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Chapter 1

Isolation, Identification and Arsenic Resistance




1.1 Literature review: Biological transformations of arsenic

1.1.1 Background

Arsenic is widely spread in the upper crust of the earth, although mainly at very low
concentrations. The main source of arsenic on the earth's surface is igneous activity, although
anthropomorphic sources such as industrial effluents, various commercial processes and
combustion of fossil fuels also contribute significantly'. Arsenic concentrations in soil range
from 0.1 to more than 1000ppm (1uM - 10mM), while in atmospheric dust, the range is 50-
400ppm (0.7mM - 5mM)".

While arsenic has a historically infamous reputation as a poison', its biological uses are
less well known. Arsenic belongs to group VA of the periodic table of elements - these
elements are metalloids that have both metallic and non-metallic properties. Arsenic exists in
various forms, exhibiting different biological properties and degrees of toxicity. The common
valence states of arsenic in nature include -3, +3, and +5, with decreasing toxicity. The
specific toxicity of arsenate [As(V)] is generally attributed to its chemical similarity to
phosphate where it is capable of mimicking the role of phosphate in cellular transport and
enzymatic reactions. Thus, arsenate may replace an essential phosphate in various metabolic
processes where a central target of As(V) is pyruvate dehydrogenase and inhibition of this
enzyme blocks respiration. Arsenate uncouples oxidative phosphorylation by the formation of
unstable arsenate esters, which substitute for phosphate esters in ATP formation". Arsenite
[As(IIT)] reacts with -SH groups of cysteine residues, which often constitute an integral part of
the active site of enzymes, thereby inhibiting their catalytic activity. Besides direct enzyme
inhibition, arsenite induces oxidative damage via the accumulation of reactive oxygen species.
This arsenite-stimulated generation of reactive oxygen, known to damage proteins, lipids and

DNA, is probably the direct cause of the carcinogenic effects of arsenite”.

In aqueous systems arsenate oxyanions are ionized with three pK, values of 2.2, 7.0, and
11.50 (comparable to 2.1, 7.2, and 12.7 for phosphate)"', so that approximately equal amounts
of HAsO42' and H,AsO4 occur at pH 7' whereas H3AsO4 and H;AsO4” predominate in acidic
environments"". Arsenite appears mostly un-ionized as As(OH); at neutral pH, with a pK,, of
9.2 for dissociation to HyAsO3” vii Therefore, the transport substrate in and out of the cells for
arsenate will be the oxyanion comparable to phosphate at approximately the same pH, whereas

arsenite may move across membrane bilayers passively un-ionized or be transported by a



carrier protein similar to un-ionized organic compounds™. Arsenic toxicity is highly dependent
on its oxidation state: trivalent arsenicals are at least 100 times more toxic than the pentavalent
derivatives®. Arsenite and arsenate are interconverted by biological redox reactions and

arsenite can also be methylated by bacteria, fungi and algae"i.

The effects of oxyanions of metalloids on both prokaryotic and eukaryotic cells have
attracted substantial attention. In recent years, concern has increased about the release of
arsenical compounds in the environment and their toxicity to a wide variety of organisms,
including humans. There is a wealth of information on the biological effects of arsenic
compounds on mammals: arsenic is able to induce cell transformations™", gene amplification
xiii

in marine cells™", gene damage in human alveolar type II cells™”, and is a co-mutagen agent in

exposed hamster cells™". Arsenic compounds elicit a cellular stress response similar to

XV, Xvi

heatshock protein synthesis and causes lung and skin cancers in humans™" *""" **_There
is also evidence to support the carcinogenic effect of ingested inorganic arsenic and the

occurrence of bladder, kidney and liver cancers™.

In the environment microorganisms are continuously exposed to metallic anions and
cations. Some of these ions are taken up as essential nutrients (i.e. magnesium, potassium,
copper, and zinc) whereas others exert toxic effects on microbial cells (i.e. mercury, lead,

XXi

cadmium, arsenic, and silver)™. Although the presence of heavy metals is detrimental for
microorganisms, toxic metals select variants possessing genetic resistance determinants which
confer the ability to tolerate higher levels of the toxic compounds. Because metal ions cannot
be degraded or modified like toxic organic compounds, there are six possible mechanisms for
a metal resistance system:

exclusion by permeability barrier;

intra- and extra-cellular sequestration;

active efflux pumps;

enzymatic reduction; and

XXii, xxiii, Xxiv, XXv, Xxvi

reduction in the sensitivity of cellular targets to metal ions

One or more of these resistance mechanisms allows microorganisms to function in metal
contaminated environments. In bacteria, heavy metal resistance genes are usually located on
plasmids or transposons. Several bacterial resistance mechanisms to toxic metals have been

studied and described™"""> V™,



1.1.2 The arsenic global geocycle

Just as there are well-studied geocycles for carbon, nitrogen, oxygen, sulfur and other
elements that are components of all living cells, there are also geocycles for toxic elements
including arsenic. Living cells (especially microbes) carry out redox and covalent bond
chemistry and are important contributors in the arsenic geocycle. Higher plants and animals
can bio-accumulate compounds to levels far above those of the environments in which they
live. Arsenate (the main arsenic compound in seawater) is taken up by marine organisms,
ranging from phytoplankton, algae, crustaceans, mollusks and fish™™, and converted to
organic compounds (such as methylarsonic acid or dimethylarsinic acid), or is converted to
organic storage forms that are then secreted into the environment. However, some arsenic is
retained by phytoplankton and metabolised into complex organic compounds™™. More
complex algal organoarsenical compounds include water-soluble arsenosugars (i.e.
dimethylarsenosugars) and lipid-soluble compounds (arsenolipids). While phytoplankton and
macroalgae are the primary producers of complex organoarsenic compounds in the sea, these
organisms are themselves consumed and metabolized by marine animals. Fish and marine
invertebrates retain 99% of accumulated arsenic in organic form, and crustacean and mollusk
tissues contain higher concentrations of arsenic than fish. The major organoarsenic compound
isolated from marine organisms is arsenobetaine. It occurs in algae, clams, lobsters, sharks,
and shrimp, but it is not known how arsenosugars and arsenolipids are converted to
arsenobetaine within the higher animals in the marine environment. Arsenobetaine is degraded
by microbial metabolism in coastal seawater sediments to methylarsonic acid and to inorganic

arsenic™*.
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Figure 1.1 The arsenic geocycle (From Mukhopadhyay et al. 2002)™.



1.1.3 Entry of arsenic into cells

To have a physiological or toxic effect, most metal ions have to enter the microbial cell.
Pentavalent arsenate is analogous to inorganic phosphate and both anions utilize the same
pathway to enter cells. In Escherichia coli arsenate enters the periplasmic space through the
outer membrane porin, PhoE, and is transported into the cytoplasm by either of the phosphate
transporters: The Pit system (phosphate transport) appears to be the predominant system™*,
but arsenate also enters the cells via the phosphate translocating ABC-type ATP-ase complex,
Pst (phosphate specific transport)™ ", formed by the PstA, PstB, PstC and PhoS proteins™*

(Figure 1.2).

phosphate D%ca%o arsenate
PhoE
PstS
PStABC Pit
== L
ATP
Figure 1.2 Transport of arsenate into E. coli (from Nies & Silver, 1995)*",

Arsenite, on the other hand, might be considered an inorganic equivalent of glycerol and
therefore the glycerol facilitator of E. coli GIpF is the main route of entry into cells™". GIpF
is an aquaglyceroporin, a member of the aquaporin superfamily consisting of multifunctional

XXXV

channels that transport neutral organic solutes such as glycerol and urea
The frequent abundance of arsenic in the environment has guided the evolution of

enzymes for a variety of ingenious resistance mechanisms for protection against the

deleterious effects of arsenic as described below in section 1.1.4 —1.1.7.

1.1.4 Methylation

The conversion of arsenate to methylarsonic acid or to dimethylarsinic acid is a possible

mechanism for detoxification and was first observed over 150 years ago. It has been



understood, at the level of products formed, from the work of Challenger and co-workers
before World War I **il_Eunei dominate the microbes that produce volatile, garlic-
smelling trimethylarsine, although bacteria and animal tissues also have this potential ™™,
Hall et al. (1997)™* showed that the microbial content of the mouse intestinal cecum (mostly
anaerobic bacteria) methylates inorganic arsenic, where up to 40% of low levels of As(III) and
As(V) were methylated in vitro by cecal contents in less than 24 hours. Both monomethyl- and
dimethyl-arsenic compounds were formed and addition of potential methyl donors increased

the yield of methylarsonic acid (Figure 1.3).
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trimethylarsine oxide trimethylarsine dimethylarsine
Figure 1.3 Microbial formation of trimethylarsine from inorganic arsenate™ " ¥
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Following the discovery of biomethylation of mercury by Methanobacillus omelianski™,
it was shown that Methanobacterium bryantii produced dimethylarsine from several arsenic
compounds™. The facultative marine anaerobe Serratia marinorubra can also convert
arsenate to arsenite and methylarsonic acid when grown aerobically, but volatile arsines are
not produced under either aerobic or anaerobic conditions™". Five bacterial species,
(Corynebacterium sp., E. coli, Flavobacterium sp., Proteus sp., and Pseudomonas sp.) isolated
from the environment were able to produce dimethylarsine after acclimatisation with sodium
arsenate. The Pseudomonas sp. was able to form all three of the methylated arsines. Six
bacterial species (Achromobacter sp., Aeromonas sp., Alcaligenes sp., Flavobacterium sp.,
Nocardia sp., and Pseudomonas sp.) produced both mono- and dimethylarsine from
methylarsonate; only two of them produced trimethylarsine. The Nocardia sp. was the only

organism that produced all of the methylarsines from this substrate™"



Qin et al.*" reported the isolation of the protein product of the newly named arsM gene
from Rhodopseudomonas palustris. Whole cell and cell-free enzyme assays showed the
formation of mono-, di- and trimethylarsenic compounds. S-adenoylmethionine and
glutathione were required for enzyme activity in vitro and when this gene was cloned into E.
coli cells, the ability to produce volatile trimethylAs(III) and resistance to inorganic arsenite

was transferred.

