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ABSTRACT

MOLECULAR ADAPTATIONS IN CADMIUM AND LEAD RESISTANT
ENVIRONMENTAL SPECIES

Kepenek, Eda keyma
Ph.D., Dgartment of Biology
Supervisor: Prof . Dr. Ayke Gg¢l
Co-Supervisor: Prof. Dr. Feride Severcan

November2017132 Pages

Environmental pollution caused kbyeavy metal exposure has detrimental effects on
human health.For the reclamationof polluted areas bactefa have been used in
remediation For thosebioremediatiorattempts finding the appropriatebacterialstrains

is an important issué their environmentacteria may exist close toe source of heavy
metals Sudden exposure to high concentrations efhbavy metalmay trigger quick
response mechanisms to ensure survival. On the other hand, bacteria may live at a distance
to the source anithus,experience the gradualdrease in the heavy metancentrations.
The gradual increase in the concation of the heavy metamay cause changes
accumulating in time to ensure survival as weil.both, acute or gradual exposure
situations bacteria resist heavy metals by using several resistance mechdnisms
study, we investigated whether there are diifices between molecular profiles of the
cells that are acclimatedo heavy metalsupon either acute or gradual exposu&/e
measured e changes in molecular profiley using ATR-FTIR spectroscopyand

unsuperviedchemometri@analysismethods (PCA, HCA).



We chose cadmiurandlead asheavymetals and we have studied the molecular profiles
of BrevundimonasGordonia,andMicrobacteriumbacterial genera isolated from a
freshwater sourcdn alaboratoryenvironment, #ier extended exposure bacteria can be
acclimated to live ah grow in the existence dieavy metalsWe allow the bacteria to
mimic thesituation ofbeing close oawayfrom the source oheavymetal by using two
differert acclimation procedures (acus. gradual).We acclimated bacterial sing to
grow at 2 to 4 times higher concentratidghantheir corresponding mimum inhibitory
concentrationsWe then measured theotecular alterationsaused bythe nature of
acclimationuponacue or gradual exposurBesuls of the IR spectralanalysisindicated
substantial changes in structure and position of bacteriamaciomolecules.Changes

in the membrane exhibited itself iecreasgof fatty acidsamountsandas well agprotein

to lipid ratios in acclimatedroups.The decreasen total protein concentratiosithat we
measured perhaps hintdibition of severahnabolicpathwaysn all acclimated groups
Furthermoretotal protein concentrations in acutely acclimated bacteria were significantly
lower than that of gradually acclimated onés.remarkableincrease in exopolymer
productionwas detectedn both acutely and gradually heavy metal exposed groups.
Exopolymer productiorbeing one othe heavymetal resistance mechanisms in bacteria
appeared tplaya central rolen survival upon suprkethal exposuresMoreover bacteria
under acute cadmium exposurecadmium produced significantly higher
exoplysaccharidethan under gradual On thecontrary gradually acclimatedstrains
produced significantly highezxomlysaccharidghan those of acue acclimatedones
underleadexposureResultsof PCA and HCA analyzeshowed clearcudiscriminations
betweerecclimatedbacterial strainasacutevs. gradual exposure and contfot both of
the metals

This work contributes novel insights into thetgmtial role ofIR spectroscopyn the
molecular characterization ofbacteria acclimated to different stress conditions
Furthermore, or study showedhat we mayuse information about the exopolymer
production and amount as background informatoofind appropriate bacterial straiis

bioremediation studies.
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Keywords: Heavy metal resistancBrevundimonasp., Gordoniasp, Microbacterium
oxydans Cd, Pb, Acclimation, Acute, Gradual, MIC, ATRIIR spectroscopy,
exopolymer, PCA, HCA
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Aj ér met al | er-deevnr ek akyinralkillainfjainni n i nsan sajl é&j é
etkilerivar dér . Géenegmgjz@re, médtakltlee i kerl enmi kK ortam
kul |l anéldmeakrteade&emi zIl ijJinde kul |l anél mak czer e
belirlenmesi ©°neml:.i husustur.

Bakteriler b ulaujnédru krheatra&8l okrayamedjaéna yakén bul u
y¢ ks ek deri ki mde ajeéer nmehalat tmar kcavapkall alre& | a e
mekani zmasénén teti k|l enmesi ai lée ksamjtnlad] néénra. Dij
bd | i bir uzakl ekt a ‘kadeneholarpkhissede mbhdden Ahéar mek a
miktarindakik ademel i art ek zamanla ol ukan deji ki mler
hayatta kal mag &nrée negjdikadgnalinarliizikalmadw ml ar é n é n

i ki sinde de bakteriler hayatta kal mak i-in -e]
¢al é Kk ma m&ZIR spekoskBgive denet |l enmemné&CAanal iz met oc
HCA)k ul | anél ar ak, yaajkademelimé o a lak e ma r &terletwee r ak €l an b
meydangg el en mol ek¢l er deji ki klikler araséenda f ar
ol arak da, bu bakterilerde metal direncinin h.
bil gi edi nmiejyér amamtrda&d &la.d mi yunvevet aktulrék usnuu s e -

kaynaj énd a mBrevurdombnasGadbmid,aadMicrobacteriumbakteri
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cinslerinin molekikhbar gtapvédraréentamaneat gk
s

sonrasénda bakter ibl¢eyreg meejyeek asmd tgmbktedr. Krkli € 7 & n
farkl é& al ékt é,kademelpropgguliayar(akulbakterinin
uzak ya da yakén ol Basktdceur umunue ktl &k liinti antett
Ol d¢gr¢ceg deri kimlerinin 2 il a.Mekadrer daanha
al extéerma «xeklinin farkl él éjéndan IRol ayé
spektral anmdktzersioynel- |lmalkromol eke¢l I erin yap

dej i ki kl i kl er i n . Raktatiyellmemhranlaydals flee xk mk kKt k r e r K ¢
yaj mekdar | ar égnrywchg we apil atr @xndalalkii n daezna | gnlad tae
Beten al éktéréel mék gurupl ar da . Buazalmalarn mi k-
bazeée aynoalbloa rié&ny oinnumidba n k ay etracktédaBumb@lomnake | Kk ar
met al e akut ol ar ak al extrél mex bakteril
al ektereéel mékl ardan Begt gngiad é bt er exleekmél kd e b 8
eekzopolimer ¢retiminde ©°nemAyr éakdreray | ar da
yekoelmhnda ajér met alkal-masan da teakmedap dlaiymd rt
rol ¢ oy nadeé] RBadmydma jramz, katlmg rdurumunda, akptr o s e d ¢ r
kullan € | ar ak al é damé rféalzd na beakkztoepBoul hi @ ek leumkr &elat enki K t
kademeli at ér €l ma |khdemai ml ad a k al ékt édahaé fadan b ak
ekonpolimer. ¢PEAMIiViet iIHHCA anali zl eri, kadmi y
yakamaya al éktérél mék gur upl arldembirbiindenk ont r
ayréeldéejéné g°stermicktir.

¢ al e k nRA ms@ektroskopisinf ar k1 & stress duruml ar éna
e

mo | kel er kakaktpati&Zmssioynaulnda ol ¢ Kkonusund e
getirmektedir. Buna ek @F atkanksundakiailgi@ik ma meé z
bi yoremediyasyon -al exmal ar énda kull anél n
kull anél abil ecejini g°stermicktir.

Anahtar Kelimeler: Aj ér Me t a | Brevindimanas s@d, Gordonia sp,
Microbacterium oxydans cd, Proba, Aké | Kadermead,r MIC, ATRFTIR

spektroskopi, ekzopolimer, PCA, HCA
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CHAPTER 1

1. INTRODUCTION

1.1 Heavy Metals and Their Biological Activities

Metals are natural constituents of earth crust and have vital roles in life processes of living
organisms (Bruins et al., 2000; Nies, 1999).the naturallyoccurring69 metals, 53 are
heavy metals with densityhigher than 5 gr/cAi{Ahemad, 2014Nies, 1999; Ullah et al.,
2015). All of the 53 heavy metals are not biologically active. Heavy metals which are
available in adequate amount antbility shows biologial activity (Hassen et al., 1998
Roosa et al., 2014%everal of available heavy metals, such as Cu, Mn, Zn, Ni, Fe, Co are
essential for life at low concentrations and required for cell functioning (Ahemad, 2014;
Bruins et al., 200; Maynaud et al., 2014; Nies, 1999; Tchounwou et al., 204d).
example, zinc isnvolvedin the structureof several enzymes and DN#inding proteins

(such as in zindinger proteins) andact as acofactor for several enzymes
(dehydrogenases, proteieas peptidases, and oxidadakewise, ironis involvedin the
compositionof several enzymes andn-sulfur proteins.Also, most heavy metals are
transition elements because of their incompletely filled d orbitals andcatikashaving
theability to form complex compounds which are involved in biochemical reactions. On
the other hand, heavy metals such as iron, copper, and nickel are needed for redox
reactions (Ahemad, 2014; Bruins et al., 2000; Maynaud et al., 2014; Nies, 1999). Besides
their benefi@l roles in biological systems, higher concentrations of these heavy metals

are toxic toorganisms (Xie et al., 2015; Xiong et al., 2015). Other heavy metals, for



example,Cd, Pb, Ag, and Hg ameon-essentialand do not have any known biological
functions. Furthermore, they are toxic at relatively low concentrations (Maynaud et al.,
2014; Staley et al., 2015).

Heavy metals enter theell by using specific or faginspecific uptake systems. Specific
uptake systems with high substrate specificity use A$Ranenergysource and only
expressed in times of need or starvatiéastunspecific transport systems are driven by

the chemiosmotic gradienEmployed by avariety of metal ions, unspecific transport
systemsare constitutively expresse@ecause of caititutive expression, it creates an
flopeng a t Singegatecannotbe closedn times of metal iorstress; thisituation leads

to metal ion accumulation which causes toxicity. Example of these sysiegns
magnesium transport systen@ofA: metal inorganidransport, MIT familyas MgtA,

MgtB), Manganese uptake system (Figure 1), Pit (phosphate inorganic transport) system,
and fast sulfateiptake system (Nies, 1992; Nies & Silver, 1995).

E Cadmium
cd?* cd%*
/ MIT, Mn-uptake +-, \
@By Smt
cd®* cd? cd®*

APD @
\Ptyptﬁ CDF RNDE?f’_‘._":ii.-;f~H+/

Figure 1. An example of the fastinspecific uptake syster@d?* uptakeis maintained
by the Magnesium (MITand/ormanganese uptake systems (Nies, 1999).



Cadmium (Cd) and lead (Pb) are also two of the-essential heavy metals and toxic at

low concentrationsThey are accumulated in the cell by using magnesium andanase
divalent ion transport systems (Bruins et al., 2000; Nies, 1998;r o s g &wi ec k a
PiotrowskaSeget, 2014). Besides toxicity, their @ocumulating nature makes them a
serioughreat to thenvironmenand public health (Guo et al., 2010; Nithiyaakt 2011).

Cd is found abundantly in the earth's crust at an average concentration of about 0.1 mg/kg.
It is usedn the productionof alloys, pigmentsand batteries which lead to occupational
exposure and environmental emission. Magupational exposars caused by digestion

of food and tobacco smoking because of the highteglant transfer rate of Cd. Cd leads

to the formation of reactive oxygen species (ROS) which causes enhanced lipid
peroxidation, singlstrand DNAbreaksand disrupts the syrglis of nucleic acids and
proteins Khan et al., 201Khan et al., 2015; Tchounwou et al., 2012; Zhai et al., 2015).

As a result of Cd exposurmany stressesponse systems are expressed involthoge

for heat shock, oxidative stress, stringent respposld shock, an®0OS. In addition to

these, signal transduction pathways whittreasdree calcium levels or block calcium
channels are affected by Cd toxicity. Previous studies have also detected that cadmium
binds to proteinsinterfereswith DNA repair, stimulate proteinlegradatiorand induces
expression of several genes including metallothioneicistephase reactants, and DNA

p ol y me(Tcharevoubet al., 2012Varners et al., 20)2

Similarly, Pbhasextensivelybeen usedn anthropogenic aatities such as fossil fuel
burning, mining, and manufacturing. All these activities have caused about #0100
increase in environmental Pb concentration. Pb toxicity affects several organs in the body
including the kidneys, liver, central nervous systendocrine system, and reproductive
system.By binding to biological molecules, Pb interferes with their functioraldgw
mechanisms. For instance, it binds to sulfhydryl and amide groups of enzymes, changing
their configuration and reducing their adies. Another toxic effect of Pb is to inhibit or
mimic the actions of calcium. By mimicking calcium, Bbcumulates in bones of the
individuals where it can remain very long time. After a while, itloameleased frorthe

bones, enter thieloodstreamand affects blood and other organs. Furthermore,



besidedisruptingcalcium metabolism, Pb can act like magnesium and iron which are
found in structures of some enzymes and displaces thisn.it causes the formation of
reactive oxygen speci€ROS), disuption of membrane functions, and DNA damage as
in the case of Cd.J(ar o s g &wRiogosvekaSeget, 2014; Naik et al., 2013;
Tchounwou et al., 2012).

