12 -61.43 fakaiolel -19.00 * 110.00 falaiolel
15 3.15+0.31 4.18£0.26 3.01 +£0.34 -24.64 fakaiolel 4.65 ns 38.87 falaiakad
16 4.30+0.49 7.17+£0.40 3.93+0.47 -40.03 folaiale 9.41 ns 82.44 Fkkx
17 3.14+0.38 476 +£0.23 2.45+0.33 -34.03 fakaiolel 28.16 *x 94.29 falaiolel
18 3.69 +0.44 4.51+0.23 2.41£0.35 -18.18 il 53.11 falaieied 87.14 Fkkx
19 1.15£0.15 2.11+0.28 0.58+0.10 -45.50 Fkkk 98.28 Fkkk 263.79 Fkkx
20 1.45+0.18 2.45+0.48 1.15+0.19 -40.82 falaiolel 26.09 ns 113.04 fakaioiel




Table A8. (Cont.) The significant differences among metal treated groups for A. haemolyticus ATCC 19002 (n=10)

Bandwidth values (cm™)

Cdvs. Pb Cdvs. Ag Pb vs. Ag
Band
% % %
CdMean+SD PbMean+=SD  Ag Mean = SD p-value p-value p-value
change change change
3 18.99 £0.58 20.82 £ 0.65 18.72 £2.38 -8.79 ns 1.44 ns 11.22 *
5 497 +0.22 5.34+0.27 4.82 +0.46 -6.93 ns 3.11 ns 10.79 *x
S 8 37.45+0.55 35.68 £1.61 35.69£1.12 4.96 * 4.93 * -0.03 ns

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, non-specific
The “-” indicates increases and the “+” shows decreases
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Figure A8. The average spectra of the heavy metal-treated groups of A. haemolyticus ATCC 19002 strain in the 4000-900 cm™ region.
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Table A9. The band areas with significant differences between control and heavy metal treated environmental Acinetobacter sp.

Band areas (cm™) for environmental Acinetobacter sp. (n=10)

Control vs. 7.8 pg/ml Cadmium Control vs. 600 pg/ml Lead Control vs. 15.63 pg/ml Silver

Band

no Ctrl Mean = SD Cd Mean + SD v P pb Mean + SD v P- Ag Mean = SD v P-
change value change value change value

1 50.04 £2.72 47.59 £5.37 5.15 ns  60.05+15.80 -16.67 ns 61.80+6.29  -19.03 *

6 0.30£0.02 0.16 £ 0.02 8750 ****  (0.11+£0.02 17273 *x** 0.26 £ 0.03 15.38 ol

7 30.01 +1.43 25.81 £3.53 16.27 ns 23.30+5.68 28.80 xx 26.30 +2.88 14.11 ns

9 3.96 £0.26 4.74 +£0.74 -16.46  ns 451+1.14 -12.20 ns 4.86 +0.49 -18.52

11 2.30+0.16 2.52+0.41 -8.73 ns 257+0.63 -1051 ns 1.74£0.19 32.18

12 11.20+0.90 8.81+1.56 2713  *** 423+0.70 164.78 *F*** 9.94 £ 1.67 12.68 ns

13 1.47+0.16 0.68 £0.12 116.18 ****  (0.02+0.01 7250.00 **** 0.44 +0.07 234.09  FHx*

14 NO NO - - 222+ 1.58 - - 0.43 £0.07 - -

15 3.11+0.16 2.70 +£0.48 15.19 ns 1.78 £0.96 T4.72  FF** 2.56 +0.31 21.48 ns

19 1.02 £0.09 1.26 £0.31 -19.05  ns 583+£145  -8250 *x** 1.35+£0.35 -24.44 ns

20 0.64 £0.07 0.63 £0.17 1.59 ns - - - 0.71 £0.21 -9.86 ns

*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, non-specific; NO, not observed
The “-” indicates increases and the “+” shows decreases when compared to control group values
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Table A10. The band areas with significant differences between control and heavy metal treated A. haemolyticus ATCC 19002

Band area values (cm™) for A. haemolyticus ATCC 19002 (n=10)

Band Control vs. 80 ng/ml Cadmium Control vs. 900 pg/ml Lead Control vs. 15.63 pg/ml Silver
no  Ctrl Mean+SD Cd Mean+SD % change p-value PbMean+SD 9% change p-value Ag Mean+SD % change p-value
1 56.25+7.51 46.31£2.97 21.46 kel 74.50 £ 3.95 -24.50 FrRxE - 63.33+£7.25 -11.18 *
2 2.41+£0.23 2.51+0.22 -3.98 ns 2.79 £ 0.07 -13.62 falaie 224 +£0.16 7.59 ns
3 5.89+0.48 5.90 £0.50 -0.17 ns 6.71 +£0.22 -12.22 falaie 5.68 £0.45 3.70 ns
4 1.40+0.13 1.42+0.12 -1.41 ns 1.61 £0.06 -13.04 folelad 1.18 £ 0.09 18.64 folelel
5 1.50+0.11 1.37+0.11 9.49 * 1.68 £ 0.07 -10.71 kel 1.26 £0.12 19.05 falalolel
6 0.36+0.03 0.18 = 0.02 100.00 kol 0.23+0.03 56.52 falaiakad 0.27 £0.07 33.33 ool
8 20.15+3.54 2148 +1.83 -6.19 ns 23.61 £1.13 -14.65 *x 19.15+1.97 5.22 ns
10 7.72+1.29 8.61 £0.77 -10.34 ns 9.16 £ 0.63 -15.72 kol 7.22+£0.79 6.93 ns
11 1.46 +£0.25 4.09 +0.37 -64.30 kol 4.67+0.50 -68.74 kol 0.64 +0.07 128.13 falaiaiad
12 833+1.54 8.05+0.83 3.48 ns 5.29 £0.65 57.47 falaiolel 7.39+0.83 12.72 ns
13 1.12+0.18 1.11 £0.10 0.90 ns 2.15+0.18 -47.91 falaiolel 0.98+0.14 14.29 ns
14 094 +£0.15 0.81 £0.07 16.05 ns 2.10£0.18 -55.24 kol 1.00+0.12 -6.00 ns
15 342 +0.54 3.15+0.31 8.57 ns 4.18 £0.26 -18.18 kel 3.01+0.34 13.62 ns
16 4.60 +0.83 4.30+0.49 6.98 ns 7.17+0.40 -35.84 kol 3.93+047 17.05 ns
17 3.08 £0.61 3.14+£0.38 -1.91 ns 476 +0.23 -35.29 kol 2.45+0.33 25.71 kel
18 3.53+0.78 3.69+0.44 -4.34 ns 4.51+0.23 -21.73 kel 2.41+0.35 46.47 falaloil
19 0.91+0.19 1.15+£0.15 -20.87 * 2.11+0.28 -56.87 kol 0.58£0.10 56.90 kel
20 1.35+0.33 1.45+0.18 -6.90 ns 2.45+048 -44.90 falaiolel 1.15+0.19 17.39 ns
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, non-specific
“. indicates increases and  the “47 shows decreases ~ when  compared to control group  values

The
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