1.1.5 Oxidation

Oxidation of As(III) represents a potential detoxification process that allows
microorganisms to tolerate higher levels of arsenite. Several examples of bacterial oxidation of

8*™ and aerobic isolates from arsenic-

arsenite to arsenate were being reported as early as 191
impacted environments have since been isolated and described™"™ *Vii- ¥ "Simjlar isolates
have also been found in soils and sewage not known to be exposed to elevated levels of

LY More than 30 strains representing at least nine genera of the Bacteria and Archaea,

arsenic
including members of the Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria,
Deinococcus—Thermus and Crenarchaeota, have been reported to be involved in arsenite

oxidation

To date, all known aerobic arsenite oxidases exhibit a heterodimeric structure with
molybdopterin and Rieske-like subunits™". The large subunit (AroA ~90kDa) of the arsenite
oxidase is the first example of a new subgroup of the dimethylsulfoxide (DMSO) reductase
family of molybdoenzymes'"'. All enzymes in this family are involved in electron transport
whereby the Mo-centre serves to cycle electrons via the Mo(IV) and Mo(VI) valence states,
and appear to have a common ancestor present prior to the divergence of the Bacteria and
Ivii, Iviii

Archaea . Unfortunately, much confusion surrounds the naming of arsenite oxidases, and

currently three different nomenclatures exist to describe what are essentially homologous
proteins encoded by asoA & asoB", aoxB & aoxA™, aroA & aroB™".

The arsenite-oxidizing bacteria isolated can be divided into two groups:
(1) heterotrophs (growth in the presence of organic matter) or

(i1) chemolithoautotrophs (aerobes or anaerobes, using arsenite as the electron donor and

CO,/ HCOs' as the sole carbon source).



The oxidation of As(IIl) by heterotrophic microorganisms is generally considered to be a
detoxification mechanism as the microbes do not gain energy from the reaction”. Arsenite
oxidase genes have been described from the heterotrophic strains Alcaligenes faecalis",
Cenibacterium arsenoxidans™, Thermus sp. str. HR13'™, Thermus thermophilus str. HB8'™,
Agrobacterium tumefaciens™" and Chloroflexus aurantiacus™". The arsenite oxidase from
Alcaligenes faecalis is located on the outer surface of the inner membrane and the arsenite
oxidase transfers electrons to the periplasmic electron carriers amicyanin or cytochrome c. The
crystal structure shows the enzyme is heterodimeric with two subunits (a;3;). The large
subunit, AsoA is an 88kDa polypeptide that contains a molybdopterin and a 3Fe-4S center.
The small subunit AsoB is a 14kDa polypeptide which contains a Rieske 2Fe-2S center'”.
AsoA is structurally related to members of the dimethyl sulfoxide (DMSO) reductase family
of molybdoenzymes. Based on amino acid sequence identity, AsoA shows the closest
relatedness to the dissimilatory nitrate reductase (NAP) (23%) and formate dehydrogenase
(FDH) (20%)1“. The structure of the large subunit allows As(OH); to enter and allows

iv- M Characterization of the arsenite oxidase genes (a0X)

HAsO42' to exit following oxidation
in C. arsenoxidans shows that the sequence of the small subunit AoxA is 65% identical to the
AsoB found in A. faecalis, while AoxB, the large subunit in C. arsenoxidans, is 72% identical
to AsoA. The enzyme is also located on the outer surface of the inner membrane™. These
results indicate that the arsenite oxidase genes found in heterotrophic As(Ill)-oxidizers are

homologous even though they are named differently".

In contrast, autotrophic As(III) oxidizers can utilize As(III) as an electron donor coupled
to CO, fixation for cell growth under

Ixiii, Ixiv

(1) aerobic conditions ,
(ii) denitrifying conditions™ ™.

There are currently two chemolithoautotrophic arsenite-oxidizing bacteria that have been
studied in detail: the aerobe NT-26™" and the facultative anacrobe MLHE1". The NT-26
arsenite oxidase (Aro) belongs to the dimethyl sulfoxide (DMSO) reductase family of
molybdoenzymes. The enzyme is induced by arsenite and located within the periplasm. AroA
(98kDa) is a molybdenum containing a.-subunit and AroB (14kDa) is the small subunit
containing a Rieske-type [2Fe—2S] cluster. The amino acid sequence of AroA is 49.2%
identical to AsoA from A. faecalis and 48.4% identical to AoxB of C. arsenoxidans™"".
Additionally, six novel bacterial strains have been described in 2007, which can couple CO,

fixation to As(III) oxidation under either acrobic or denitrifying conditions™"', but none have



been studied in depth. Four of these autotrophic arsenite oxidizers are aerobes (Ancylobacter
sp. strain OL1, Thiobacillus sp. strain S1, Hydrogenophaga sp. strain CL3, and Bosea sp.
strain WAO), and two are denitrifiers (Azoarcus sp. strain DAO1 and Sinorhizobium sp. strain
DAO10) which are able to use NOs™ as the respiratory electron acceptor with complete

reduction to N, gasb‘v.

1.1.6 Reduction

1.1.6.1 Respiratory arsenate reductases

There are several microbes that use As(V) as an electron acceptor in dissimilatory
anaerobic respiration. These prokaryotes oxidize a variety of organic (e.g. lactate, acetate,
formate and aromatics), or inorganic (hydrogen and sulfide) electron donors, resulting in the
production of As(IIT). Anaerobic arsenate respiration was discovered in 1994 with a bacterial

Ixvii

isolate that coupled anaerobic heterotrophic growth to arsenate reduction™ " and since then,

diverse bacterial types with anaerobic respiratory arsenate reductase have been described ™"

Ixix

The anaerobic respiratory arsenate reductase from Crysiogenis arsenatis is a
heterodimeric, periplasmic or membrane associated protein with a native molecular mass of
123kDa with a K, of 300uM. It consists of a large molybdopterin subunit (ArrA) (87kDa)
which contains an iron-sulfur center, possibly a high potential [4Fe-4S] cluster (but is not
related to the aerobic arsenite oxidases), and a smaller [Fe-S] center protein (ArrB) (29kDa) b
Both ArrA and ArrB subunits have a conserved N-proximal cysteine-rich iron-sulphur cluster-
binding motif (ArrA, CX,CX;C; and ArrB, CX,CX,CX;3C) and phylogenetic analysis of ArrA
and related sequences indicates that ArrA is distantly related to AsoA in the dimethyl

sulfoxide (DMSO) oxydoreductase family™. ArrB appears to be an iron-sulfur protein related

to DmsB of DMSO reductase and NrfC of nitrite reductase™".

The arsenate reductase from Sulfurospirillium barnesii is a trimeric membrane bound

complex with a molecular weight of 120kDa™"™. This protein has an a subunit of 65kDa, a p

subunit of 31kDa, and a y subunit of 22kDa. A b-type cytochrome appears to complement
membrane fractions. Desulfomicrobium strain Ben-RB reduces arsenate by a membrane-bound
enzyme, probably associated with a c-type cytochrome of which ¢55 is the major cytochrome

o i
in this organism™".



1.1.6.2 Cytoplasmic arsenate reductases

The arsenate reductases (ArsC) from different sources have unrelated sequences and
structural folds, and can be divided into different classes on the basis of their structures,
reduction mechanisms and the locations of catalytic cysteine residues. ArsC cytoplasmic
arsenate reductases are found widely in microbes, and the arsC gene occurs in ars operons in
most bacteria with total genomes measuring 2Mb or larger, as well as in some Archaeal
genomes". In bacteria, the resistance determinants are often found on plasmids™": V- Vi
which has facilitated their study at the molecular level. As more and more bacterial genomes
are sequenced, it has become evident that arsenic resistance operons are ubiquitous.
Homologous chromosomal systems have also been found and are functional and provide

Ixxvii, Ixxviii

arsenic tolerance . Three unrelated groups of ArsC sequences are currently

recognized (Figure 1.4), and these share a common biochemical function™*.

B. halodurans 61%

| Gram positive B. subtiiis 64%

8. xylosus 94%

S. aureus

M. gonorrhoeas 34%

) H. infuenzae 38%
Il Gram negative

Y. entemiitica 84%

A. multivorum 35%

{ E. cofi

5. cerevisiae

Ill Eukaryota

Figure 1.4 ArsC families from Gram positive bacteria (I), Gram negative bacteria (II), and
eukaryota (III). (Bacillus halodurans, B. subtilis, Staphylococcus xylosus, Neisseria
gonorrhoeae, Haemophilus influenzae, Yersinia enterocolitica, Acidiphilium multivorum.
Percentage sequence identity with the model enzyme for each family is indicated.

Ixxix
.

(Interfamilial sequence identity is lower than 20%.)