The environmental concentrations of heavy metals have highly incrisasszent years
because oainthiopogenicactivities (Bar et al., 200Maik, 2013;Nithiya et al., 2011,
Staley et al., 2015; Ullah et al., 2019everal physicochemical strategies have been
developed to remove heavy metals from the polluted environments in the past few
decades. Becausisese methods are expensive and less efficient, bioremediation applying
microbes to detoxify and degrade environmental contaminants has becafeaad
economicahblternative to physicochemical methods (Guo et al., 2010; Mathe et al., 2012).
Since bactea contain several quickly spreading heavy metal resistance mechanisms, they

are frequently the choice for bioremediation processes.

1.2Heavy metal Resistance Mechanisms in Bacteria

The heavy metal ion toxicity related to thebeng at e p f o r iored in sectisn me n t
1.1 has forced bacteria to develop m#&al homeostasigactors and metal resistance
determinantsHeavymetal resistance systems may have developed shortly aftinsthe
appearance of prokaryotic life on Ea(Bruins et al., 2000; N& 1999; Silver, 1996). In
thepresentra, the environmental pollution caused by anthropogenic activities in the form

of elevated heavy metal ioroncentrationgputs a selective pressure in favor of these
resistance mechanisnfStaleyet al., 2015). Theseesistance mechanisms are mostly

driven by plasmids enabling horizontal gene transfer causinguic& spread of these
resistance elements throughout the bacterial communities (Chudobova et al., 2015;

Hoostal et al., 2008). However, chromosoma&hcodedesistance functionsre also



present (Kardak et al ., 2014, Me radpeayy et
metal cannot be degraded or modified as toxic organic compounds, only a few resistance

mechanisms are present (Njd999).

1.2.1 Metal exclusion by permeability barrier

Metal exclusion with permeability barriex accomplishedby alterations in theell wall,
membrane or envelope of microorganisms. For exampke,aoli, exclusion of Cu (I1) is
achieved by thealtered production of oute membrane channel proteins (porins)
decreasing the permeability of the membrane to metal ions. Another mechanism is
nonspecific binding of metals to tbetermembraneThis providesa low-level protection

due to saturation of binding sités i m @3akseoet al., 2017Bruins et al., 2000).

1.2.2 Efflux mechanism

Transport of heavy metal ions outside the cell membisapeovidedby the threemajor
families of efflux transporters, B-type ATPases, ation diffusion facilitator (CDF)
transporters and CBAansporters (threeomponent tranenvelope efflux pumpHigure

2). These mechanisms provide bacterial heavy metal resistance against highly toxic and
reactive metal ions such as Pb (1), Cu (I), Ag (I), Zn (1), and Cd (Il) by preventing over
accumulatn of these ionsP-type ATPases arespanning the inner membrane and
transport metal ions from the cytoplasm to periplaSmilarly, CDF transporterscting

as chemiosmotic ieproton exchangergiansfer metal ions from cytoplasm to periplasm.
CBA on the other hand function also as a chemiosmotic antiporter but extrudes metal ions
from the periplasmto outside of the cell{Bruins et al., 2000; Hynninen, 2010;

J ar os §a&amadtrenskaeget, 2014; Naik et al., 20113
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Figure 2. Main transport families involved ineavymetal resistance

1.2.3 Intracellular sequestration of heavy metals

Intracellular sequestratiois the accumulation of metals the g/toplasm viaspecific
metal binding proteins known as metallothioneins. Ttegseialmetal binding proteins
are induced in the presence of heavy metals as€hl, Pb, Zn, and Cu, and involved in
immobilization processedetallothioneins are synthesizéy several bacterial strains
and encoded bymt locus containingsmtA and smtB genes(Bruins et al., 2000;
J ar os (a&amadtrenskaBeget, 2014; Naik et al., 20113

1.2.4 Extracellular sequestration of heavy metals

Bacterial cells synthesize extracellulaopolymersknown as exopolysaccharides (EPS)
composed omacromoleculefor instance polysaccharides, piois, nucleic acids, humic
substancedipids and other nopolymeric constituents. Exopolysaccharides (EPS) are

mostly acidic heteropolysaccharides with functional groups such as hydroxyl, carboxyl,



amide,and phosphoryl exhibiting high affinity towarieavy metals. EPSs bind metals
via their charged moieties leading to metal immobilization within the exopolymeric matrix
(Bruins et al., 2000 a r o0 s § & MatrenskaBeget, 2014; Naik et al., 20113

1.2.5 Enzymatic detoxification of metal to a less toxic form

Enzymatic detoxification is mainly a function of the protesrscodedby genes in
resistance operons. These genes are responsible fopthection of proteins involved in
detoxification and transportation of metal ions, @etFregulationof resistance. In the
absence of metal ions, the operon codes for a regulatory proteifothategulateshe
transcription. If metal ion is present the environment it stimulates synthesis of a
periplasmic binding protein and membraassociated transport proteins by the same
resistance operor.he metal ion is collected by the periplasmic binding protem
surrounding environment and transferretbithe cytoplasmby transport proteins for
detoxification. Thesame operon also encodes for the gene producing a reductase
responsible for theeductionof the metalion. Then the reduced metal ion is released to
diffuse through the cell membrane and itfie surrounding environme(Bruins et al.,
2000).

1.2.6 Reduction in metal sensitivity of cellular targets

Some microorganisms overcome the presence of toxic metals by changing the sensitivity
of essential cellular componentdutations that decrease sensiy but do not alter basic
functions or by increasing production of particular cellular components are the ways to
combatthe heavy metals for this strategy. The microorganisms may also represent
resistance to heavy metals by producing metal resistemgaents or alternate pathways

to bypass sensitive compone B uins et al., 2000)in ourstudy,we have measured the
macromolecular profile changes supposecesultfrom the above mentioned heavy metal

resistanceénechanisms with infrared red spectrgsy.



1.3 Brief history of Fourier Transform -Infrared (FT -IR) spectroscopy

Discovery of IR dateback to the early 1800kut the first IR spectra were published only
by the end of the centuryater, in the 1940s IR spectrometer was combiwétl a
microxope which obtained greatadvantage to extract accurate molecular information
from small areas of a samplarcelli et al, 2012) In the 1950s and 1960s, although IR
spectroscopwas usedor identification or differentiation of bacteria, it was laloars and
impractical for routine analysidue to instrument limitations and lack of integrated
computational analysidNaumanret al 1995; Riddlest al, 1956. The use of IR in routine
analyses (qualitative, quantitativieas been increasingith the invention of the Fourier
Transform Infrared (FIR) spectroscopyMarcelli et al., 2012)After the development

of the modern interferometer and multivariate statistical toolsiR-$pectroscopyvas
applied for biological systems frequently in the 198@ufgula et al., 200} FT-IR
methods foiin-situ analysis of bacterial cells and complex spectral analysis to identify,
differentiate, and classify bacteria reintroduced by Naumann awebdeers in 1991.
Since that time,FT-IR spectroscopy hadeen successiyl used for detection,
discrimination, identification, and classification ludicterial cells. (Burgula et al., 2007;
Davis & Mauer, 2010De Lucaet al., 2011Preisneret al., 2008Preisneret al., 2012;
Wenning & Scherer, 2013).

1.3.1 Electromagnetic radiation

The electromagnetic spectrum is consist of energy (E) that may act both as a particle and
as a wave. The wonghoton is usedwhen we identify this energy as a particle. The terms
frequency (v) andwavelength( aaje usedn the waveconcept The number of waves
passing through a given point in a secancalled frequencyVavelength is described as

the distance between the two adjacent wave crests. The inelatsanis present between
frequency and wavelength, according to the equatloereni s t he Pl anckos

cis the speed of light.

const



(1)) E=hv=hc/ @& ; (2) c = & g

Thus, when frequency increases, wavelength decreases. Based on these two equations, a
new unit of measurememtas introducecaalled thewavenumber (7). The wavenumber
is defined asa number ofwaves in one centimeter and has the sumt reciprocal

centimeters (cm).

= wavenumbew = (1/ &) 0 E = h.

Because inverse proportionality is present between the wavenumber and wavelength,
wavenumber is directly proportional to frequency and energy that mendenore
convenient to us@Campbell & Dwek, 1984; Stuart, 2004

1.3.2 IR spectroscopy

Spectroscopys basedupontheinteractionof electromagnetic radiation with mattdhe
region extends frori0,000 crmt to 10 cmt of the electromagnetic spectrum knoasIR
region is composed of neanfrared (NIR), midinfrared (MIR) and faiinfrared (FIR)
regions(Burgula et al., 2007)R spectroscopy is based on the absorption of IR radiation
at specific wavelengths (or frequencies or wavenumbers) by IR active ulesldbat
absorb energies within the miR region @00-4000 cm!) of the electromagnetic
spectrum.In this region ofspectrum all molecules represent characteristic absorbance
frequencies and primamnolecular vibrationsorrelated with the presence giesific
functional groups (for example, amide, carboriparcelli et al., 2012)Molecules found

in matters contain bonds that are continugilyrating and moving around(Alvarez et

al., 2011; Davis & Mauer, 2010nfraredradiation (IR) changes thebrational behavior

of molecules by delivering energy quanta and changing their vibrational and rotational
modes. It leads to excitation gfbecificmoleculargroups,and the vibration caused by the

excited state only takes placedfiaed wavelengthsThatis when IR radiations passed



through asample; specifisvavelengths are absorbed bringing about the chemical bond
vibration in the material Absorption of radiation takes place when taeergy of
vibrational mode is equal or close to the energywéeelengthof radiation. In the mid

IR rangeyvibrations are mainly istretching or bendinfashion(Haris & Severcan, 1999;
Davis & Mauer, 2010)Stretching and bending vibratioase determinetly interferences
(positive or negative) happening wheresific frequencies (or wavelengths) of rikl
radiation and the natural frequencies at which immdecular bond vibrations resonate.
Stretching or bending alter the molecular dipole moment ofmiblecule In polyatomic
moleculesa number opotential vbrational modes reflecting ttommplexityof molecule
can be simultaneously created by different parts ofrtbkecule while one normal mode

of vibrationis seenn bi-atomic molecules. Movement along the bond axis such that the

interatomic distance inera s e s or decreases creates stretch

changee n t he bond angle between bonds causes

rocking, wagging, and twisting (Figure 3).

Symmetric stretching Asymmetric stretching Wagging

— 7 X

D4 )4

v 4 4

Rocking Twisting Scissoring

Figure 3. Simple presentationsf some vibrationamodes of chemical bonds (Marcelli
et al., 2012).
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Vibrations leading to a change of the dipole moment of the system cesataia number

of peaks representing different vibrational modes and the number of vibrating components
which contribute to thentensity value and shape (FigureSpectral peaksanbe situated

to specific bonds or groups at specific wavenumber range (frequency). So a correlation is
present between IR band positions and chemical structures in the molecule (Alvarez et al.,
2011; Davis & Mauer, 2010; Marcelli et al., 2012).

Double Skeletal vibrations
bonds & single bond

H single bonds

Functional group region

c-O0

C-N
C:O (-(

Fingerprint region

4000 3500 3000 2500 2000 1500 1000 500
WAVENUMBER (cm)

Figure 4. A typical mid-IR transmissiorspectrunshowing peaks associatedth
vibrational modes of molecules (Marcelli et al., 2012).
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An IR spectrums evaluatedy calculating the intensity of tH& radiation before and
after passing through a specimen, and the specdsrpiotted.When plotting a spectrum,

Y -axis andX-axisare usedsabsorbance angavenumber units, respectively.

When IR spectruns calculatedaccording to transmittance (T),i$ expresseds

%T =1s/Ir (1)

IS = intensity of IR beam after passing through the sample;

IR = intensity of IR beam before passing through the sample;

T = transmittance.

Qualitative measurement is maiimted by absorbanc@), where

A= T TdrATglogio (1/T) =log (r/ls) (2)

B e e r Oisvalid fomquantitative spectral analysis which defines the concentration of
the sampleegardinghe path length(l), absorptivity (e) and concentratior):(

As="GIC  (3)

Excitation caused by the absorption of IR radiation forms the absorption bands because of
the energy exchange between discrete light quanta and the mechanical motion (vibrational
modes) of the molecules. Concentration affects the intensigpsorbance peaks but,
intensity variation may not always be linear due to intramolecular interactions,

atmospherichangesand instrumental limitations. An air background spectisineeded

12



for analyzing spectra of biological samples to eliminatetsalecariations resulting from
instrumental error, variation in the surrounding atmosphere and absorbance of water vapor
and CO2 in the air. The absorbance or transmittenceasureavithout a sample in the
chamber, and this measurement is compared @ostmple spectrum to obtain a
background spectrum employed to remove the effects of atmospheric conditions (Burgula
et al., 2007).

1.3.3 Fourier Transform Infrared spectroscopy (FTIR)

In FTIR spectroscopy, radiation emitted from IR souscpassedhrough a Mchelson
interferometer with deam splittefa semireflecting film usually made of KBr), a fixed
mirror, and a moving mirror. The interferometer ugdsrference of radiation between

two beams to measure th@velengthof light and producesterferogam, which is a
signal formed as a result of the change of path length at a beam splitter (Stuart & Ando,
1997).Interferogram producing force is the recombination of two beams with different
path length in the beam splitteroducing an interferenc&henIR radiation is applied,
some radiation iabsorbedand the ress transmittedo the detector which measures the
total interferogram from all the different IR wavelengths. Interferogram (an intensity
versus time spectrum$ convertedto an IR spectrunfan intensity versus frequency

spectrum) by a mathematical function called Fourier transformgg&igare 5)

13
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Figure 5. A) Schematic diagram of a Michelson interferometer configured for FTIR B)

The general system flowchart of FTIR.

1.3.3.1 Advanages of FTIR spectroscopy

1- FT-IR is relatively fast and easy technique because, little or no sample preparation

needed before application of tee@mple and mostly 5 min is enough for spectral analysis

(Mendelsohn, 1986; Movasaghi et, &008 Oustetal., 2004.

2- It is anondestructiveechnique that cells remain intact during analysis. Furtherraore,

smallamountofample(nege g ) i s

enough for

Burgula et al., 200MDavis & Mauer, 201p

4- It is auniversal method. In other words, the instrument and software can be reached

spectr al

easily to use for routine analys@avis & Mauer, 2010; Garip et al., 2007)

dat a

5- In addition to providing qualitative information about cell composition and functional

groups, FTIR arigsis can be used for quantitative purposes by quantifying the number of

cells or amount of functional groups present in a sanipdeié & Mauer, 2010Kim et

al., 2005;Movasaghi et aJ.2008).
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6- It is usedor evaluation of multipléypesof samples inluding liquid, gas, powder,

solid, or film(Haris & Severcan, 199®avis & Mauer, 2010).

7- It is used for discrimination of bacteria according to their physiological state such as
live, dead, injured, and treat¢Davis & Mauer, 2010; Alvarez et al., 20 Lin et al.,

2004; Mecozzi, 200ustet al., 2004

8- Compared to several widely used methods, FTIR analysielatavelyless expensive
technique for bacterial identificatiqiNaumannret al, 1996; Naumann, 2000; Mariey

al., 2001).

1.3.4 Attenuated Total Reflection- Fourier Transform Infrared (ATR -FTIR)

Spectroscopy

Transmissiontransflectionand attenuated total reflection (ATR) are the thmegor IR-
spectroscopic sampling modes. Each mode has advantages and disadvantages depending
on sampleype (Baker et al., 2014).

b Transmission Transflection
Infrared light \/
/ & Substrate
ATR (e.g., Low-E slides)

Substrate (e.g.,

calcium fluoride) 4k— B

ATR crystal P .
(e.g., diamond)

Figure 6. The three main sampling modes for FTIR spectros¢Bpker et al., 2014)
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Based on the phenomenon of total internal reflection, Attenuated Total Reflectance (ATR)
spectroscopy is powerfultool for studying biabgical materials.avis & Mauer, 2010;
Marcelli et al., 2012 The ATR crystal, such as diamond, zinc, selenide, or germanium,
with a high refrative indexis usedasan internal reflection element (IRE)helR beam

is directedhrough an internal reftgion element (IRE) where evanescent wave penetrates
the sample (Baker et al., 2013avis & Mauer, 201 In particular, the IR beam reaches

the interface between the ATR support and the sample at anvamgle maintains total
reflection of thebeamby the interface and then begmenetrates into the sample as an
evanescent wave, where it can be absorbed. The beam penetration depth is $yecified
thewavelength, the incident angle, as well as the refractive indices of the sample and the
ATR elementThisapproach allows the measurement of samples without deposition onto
an IR transparent support, and only need is a specimen to be in citeset voth the ATR
element (Amiet al., 2012)By placing the sample directly onto the IRE aperture of the
ATR accesary, biofluidscan be easily analyzdxyy bypassing any potential contributions
from any substrate such as a microscope slide that the samplebeopilacedn. This
approactprovides aeductionin time needed for sample preparation (Baker et al., 2014).
Furthermore, even though transmission #madhsflectionmodes havdbeen commonly
usedin biological analysis(Kazarian& Chan, 2006; Marcelli et al., 2012). Because of
these properties, ATR mode of FTIR isfast and inexpensive technique which can
analyz different functional groups of molecules in the biological systems (Gaigneaux et
al., 2006) Additionally, to reach sufficientliarge absorbance intensity, ttempleshould

be of adequatehickness In transmission anttansflectionmodes, the materigtickness
should be adjustedappropriately. If theexcessivelythick specimenis used Beer
Lambertés | aw cannot be valid because of
disruptsthe subsequent quantitative and clasdiiicaanalyses. In carast, samples must

also not be excessively thin to prevent interactions of the evanescent wave with the
underlying substrate. In ATRTIR spectroscopy, samples can be thmefourfold
thicker than the penetration depth. In other words, therernsstiction for thickness and
specimens which are even a millimeter thick can be analyzed (Baker et al. D20is};

& Mauer, 2010.
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1.4 Chemometric approaches

Chemometrics allow interpretation of complex spectral data which gives information
about the strcture and composition of cells by using multivariate statistical tools (Lavine,
2000). Multivariate statistical toolsre dividedinto two categoriesupervised methods

and unsupervised metho@Brereton, 2003Wang & Mizaikoff, 2008. Unsupervised
methodsextrapolate the spectral data withguior knowledge about the sample studied.
They are elegant tools for classifying spectra and obtaining an impression of the
complexity,similarity andheterogeneityf data sets of unknown composition (Wenning

& Scheer, 2013). Bysingthese methods, spectral data is directly compared, and a subset
of data is created based gjpectrakimilarities (Burgula et al., 2007). In this study two of
the unsupervised method&jncipal Component Analysis (PCA) aHterarchicalCluster

Analysis (HCA), were applied.

1.4.1 Principal Component Analysis (PCA)

Principal component analysis (PCA) based on statistical data reduction is a mathematical
algorithm which reduces the multidimensionality of the data set into its most ddamina
components or scores while retaining most of the variation in the dafzasét & Mauer,
2010; Ri ngn®r 2008) . Mu | t indglechegntsei umimpottantt y
directions where samples variances are insignifiGad defining directions callle
principal components (PCs) (Rusak et al., 2003). R@s anew set of uncorrelated
variables transformed from the original set of variablescanthins maximal variation in
the dataset Mostly, >95% of the variance is maintained by the first few RACs.
investigates the variana®variance or correlation structure of a sample set in vector form.
Vectors composing variation are called eigenvectoreiig & Berns, 2005 Principal
components are independent (orthogonal) linear combinations of originablear
Sample variance gbrincipal components is called eigenvalues and aligwét their

magnitude. First principle component (PC) showddhgestamount of variation (in
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eigenvalue) while the seconthrgest variation is displayed by secongrincipal
component, along direction uncorrelated to the first compoi#ddi et al., 2010Al-

Qadiri et al.,, 2008; Ami et al., 2012Yhe values used for detection pfincipal
components are called factor scores, and theses can be interpreted geomethjcas

the projections of thprincipal components. When fact@ae extractedhey account for

less and lessariability; datais reducedto a point in which there i®nly a minimal
significant variability or to a merely random noise. As a result of¢dectionof data,
thenewcoordinate systens createdlIn this coordinate system, axes (eigenvecthmsyw

the characteristic structure information of the d&teerefore PCA can be used to reduce

a complex spectral data sato its most dominant componts. It differentiatesspectra
consisting of hundreds of absorbance values witpaotr knowledge.The outcome of

PCA presentingimilarities and differences between the spedraisualizedas either
two-dimensional (2D) (two PCs) or threlmensional 83D) (three PCsscore plotsThe
pattern of similarity of the observations and the variables is also exhibited in PCA by
displaying them as points in mag@amples become closer with increasing similarity.
Furthermore, PCAleterminesvhether samples can lgeouped or notljavis & Mauer,
2010; Yu, 2005).The correlation between a component and a varisblnown as
loading. Loadings plots are used to determine which spectral regions provide the most
significant contributions to data variatiohighlight the contribution of each variable
(wavenumber) to eachrincipal componentLarge positive or negative loadings are
related to spectral regions that are involved in sample differentiation (Abdi et al., 2010;
Al-Qadiri et al., 2008).

1.4.2 Hierarchical ClusterAnalysis (HCA)

Hierarchical cluster analysis (HCA) is one of the most used tools for the quick
examination of complex spectral data of biological and medical samples. It is a ready,
computerized instrument used for evaluating large sets of data for cooma@cteristics.
Therefore, tuster analysian be usedor discrimination of similarities between the

spectra of cells by the help of the distances between spectra and aggregation algorithms.
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Pearson product moment correlation coefficient and theidtaicldistance are mostly
employed distancesSeveral algorithms suchs SingleLinkage, Completd.inkage,
Averagelinkage, WeightedAverageLinkage, Centroid, Median, have been developed

for this purpose over the yeatdowever,most popular algorithms ad for clustering
biological data are the Ward algorithemd average linkage algorithm (also called
UPGMA, the unweighted pair group method with arithmetic mean) (Mariey et al.,.2001)
By using HCA, a complex set of observatic® segregatedto unique, mutually
exclusive groups (clusters) of subjects similar to each other according to particular
characteristics. Algorithms create a representative for each established cluster from the
data set. Designated distance (or similarity) measures such asli&udalistance or
factorization are used for subsequent calculation of the distance between the clusters
(Kniggendorf et al., 2011)Spectral datas separatednto the most common spectral
variations (factors, loadings, principal components) and the pamédsig scores by using
factorization whiclcompressethe data anduppressethe noiseThe arrangemerdf the
clustersshowing the relationships among different groigsisually representelly a
dendrogram, tree diagram. Increasing variance or hetreityis displayedoy the left
vertical axis of a dendrogram. Themberof spectra in a cluster and the similarities
between them detect the magnitude of this heteroger@itgn et al., 2010Davis &

Mauer, 201,

In our study, briefly, the ATHETIR gectroscopy monitored the overall chemical
composition of the bacteria amgneratedighly specific wholeorganismfingerprints

We analyzed our spectral data using unsupervised methods PCA and HCA. Therefore, we
were able to evaluate molecular changesbatterial strains acclimated to toxic

concentrations of Cd and Pb.
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1.5Bacteriological Studies

Before subjected to ATRTIR spectroscopy, we acclimated environmental bacterial
strains(Brevundimonasp, Gordoniasp., andVl. oxydan}to heavy metal (Cénd Pb)

concentrations higher than their minimum inhibitory concentrations (MIC).

1.5.1 Minimum inhibitory concentration (MIC) Determinations

Minimum inhibitory concentration (MICs) is described as the lowest concentration of an
antimicrobial agent including@ntibiotics, heavymetals,and other substances that Kill
(bactericidal) or inhibit the growth (bacteriostatic) of bacteria within a defseeidd of
time (Andrews, 2001; Wiegand et al., 2008). In diagnostic laboratoriedltbes mainly
used to detedhe resistancprofile or to specify the in vitro activity of new antimicrobial
agents(Andrews, 2001) The testedmicroorganismis classifiedas either clinically
susceptible, intermediate or resistant to the antimicrobial admfferent national
organiations such as the Clinical and Laboratory Standards Institute Y@L USA
and the European Committee on Antimicrobial Susceptibility Testing (EUEA&Tlish

the interpretative standards for these classifications. Idgterminatiorof the minima
inhibitory concentration (MIC), agar (solid growth media) dilution and broth (liquid
growth media) dilution are the most commonly used techniques. Isttidg, we used
broth dilution method to detect timinimum inhibitory concentration of Cd and Rbr
Brevundimonasp, Gordoniasp., andMiicrobacterium oxydans

1.5.2 Broth dilution method

To detect MIC for an antimicrobial agent for any microorganism by broth dilution method
identical volumes of liquid growth media containing geometrically insheg
concentrations (typically a twofold dilution series) of the antimicrobial eayerprepared
These mediare inoculatedavith a defined number of bacterial cells. After incubation, the
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presence of turbidity indicates growth of the bacteria (Figurél®n the MIC is defined

as the lowest concentration (Og/ ml or mg/
prevents the visible growth of the microorganism under the defined conditions (Madigan

et al., 2015; Wiegand et al., 2008).
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Figure 7. Detection of MIC by using broth dilution method

1. 5.3 Bacterial culture passaging

A particular strain or kind of organism growing in a laboratory medium is a culture. A
subculture is called a passagény form of subculturing is considered to be a
transferpassage.The transfer of organisms from a viable cult@opulation of
microorganisms) to fresh medium for tewth of the microorganisms describedas

one passaged small amountof initial cultureis taken and added to another growth
medium. When doculturing, microbes are transferred from one growth medium vessel,
such as broth or agar medium, to another allowing the microbes to grow. Cultlre can
transferredrom liquid to liquid, liquid to solid, osolid to solid media. By subculturing,
microbes canbe movedrom one set of test parameters, such as temperature and media
type, to anothefU.S. Pharmacopeia, 2013).
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1.5.4 Acclimation of bacterial strains to heavy metals

In our study, environmental straingere acclimatedto heavy metal (Cd, Bb
concentrations higher than their corresponding MICs by sequential passagregsing
concentration of heavy metals was applied to acclimate bacterial strains predetermined
metal concentration. During acclimation process, the amount of bacterialunoanid
volume of growth medium were kept constant. At every increasing concentration, bacteria
were grown and subcultured (passaged) until the bacteria grow at a stable growth rate.
Under theheavymetal exposure, growth slows down becausgisiiption ofmetabolic
activities During this period, bacteria magdjust its cell physiologyto limit the
distribution of heavy metal within the cell or to repair damages. That is why we passaged
to bacterial strains to achievegeowthrate of fresh bacterial culte. For example, in a

study done byPa g s e t) it avds.obsén2d that when exposed to cadmium,
Pseudomonabrassicacearumesumed the growth aftéwng stasis period (lag phase of
growth) (50 h)When Cdexposed bacteria were inoculated directly ittee Cdcontaining
medium, the lag phase was shortened to 26 h but remained much longer than the lag phase
of the control in Ceree medium (about 5)hThis situation was also seenlncolicells

(Mitra et al, 1975).