The first family, represented by ArsC from Escherichia coli plasmid R773 is present on
many plasmids and chromosomes of Gram negative bacteria. This is a glutaredoxin-

glutathione-coupled enzyme, and has a distinct HX3CX3R catalytic sequence motif that

Ixxx

partially resembles crambin and partially glutaredoxin™"". The thioredoxin-coupled arsenate



reductases form the second family of arsenate reductases and was found initially in Gram
positive bacteria, but more recently also in Gram negative proteobacteria. ArsC from
Staphylococcus aureus plasmid pI258 as model enzyme for this family has a tyrosine
phosphatase (PTPase) I fold typical for low molecular weight (LMW) PTPases. It includes a
P-loop with the characteristic CX5R sequence motif flanked by a B-strand and an o-helix™™,
There is no relationship between the tertiary structures of the glutaredoxin and thioredoxin
coupled arsenate reductases, supporting the conclusion that these two classes of enzyme are
not related. Both classes of arsenate reductases have a core of four B-strands forming a -sheet
region. The strands are all parallel for the thioredoxin coupled family but with one anti-parallel
B-sheet strand for the glutaredoxin coupled ArsC from plasmid R773™ The third and less-
well-defined glutaredoxin-dependent arsenate reductase family is found in yeast
(Saccharomyces cerevisiae) and also contains the abovementioned motif but is homologous to

Ixxxiii

the human cell cycle control phosphatase Cdc25a

1.1.7 Other mechanisms: Biosorption

The accumulation of toxic metals by bacterial biomass presents an effective means of
removing these metals from solution and has been applied in the remediation of several metals

Ixxxvii

, copper, zinc, nickel, cobalt ,

Ixxxiv Ixxxvi

. 1 .
such as cadmium ™", copper ", lead, chromium

Ixxxviii Ixxxix

vanadium and arsenic . The complexity of the microorganism's structure implies that
there are many ways for the metal to be captured by the cell. Heavy-metal ions can be
entrapped in the cellular structure and subsequently biosorbed onto the binding sites present in
the cellular structure. Cell walls of microbial biomass, mainly composed of polysaccharides,
proteins and lipids, offer particularly abundant metal-binding functional groups, such as

carboxylate, hydroxyl, sulfate, phosphate and amino groups™.

According to the dependence on the cells' metabolism, biosorption mechanisms can be
divided into (a) non-metabolism dependent / passive uptake and (b) metabolism dependent /
active uptake. Furthermore, according to the location where the metal removed from the
solution is found, biosorption may be classified as (a) extracellular accumulation, (b) cell

surface sorption and (c) intracellular accumulation™.



1.2 Introduction to the present study

Since the late 19™ century, South Africa's economy has been based on the production and
export of minerals, which, in turn, have contributed significantly to the country's industrial
development. The Consolidated Murchinson mine, situated in the Murchison greenstone belt,
is located in the Limpopo Province at Gravelotte, some 40 km due west of Phalaborwa. The
orebody is contained in a shear zone, being a hydrothermally emplaced occurrence™". A fold
in the earth’s crust caused a cleavage, along which there has been a large shear extending deep
into the earth’s crust and into this, carbon dioxide, silica, antimony and gold were
introduced™. The mine can be classified as a medium-scale mine and has been in operation
since 1937, making it the oldest known antimony deposit in the world. It is also the only
producer of antimony concentrate in South Africa and accounts for some 8% of the world’s
antimony production - the largest producer outside China™". Gold was discovered in the
Murchison range towards the end of the nineteenth century, and was mined on a small scale
for many years, with antimony as a by-product. The primary antimony ore is stibnite which is
crushed and milled and an antimony concentrate is then produced by flotation. Gold is

recovered in a gravity circuit and a number of leach and carbon absorption stages™".

Impurities in the concentrate are a key concern to end-users and in the case of

XCVi

Consolidated Murchison, these are lead and arsenic™ . Lead, introduced artificially, as lead

nitrate is used as an activator for the stibnite in the flotation process. Arsenic, on the other
hand, is contained in the ore and cyanide is used to depress the arsenic during flotation™*".
Arsenic removal from the antimony product causes considerable concentration of arsenic in
the tailings and currently slag from middlings dumps (with arsenic concentrations of

approximately 8g/ton ~ImM) is being reprocessed.

Arsenic and antimony are both transition metal elements of subgroup VA of the periodic
table and share both chemical and structural properties with nitrogen, phosphorus and bismuth.
The electronic configuration of transition metal elements are characterised as having full outer
orbitals and as having the second outermost orbitals incompletely filled. There are five
electrons in the valence shells of these elements and thus, the principal oxidation states of

these elements are +3 and +5.



1.3

Aims

Site description of an arsenic impacted mining environment for sampling
e enrichment for and isolation of arsenic resistant bacteria

e preservation methods of isolated bacteria

Identification of bacterial isolates
e 16S rDNA PCR and sequencing

e substrate utilisation identification

Determining minimum inhibitory growth concentrations of arsenic
e arsenate - As(V)
e arsenite - As(III)

Growth of arsenic resistant bacteria in arsenate and arsenite
e cffect on biomass production,
e growth rates,

e induction of extended lag-phases

Demonstrating and quantifying arsenate reduction as a resistance mechanism of

arsenic resistant bacteria



1.4 Materials and methods

1.4.1 General procedures and chemicals

Chemicals used were of molecular, analytical or lab reagent grade, were obtained from

various commercial suppliers and was used without further purification.

1.4.2 Sampling and isolation

Soil, water and sludge samples were collected aseptically at the Consolidated Murchison
antimony mining and refining site in sterile Falcon Tubes or Whirl Packs. In total, 16 sites
were sampled and varied from very dry, compacted soil to sludge samples. The average pH of
all samples collected was 5.8 (determined by wetting approximately 5g of soil with ddH,O and
measured with pH indicators) and ambient temperature on the day of collection was
approximately 35°C (specific site descriptions are given in Table 1.1). One gram of sample
was mixed with 2mL basal medium (0.9g/L NaCl, 0.2g/L MgCl,, 0.1g/L CaCl,.2H,0, pH 7.5)
and 400uL of this supernatant inoculated into SmL TYG medium (5g/L tryptone, 3g/L yeast
extract, 1g/L glucose) pH 5.8. TYG medium (5mL) was supplemented with SmM, 10mM,
50mM and 100mM**"i potassium antimony tartrate and inocula were incubated for two days
at 37°C with shaking at 200rpm to enrich for resistant aecrobic mesophiles. From this, 500uL
supernatant was transferred successively into fresh TYG medium similarly supplemented with
potassium antimony tartrate to identify possible positive enrichments by comparing with un-
inoculated medium. Positive enrichments were streaked on antimony supplemented TYG
plates (100mM) and passaged on plates to obtain uniform colonies. Pure cultures were Gram
stained™™ to confirm purity and were then inoculated into TYG medium containing increasing
concentrations of arsenate (Na,HAsQO4) and arsenite (NaAsO,) (SmM, 10mM, 50mM and
100mM) to perform a preliminary arsenic resistance screen. Isolates capable of growth in

arsenic were used for further experiments.



Table 1.1 Sampling site description.

Sample # | Site description pH
1-4 Dumping site (very dry)

1 Red, arsenic rich, = 1m from surface 5-6
2 Mixed soil, + 2m from surface 5-6
3 Black, antimony rich, + 1m from surface 5-6
4 Yellow, gold rich, = Im from surface 5-6
5-7 Silt dam # 2

5 Surface sample with strong sulfur smell 4-5
6 Same as 5 but + 15cm deep 5

7 Red, arsenic and cyanide rich, £ 15cm deep ~ 6-7
8 Surface sample at penstock 7-8
9-14 Northern wall of silt dam # 2

9 Logwater from dam # 2 6-7
10 Silt 6
11 Water 6
12 Silt 6
13 Soil = 3cm deep 6
14 Biofilm 7
15-17 Silt dam # 3

15 Water 6
16 Water and sludge from hole #5, 30°C 6-7
17 Water and sludge 6

1.4.3 Cryvopreservation

Cryopreservation was performed according to the method of Perry (1995)°. A single
colony was inoculated into TYG medium and grown with shaking at 37°C overnight. The cells
were diluted in a 1:1 (v/v) ratio with 40% sterile glycerol and stored at -80°C. All subsequent

experiments were inoculated from these cryopreserved cultures.

1.4.4 Identification

1.4.4.1 16S rDNA sequencing

Genomic DNA from each isolate was extracted with DNAzo. ™ Reagent (Gibco BRL):

cells were harvested by centrifugation, frozen and thawed once, resuspended in TE-buffer, pH



8.0 and an equal volume of DNA oL added. Lysozyme was added to a final concentration of
Smg/mL and incubated at 37°C with vigorous shaking for 30 minutes and thereafter at 55°C
for 30 minutes with shaking. Proteinase K, to final concentration of 0.35mg/mL, was added
and incubated at 37°C with vigorous shaking for 30 minutes. An equal volume of chloroform :
isoamyl alcohol (24:1) was added and mixed by vortexing. Phase separation was performed by
centrifugation at 10 000rpm for 15 minutes and genomic DNA in the supernatant precipitated
with 0.5 volumes of ice cold 100% ethanol and centrifugation. Recovered DNA was washed

with 70% cold ethanol and resuspended in SmM Tris-HCIL, pH 8.0.