1.6 Aim of the Study

Bactera are capable of surviving, growing, getting acclimatedfartiermoreadapting

to toxic Cd and Pb concentrations by using resistance mechanisms (section 1.2) (Nies,
1999). In their habitats,bacteria maybe foundvery close to the source of tmeetal
pollutant. In these cases, they are supposed to be experiencing acute exposures to the toxic
concentrations of the metal. Alternatively, the bacteria beagituatedt a distance from

the pollution source. In thisasethey may experience gradually incres@stoncentrations

of the metal while metal is diffusing from the sourte become acclimatatirough @&her

acute or gradual exposure, bacteria put one or more of its resistance mechanisms
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The process of acclimatiatcurs through several changestimusture,compositionand
amounts of molecules (Harrison et al., 2007; Kamnev, 2008). These changes in the
molecularprofile of bacteria are affected by nature of acclimation (acute or gradual
exposure to the heavy metal) which may lead toféh@ation of bacterial strains with
different physiologiesRouchet al., 1995; Liebert et al., 1991). From the application point

of view, in bioremediation processes, acclimated bacteria are preferred, because
acclimation leads to, for example, increase in prodoctad metal complexing
biopolymers (Kumar et al., 2011; Chang et al., 1995). Furthermaera can be
genetically engineered to increase thieiosorption capacity Kermani et al., 2010;
Kurodaet al., 2001; Singh et al., 2011; Valls et al., 2000; V&llsorenzo, 2002;Yoon

& Pyo, 2003). To use bacteria in bioremediation applications and increase their
biosorption capacityit isimportantto select resistant microorganisms and to know which
mechanisms are operational in tlesistancgHassan et al.,999; Roosa et al., 2014;
Xiong et al., 2015; Maynuad et al., 2014).

In this study, we aimed to determine differences in molecular profile chhatyesen the
acclimated bacterial cells whiakere acutely or gradually exposexdthe heavy metals

We detectedhe extentof changes which may help th@mationof resistant strainby

using ATR-FTIR spectroscopy and evaluated the spectral data by taking chemometric
approaches (PCA, HCA).

For this purpose, three environmental strains isolated frorfmeghwater source,
Brevundimonassp., Gordonia sp. andMicrobactrium oxydans were studied in the
presence of Cd or PBy using two different acclimation procedures (acute, gradual), we
tried to mimicthe situatiorof being close to or distant from theusce of heavy metals

(Cd or Pb) for bacterialhe bacterial strains were acclimatecheavy metal (Cd or Pb)
concentrations which were 2 to 4 times higher than their corresponding minimum
inhibitory concentrations.Our results showed that the amount gdid, protein,
carbohydrate, nucleic acids changed.

In our study,we have shown for the first time that there were notable differences in
molecular profiles of bacteria caused by nature of acclimation (acute, gradioiapver,

the molecular profiles déred between the lead and cadmium acclimated bactéis.
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indicates that although the resultti® acclimatiorto a certaincondition, the way this
acclimation achieved changes the current molecular stathe bacteria

By using the knowledge thate have generated in this study different acclimation
approaches may be taken to generate reststaterial strains with different physiological
adaptations. We have seen that AFRR spectroscopy proves to be a useful tool in
determiningthe moleculachanges necessary for bacteria to acclimate themselves.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Bacterial strains

Three environmental strain&revundimonassp., Gordonia sp. andMicrobacterium
oxydanswere isolated from Lake Mogalocated in Ankara (Ozaktas et al., 2012). Their

16S rRNA sequences can be reached in NCBI GenBank database under accession
numbers JF421708F421702and JF421724 respectively.

2.2 Growth conditions

Bacterial strains were cultured in nutrient broBig/( of meat peptone and 3g/l meat

extract, Merck) or nutrient agar (5 g of pancreatic digest of gelatin, 3 g of beef extract and

15 g/l agar, Becton Dickinson). Cadmium chloride (GiiGtock solutionwvas prepared

by dissolving in distilled water (D). Lead nitrate (Pb(N@)2) stock solution was
preparedy first solubilizing in 1:10 diluted nitric acid (HN§Pthen dissolving in distilled

water (metals fronsigmaAldrich). St oc k sol uti ons were filter
filters (Pall, USA). Before ating the metal solutions, growth media were autoclaved and
cooledto 455 0 Media dispensions and inoculations were performed in a larftomar

chamber (Esco, USA). The liquid cultures of bacterial strai@se grown in an orbital
shaker at 200 rpmunde aer obi ¢ conditions at 28 AC (Z
To determine the concentration of cetlse culture was serialtjiluted, then subsequently

plated on nutrient agar (NA) and colony formungjts (CFU) were countedFor each
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culture,optical desity (OD)were also measured 600 nm. The working concentrations
of bacteriavere seat OD 0.5which corresponded toiCFU/m.

2.3. Determination of minimum inhibitory concentrations (MIC)

Broth dilution method was used to determine growth inlubiof bacterial strains (Table

5) as a result of metal exposure. Increasing concentrations of Cd (ranging between 0.5 and

100 Og/ ml) and Pb (r an g waeregapptieefor wlebaateriab and 500
strains. Metal concentration (Cd, Pb) ranfpeaVii C studies were determined according

to information obtained froriterature Br ©° ker e 8r &k ey 2, 0aahthi. |, 2008

et al., 2016; Masoudzadeh et al., 20Mhsoudzadeh et aR014 Matyar et al., 2008

All experimentsvere conductedccordingo the rules specified by EUCAST (2003). All

MIC studieswere donen triplicates.

2.4 Acclimation of bacterial strainsto cadmium and lead

The bacterial strainarere acclimatedo the Cd or Pb concentrations higher than their

corresponding MIC vaks. Two differenapproachewere takerfor acclimation studies;

gradual versus acute. In tliest approach (gradual), we subjected bacterial strains to

gradually increasing Cd or Pb concentrations starting from the concentrations below the

MIC values. Ateachmetal concentration, several passages were made for bacterial

cultures. Once the growth rate was stabilized, next concentration was then tried.

Therefore, the cultures were supposed to be acclimated for desired metal concentration,

when they show themaximal growth at the time that control reaches its maximal.
gradualacclimation forCd,t he concentrations were started fr
as mul ti pl e smldte bdsteria was tcolimatedl to®lyupon gradual exposure

similarly, uttheconcent rati ons were started from 20 Og
60, 70, 80, and 90 Og/ml. In the second appro.

26



higher concentrations as large pulsgsncentrations were begun from values higher than

their MIC. At every concentration, bacterial strains weassagedeveral times until they

reach their maximal growth rate. FGd, the concentrationsere appliedas 20 and 30

Og/ ml at once, and f oNumberof passaged coylteseenn and ¢
Tables 78 as provided in section 3.2.

2.5 Bacteria Sample preparation for ATRFTIR spectroscopy

Bacterial concentrations were standardized as OD 0.5 at 600 nm by using a
spectrophotometer (U2600/2700, Shimadzu, Japan). After concentratigasaaents,
sampleswere centrifugedct 10,000 g for 10 min (Sigma4lMicrofuge, SciQuip, UK).
Pelletswere suspendedn 15 Ol of distilled water afte
each treatment in acute or gradual acclimation procedlifesampleswere prepared

(N=10). In tables anfigures,i A0 r e f a&cutea ptpd itctaed i on of met al s

to thegradualapplication of metals (Table 1).

Table 1. Representations and numbers of samples for acute or gradual exposure
procedures

Acute exposure Gradual exposure
Sample Sample

Cadmium (Cd) / Lead (Pb) number Cadmium (Cd) / Lead (Pb) number
Brevundimonasp-Cd(A) 10 Brevundimonasp-(G) 10
Gordoniasp-Cd(A) 10 Gordoniasp-Cd(G) 10

M. oxydansCd(A) 10 M. oxydansCd(G) 10
Brevundimonasp-Pb(A) 10 Brevundimonasp-Pb(G) 10
Gordoniasp-Pb(A) 10 Gordoniasp-Pb(G) 10

M. oxydansPh(A) 10 M. oxydansPb(G) 10

10samplesvere also analyzefdr each controjN=10).Controls werdBrevundimonasp.,

Gordoniasp. andV. oxydanscultures without metal exposure.
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2.6 ATR-FTIR spectroscopy

IR spectroscopy measurements of baatesamplesvere performedvith Spectrum 100

FTIR spectrometer (PerkinElmer Inc., Norwalk, CT, USA) accompanied by an ATR
equipmentTo remove the atmospheric €énd HO absorption bands of environmental

air, air spectrum was used as background and atittatia subtracted. Spectroscopic

measurements afamples( 5 Qvere conductedt 4cn* at room temperature. Before

taking spectroscopic measurements, samples appliediamandZnSe crystal andere

driedwith a mild N\ flux for 5 min. Then the samplesere scannetletween the ranges

of 4000650 cm. From the same s athpedaguosus p@inseéeaah) 15
were scanned as 100 times per aliquot and then averaged. Spectral data collection and

manipulationwere donevith Spectrum 100 software ¢FkinElmer).

2.7 IR Data Analysis

The second derivative of the spectrum was taken to increase the resolution of complex
and overlapping bands as well as to determine the exact band pdsytiasiagSavitzky

Golay algorithm After taking the second deatives, vector normalization of the spectral
datawas done Absolute band intensitiewere calculatedrom the second derivative
spectra with OPUS 5.5 software (Bruker Optics, GmbH).

2.8 Chemometric approaches

Complex spectral data cae analyzedy using multivariate statistical approaches. In this
study, multivariate statistical analysis of ATRIR spectra (chemometricsyas
conductedby using unsupervised methods sashPCAand HCA. Those unsupervised
methods let us extrapolate the spectral eathout prior knowledge about the bacteria
studied Davis & Mauer, 2010Wenning & Scherer, 20}3
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2.8.1 Principle component analysis (PCA)

PCA reduces the multidimensionality of the data set into its most dominant components
or scores while presengnmost of the variatiomlready exist in the data sd&gvis &

Mauer, 2010Ri ngn ®r 2008) . Therefore, PCA <can
complex spectra consisting of hundreds of absorbance values by reducing it to one point
in a multidimensioal space (Wenning & Scherer, 2013). In our study, Unscrambler X
software package (v. 10.0.1, Camo Software, Oslo, Norwag)usedor PCA analysis

of the spectraldata obtained from bacterial strains. Followed by baseline correction,
seconderivatization and vector normalization, the spectral dagsie subjectetb PCA.

PCA was employed to see the similarities and differences iwlioée spectral region
(4000650 cm?), lipid region (32062800 cm'), protein region (180Q4500), and
carbohydrate regio(1200-900 cmb).

2.8.2 Hierarchical cluster analysis (HCA)

Hierarchical tuster analysis is used to define similarities among the spectra of samples
with the help of the distances between spectra and aggregation algorithms. (Mariey et al.,
2001) A derdrogram showing similarities between the spedsragenerated The
dendrogranrepresents the arrangement of the clusters as an outcome of a clustering
algorithm. The left vertical axis of a dendrogram exhibit the increasing variance or
heterogeneity.

In our study, HCAwas conductedy usingby OPUS 5.5 software (Bruker Optics,
GmbH).To find out spectral differences between 1) the heavy metal exposed and control,
2) acutely and gradually acclimated bactewactor normalized, seconderivatized
spectral dewere used amput for HCA.The HCA analysisvas appliedo lipid, protein,
carbohydrate and whole spectral regions. Reswdte visualizedhs dendrograms which
represent the arrangement of clusters 1in

algorithm along with Euclidian distances was used to create the dendro@amysle
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similarities were calculated by the help of Euclidean distanceT he War d6s al gor i

allowedclustering homogeneogsamples as much as possible by collecting the spectra as
the snallest distanceén variance(Lasch et al., 2004; Severcan et al., 2010). Sensitivity
and specificity valuesvere acquiredrom the results of HCA (Tables 2, 3, 4). The
sensitivityevaluateghe ratio of real positives which are correctly defined. iRstance,

the percentage of the acutely acclimated bacteria (Cd or Pb) as being in the defined acutely
acclimated group. Otlneother hand, the specificity evaluates the ratio of correctly defined
negatives. Foinstancethe percentage of control bacteria defi as being not in the

acclimated clusters (Table 2) (Severcan et al., 2010).

Table 2. Definitions for sensitivity and specificity for hierarchical cluster analysis based
on FTIR data for acute acclimation

Cluster analysis results based on FIR data

Positive Negative

(Cd or Ph) (Cd or Ph)
Acute A B Sensitivity= A/A+B
Control C D Specificity= D/C+D

A: The number of acutely acclimated (for Cd or Pb) bacteria clustered in acutely
acclimated group (true positive)

B: The number of adely acclimated (for Cd or Pb) bacteria clustered in control group
(false negative)

C: The number of control bacteria clustered in acutely or gradually acclimated (for Cd or
Pb) group (false positive)

D: The number of control bacteria clustered in corgroup fruenegative)
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Table 3.Definitions for sensitivity and specificity for hierarchical cluster analysis based
on FTIR data for gradual acclimation

Cluster analysis results based on FIR data

Positive Negative

(Cd or Pb) (Cd or Pb)
Gradual E F Sensitivity= E/E+F
Control C D Specificity= D/C+D

E: The number of gradually acclimated (for Cd or Pb) bacteria clustered in gradually
acclimated group (true positive)

F: The number of gradually acclimated (for Cd or Pb) bacteria clusteceshirol group

(false negative)

C: The number of control bacteria clustered in acutely or gradually acclimated (for Cd or
Pb) group (false positive)

D: The number of control bacteria clustered in control groue Qegative)

Table 4. Definitions for sesitivity and specificity for hierarchical cluster analysis based
on FTIR data for acute and gradual acclimation

Cluster analysis results based on FIR data

Positive Negative

(Cd or Ph) (Cd or Ph)
Acute G H Sensitivity= G/G+H
Gradual J K Specificity= K/J+K
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G: The number of acutely acclimated (for Cd or Pb) bacteria clustered in acutely
acclimated group (true positive)

H: The number of acutely acclimated (for Cd or Pb) bacteria clustered in gradually
acclimated group (false negative)

J: The number of gradually acclimated (for Cd or Pb) bacteria clustered in acutely
acclimated group (false positive)

K: The number of gradually acclimated (for Cd or Pb) bacteria clustered in gradually

acclimated groupt(ue negative)

2.9 Statistics

The resultswere displayeda s means (N SEM) . One way ANOVA
Software, Inc.)was usedor comparison of acclimated bacterial strains (group A and

group G) with control groups under tb&posure otadmium or lead. Also, acclimated

groupswere conparedwith each other. Absolute intensities of the spectral bands in the

control groupswere takemas 100 and intensities of acclimated groups were corrected

proportional to that. Ap-valueof less than 0.05 was considered statistically significant.

Degres of significance were denoted@s 0.05*, p < 0.01**, p < 0.001***,

p < 0.0001****,
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Minimum Inhibitory Concentrations (MIC) for bacterial strains

Minimum inhibitory Cdconcentrations weréd 5 O ¢ 8 gl f&r Bievundimonasp.

andM. oxydans100g / ml ( 5 4GoAloni@3dy.) (Talbleo5). Results indicated that
Brevundimonasp.andM. oxydansstrains were more resistant th@ordoniasp.to Cd.

ForPbt he MI C values were &b O06BmOMj1a6dOBIY, 5
OM) Bresundimonasp., Gordoniasp. andV. oxydansrespectively (Table 5)As it

was shown tha¥l. oxydansvas the most resistant stramPb.

Table 5.Minimum inhibitory Cd and Pb concentrations for environmeritairss
Ml C
Bacteria Str &iadsmi u@g( @d) Lead OgP )

Brevundsipmonas 15 35
Gordaempi a 10 22.5
M. oxydans 15 37.5

In the literature, different MIC values haleen reportedThe MIC ranges for Cd or Pb
exposedBr e v u n d9d pmoonradses rpi. ¢ M. a nadx ¢ dgrindem & a Alll
studies mentioned ihable6 were conductedn bacteria isolated from different
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polluted environments. Therefore, MIC difference between previous studies and ours may
be causedby differences in environments where the sampleslead derivedin media

composition or growth conditions as well as strain (Kardas et al., 2014).

Table 6. Minimum inhibitory Cd and Pb concentrations in the related literature
Ml C
Bact ernisa StCrd®id/ ml PbOg/ ml ) Refer

Masoudzadeh et al., 2011
Brevundsipmon &5 0 5- >20 Masoudzadeh et al., 2014
Jayanthi et al., 2016

Gordaempi a 3200 -3200Br °ker 28t 5al ., 2004,
Matyar et al., 2008

Nedelkova et 12.0,0 7
M. oxydans 9110 -2 7 4 5Sanchez et al., 285
Abou-Shanab et al., 2007

3.2 Acclimation of bacterial strains for cadmium or lead

In this step of our studyBrevundimonasp.,Gordoniasp. andVl. oxydansstrains were
acclimatedo grow in Cd or Pizontaining media upon gradual or acute exposure. Because
resistance levels differed among bacteria when exposed to Cd or Pb, the concentrations
evaluated and the number of passage were adjusted for each bacterial Apalied.
concerrations of heavy metals and number of passagegivenin Tables 7 and 8. The
gradual acclimation procedures for Cd arld &e presented in Tables 7A and 7B,
regectively. Table 8A and 8B showacute acclimation procedures for Cd and Pb,

respectively.
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Table 7.Gradual acclimation of bacterial strains to Cd or Pb
A

Gradual acclimation of bacterial strains to Cd through subculturing

Comncenst rati ons

(Ol
Briewvwndshpmo Gasdempi 8M Oxydans
5 1 2 1
100 3 4 3
1°5 4 4 4
200 4 4 4
2:5 4 4 4
300 7 7
B
Gradual acclimation of bacterial straitesPb through subculturing
Comcentrations
(O.g1) ml Brewvwndshipmo Gasd:empi aM. Oxydans
200 - 2 -
300 2 3 2
400 4
500 4 4 4
60 4 4 4
700 4 4 4
810 4 4 4
910 7 7 7
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Table 8.Acute acclimation of bacterial strains for heavy metals
A

Acute acclimation of bacterial strains@a throughsubculturing

Comcent r at i oinns e:Sor tifc our t he Bact eNumber of
(O.g:/) ml

Briew uwn dshpmoGoarsd:gmpi aM. Oxy:d an s

200 7 8 7
300 100 100 100

B

Acute acclimation of bacterial strains to Pb through subculturing

Concent rations

(O.g11) ml Briev:wn.dshpmo Gasdeimpi aM. ooxydans
455 7 8 7
7°5 7
900 100 100 100
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3.3. ATR-FTIR spectroscopy

FTIR spectroscopy hdmeen usefbr characterizatioand identification of miabial cells
for about four decades (Davis et al., 2010; Garip et al., 2009; Helm & Naumann, 1995;
Naumann et al., 1988Yenning & Scherer, 2013). IR spectroscopy has been proved to be

a useful tool for detection of molecular changes including alterationstructure,

compositionand quantities of proteins, carbohydrates, lipids and nucleic acids caused by
metal exposure (Choudhary & Sar, 2009; Kamnev, 2008; Kardas et al., 2014FTARR
spectragive information on qualities as well as quantities of tledecules subjected to
change under a given set oéndition. One such spectrum skown in Figure8 to
demonstrate generaATR-FTIR recording in the case Glordoniasp. Band assignments

were doneccording to the related literature (Table 9).

Wavenumber ¢m-1
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Table 9.General band assignments in the spectrum obtained from bacteria

Wave number  Types of molecular vibrations

(cm)

2957 CHS3 antisymmetric stretching of fatty acids

2919 CH2 antisymmetric stretching afainly lipids

2873 CH3 symmetric stretching ahainly proteins

2851 CH2 symmetric stretching ahainly lipids

1739 Ester CGOstretching of triglycerides and cholesterol esters
1632 Amide I: mainlyCO stretching of proteins

1535 Amide II: Ni H bending, €N stretching of proteins

1469 CHoz scis®ring: lipids

1453 CH2 bending of lipids

1392 COO1 symmetric stretching of fatty acid
1310 CO stretching of carboxylic acids: exopolymer formation
1235 POy antisymmetric stretching of amly nucleic acids

1117 CC symmetric stretching of RNA ribose

1082 PO2 symmetric stretching of nucleic acids and phospholipids
1056 Ci Oi C, A Oi C symmetric stretching of polysaccharides

965 RNA and DNA backbone CC stretching of nucleic acids

In the presentstudy, we performed ATRFTIR spectroscopy to detecholecular

alterationsn two acclimation groups of the bacteria. One grassacclimated through

acute high concentrations oédvy metalsThe othergroupwas acclimatedhrougha

gradualincrease in heavy metal concentrations. Both groupse comparedo their

corresponding controls. Representativ® s pectr a of Brdewun d®ibmarcad i ma
sp. ( @c @wtdanad nwlondg m o u p s-6 5@mMst pheec t4r0a0lPi vienpi o n

Fi gaSiemi | ar representative IlaR es meovtempemadn xot he
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A 1A 5To evaluate heavy metal concentratrelated changeshesecondderivative of
spectrawere usedto increase thaesolution of broad spectral banddhe second
derivatizatioriets the overlapping peake resolvedand spectral bandgediscriminated
Then sameaveetcrtaor nkgures a0A,BzaeddCshowrepresentative second
derivative, vetor normalized, average spectra of the contBrevundimonassp.,

Gordoniasp. andV. oxydansn the 30002800, 18001350 and 135®00 cm' regions,
respectively.

Absorbance (A. U.)

4000 3500 3000 2500 2000 1500 1000 630

Wavenumber c¢m'!
—— Brevundimonas sp. Cd(A)

Brevundimonas sp. Cd(G)
~— Brevundimonas sp. (Control)

Fi guA@HFI.R speCdacal omategr ddyalaindGcontr ol

-1
ofBr evundsipmonians6tc®ms p6060r al regi on
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Figure 10.Representative second derivative, vectormalized, average spectf
controls without metal exposur@: 30062800 cmt, B- 18061350 cmt, and
C- 1350900 cmt regions

Figures 11, 12 and 13 (A, B, C for Cd and D, E, F for Pb) show representative second
derivative, vectonormalized, average spectra of the acclimated (acute or gradual) and
control groups oBrevundimonasp., M. oxydansand Gordoniasp. in the 3002800,
18001350 and 135®00 cm! regions, respectivelyAs a resultof Cd or Pb exposure,
changes in the intensities, band shapeswana numbewalues of spectral bands che

deducedrom these figures.
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Absorption intensity of spectral bands gives information aboutdineentratiorof the

functional groups belonging to proteins, carbohydrates, lipids and nucleic acids (Cakmak
et al., 2003; Cakmak et aR005; Ozek et al. 2010). As a consequence of Cd or Pb

acclimation, significant differences in the spectral band intensiteesirred These

differences in the 306000 cm! spectral regiorare givenin Tables 10, 11 and 12 for

Brevundimonasp.,Gordoniasp, andMicrobacteriumoxydansrespectively.

Table10.Thechanges in spectral band intensities in Cd or Pb acclinBatadindimonasp.

with respect ta@ontrol groupA; acute, G; gradual

Wave Spectral band intensitiBseefindimonasp.
Number
(cnt)
Cadmium (A) Cadmium (G) Control Lead (A) Lead (G)
2056 79. 783 N 2.237***+* 81.837 N 0. 756***x
2919 96401 N 1.394* 100 N9a@oB38®B5H &.B86838**+

2873 84.534 N 2.418***+* 100 N 916484335 NN OO 8GB7 * * * *

1masss®e2 NN

pral

2851 106.651 N 1. 7305** 100

1739 121.5 N 7148655 N 4.285***149 N 8.2299* W

1632 81.009 N 1.366**** 847 M.1462 NAIMA 547 ****x 73,
1535 100.964 No9&.007 N 31040530 2.184%95 N 4.214**x
1469 89.322 N 1.415%***x 8892.1a8 NNo1epzas8* N 1.
1453 115.572 N 2.17*%**x 119.847 N 2.453** =%

1392 79.651 N 3.552*=**+* 100 N om1mFe328&N1NDBAEA2R29 N 6.

0.

377****

1310 155. 555 N 1%.94 ®81*4** *N 4. 9 8 62*8*0*. *5 5150 ON N 84. .052376* * *

1235 96.837 N B65&61 N 0. 922**=*

100 N

98.

56. 6

108. 6

B.5bB**x

apn M «

93. 8
63206 * R+
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Table 11.The changes in spectral band intensities in Cd or Pb acclin@dstbniasp. with

respect to the control groufy; acute G; gradual

Spectral band intensities GordoniaSp.