16S rDNA fragments were amplified using universal bacterial primers 27F and 1492R“
(Table 1.2). PCR reactions consisted of 1X Reaction Buffer, 2.5U DNA Polymerase
(SuperTherm), 2mM MgCl,, 200nM of each primer, 200uM of each ANTP and approximately
50ng template DNA. Amplification was performed after an initial denaturation step at 94°C for
5 minutes and thereafter 35 cycles of denaturing at 94°C for 30 seconds, primer annealing at
52°C for 45 seconds and product extension at 72°C for 1 minute. A final polishing extension
was performed at 72°C for 7 minutes. PCR products were ligated into the pGem®T-Easy
vector (Promega) followed by transformation into chemically competent E. coli JIM109 cells®".
Selection was performed on LB-AIX-plates (10g/L tryptone, 5g/L yeast extract, 10g/L NaCl
amended with 60pg/mL ampicillin, 9.6pg/mL IPTG (isopropyl-p-D-thiogalactopyranoside)
and 40pg/mL X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactoside)). Plasmids were extracted
using the Wizard® Plus Miniprep DNA Purification System (Promega) and inserts of the
correct size were identified by restriction analysis. The plasmid DNA (200ng) was digested at
37°C for 2 hours in a reaction mixture containing 10U EcORI by combining with 1X Reaction
Buffer (50mM NaCl, 100mM Tris-HCI pH 7.5, 10mM MgCl,, 0.025% Triton X-100,
100pug/mL BSA). Sequencing was performed using primers T7, Sp6 as well as internal primers
US514F, Bac341F, EUB338, 915R (Table 1.2) with a BigDye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems) on an ABI377 DNA Sequencer (PE Biosystems). The
sequences obtained were aligned with that of bacteria previously found in the subsurface of
mining environments as well as the closest matches revealed with BLAST searches®, and at
RDP" with ClustalX (1.83)". A heuristic search was performed with PAUP 4.0b5" and
yielded 10 000 parsimonious trees. A strict consensus tree was constructed and rooted with the
outgroup Aquifex pyrophilus. Bootstrap analysis of 100 replicates was done to determine the
robustness of the clades / groups. The bootstrap cut-off was 50%". A bootstrap value greater

than 75% was considered good support. Values of 65% - 75% were considered moderate

support and less than 65% as weak.



Table 1.2 Nucleotide sequence and positioning information of the primers used to amplify and

sequence 16S rDNA amplicons.

Position E. coli

Name Sequence (5°-3”) Reference

16S rDNA
27F AGAGTTTGATCMTGGCTCAG 27
1492R GGTTACCTTGTTACGACTT 1492 Lane et al. (1991)°
U514F GTGCCAGCMGCCGCGG 514
Bac341F CCTACGGGAGGCAGCAG 341 Muyzer et al. (1993)<"
EUB338 GCTGCCTCCCGTAGGAGT 338 Davis et al. (2005)™
915R GTGCTCCCCCGCCAATTCCT 915 Casamayor et al.™

T7 Promoter TAATACGACTCACTATAGGG
Sp6 Promoter TATTTAGGTGACACTATAG

1.4.4.2 Biochemical testing

Isolates were streaked on TYG-plates (pH 5.8) amended with 10mM arsenate.
Nutritional requirements and the use of specific carbon sources for growth were tested with
GN2 and GP2 MicroPlates™ (Biolog, Hayward). Following incubation at 37°C, positive test
results were recorded at 16h and 24h, respectively where a similarity index greater than 0.5
was considered positive identification. API 20E panels (bioMerieux, Inc.) were also used to

confirm the identification.

1.4.5 Minimum inhibitory concentrations

Bacteria were inoculated into S0mL of TYG medium, pH 5.8 and grown at 37°C as a
pre-inoculum. From this, TYG medium (pH 5.8), amended with increasing concentrations of
arsenite (ranging from 2.5mM to 15mM) and arsenate (0.5mM to 500mM) were inoculated in
duplicate with exponential growth phase cells, to an optical density of approximately 0.1 at
560nm. Flasks containing TYG medium with arsenic omitted were used as negative controls.
Inocula were grown at 37°C with shaking, samples withdrawn hourly and optical density

monitored at 560nm over a 12h period.



1.4.6 Arsenate reduction

1.4.6.1 Qualitative

Bacteria were grown overnight at 37°C in 100mL TYG medium containing 1mM
Na,HAsQ,. Cells were harvested by centrifugation in a Beckman J2-MC centrifuge at 11000 x
g for 10 minutes at 4°C. The cells were washed in 10mM PIPES buffer, pH 6.5 and
resuspended in the same buffer in a 1:1 cell wet weight to volume ratio. This was then
supplemented with 0.2% glucose (w/v) (approximately 10mM) and 10mM arsenate and
incubated at 37°C™. Aliquots were withdrawn periodically over a two day period, centrifuged,
the supernatant removed and stored at -20°C until further analysis. Supernatant was spotted
onto Silica gel 60 F,s4 TLC sheets (Merck), overlayed with SuL of 100mM DTT to enhance
separation“ii, and developed in 1:1 (v/v) EtOH : NH4OH. After drying, the plates were
sprayed with 2% (w/v) AgNO;™". Separation profiles were compared to As(III) and As(V)
controls for identification. A negative control, without any cells, was employed to monitor

chemical reduction.

1.4.6.2 Quantitative

The same procedure as described in the preceding section (1.4.6.1) was followed, but the
separated As(IIl) was recovered from the silica matrix and assayed using a modified

cXiv

molybdate assay for phosphate™ .

To quantify arsenate reduction, aliquots of 50uL (SIL-20A auto sampler, Shimadzu) of
the supernatant were analyzed by HPLC (LC-20AT liquid chromatograph, Shimadzu) injected
onto a Hamilton PRP X-100 column. The mobile phase consisted of 12mM H3POy, pH 3.2,
and the products were eluted isocratically at a constant temperature of 30°C (CTO-10AS
column oven, Shimadzu). Both substrate depletion (arsenate) and product formation (arsenite)
were determined at 195nm (SPD-20AV UV/vis detector, Shimadzu). A negative control,

without any cells, was employed to monitor chemical reduction.



1.5 Results and discussion

1.5.1 Enrichments

Soil, water and sludge samples from 16 sites were inoculated to enrich for resistant
bacteria. Samples from six sites (10, 12, 14 -17) showed growth in medium amended with
100mM potassium antimony tartrate (Table 1.3) and were successively streaked out to obtain

pure cultures. These cultures were named according to site collection numbers.

Table 1.3 Growth for pure cultures inoculated into antimony supplemented TYG medium.
Sample# |0mM 5mM 10mM 50mM 100mM
1 - - - - -
2 - - - - -
3 - - - - -
4 \ V - - -
5 \ \ - - -
6 \ \ - - -
7 \ \ - - -
8 \ - - - -
9 \ \ - - -
10 v v v v v
11 \ V - - -
12 ol ol v ol ol
13 \ V - - -
14 ol ol v ol ol
15 S d v
16 v v v v v
17 v NN d v

Site 10 yielded 2 isolates, while the bacteria from sample 12 lost resistance during the
purification, possibly due to syntrophy within the bacterial consortium. All six pure cultures
were screened for arsenic resistance in liquid medium amended with arsenate and arsenite. The
bacteria were more resistant to arsenate than arsenite and three of the isolates (10(2), 16, 17)
were resistant to up to 100mM arsenate while isolates 15, 16 and 17 were resistant to 10mM

arsenite (Table 1.4).



Table 1.4 Growth for pure cultures in arsenate and arsenite supplemented TYG medium.

Sample # Arsenate Arsenite
SmM  10mM S50mM  100mM | SmM  10mM 50mM  100mM

10(1) \ - - - v - - -
10(2) V «/ \/ V \/ - - -
14 \ - - - v - - -
15 V «/ \/ - v \/ - -
16 N J N N N N : :
17 v N v ¢ v : :

1.5.2 Identification

Amplification of the 16S rDNA sequence from these isolates yielded PCR products of
the expected size of approximately 1500bp (Figure 1.5). Near full length sequences were
deposited in the NCBI database and compared with BLAST (software version 2.2.13, National
Center for Biotechnology Institute, http://www.ncbi.nlm.nih.gov/BLAST/) analysis to entries
available at the EMBL, GenBank, and Ribosomal Data Project (release 9.35,
http://rdp.cme.msu.edu/). Table 1.5 shows the closest sequence matches, % identity and RDP

scores of the 16S rDNA gene from each of the pure cultures.

1500bp

Figure 1.5 16S rDNA PCR products from arsenic resistant pure cultures. Lane 1: GeneRuler™
molecular weight marker, Lane 2: isolate 10(1), Lane 3: isolate 10(2), Lane 4: isolate 14,

Lane 5: isolate 15, Lane 6: isolate 16, Lane 7: isolate 17.



Table 1.5 Closest sequence matches for 16S rDNA genes of pure cultures.
Isolate # | Accession#  Length (bp) BLAST RDP Score Closest match
% Identity %
99 0.993 Bacillus cereus EU169167 /
10(1) DQO79060 1401 99 0.993 Bacillus thuringiensis AB363741
10(2) AY566180 1504 99 0.992 Serratia marcescens AB061685
99 0.981 Bacillus cereus EU169167 /
14 DQ079058 1409 99 0.981 Bacillus thuringiensis AB363741
15 DQ079059 1439 99 0.951 Stenotrophomonas maltophilia EF580914
16 AY551938 1506 98 0.951 Serratia marcescens AB061685
17 DQ079057 1386 99 0.971 Serratia marcenscens AY043386

Three isolates (Bacillus sp. SA Ant 14, S. maltophilia SA Ant 15 and S. marcescens SA
Ant 16) were used for further investigations. Sequencing results are illustrated by the
phylogenetic tree (Figure 1.6) generated with 16S rDNA sequences as described in section
1.4.4.1. Biochemical identification was repeated with API panels and Biolog MicroPlate™
testing and confirmed isolate SA Ant 16 as Serratia marcescens with a similarity index of

0.58. It was not possible to definitively identify isolates SA Ant 14 and SA Ant 15 using

biochemical testing with the Microlog™ software and database.