Wave

Number

cnt? Cadmium (A) Cadmium (G) Control Lead (A) Lead (G)

2956 80. 471 N 1. 11***+x 74.298 408 1. 212062*.*5*0*2 N 2. 211050 N 3. 1
2919 96.96 N 0.318 96.919 RB60.081782 N 0. 909* * * 1
2873 98.209 N ®47003 N 310200 N 2.874 1 0 29.23.4218 6N R .49.3123 2

2851 105.088 N1®.750%6% N 1.946** P®O0 0N 60 N72267 114.0
1739 138 N 6.58962. 88R*4** 142190NN512378R58. 425

1632 77.736 N 0. 702F4**xx 868%58BMBE M. B.4AAIWBR* *N* 0. 795 * * * *

1535 102.647 N1D.136a368N 3. 122. 99D N18.13841*7* N 3. 148* * * *
1469 95.294 N aoB147 N 2102 N ®©85®7 N 2.76322382 N 2.241**+*

1453 123.559 N 1. 055**** 1281M81a08RNN3ADB2B2A* *N* 3. 13

1392 65. 721 N 2. 437%*%**~* 20258423367 R N.9377.848272* *K *5. 07100 N

1310 165. 789 N 4.021***+* 18M.05N6 2% . DBAFE#9 *N 910407 N* 5% 26
1235 85. 401 N 19485%25*N 30946 N D6715N4 5. 96791.605 N 2.69

1117 147.169 N 2.201**** 112.735 N 4. 08632 N 2.7400* N 1.1
1082 167.237 N 2.079***x 139.088® 98 N BL=S#4P02**N 100 N 3.111
1056 177.926 N 1.518***+* 1699993808 N DREBOREF *N 4002 H0N* 7484
965 142.939 N 3.988***+ 108.09557% &N 294848 N 3.412100 N 2
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Table 12 The changes in spectral band intensities in Cd or Pb acclitdaied/dansvith respect
to the control groupA; acute G; gradual

Wave Spectral band intensitiésoafydans
Number
(cnl)  Cadmium (A) Cadmium (G) (Control) Lead (A) Lead (G)

2956 79.249 N 1.859**** 100 N8 B63Bewsa [0.oreBrgsare~N 0. 91

2919 94.619 N 19.76.0328*9 N 01.0707 785 1. 8 104 .9371.58 16 ON 203.59*6 3
2873 85.771 N 2.259* 100 N 4988973 N 548322« R.16.6H007*
2851 104 828 N 11®®3678 N 1000518 2. 771 107096723 R. ®5863
1739 209. 28685*N 22D . 714 N 149.01 &5 *8* *8*2 6 11928 .6671 NN 81 ®.53 6 4
1632 77.538 N 1.705835 *K *1*. 1 06 * *8*3*, 100 KN 62.481IN 1. 024 *81.*
1535 96.124 N B6236 N 3.369** 4a9.05%N4 30153388+
1469 75.451 N 1.412**** 100 B14.3%%72 N 1. 128377A.525a N .12.8412 1
1453 115.764 N 1.234* ¢+ 122.292 N 2.0719*42*N 11806 K* 3

N

1392 71.81 N 1D®2208* N 2.392* N 3.61441080*4A8 1N 538.5842* * * *
1310 136.842 N 3.507***=x 173.684 N 4.2971*052 N100. N35*
1235 94.346 N 184824852 N 1.702**82.932 [N0Bw6LON2IB3 2kD61. 956

1117 141.148 N 4.294** % 1171.4790.32 8R¢ 1IN @BaE*17*2 2 *N 310AF 3N *
1082 161.848 N 3.6041*413***1490.778® 5N N N9F592r*R 1. 875**
1056 194.16 N 24.785%*32* *N 1D.09 N9 *32.0217.3824 N 21B6B28*N 1.884*+*

965 128.086 N 14.86 29*9* *N 1£0.04 AN8*3. 2 163. 8% 9N 25.99 (N4 *4* *8*0 8 * *
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The 30062800 cm' spectral region contains the-KC stretching dominated bljpid-
associated bands including Ck antisymmetric stretching of fattyacids, CH>
antisymmetric and CkHsymmetric stretching of lipids (Helm et al., 1991; Naumann et al.,
1995). As a result of Cd elimation, theintensity of the CHz antisymmetric stretching
band at 2956 crh significantly (P<0.000]) decreased in all heavy metal acclimated
Brevundimonassp., Gordonia sp. andMicrobacterium oxydansvith respect totheir
corresponding control groups.h@se results were supported by another fatty acid
associated spectral band at 1392'cexceptfor gradual CeacclimatedM. oxydans
(Tables 10, 11, 12)n the Pbacclimated bacterial groups, excepGardoniasp. (acute,
gradual), the intensity of the GHintisymmetric stretching band remarkably reduced
(P<0.0007) (Tables 10, 11, 12Bimilarly, theintensityof the CO® symmetric stretching

at 1392 crit was lowfor only Pbacclimated (acutegradua) M. oxydansyroups (Table
12). In PbacclimatedGordonia sp.(acute, gradual) the GHantisymmetric stretching
band was not different. However, the intensity of the €@@nmetric stretching band
(1392 cmb) remarkably increased in acutely -RbclimatedGordonia sp. P<0.000))
(Table 11) while no change wascoeded for gradually acclimated counterparts. The
significant decreases intensities of spectral bands in 2956 tamd 1392 cm suggested
areductionn the amount of lipids and change in the composition of the acy! ckaguse

14 represents signifant changes in the intensity of the £2idtisymmetric stretching band

that occurred aa result of Cd (A, C, E) or Pb (B, D) exposures.
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Figure 14. The CH antisymmetric stretching band intensities of Cd (A, C, E) or Pb (B,
D) acclimated and control groupsBfevundimonasp.,Gordoniasp. andM. oxydans
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The CH antisymmetric stretching at 2919 chand the CH symmetric stretching at 2851
cmt are associatedith saturatedipid concentration omembranes. Therefore, it affects
membrandluidity (Kardaset al., 2014; Markovicz et al., 2010). Decreases at 2919 cm
weresignificant £<0.05) in acutely acclimateBrevundimonasp. andM. oxydanswhile
increases at 2851 chwere significant P<0.05) in acutely acclimate@revundimonas
sp. and both acclimation groups Gbrdoniasp. (Tables 10, 11, 12). In acutely-Pb
acclimated Brevundimonassp. and M. oxydansgroups, theintensity of the Ch
antisymmetricstretching band located at 2919 twmias higherwith respect tacontrols
(P<0.05 (Tables 10, 12). I&sordoniasp., change in the intensity of this spectral band
was not gynificant in acute exposure cases. In gradually acclimated geoggmificant
change was measuredly in Gordoniasp. P<0.05. The CH symmetric band intensity
located at 2851 crhwas significantly higher compared to controls in ofdeclimated
growps fcute, gradualin Brevundimonasp. P<0.000]). The pattern also repeated in
acutely acclimate@ordoniasp. £<0.05 and gradually acclimateéd. oxydangP<0.05)
(Tables 10, 11, 12nder the light othis informationabout the CkHantisymmetric and
symmetric stretchindgpands,we can say that themgas not a prominentchange in the
concentration of saturatechembrane lipids in both of Cacclimated groups of
Brevundimonassp. On the contrary, in the Rlezclimated groups (acute, gradual) of
Brevundimoas sp., saturated membrane lipids increasedGdmdonia sp., amount of
saturated membrane lipids increased in both eé@dimated groups (acute, gradusaip
acutelyPb-acclimated group. In contrast, the saturdigids decreaseth the gradually
Pb-acclimated group. IiM. oxydansthe concentration of the saturated membrane lipids
increased in Plcclimated groups (acute, gradual) while decreased in the aGdely
acclimated group. Upon gradual -@dclimation of M. oxydans saturated lipid
concentrathn did not changeThe reduction irsaturatedipid concentration may be
caused by decreased lipid biosynthesis or degradatdipid peroxidation (Ozek et al.,
2010; Ozek et al., 2014). Adarkowicz et al. (201Ppointed out by increasing saturated
lipid concentration bacteria increase thygdity of their membranes (Kardas et al., 2014;
Ozek et al., 2010). Another factor affecting membrane structure and dynamicteis
to-lipid ratio. Proteinto-lipid ratio is calculated as the ratio of the intensf the Amide

| (1632 cmt)+Amide Il (1535 cm) to the intensity of C=0 ester stretching (1739%m
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(Garip et al., 2009). The proteio-lipid ratio significantly decreased in all Cd aRt
acclimated bacterial groups except graduallyaBtlimatedGordonia sp. (Table 13).
Figure 15 displays significant alterations in thetpin to lipid ratio caused by the
exposure to the Cd (A, C, E) or Pb (B, Djrr}erms ofbar graphs.

Table 13.The poteinto-lipid ratio (Amide | + Amide Il / C=0 stretching)f Pb and Pb
acclimated bacteria

P/L ratio P/L ratio
Cd (A) Cd (G) Control Pb (A) Pb (G)
Brevundimonasp. O 7.086* 12.509 6.04++ 5,878+
Gordoniasp. 7.20%  6.478~ 13.437 7.945 11.115
M. oxydans 7.0756~ 6.62%~  17.725 10.159+ 7.322«

Another spectral band found in theHCregion is protein associated €lymmetric
stretching band positioned at 2873 trfihe intensityof this band decreased in all acutely
Cd-acclimated Brevundimonassp. and M. oxydansspecies. Intensities oéll Pb
acclimatedBrevundimonasp. andM. oxydansspecies were significantly?&0.0007)
lower than the controls (Tables 10 and 12)Gbrdoniasp., noteworthy changes did not
occur regarding CkHsymmetric stretching band located at 2873 c(fiable 11). The
decreases in thiatensity of the CH symmetric stretching band impliedreductionin
protein concentratioim the membrangGarip et al., 2009; Kardas et al., 20I®)isagrees
with Markowicz et al. (201 as they correlate increas#e rigidity of the membranes
with the decreased proton translocatiéarthermore t was also known that bacteria
could use permeability barrier asresistancemechanism to protect metsénsitive,
essential célilar components. For example, bacteria iuceproduction of membrane
channel protein porin ardkecreas@enetration of heavy metalBhereforethe decrease in
intensity of the CHsymmetric band could be caused by decreased production of porins
(Bruins et al., 2000Rouchet al., 1995).
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Figure 15.The poteinto-lipid ratio of Cd (A, C, E) or Pb (B, D, F) acclimated and control
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The 18001500 cm' region of thebacterialspectum is known as amide region dominated

by amidel and amide Il bands (Helm et al., 1991; Naum&g0).Highly significant
(P<0.0001) decrease in thrgensity of the amide | band at 1632 tmas recordeéh all
bacterial groups corresponds toealuction in protein concentration as a result of Cd or

Pb acclimation (Tables 10, 11, 12). Bar graphs displaying changes in the absorption
intensities of amide | band in the Cd (A, C, E) or Pb (B, D, F) acclinitedundimonas

sp., Gordoniasp. andM. oxydansare givenin Figure 16. The 1535 ctregion harbor
amide Il band.The intensityof this band remarkably was lower only in gradually
acclimatedVl. oxydansn the Cd presence. As a consequence of Pb acclimationwagre
significantamid Il band intensity (a1535 cm') decrease in graduailgcclimatedM.
oxydansand, an increase in acutedgclimatedBrevundimonasp., and both acclimation
groups ofGordoniasp..Increases in the intensity of Amide Il band may result from the
production of metal binding preins (metallothioneins) involved in resistance.
Metallothioneins sequester heavy metals including Pb intracellularly and immobilize them
(Jar os gawi e c-Baget,201# Naketralg 2053k Because sequestering agents
becomeeasily saturated, segs#ation mechanisms acting alone are not sufficient to
maintain highlevel of resistanceHowever, theycontribute the overall resistance of
bacteria. Rouch et &1995) hypothesized that when metals gradually accumulate in the
environment creating metatoncentration gradients, stepwise selection of multiple
mutations occurs. It increases general tolerance by the cumulative effect of these
mutations. Stepwise selection of multiple mutationsnrtlocus is characterized in the
studies conducted by Gupta &. (1992) and Gupta et al. (1993). Témtlocus of
Synechococcu®CC 6301 contains themtA gene encoding a metallothionein that
sequesters Cd and Zn, asahtBgene which encodes a repressorsoitA expression.
Stepwise selection with Cd leads to arfigdition in the smtAand deletion in themtB

gene (Rouch et al., 1995). MT induction in Cd and Pb exposed cells were also represented
in several studies (Chaturvedi et al. 2012; Khan et al., 2016; Klaassen et al. 2009).
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Figure 16.Changes in spectral band intensities in Cd acclimated (A, C, E), Pb acclimated
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The amide | to amide | + amide Il ratio is related to the total protein concentration (Kardas
et al., 2014). Although, thergasan increase in thimtensityof Amide 1l band in the Pb
acclimated bacteria (Tables 10 and 11) totaltgin concentration decreased in all
acclimated bacteria except gradually-&ztlimatedV. oxydangTable 14).A probable
cause othis decrease would be as a result of the inhibiti@ywothesis oeveral enzymes

and proteins.

Table 14 The relative potein concentration (amide l/amide I+ amide II) of acute and
gradual and acclimated environmental strains

Brevundimonassp.

Cadmium (A) Cadmium (G) Control Lead (A) Lead (G)

0636N 0. 0028** * * 0.653 N 0.0056**** 0.685 N 0.
Gordoniasp.

0.643 N 0.0021***+* 0.6717 N 0.0053** 0.704
M. oxydans

0.628 N 0. ®6O®D**N**0. 0067 N 0.0043 0.612 N 0.0094

For example, inhibition of the synthesis of proteins and enzymes involved in quorum
sensing, biofilm formation, and iron chelation was shown in several studies under Cd or
Pb exposwe (Vega et al., 2014; Nithya et al., 2011; Gaonkar & Bhosle, 2013). Quorum
sensing mechanism provides es#ll communication among microorganisms by
production and reception of signal molecul@siorum sensing coordinates and regulates

a number omechansms in a cell population such as occurring in biofilm formation (Vega
et al., 2014). Similar inhibition of protein synthesis was shown to occur under Nickel
exposure as well (Vega et al., 2014).another study, inhibition of quorum sensing and

biofilm formation was presented in Cd and Pb residawtillusarsenicusandBacillus
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indicusisolates (Nithya et al., 2011). Furthermore, in many bacteria, siderophore (an iron
chelating molecule) production is regulated via quorum sensing (Gua@y, ROpat etla

2017; Stintziet al., 1998). It habeen reportedhat when quorum sensing inhibited
siderophorgroduction declineg-or instance, in a study performed by Gaonkar & Bhosle
(2013), siderophore production was inhibitgeito 90 and 70% as a conseque of Cd

and Pb exposure, respectiveReduction in protein amount could also be caused by
inhibition respiratory protein synthesis by @dd Pb in bacterial cells (Gibbons et al.,
2011; Khan et al., 2016; Zeng et al., 20T2)e 18001500 cm' region aso includes lipiel
associated the C=0 ester stretching band positioned at 1739 Tdime C=0 ester
stretching band is related to the production of polyester storage compounds, such as poly
3-hydroxybutyrate (PHB). Polyesters are known to be produced bgrizaonder stress
conditions (Helm, 1995; Naumann, 2000; Schuster et al., 1999) including heavy metal
stress (Kamnev, 2008; Kardas et al., 2014). Polyesters are stored as energy and carbon
source.Except,acutely CdacclimatedBrevundimonasp. and graduly Pb-acclimated
Gordoniasp. in all other bacterial groups, timensityof the C=0 ester stretching band
increased (Tables 10, 11, 12). Another spectral band correlated to PHB production
appearecat 1453 crit spectral region (Kamnev, 2008). In all @dd Pb acclimated
bacterial groups, thantensity of the CH bending located at 1453 chsignificantly
increased except graduallyfabclimatedGordoniasp. (Tables 10, 11, 12).

Another lipid associated bandas locatedat 1469 crit. The intensityof this band
decreased in gradually Rgclimated Gordonia sp and all acclimated groups of

Brevundimonas spM. oxydans

C-O stretching of carboxylic acid at 1310 ¢memonstrates the presence of exopolymer
(EPS) (Garip et al., 2009; Nicholet al., 1985). Expolysaccharides (EPS) are
biopolymers secreted by bacterial cells and composethaifromoleculessuch as
polysaccharides, proteins, nucleic acids, humic substances, lipids, and other nonpolymeric
constituents of low molecular weight (Bramhachari &y, 206; Bramhachari et al.,

2007; Morillo 2006; Naik et al., 2012). Due to their cation exchange capacity,

exopolymers efficiently bind toxic metal ions and prevent their internalization by the cell.
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In this way, metalsensitive cellular componentse progcted (Bruins et al., 2000;
Jarosgawi ec k aSeg&, 204).0 tir alwsl kaad Pb acclimated groups,
extraordinary P<0.000)) increase®ccurredin theintensityof this band (Tables 10, 11,
12). Figure 17 displays changes in the intensity @ Gtretchig of carboxylic acid at
1310 cmtin Cd (A, C, E) or Pb (B, D, F) acclimat@&ftevundimonasp., Gordoniasp.
andM. oxydansIn biosorpion studies dealing with Cd ariRb removal, the increase in
exopolymers production by bacterial cells was documentagsiog FTIR spectscopy
(Amoozegar et al., 201 EreireNordi et al., 2005; Naik & Dubey, 2013; Jaroslaviecka &
PiotrowskaSeget, 2014;P a g etsal., 2007; Salehizadeh & Shojaosadati, 2003;
Watcharamusik et al., 2008). For example, Ha et al. (2010) shdveedcell wal
associated EPS &hewanella oneidensalsorbed more Zn(ll), and Pb(Il) compared to
an EPS production inhibited straln.another study dealing with immobilization capacity
of EPS, when capsular ERf&s removedrom Azotobactecells, nosignificant metal ion
bindingtook place However,when EPS was present, £dbns bound to bacterial cells
with high affinity (Joshi & Juwarkar, 200QVei et al. (2011studied the role of EPS in
Cd(Il) absorptionusing FTIRspectroscopy. They founithat EPS containing bacterial
cells absorbed higheramount of Cd(ll) than EPS free bacterdso, as we mentioned
before,in the study conducted by Nithya et al. (2011), along with the inhibition of biofilm
formation and quorum sensing related protein pctido an enormous amount of
exopolymer production was reported. Their finding implied therkéy of EPS irheavy

metal resistance.
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Spectral bands in carbohydrate region (:200 cm') include exopolysaccharide, and

EPS associated phospholipids, RNBose and nucleic acids bands. In our stutg,
intensityof CC symmetric streting of RNAribose at 1117 crhincreased in all Cd or

Pb acclimated groups except acutelydeblimatedsordoniasp. (Tables 10, 11, 12). The
intensityof PO, symmetric stretching band (at 1082-nelonging to nucleic acids and
phospholipids signifiantly (P<0.000)) increased in all Cd anéb acclimated bacterial
groups (Tables 10, 11, 12)he intensity of the C-O stretching band at 1056 cmis
associatedvith polysaccharide concentration. This bamas significantly (P<0.0007)

high in all Cd and Placclimated groups (Tables 10, 11, 12). As an indicaftowucleic

acid concentration, thimtensity of CC stretching at 965 ctincreased in acutely Gd
acclimatedGordoniasp., both Pkacclimated groups (acute, gradual)Brévundimonas

sp. andall acclmation groups oM. oxydangTables 10, 11, 12). Because exopolymers
contain polysaccharides, proteins, nucleic acids, and lipids, the band intensity increases,
referring increases in yield, at 1117, 1082, 1055 and 96% ioaicated extensive
exopolymer poduction (Tables 10, 11, 12). In the literature, similar results were obtained
in studies conducted by using FTIR, concerning Cd and Pb resistant bacterial strains (Naik
et al., 2012; Nithya et al., 2011jigures 18, 19, and 20 exhibit significant change
intensities of spectral bands in the carbohydrate region (1117, 1082, 1055, and®65 cm
for Cd (A, C, E, and G) or Pb (B, D, F, and H).

Furthermore, EPS production is known to Welucible, and when heavy metal
concentrationsvere highmore EPSvasproduced(lyer et al., 2005Watcharamusik et

al., 2008; Yue et al., 201%)ccordingly, in our studyhugeamount of EPS was measured

in acclimated bacterial strains at high concentrations of Cd 0ARDb, bacteria can
modify their EPS as a result ofetal exposure and increase their metal binding capacity.
For example, carboxyl andphosphoric content increase binding capacity of
exopolysaccharides to Cd and Pb (Comte et al., 2006, Guibaud 20@8; Guibaud et

al., 2005).0Our results agree with thgreviousfindings in a way thatve also found
elevated amounts phosphoric ion content (based on the intensities and positions at 1082
and1055 cr). A report on EPS production iBesulfovibriodesulfuricanslemonstrated

that he compositiomf EPSwas sgnificantly changeafter metal exposure. In their study,
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while in the presence of EuandZn?* protein content decreased, polysaccharide content
increased, in the presence of?Cgrotein amount increased and polysaccharide amount
decreased in EPS (¢ et al., 2015). On the contrary to their, in our study, carbohydrate
concentration increased while protein concentration decreased as a result of metal
exposure. It coultbe due tdhedifferenceof bacteria and environmental factors. Since it

is knownthat composition and amount of EPS vary among bacterial species based on the
conditions in the environment such as pH, temperature, metal content, nutrient level and
type (Guibaud et al., 200&uo et al.2010).
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So far we have presented the results of comparison between the treatment and control

groups.In addition we also compared the spectral profile differences between the acutely

and gradually metal exposed groupdhef same bacterial strains. Feotample acutely

Cd-exposed Gordonia sprofile vs. gradually Cexposed Gordonia sflables 15, 16,

17).

Table 15.Differences in spectral band intensityangebetween acutely and gradually Cd
or PbacclimatedBrevurdimonassp.

Wa v e

2873
2851
1739
1392
1235
1117
1082
1056

2956
2919
2873
1535
1469
1453
1235
1117
1056

numberCd ( A) p

84.534 N 2.868 461 N 0.856

106.651 N 1.735 101.508
121.5 N 7.12186.5 N 4.285

79.651 N 3985232 N1. 071

96.837 N 28585861 N 0.922

158.1 N 3.128.871 N 2.082

149. 767 N 339708619 N 1.028
238.565 N 3.828 200. 896

Pb (A) PH G) p
61.729 N 0787818 1.034
103.651 N ©84885 N 0.94
74 . 3a697 N 56.675 N 1.852
118.595 N 4.214 93.801
93.68 N 1.622468 N 1.632
127.528 N 206d7475 N 0.814
99.604 N 21485067 N 2.315

146. 368 N 4.696 Frx 195. 53
225.112 N 2400807 N 4.6

pral
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In carbohydrate region, intensities of acutely-&dlimated groups were significantly
higher than the intensities of gradually acclimated counterparts in all three b@dcbtes

15, 16, 17).

Table 16.Differences in spectral band intensiiyangebetween acutely and gradually Cd

or PbacclimatedGordoniasp.

Wave numberCd (A) Cd (G) p

1632 77.736 N 0860889 N 1.4

1392 65.721 N 2.437

1235 85,401 N 1,9%5462 N 3. 46

1117 147.169 N 2,201

1082 167.237 N 2,079

965 142 . 939 N 3,1088 357 N 4.994
Pb (A) Pb ( G) p

2956 89.674 N 4.1B®5.162 N 3.313

2919 107.442 N 58@&8a18 N 0.909

2873 88.705 N 5.1@5.341 N 2.932

2851 114.070 N 3902236 N 2.67

1739 142.5 N 5.2309 N 8.425

1469 98.97 N 2.623.382 N 2.241

1453 128.474 N 2.248% 3.13

1392 127.577 N 39838222 N 5.079

1300 300 N 26,08215.789 N 9.447

1117 66.981 N 2.311.32 N 2.741
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On the other handn the leadexposed bacteria, spectral band intensities of gradually
acclimated strains were significantly higher than those of the acutely acclimated ones
(Tables 15, 16, 17). This situation svaotsofor spectral bands found in lipid and protein

regions. In lipid and proteiregionsdifferences in spectral band intensities were variable.

Table 17.Differences in spectral band intensiiyangebetween acutely and gradually Cd
or Pbacclimatel M. oxydans

Wave numbef€Cd (A) p
1632 77.538 RN 1.08%*753 N 1.106
1392 71.81 N 2.201208.308 N 2.392
1300 136.842 N 3.157037.684 N 4.297
1235 94,346 N 1.8%4. 452 N 1.702
1117 14118 N 4,294117.703 N 1.626
1082 161.848 N 3.1640%4. 289 N 1.413
1056 194.16 N 2.315M8.632 N 2.929
Pb (A) Pb (G) p
2956 63.686 N 0.7772.847 N 0.916
2919 104.315 N 0.9273.5815 N 0.963
1535 108.656 N 3.8%.9534 N 1.388
1453 131.21 N 2.317152. 42 N 1.346
1117 149.282 N 1.176117. 722 N *3. 173
1082 177.251 N 171590.521 N 1.875
1056 201.824 N 4.280668 328 N 1.884
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Briefly, heavy metal toxicity leads to DNA damage, inhibitidneazyme activity, and
change in structure and composition of lipids (Gibbons et al. 2011; Lemire et al., 2013;
Sabdono 2011; Schirawski et al., 2082hs et al., 1995It also creates reactive oxygen
species (ROS) causing lipid peroxidatidiogvlett etal., 1997;Rouchet al., 1995; Ozek

et al., 2010).

In our study, significant changes (increase or decrease) in the saturated lipid concentration,
prominent decreases in the fatty acid and protein concentrations, as well as thegrotein
lipid ratio, poirted occurred. These pointed out membrane modification in response to
heavy metal exposur@he nature modifications differed between gradually and acutely
metatlacclimated bacteria. Furthermore, the modifications vary depending on the metal
(whether Cd oPb).

Total protein concentration decreasedall acclimated groups excepraduallyCd
acclimatedM. oxydans However, the increase itmg amid Il band intensity in some
treatments indicated the elevated protein synthesis (acutelyacdimated
Brevundimaas sp. and both groups of-BtclimatedGordoniasp.). It couldbe caused

by selective activation of some protection mechanisms in respohsatgmetal stress

such as metallothionein production, efflux pump proteins. The total protein concentration
is calculatedfrom the ratio of amid over amidl plus amidll. Therefore it does not
discriminate the amount variations among the individual proteins. Huoeeakses
measured in the total protammayimply the inhibition of several anabolic pathways.

Changes occurred in amourgfructureand composition of molecules in lipid and protein
regions to cope with Cd or Pb toxicity fihe three bacteriddowever, the most striking
changes occurred in exopolysaccharide concentrations. It seemed miat
exopolysacharide deposition on the outer surface of the bacteria was the main protection
mechanism, against heavy metal toxicity. There wereihtgrestingoutcomes of the
exopolymer measurements. Firstly, acutely-aedlimated bacteria had significantly
higher exopolymer content than that of gradually acclimated ones. Secondly, gradually
Pb-acclimated bacteria had significantly higher exopolymer content than that of acutely

acclimated ones.
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3.4. Chemometric Approaches

Followed by the characterization using thpectral changes, we applied PCA and HCA,

for further characterization and discrimination of the IR data.

3.4.1. Principle Component Analysis (PCA)

One of the most frequently used multivariate methods, PCA decomposes the data matrix
and concentratené source of variability in the data into the first few RBeori &
Sugiyama, 2003Score plot of PCAxhibit discriminations between the sample groups.
Loading plots were used to determine the contribution of each variable (wavenumber) to
each principatomponent. It detects which spectral regions maintain the most significant
contributions to data variatioharge positive or negative loadings are associated with

spectral regions that are involveddifferentiation(Al-Qadiri et al., 2008).

In this stuly, PCA was performed to find out discrimination between the heavy metal (Cd
or Pb) acclimated strains (A or G) and control groupaak appliedo Brevundimonas

sp., Gordoniasp. andM. oxydansin the whole IR region (400650 cm?), lipid region
(32002800 cmt), protein region (186A500 cmt), and carbohydrate region (12000).
Figures 2126 demonstrate score plots showing ¥aeationamong the sample groups.