Figure 1.6
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Phyolgenetic tree generated with 16S rDNA PCR sequences. (Bacillus cereus AF290547;
Bacillus thuringiensis Z84588; Moorella glycerini U82327; Dehalobacterium
formicoaceticum X86690; Desulfotomaculum geothermicum X80789; Clostridium
halophilum X77837; Desulforhopalus singaporensis AF118453; Desulfomicrobium
baculatum AF030438; Serratia marcescens HO2-A AJ297950; Serratia marcescens (T)
KRED AB061685; Serratia marcescens HO1-A AJ 297946; Escherichia coli AY776275;
Yersinia intermedia (ER-3854) X75279; Shewanella alga X81622; Acinetobacter
haemolyticus X81662; Stenotrophomonas maltophilia ATCC 19861T AB021406;
Stenotrophomonas maltophilia LMG 10989 AJ131907; Xanthomonas campestris AJ811695;
Thiobacillus thioparus M79426; Thiobacillus thermosulfatus, U27839; Agrobacterium
ferrugineum D88522; Methylobacterium radiotolerans D32227; Adquifex pyrophilus
M83548.)



1.5.3 Minimum inhibitory concentration

The bacteria exhibited different tolerance levels for both arsenite and arsenate, and with
the exception of Bacillus sp. SA Ant 14, it was found that these bacteria were hyper-tolerant
and could grow in exceptionally high concentrations of arsenate, (up to 500mM ~ 38000ppm)
and also high concentrations of arsenite (up to 10mM ~ 770ppm). Bacillus sp. SA Ant 14 was
able to grow in concentrations of arsenic below 5mM, S. maltophilia SA Ant 15 grew in
‘moderate’ arsenic concentrations (up tolOmM arsenite and 20mM arsenate respectively),
while S. marcescens SA Ant 16 was able to grow in ‘moderate’ concentrations of arsenite, but
was able to grow in up to 500mM arsenate. (Results are summarised in Table 1.6.) A model

bacterium such as E. coli has been shown to grow in up to 50mM arsenate™"

, while bacteria
isolated from arsenic contaminated sites in New Zealand were not able to grow in arsenite
concentrations exceeding 45mM and arsenate above 50mM™"'. Reports of resistance to
arsenic in eukaryotes are in the range of 1.2mM arsenite and 6mM arsenate for Saccharomyces
cerevisiae™", 1500ppm chromated copper arsenate (approximately 20mM) for Pterris vittata
(brake fern)™" and 200mM arsenate for an Aspergillus strain isolated from a heavily

cxix

contaminated river in Spain®". Corynebacterium glutamicum is able to grow in medium

CXX

containing up to 12mM arsenite and 500mM arsenate™ . It is therefore clear that S.
marcescens SA Ant 16 isolated during this study represents one of the most arsenate tolerant

prokaryote described to date.



Table 1.6 Effect of increasing concentrations arsenite or arsenate on biomass yield, maximum
specific growth rate and lag phase for Bacillus sp. SA Ant 14, S. maltophilia SA Ant 15

and S. marcescens SA Ant 16 grown for 12 hours.

Concentration Biomass (12 h) Max. Specific Lag Phase
(mM) (mg/mL dry weight) | Growth Rate (/h) (h)
TYG 0.48 0.19 4
2.5 0.55 0.25 4
As (III) 5 0.64 0.24 5
Bacillus sp. 6.5 0.07 0.03 6
SA Ant 14 0.5 0.49 0.20 5
1 0.53 0.23 4
As(V)
2.25 0.53 0.20 6
4 0.10 0.31 8
TYG 1.41 0.30 -
2.5 1.14 0.27 -
5 0.23 0.15
As(111)
. 7.5 0.33 0.10 -
S. maltophilia
10 0.21 0.06 -
SA Ant 15
5 1.06 0.30
10 0.98 0.22 5
As(V)
20 0.87 0.20 6
100 0.04 0.04 10
TYG 1.50 0.42 -
2.5 1.42 0.44 -
5 1.36 0.37 -
As(1IT)
10 1.23 0.23 -
S. marcescens 15 0.09 0.08 -
SA Ant 16 20 1.32 0.21 1
100 0.97 0.18 1
As(V) 150 0.87 0.19 1
300 0.47 0.12 2
500 0.08 0.04 6

Both biomass and specific growth rate of Bacillus sp. SA Ant 14 showed an increasing
trend in the presence of arsenite, below 6.5mM (Figure 1.7). During growth in increasing
concentrations of arsenate, Bacillus sp. SA Ant 14 had comparable biomass yields after 12h of
growth in both arsenite and arsenate. Considerably higher maximum specific growth rates

were also observed. Possible explanations such as contamination was ruled out by microscopic



investigation; the arsenic amendments were in too high concentrations to be able to act as
micronutrients to stimulate growth; and since the cells were grown aerobically, it is not
possible that the arsenic ions could function as either electron donor or -acceptor. In terms of
conventional bioenergetic systems this stimulation of growth is difficult to rationalize.
Anderson and Cook™ observed a similar trend when growing arsenate reducing bacteria
(Aeromonas and Exiguobacterium) in rich medium, but not when grown in chemically defined

medium. The mechanism and rationale for this phenomenon remains unexplained.
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Figure 1.7 Growth of Bacillus sp. SA Ant 14 in absence and presence of arsenite (a) (m TYG; o

2.5mM; A 5mM; ¢ 6.5mM) and arsenate (b) (0 TYG; ¢ 0.5mM; + 1mM; o 2.25mM; A

4mM). Error bars are too small to be indicated.

Both the specific growth rate and biomass yield was severely inhibited for S. maltophilia
SA Ant 15 in the presence of arsenite. Arsenate inhibited growth to a much lesser extent, as
indicated by specific growth rate and biomass yield, but an increasing lag phase was observed

with increasing concentrations of arsenate (Figure 1.8).
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Figure 1.8 Growth of S. maltophilia SA Ant 15 in absence and presence of arsenite (a) (m TYG; o
2.5mM; « SmM; A 7.5mM; ¢ 10mM) and arsenate (b) (0 TYG; m 5SmM; ¢ 10mM; o

20mM; A 100mM). Error bars are too small to be indicated.

For S. marcescens SA Ant 16, addition of arsenite resulted in a decrease in both specific
growth rate and biomass up to a threshold concentration above 10mM, whereafter a sharp
decline in both these parameters were observed. Addition of arsenate resulted in a lag phase
that lengthened with increasing concentrations. A linear decrease in biomass yield was seen

after 12h of growth as well as a decline in specific growth rate up to S00mM arsenate (Figure

1.9).
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Figure 1.9 Growth of S. marcescens SA Ant 16 in absence and presence of arsenite (a) (m TYG; o

5mM; « 7.5mM; A10 mM; ¢ 15mM) and arsenate (b) (0 TYG; ¢ 20mM; m 100mM; e

150mM; o 300mM; A 500mM). Error bars are too small to be indicated.



Longer lag phases could be indicative of an initial adaptation phase where, for example,
arsenate could be adsorbed or reduced to arsenite. Lower growth rates and biomass are likely
results of the toxicity of arsenate or the inhibitory effects of arsenite formed by reduction.
External factors might also play an auxiliary role in the exceptionally high resistance to
arsenate. Acidification of the culture medium by arsenate resistant bacteria during growth has
been demonstrated with an increase in the external pH as a result of arsenate reduction®™. This
‘neutralization’ of the medium might prevent the pH from decreasing to a point where the
bacteria are no longer able to grow and therefore indirectly enable the bacteria to survive at

higher concentrations.

1.5.4 Arsenate reduction by resting cells

The ability of cells to reduce arsenate to arsenite under resting conditions was
determined by TLC (Figure 1.10). Quantitative arsenate reduction was initially monitored by
recovering As(IIl) from the TLC plates and performing a modified phosphate assay. However,
this progression of testing showed poor reproducibility and HPLC-analysis was performed as

an alternative.
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Figure 1.10 TLC plate demonstrating arsenate reduction to arsenite by resting cells of Bacillus sp. SA

Ant 14, S. maltophilia SA Ant 15 and S. marcescens SA Ant 16.

No chemical reduction was observed under this set of experimental conditions (results
not shown). All three the bacterial isolates were able to reduce arsenate and extrude the

resulting arsenite, but it is clear that this is not the only resistance strategy employed to cope



with arsenate, as a significant portion of arsenate removed (69 — 77%) was not recovered as

arsenite, especially in the case of the Bacillus sp. (Figure 1.11 a, b and c).
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Figure 1.11 Reduction of arsenate (®) to arsenite (m) by resting cells of (a) Bacillus sp. SA Ant 14 (b) S.
maltophilia SA Ant 15 (¢) and S. marcescens SA Ant 16.

A summary of the results are presented in Table 1.7. Removal of arsenate from the
solution did not correlate with arsenite appearing and therefore it has to be deduced that an
alternative resistance mechanism to arsenate, additional to reduction, is being employed.
Bacillus sp. SA Ant 14 was able to remove approximately 80% of the arsenate supplied in a
very short period of time, but only 4% was converted to arsenite at a reduction rate of
0.3uM/h/mg cells. S. maltophilia SA Ant 15 was able to remove all of the arsenate at a rate of
92.4uM/h/mg cells over the first 2h and thereafter by reducing approximately 25% to arsenite
at 4uM/h/mg cells. S. marcescens SA Ant 16 removed 50% of the arsenate by reducing 15%

to arsenite at approximately 2uM/h/mg cells.




Table 1.7 Arsenate removal by whole cells of Bacillus sp. SA Ant 14, S. maltophilia SA Ant 15 and S.
marcescens SA Ant 16 during resting conditions. (Arsenate removed and arsenite formed
are expressed as percentages of the total of 10mM initially added. Removal and reduction

rates are defined as arsenate (substrate) utilised and arsenite (product) formed.)