As a result of Cd or Pb exposure, there were sufficient variations among the bacteria
(acue, gradual and control groups) all of the IR spectral regions that vemalyzed
(Figures 2126). We used lodings of PCi# detect which spectral regions provide the
most significant contributions to the data variatiorihe applied area. When evaluagtin
discriminations in the all spectral region, we observed clear differentiations in the
experimental groups of bacteria (acclimated and control groups). Loading plots of PCAs
presenting both positive and/or negative lodings in lipid (32800 cmt), prokin (1800

1500 cm'), and carbohydrate (12600 cm') regions providedthe differentiation
(Appendix B, Figures 16). Score plot oBrevundimonassp., Gordonia sp., andM.

oxydans spexhibited clear discriminations between the acclimated (A, G) andtontr
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groups in the whole spectral region (46880 cm') in the presence of Cd or Pb.
Percentage of variation and discrimination of sample groups in the whole ®Bgion
presentedn Figures 2126 (A panels). We then evaluated the loading plots of PCAein th
whole spectral region (400850 cm') for the Cd or Piacclimated bacteria and
corresponding control groups. Wietermined the contribution dipid, protein, and
carbohydrate to the variation in profilesiin the loading plots (Appendix; Bigures 16

A panels)Evaluationof theloading plots for each bacteria was déordipid, protein and
carbohydrate regions separately based or Pb exposures (Appendix Bgures 16).

In the lipid region (320@2800 cm'), most of the variatiowas due to thepectral bands
located at 2956, 2919, 2873, and 2851 ¢Appendix B Figures 16, B panels). In the
protein region (1804500 cm'), the major contribution to variation was due to 1739,
1632 and 1535 crhspectral bands (Appendix, Bigures 16, C panels)Furthermore, in
carbohydrate regio1200900 cm?), spectral bands dt17, 1082, 1055, and 965 ¢m
contributed the most loady in the variation (Appendix Brigures 16, D panels).

The PCAwas dondor Cdacclimated (A, G) and control groups ®revurdimonassp.,

in lipid (32002800 cm?), protein (18061500 cmt), and carbohydrate (12@D0 cm')
regions. In lipid region, the PCA score plot showed slaatple groups are discriminated

as being 83% (PC1+PC2= 62+21= 83) (Figure 21B). In protein reggohitnated groups

(A, G) and control groupclearly segregated from each other (Figure 21C). The
localization of sample groups in the score plot indicated that more molecular changes
occurred in acutehacclimated bacteria compared to gradualtglimated. It was
supportedoy the ATRIR results that total protein concentration in acutelyclimated
bacteria was significantly lower than the gradualtglimated counterparts (Table 14).
The total variation contributed by PC1 and PC2 was 70% (PC1+PC2= 48822=

In carbohydrate spectral region Bfevundimonasp. were well separated depending on
the acute vs. graduakclimation (Figure 21D). According to positions of sample groups
in score plot, more molecular changes occurred in acatalymated bacteai This
outcome was in agreement with the spectral analysis resultse(T@pl PC1 and PC2
identifies 884 variation (PC1+PC2= 62+26= 88) in this region. According to positions of
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sample groups in score plot, more molecular changes occurred in aculetyatat
samples. This outcome overlapped the spectral analysis results that spectral band
intensities of acuteklacclimated bacteriwereapparently higher than those of gradually

acclimated ones in carbohydrate region.

Figure 22B shows the PCA for acwte@r graduallyPb-acclimated and the control groups

of Brevundimonasp. in lipid regionThere was noapperant discrimination between the
acutely acclimated and the control. However acclimated groups seperated from each other
It appearsthas i mi | &i cmbdions occurred in acclimati on
acute exposur e c dhissanhe geerfrom éhe spectcal anatysistrasuots .
presented ifTable 10.For the lipidregion, PC1 and PC2 explained%82f the total
variation. In the pstein region, discriminatiowasapparent among the treatments (A, G)

and control (Figure 22C; PC1+PC2= 41+32= 73). Figure 22D shows the discrimination
in carbohydrateegion. The score plot implied that there were more molecular changes in
graduallyacclimated bacteria than acutedgclimatedone.

The PCA score plots for Galcclimated (A, G) and control groups@brdoniasp. in lipid,

protein, and carbohydrategions areshown inFigures23B, C, and D.

In the lipid region, the acclimation and controbgpswere clearly seperated from each
other (Figure 23B). The variation as bigger between the acutely -@ctlimated
Gordoniaand the control. The gradually acclimated bacteria varied less from the control
than the acutely acclimated counterparts. Fig@@shows the variation in protein region

for the treatment and control groupsGdrdoniasp. As extrapolated from the location of
samples in score plot, acutedgclimated samples further differentiated from samples of
control groups as can be attributecthe intensity of amide | band (1632 éand total
protein concentration of acutely acclimated samples (Tables 11, 14). In carbohydrate
region, the clear separation betweenttbatment and control groupss obtained (Figure
23D). Score plot of PCAepresented that PC1 and PC2 explain 90% of total variation
(PC1+PC2= 84+6=90) in this region.

The PCA score plots for Pdcclimated (A, G) and control groups@brdoniasp. in lipid,

protein, and carbohydrategions areshown inFigures24B, C, and D.
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In lipid region, as represented in the PCA score plot, althougdc€lbmated groups (A,
G) were separatefilom thecontrolgroup, the treatment groupserlappedFigure 24B).

The overlap implies that similar molecular changes took place during theatazn
processes whether the exposure was acute or gradual (Tabdes tdyealed by the PCA
score plot belonging to the protein region, in addition éodlear separation between the
treatment groups and control, 77% of variation provided by PC1 @ad(PC1+PC2=
55+22= 77) (24C)In carbohydrate regionhe variationbetween the treatments and the
control groups was defined by the PC1 and PC2 as being 76% of the total variation
(PC1+PC2= 60+16= 76}i{gure24D).

The PCA score plots for Gacclimated A, G) and control groups d¥licrobacterium
oxydansn lipid, protein, and carbohydrategions areshown inFigures25B, C, and D.
Figure 25 Bshows theseparation among treatment and control groups inrggcbn PC1
and PC2 explained 90% of total \ation (PC1+PC2= 82+8= 90). In protein region,
members of the acutebcclimated group separated from the graduatiglimated and
control groups based on PC1 (25C). PC1 and PC2 described the 68% of total variation
(PC1+PC2= 53+15= 68) in this region. Thieasrcut separation of thacutely Cd
acclimatedV.oxydandrom the graduallacclimated and the control groups appeared to
be due to the total protein concentration decrapse acutacclimation (Table 14Also,
therewasno change in total protein coentration of gradualkacclimated counterparts
(Tables 12, 14). In carbohydrate region, separation of the sample gsosipswnin
Figure 25 D.PC1,and PC2 of score plot explained 90% of totatiation (PC1+PC2=
80+10= 90).

Finally, we applied PCA foPb-acclimated (A, G) and control groups Mf oxydansIn
lipid region Figure26B), PC1 and PC2 defined 89% of the total vemm(PC1+PC2=
80+9= 89). In PC the most loading watue tofour bands at 2956, 2919, 2878 and 2851
cmt (Appendix B Figure 6B. In protein regionKigure26C) 73% of total variation was
due to PC1 and PC2 (PC1+PC2= 44+29= 73). Loading plop&ndix B Figure 6Q
shows the contributing bands to variation the most. Likewise, in carbohyegate,the

discrimination was obvioudetween sample groupd-igure 26D). Gradually Pb
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acclimatedVl. oxydansariedfrom controlgroup more than thacutelyacclimated group.
PC1 and PC2 defined 93% of the total variation (PC1+PC2= 85+9= 93) in this region.

To sumup, the information presentian the score plots, we can say that in lipid region of
bacteria, there werfewermodifications to cope with thieeavymetals. Furthermore, the
modifications were similar between the two acclimated groups (A and G). In protein and
carbohydrate region @e separation was present among all sample groups (A, G, and
control). It implies that more modification occurredhese regions to cope with the heavy
metal presenceFurthermore, in carbohydrateegion, the modifications in the Gd
acclimated bacterigpon acute exposure appeared to be segregated more than the gradual

as compared to control. In the casébfthe reverse relatiowas detected
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Figure 25. PCA score plots (A) whole spectral region (4@ED cm?) (B) lipid region
(32062800 cm?) (C) protein region (1860500 cm') (D) carbohydrate region (12@D0
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Figure 26. PCA score plots (A) whole spectral regicgf000-650 cm') (B) lipid region
(32002800 cm?) (C) protein region (1860500 cmt) (D) carbohydrate region (12@D0
cmh) for Pbacclimated (A: acute, G: gradual) and control groupsobxydans
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3.4.2. Hierarchical Cluser Analysis (HCA)

In the second chemometric approach as an alternative to PCA analysis, we have done
HCA. This analysis usestifferentalgorithm than the one used for PCA. Use of PCA and
HCA together has been becoming a trend in IR data analysis. &terdhical cluster
analysis (HCA) is based on similarities between the spectra of sarbydiehd ¢ al.,

2007). We applied HCA to discriminate acclimated (acutely or gradually) bacterial groups
from control groups. In HCA derivedceddrogramsthe differerces between clustease
represente@s heterogeneity values. The dendrograms illustrate the arrangement of the
clusters.In these clusters, samples with the highest correlations are clutigegter,

while samples with small correlations are widely sefgl (Xue et al., 2011). In our study,
HCA was appliedo the data coveringgholespectral region (406650 cm?), lipid region
(32002800 cm'), protein region (1800500 cmt) and carbohydrate region (12000)

for the bacterialThe dendrograms that weeconstructed based on the H@wrepresented

in Figures 2732 (A; whole region: 400650 cm?, B; lipid region: 3202800 cm', C;

protein region: 180A500 cm', D; carbohydrate region: 12@D0 cm'). Cd-acclimated
(Acute or Gradual) groups Bfrevundmonassp.,Microbacterium oxydangndGordonia

sp. were differentiated from control groups with 100% sensitivity and 100% specificity in
all the analyzed regions (whole region, lipid region, protein region and carbohydrate
region) (Figures 27, 29, 31) espt forlipid regions ofBrevundimonasp. andM. oxydans
(Figures 27B, 31B)n this region, acutely acclimat&tevundimonasp. andM. oxydans
groupsdifferentiatedfrom thecontrol group with 90% sensitivity and 100%pecificity.

As a result of leadxg@osure, all acclimated (acute or gradual) strains were separated from
control groups with 100% sensitivity and 100% specificity for all spectral regions (Figures
28, 30, 32)These resultgdicated that Cd and Pb acclimation caudefinite molecular
changes in these bacterial strains. As a consequence of these molecular changes, bacteria
could live and grow at Cd and Pb concentrations well above lethalanalimated cases.
Furthermore, acutely GdcclimatedBrevundimonasp., Microbacteriumoxydans,and
Gordoniasp. differentiated from gradually acclimated ones inwile protein, and

carbohydrate regions (Figures 27, 29, 31 panels; A, C and D).
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The same differentiation was apparent for Pb as well (Figures 28, 30, 32 panels; A, C, D).
There werel00% sensitivity and specificity in discrimination between acutely and
gradually heavy metal exposed bacteria. These discrimination values demorkaated
the way in which they gacclimated (acute or gradual) changed the molecular profiles of
the bactea at the endeven thoughall the acclimated ones were living and growing at
the same concentration by the end. In the case of lipid regions-28200cmt), the
discrimination was not as sensitive or as specific compared to protein and carbohydrate
regons. Acutely CdacclimatedBrevundimonasp. andVl. oxydansvere separatefilom
gradually acclimated ones with 70% sensiyivand 100% specificity (Figuread7B and

31B). Likewise, acutely RbhcclimatedGordoniasp. were differentiated from gradually
accimated ones with 80% sensitiyiand 70% specificity (Figur&0B). The modifications

that different bacteria apply to survive and grow metal exposure appears tthaven

features as long as the lipids are concerned.

The heterogeneity values (rangingveeen 1.2 to B werethe lowest for lipid region data.
These values pointed out fewer differences among Pb eacCanated samples of
Brevundimonasp.,Gordoniasp. andviicrobacteriumoxydansHCA yielded the highest
heterogeneity values (ranging betwe®to 9) for the data points covering carbohydrate
regionin Cdor Pb exposed bacterideterogeneity appeared to be a function of amount
rather than composition as obtained from the intensities of the spectral bands. When we
evaluated the distances otclimated samples from the control samples, acutely
acclimated samples bacteriavere clustered at a greater distance than those of gradually
acclimated ones in the @xkposed cells in protein and carbohydrate regions. On the other
hand, in the presenaef Pb, gradually acclimated samples were located at a greater
distance than those of acutely acclimated ones in all bacterial strains in the protein and
carbohydrate regions. This situation was not valid for lipid region under Cd-or Pb
exposures. It appesathat the amounts of lipids were not changing dramatically. However,

the compositions seemed to be altered to cope with the metals.
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Figure 27.HCA of (A) whole, (B) lipid, C) protein, and (D) carbohydrate region f

Cd-acclimated (A: acute, G: gradual) azmhtrol Brevundimonasp.
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Figure 29. HCA of (A) whole, (B) lipid, (C) protein, and (D) carbohydrate region

Cd-acclimated (A: acute, G: gradual) aczmhtrol Gordoniasp.
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Cdacclimated (A: acute, G: gradual) atwhtrolM. oxydans

85