Bacillus sp. S. maltophilia S. marcescens
SA Ant 14 SA Ant 15 SA Ant 16
% As(V) Removed 78.3 100 49.3
% As(IIT) Formed 4.2 23.2 15.5
Removal Rate (uM/h/mg cells) 0.4 92.4(0-2h) 4.1 3.7
Reduction Rate (uM/h/mg cells) 0.3 2 2.1

In addition to reduction, alternative resistance possibilities exist, such as adsorption of

the negatively charged arsenic ions (both arsenate and arsenite) to oppositely charged amino

groups in the bacterial cell walls®™" “* For the Gram positive Bacillus sp. the ability of the

cell walls to sequester a large range of dilute metal ions from the environment has been well

documented™", and in a separate study, biosorption by isolates from the same sampling site

dCXXV

has been demonstrate . It is also possible that after reduction, the resulting arsenite can be

sequestered by a range of cysteine-rich peptides such as y-glutamylcysteine and

glutathione®™*" or methylated """
It is important to interpret the resistance to arsenate in the context of a dynamic system
where both the influence of the initial oxyanion amendment and the effect of products

resulting from biological transformations should be taken into account.

- This work has been accepted for publication in the

South African Journal of Science Volume 103, No 7/8 p 279-281, 2007
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Chapter 1

Isolation, Identification and Arsenic Resistance




1.1 Literature review: Biological transformations of arsenic

1.1.1 Background

Arsenic is widely spread in the upper crust of the earth, although mainly at very low
concentrations. The main source of arsenic on the earth's surface is igneous activity, although
anthropomorphic sources such as industrial effluents, various commercial processes and
combustion of fossil fuels also contribute significantly'. Arsenic concentrations in soil range
from 0.1 to more than 1000ppm (1uM - 10mM), while in atmospheric dust, the range is 50-
400ppm (0.7mM - 5SmM)>.

While arsenic has a historically infamous reputation as a poison’, its biological uses are
less well known. Arsenic belongs to group VA of the periodic table of elements - these
elements are metalloids that have both metallic and non-metallic properties. Arsenic exists in
various forms, exhibiting different biological properties and degrees of toxicity. The common
valence states of arsenic in nature include -3, +3, and +5, with decreasing toxicity. The
specific toxicity of arsenate [As(V)] is generally attributed to its chemical similarity to
phosphate where it is capable of mimicking the role of phosphate in cellular transport and
enzymatic reactions. Thus, arsenate may replace an essential phosphate in various metabolic
processes where a central target of As(V) is pyruvate dehydrogenase and inhibition of this
enzyme blocks respiration. Arsenate uncouples oxidative phosphorylation by the formation of
unstable arsenate esters, which substitute for phosphate esters in ATP formation®. Arsenite
[As(IIT)] reacts with -SH groups of cysteine residues, which often constitute an integral part of
the active site of enzymes, thereby inhibiting their catalytic activity. Besides direct enzyme
inhibition, arsenite induces oxidative damage via the accumulation of reactive oxygen species.
This arsenite-stimulated generation of reactive oxygen, known to damage proteins, lipids and

DNA, is probably the direct cause of the carcinogenic effects of arsenite’.

In aqueous systems arsenate oxyanions are ionized with three pK, values of 2.2, 7.0, and
11.50 (comparable to 2.1, 7.2, and 12.7 for phosphate)®, so that approximately equal amounts
of HAsO,* and H,AsOy, occur at pH 7" whereas H3;AsO, and H,AsOy4 predominate in acidic
environments®. Arsenite appears mostly un-ionized as As(OH); at neutral pH, with a pK,, of
9.2 for dissociation to HyAsO; . Therefore, the transport substrate in and out of the cells for
arsenate will be the oxyanion comparable to phosphate at approximately the same pH, whereas

arsenite may move across membrane bilayers passively un-ionized or be transported by a



carrier protein similar to un-ionized organic compounds’. Arsenic toxicity is highly dependent
on its oxidation state: trivalent arsenicals are at least 100 times more toxic than the pentavalent
derivatives'’. Arsenite and arsenate are interconverted by biological redox reactions and

arsenite can also be methylated by bacteria, fungi and algae'".

The effects of oxyanions of metalloids on both prokaryotic and eukaryotic cells have
attracted substantial attention. In recent years, concern has increased about the release of
arsenical compounds in the environment and their toxicity to a wide variety of organisms,
including humans. There is a wealth of information on the biological effects of arsenic
compounds on mammals: arsenic is able to induce cell transformations'?, gene amplification
in marine cells'’, gene damage in human alveolar type II cells'*, and is a co-mutagen agent in
exposed hamster cells”. Arsenic compounds elicit a cellular stress response similar to

1316 and causes lung and skin cancers in humans'” '® '°. There is

heatshock protein synthesis
also evidence to support the carcinogenic effect of ingested inorganic arsenic and the

occurrence of bladder, kidney and liver cancers™ .

In the environment microorganisms are continuously exposed to metallic anions and
cations. Some of these ions are taken up as essential nutrients (i.e. magnesium, potassium,
copper, and zinc) whereas others exert toxic effects on microbial cells (i.e. mercury, lead,
cadmium, arsenic, and silver)*'. Although the presence of heavy metals is detrimental for
microorganisms, toxic metals select variants possessing genetic resistance determinants which
confer the ability to tolerate higher levels of the toxic compounds. Because metal ions cannot
be degraded or modified like toxic organic compounds, there are six possible mechanisms for
a metal resistance system:

exclusion by permeability barrier;

intra- and extra-cellular sequestration;

active efflux pumps;

enzymatic reduction; and

reduction in the sensitivity of cellular targets to metal jons®* ** 2% 2°- 26,

One or more of these resistance mechanisms allows microorganisms to function in metal
contaminated environments. In bacteria, heavy metal resistance genes are usually located on
plasmids or transposons. Several bacterial resistance mechanisms to toxic metals have been

studied and described?” %%,



1.1.2 The arsenic global geocycle

Just as there are well-studied geocycles for carbon, nitrogen, oxygen, sulfur and other
elements that are components of all living cells, there are also geocycles for toxic elements
including arsenic. Living cells (especially microbes) carry out redox and covalent bond
chemistry and are important contributors in the arsenic geocycle. Higher plants and animals
can bio-accumulate compounds to levels far above those of the environments in which they
live. Arsenate (the main arsenic compound in seawater) is taken up by marine organisms,
ranging from phytoplankton, algae, crustaceans, mollusks and fish®’, and converted to organic
compounds (such as methylarsonic acid or dimethylarsinic acid), or is converted to organic
storage forms that are then secreted into the environment. However, some arsenic is retained
by phytoplankton and metabolised into complex organic compounds®. More complex algal
organoarsenical compounds include water-soluble arsenosugars (i.e. dimethylarsenosugars)
and lipid-soluble compounds (arsenolipids). While phytoplankton and macroalgae are the
primary producers of complex organoarsenic compounds in the sea, these organisms are
themselves consumed and metabolized by marine animals. Fish and marine invertebrates
retain 99% of accumulated arsenic in organic form, and crustacean and mollusk tissues contain
higher concentrations of arsenic than fish. The major organoarsenic compound isolated from
marine organisms is arsenobetaine. It occurs in algae, clams, lobsters, sharks, and shrimp, but
it is not known how arsenosugars and arsenolipids are converted to arsenobetaine within the
higher animals in the marine environment. Arsenobetaine is degraded by microbial

metabolism in coastal seawater sediments to methylarsonic acid and to inorganic arsenic™.
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Figure 1.1 The arsenic geocycle (From Mukhopadhyay et al. 2002)*.



1.1.3 Entry of arsenic into cells

To have a physiological or toxic effect, most metal ions have to enter the microbial cell.
Pentavalent arsenate is analogous to inorganic phosphate and both anions utilize the same
pathway to enter cells. In Escherichia coli arsenate enters the periplasmic space through the
outer membrane porin, PhoE, and is transported into the cytoplasm by either of the phosphate
transporters: The Pit system (phosphate transport) appears to be the predominant system®', but
arsenate also enters the cells via the phosphate translocating ABC-type ATP-ase complex, Pst
(phosphate specific transport)®?, formed by the PstA, PstB, PstC and PhoS proteins™ (Figure
1.2).

phosphate D%ca%o arsenate
PhoE
PstS
r‘_- a i % %
I:Z’stABC : Pit
== L
ATP
Figure 1.2 Transport of arsenate into E. coli (from Nies & Silver, 1995)>.

Arsenite, on the other hand, might be considered an inorganic equivalent of glycerol and
therefore the glycerol facilitator of E. coli GIpF is the main route of entry into cells®*. GIpF is
an aquaglyceroporin, a member of the aquaporin superfamily consisting of multifunctional

channels that transport neutral organic solutes such as glycerol and urea™.
The frequent abundance of arsenic in the environment has guided the evolution of

enzymes for a variety of ingenious resistance mechanisms for protection against the

deleterious effects of arsenic as described below in section 1.1.4 —1.1.7.

1.1.4 Methylation

The conversion of arsenate to methylarsonic acid or to dimethylarsinic acid is a possible

mechanism for detoxification and was first observed over 150 years ago. It has been



understood, at the level of products formed, from the work of Challenger and co-workers
before World War 11°® ¥, Fungi dominate the microbes that produce volatile, garlic-smelling
trimethylarsine, although bacteria and animal tissues also have this potential’®. Hall et al.
(1997)*° showed that the microbial content of the mouse intestinal cecum (mostly anaerobic
bacteria) methylates inorganic arsenic, where up to 40% of low levels of As(IIl) and As(V)
were methylated in vitro by cecal contents in less than 24 hours. Both monomethyl- and
dimethyl-arsenic compounds were formed and addition of potential methyl donors increased

the yield of methylarsonic acid (Figure 1.3).
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Figure 1.3 Microbial formation of trimethylarsine from inorganic arsenate” 3% *

Following the discovery of biomethylation of mercury by Methanobacillus omelianski*',
it was shown that Methanobacterium bryantii produced dimethylarsine from several arsenic
compounds®. The facultative marine anaerobe Serratia marinorubra can also convert arsenate
to arsenite and methylarsonic acid when grown aerobically, but volatile arsines are not
produced under either aerobic or anaerobic conditions®’. Five bacterial species,
(Corynebacterium sp., E. coli, Flavobacterium sp., Proteus sp., and Pseudomonas sp.) isolated
from the environment were able to produce dimethylarsine after acclimatisation with sodium
arsenate. The Pseudomonas sp. was able to form all three of the methylated arsines. Six
bacterial species (Achromobacter sp., Aeromonas sp., Alcaligenes sp., Flavobacterium sp.,
Nocardia sp., and Pseudomonas sp.) produced both mono- and dimethylarsine from
methylarsonate; only two of them produced trimethylarsine. The Nocardia sp. was the only

organism that produced all of the methylarsines from this substrate**.



Qin et al.* reported the isolation of the protein product of the newly named arsM gene
from Rhodopseudomonas palustris. Whole cell and cell-free enzyme assays showed the
formation of mono-, di- and trimethylarsenic compounds. S-adenoylmethionine and
glutathione were required for enzyme activity in vitro and when this gene was cloned into E.
coli cells, the ability to produce volatile trimethylAs(IIT) and resistance to inorganic arsenite

was transferred.

1.1.5 Oxidation

Oxidation of As(III) represents a potential detoxification process that allows
microorganisms to tolerate higher levels of arsenite. Several examples of bacterial oxidation of

846

arsenite to arsenate were being reported as early as 1918™ and aerobic isolates from arsenic-

impacted environments have since been isolated and described*’: ** *°. Similar isolates have
also been found in soils and sewage not known to be exposed to elevated levels of arsenic®” *'.
More than 30 strains representing at least nine genera of the Bacteria and Archaea, including
members of the Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria,
Deinococcus-Thermus and Crenarchaeota, have been reported to be involved in arsenite

Sl . 5053
oxidation™ -,

To date, all known aerobic arsenite oxidases exhibit a heterodimeric structure with
molybdopterin and Rieske-like subunits™* **. The large subunit (AroA ~90kDa) of the arsenite
oxidase is the first example of a new subgroup of the dimethylsulfoxide (DMSO) reductase
family of molybdoenzymes™. All enzymes in this family are involved in electron transport
whereby the Mo-centre serves to cycle electrons via the Mo(IV) and Mo(VI) valence states,
and appear to have a common ancestor present prior to the divergence of the Bacteria and

Archaea®’ 8

. Unfortunately, much confusion surrounds the naming of arsenite oxidases, and
currently three different nomenclatures exist to describe what are essentially homologous
proteins encoded by asoA & asoB™, aoxB & aoxA™, aroA & aroB*.

The arsenite-oxidizing bacteria isolated can be divided into two groups:

(1) heterotrophs (growth in the presence of organic matter) or

(i1) chemolithoautotrophs (aerobes or anaerobes, using arsenite as the electron donor and

CO,/ HCOs' as the sole carbon source).



The oxidation of As(III) by heterotrophic microorganisms is generally considered to be a
detoxification mechanism as the microbes do not gain energy from the reaction™. Arsenite
oxidase genes have been described from the heterotrophic strains Alcaligenes faecalis™,
Cenibacterium arsenoxidans™, Thermus sp. str. HR13%, Thermus thermophilus str. HB8®',
Agrobacterium tumefaciens® and Chloroflexus aurantiacus™. The arsenite oxidase from
Alcaligenes faecalis is located on the outer surface of the inner membrane and the arsenite
oxidase transfers electrons to the periplasmic electron carriers amicyanin or cytochrome c. The
crystal structure shows the enzyme is heterodimeric with two subunits (o;3;). The large
subunit, AsoA is an 88kDa polypeptide that contains a molybdopterin and a 3Fe-4S center.
The small subunit AsoB is a 14kDa polypeptide which contains a Rieske 2Fe-2S center>.
AsoA is structurally related to members of the dimethyl sulfoxide (DMSO) reductase family
of molybdoenzymes. Based on amino acid sequence identity, AsoA shows the closest
relatedness to the dissimilatory nitrate reductase (NAP) (23%) and formate dehydrogenase
(FDH) (20%)°. The structure of the large subunit allows As(OH); to enter and allows
HAsO,” to exit following oxidation’* *®. Characterization of the arsenite oxidase genes (a0x)
in C. arsenoxidans shows that the sequence of the small subunit AoxA is 65% identical to the
AsoB found in A. faecalis, while AoxB, the large subunit in C. arsenoxidans, is 72% identical
to AsoA. The enzyme is also located on the outer surface of the inner membrane®®. These
results indicate that the arsenite oxidase genes found in heterotrophic As(Ill)-oxidizers are

homologous even though they are named differently™.

In contrast, autotrophic As(III) oxidizers can utilize As(IIl) as an electron donor coupled
to CO, fixation for cell growth under

- . L. 63,64
(1) aerobic conditions™™ ",

(ii) denitrifying conditions>> ©°.

There are currently two chemolithoautotrophic arsenite-oxidizing bacteria that have been
studied in detail: the aerobe NT-26* and the facultative anaecrobe MLHE1>*. The NT-26
arsenite oxidase (Aro) belongs to the dimethyl sulfoxide (DMSO) reductase family of
molybdoenzymes. The enzyme is induced by arsenite and located within the periplasm. AroA
(98kDa) is a molybdenum containing o-subunit and AroB (14kDa) is the small subunit
containing a Rieske-type [2Fe-2S] cluster. The amino acid sequence of AroA is 49.2%
identical to AsoA from A. faecalis and 48.4% identical to AoxB of C. arsenoxidans®.
Additionally, six novel bacterial strains have been described in 2007, which can couple CO,

fixation to As(III) oxidation under either aerobic or denitrifying conditions®, but none have



been studied in depth. Four of these autotrophic arsenite oxidizers are aerobes (Ancylobacter
sp. strain OL1, Thiobacillus sp. strain S1, Hydrogenophaga sp. strain CL3, and Bosea sp.
strain WAOQ), and two are denitrifiers (Azoarcus sp. strain DAO1 and Sinorhizobium sp. strain
DAO10) which are able to use NO; as the respiratory electron acceptor with complete

reduction to N, gas65.

1.1.6 Reduction

1.1.6.1 Respiratory arsenate reductases

There are several microbes that use As(V) as an electron acceptor in dissimilatory
anaerobic respiration. These prokaryotes oxidize a variety of organic (e.g. lactate, acetate,
formate and aromatics), or inorganic (hydrogen and sulfide) electron donors, resulting in the
production of As(IIl). Anaerobic arsenate respiration was discovered in 1994 with a bacterial
isolate that coupled anaerobic heterotrophic growth to arsenate reduction®” and since then,

. . . . . . 68. 69
diverse bacterial types with anaerobic respiratory arsenate reductase have been described™™ ™.

The anaerobic respiratory arsenate reductase from Crysiogenis arsenatis is a
heterodimeric, periplasmic or membrane associated protein with a native molecular mass of
123kDa with a K, of 300uM. It consists of a large molybdopterin subunit (ArrA) (87kDa)
which contains an iron-sulfur center, possibly a high potential [4Fe-4S] cluster (but is not
related to the acrobic arsenite oxidases), and a smaller [Fe-S] center protein (ArrB) (29kDa) ”°.
Both ArrA and ArrB subunits have a conserved N-proximal cysteine-rich iron-sulphur cluster-
binding motif (ArrA, CX,CX;C; and ArrB, CX,CX,CX;3C) and phylogenetic analysis of ArrA
and related sequences indicates that ArrA is distantly related to AsoA in the dimethyl
sulfoxide (DMSO) oxydoreductase family’'. ArrB appears to be an iron-sulfur protein related

to DmsB of DMSO reductase and NrfC of nitrite reductase .

The arsenate reductase from Sulfurospirillium barnesii is a trimeric membrane bound
complex with a molecular weight of 120kDa®®. This protein has an o subunit of 65kDa, a
subunit of 31kDa, and a y subunit of 22kDa. A b-type cytochrome appears to complement
membrane fractions. Desulfomicrobium strain Ben-RB reduces arsenate by a membrane-bound
enzyme, probably associated with a c-type cytochrome of which ¢55 is the major cytochrome

in this organism”.



1.1.6.2 Cytoplasmic arsenate reductases

The arsenate reductases (ArsC) from different sources have unrelated sequences and
structural folds, and can be divided into different classes on the basis of their structures,
reduction mechanisms and the locations of catalytic cysteine residues. ArsC cytoplasmic
arsenate reductases are found widely in microbes, and the arsC gene occurs in ars operons in
most bacteria with total genomes measuring 2Mb or larger, as well as in some Archaeal
genomes™". In bacteria, the resistance determinants are often found on plasmids’* ™" " which
has facilitated their study at the molecular level. As more and more bacterial genomes are
sequenced, it has become evident that arsenic resistance operons are ubiquitous. Homologous
chromosomal systems have also been found and are functional and provide arsenic tolerance’”
8 Three unrelated groups of ArsC sequences are currently recognized (Figure 1.4), and these

share a common biochemical function’®.

B. halodurans 61%

| Gram positive B. subtiiis 64%

8. xylosus 94%

S. aureus

M. gonorrhoeas 34%

) H. infuenzae 38%
Il Gram negative

Y. entemiitica 84%

A. multivorum 35%

{ E. cofi

5. cerevisiae

Ill Eukaryota

Figure 1.4 ArsC families from Gram positive bacteria (I), Gram negative bacteria (II), and
eukaryota (III). (Bacillus halodurans, B. subtilis, Staphylococcus xylosus, Neisseria
gonorrhoeae, Haemophilus influenzae, Yersinia enterocolitica, Acidiphilium multivorum.

Percentage sequence identity with the model enzyme for each family is indicated.

(Interfamilial sequence identity is lower than 20%.)".

The first family, represented by ArsC from Escherichia coli plasmid R773 is present on
many plasmids and chromosomes of Gram negative bacteria. This is a glutaredoxin-
glutathione-coupled enzyme, and has a distinct HX3CX3R catalytic sequence motif that

partially resembles crambin and partially glutaredoxin®. The thioredoxin-coupled arsenate
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reductases form the second family of arsenate reductases and was found initially in Gram
positive bacteria, but more recently also in Gram negative proteobacteria. ArsC from
Staphylococcus aureus plasmid pI258 as model enzyme for this family has a tyrosine
phosphatase (PTPase) I fold typical for low molecular weight (LMW) PTPases. It includes a
P-loop with the characteristic CX5R sequence motif flanked by a B-strand and an o-helix®'.
There is no relationship between the tertiary structures of the glutaredoxin and thioredoxin
coupled arsenate reductases, supporting the conclusion that these two classes of enzyme are
not related. Both classes of arsenate reductases have a core of four -strands forming a -sheet
region. The strands are all parallel for the thioredoxin coupled family but with one anti-parallel
B-sheet strand for the glutaredoxin coupled ArsC from plasmid R773*2. The third and less-
well-defined glutaredoxin-dependent arsenate reductase family is found in yeast
(Saccharomyces cerevisiae) and also contains the abovementioned motif but is homologous to

the human cell cycle control phosphatase Cdc25a®’.

1.1.7 Other mechanisms: Biosorption

The accumulation of toxic metals by bacterial biomass presents an effective means of
removing these metals from solution and has been applied in the remediation of several metals
such as cadmium84, coppergs, lead, chromium®®, copper, zinc, nickel, cobalt87, vanadium®®
and arsenic®’. The complexity of the microorganism's structure implies that there are many
ways for the metal to be captured by the cell. Heavy-metal ions can be entrapped in the
cellular structure and subsequently biosorbed onto the binding sites present in the cellular
structure. Cell walls of microbial biomass, mainly composed of polysaccharides, proteins and

lipids, offer particularly abundant metal-binding functional groups, such as carboxylate,

hydroxyl, sulfate, phosphate and amino groups .

According to the dependence on the cells' metabolism, biosorption mechanisms can be
divided into (a) non-metabolism dependent / passive uptake and (b) metabolism dependent /
active uptake. Furthermore, according to the location where the metal removed from the
solution is found, biosorption may be classified as (a) extracellular accumulation, (b) cell

surface sorption and (c) intracellular accumulation”'.
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1.2 Introduction to the present study

Since the late 19" century, South Africa's economy has been based on the production and
export of minerals, which, in turn, have contributed significantly to the country's industrial
development. The Consolidated Murchinson mine, situated in the Murchison greenstone belt,
is located in the Limpopo Province at Gravelotte, some 40 km due west of Phalaborwa. The
orebody is contained in a shear zone, being a hydrothermally emplaced occurrence’. A fold in
the earth’s crust caused a cleavage, along which there has been a large shear extending deep
into the earth’s crust and into this, carbon dioxide, silica, antimony and gold were
introduced”. The mine can be classified as a medium-scale mine and has been in operation
since 1937, making it the oldest known antimony deposit in the world. It is also the only
producer of antimony concentrate in South Africa and accounts for some 8% of the world’s
antimony production - the largest producer outside China®. Gold was discovered in the
Murchison range towards the end of the nineteenth century, and was mined on a small scale
for many years, with antimony as a by-product. The primary antimony ore is stibnite which is
crushed and milled and an antimony concentrate is then produced by flotation. Gold is

recovered in a gravity circuit and a number of leach and carbon absorption stages” .

Impurities in the concentrate are a key concern to end-users and in the case of
Consolidated Murchison, these are lead and arsenic’®. Lead, introduced artificially, as lead
nitrate is used as an activator for the stibnite in the flotation process. Arsenic, on the other
hand, is contained in the ore and cyanide is used to depress the arsenic during flotation®’.
Arsenic removal from the antimony product causes considerable concentration of arsenic in
the tailings and currently slag from middlings dumps (with arsenic concentrations of

approximately 8g/ton ~ImM) is being reprocessed.

Arsenic and antimony are both transition metal elements of subgroup VA of the periodic
table and share both chemical and structural properties with nitrogen, phosphorus and bismuth.
The electronic configuration of transition metal elements are characterised as having full outer
orbitals and as having the second outermost orbitals incompletely filled. There are five
electrons in the valence shells of these elements and thus, the principal oxidation states of

these elements are +3 and +5.
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1.3

Aims

Site description of an arsenic impacted mining environment for sampling
e enrichment for and isolation of arsenic resistant bacteria

e preservation methods of isolated bacteria

Identification of bacterial isolates
e 16S rDNA PCR and sequencing

e substrate utilisation identification

Determining minimum inhibitory growth concentrations of arsenic
e arsenate - As(V)
e arsenite - As(III)

Growth of arsenic resistant bacteria in arsenate and arsenite
e cffect on biomass production,
e growth rates,

e induction of extended lag-phases

Demonstrating and quantifying arsenate reduction as a resistance mechanism of

arsenic resistant bacteria
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1.4 Materials and methods

1.4.1 General procedures and chemicals

Chemicals used were of molecular, analytical or lab reagent grade, were obtained from

various commercial suppliers and was used without further purification.

1.4.2 Sampling and isolation

Soil, water and sludge samples were collected aseptically at the Consolidated Murchison
antimony mining and refining site in sterile Falcon Tubes or Whirl Packs. In total, 16 sites
were sampled and varied from very dry, compacted soil to sludge samples. The average pH of
all samples collected was 5.8 (determined by wetting approximately 5¢g of soil with ddH,O and
measured with pH indicators) and ambient temperature on the day of collection was
approximately 35°C (specific site descriptions are given in Table 1.1). One gram of sample
was mixed with 2mL basal medium (0.9g/L NaCl, 0.2g/L MgCl,, 0.1g/L CaCl,.2H,0, pH 7.5)
and 400uL of this supernatant inoculated into SmL TYG medium (5g/L tryptone, 3g/L yeast
extract, 1g/L. glucose) pH 5.8. TYG medium (5mL) was supplemented with SmM, 10mM,
50mM and 100mM®® potassium antimony tartrate and inocula were incubated for two days at
37°C with shaking at 200rpm to enrich for resistant aerobic mesophiles. From this, 500uL
supernatant was transferred successively into fresh TYG medium similarly supplemented with
potassium antimony tartrate to identify possible positive enrichments by comparing with un-
inoculated medium. Positive enrichments were streaked on antimony supplemented TYG
plates (100mM) and passaged on plates to obtain uniform colonies. Pure cultures were Gram
stained” to confirm purity and were then inoculated into TYG medium containing increasing
concentrations of arsenate (Na,HAsO,) and arsenite (NaAsO,) (5SmM, 10mM, 50mM and
100mM) to perform a preliminary arsenic resistance screen. Isolates capable of growth in

arsenic were used for further experiments.
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Table 1.1 Sampling site description.

Sample # | Site description pH
1-4 Dumping site (very dry)

1 Red, arsenic rich, = 1m from surface 5-6
2 Mixed soil, + 2m from surface 5-6
3 Black, antimony rich, + 1m from surface 5-6
4 Yellow, gold rich, = Im from surface 5-6
5-7 Silt dam # 2

5 Surface sample with strong sulfur smell 4-5
6 Same as 5 but + 15cm deep 5

7 Red, arsenic and cyanide rich, £ 15cm deep ~ 6-7
8 Surface sample at penstock 7-8
9-14 Northern wall of silt dam # 2

9 Logwater from dam # 2 6-7
10 Silt 6
11 Water 6
12 Silt 6
13 Soil = 3cm deep 6
14 Biofilm 7
15-17 Silt dam # 3

15 Water 6
16 Water and sludge from hole #5, 30°C 6-7
17 Water and sludge 6

1.4.3 Cryvopreservation

Cryopreservation was performed according to the method of Perry (1995)'. A single
colony was inoculated into TYG medium and grown with shaking at 37°C overnight. The cells
were diluted in a 1:1 (v/v) ratio with 40% sterile glycerol and stored at -80°C. All subsequent

experiments were inoculated from these cryopreserved cultures.

1.4.4 Identification

1.4.4.1 16S rDNA sequencing

Genomic DNA from each isolate was extracted with DNAzo.™ Reagent (Gibco BRL):

cells were harvested by centrifugation, frozen and thawed once, resuspended in TE-buffer, pH
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8.0 and an equal volume of DNAzorL added. Lysozyme was added to a final concentration of
Smg/mL and incubated at 37°C with vigorous shaking for 30 minutes and thereafter at 55°C
for 30 minutes with shaking. Proteinase K, to final concentration of 0.35mg/mL, was added
and incubated at 37°C with vigorous shaking for 30 minutes. An equal volume of chloroform :
isoamyl alcohol (24:1) was added and mixed by vortexing. Phase separation was performed by
centrifugation at 10 000rpm for 15 minutes and genomic DNA in the supernatant precipitated
with 0.5 volumes of ice cold 100% ethanol and centrifugation. Recovered DNA was washed
with 70% cold ethanol and resuspended in SmM Tris-HCIL, pH 8.0.

16S rDNA fragments were amplified using universal bacterial primers 27F and 1492R '
(Table 1.2). PCR reactions consisted of 1X Reaction Buffer, 2.5U DNA Polymerase
(SuperTherm), 2mM MgCl,, 200nM of each primer, 200uM of each ANTP and approximately
50ng template DNA. Amplification was performed after an initial denaturation step at 94°C for
5 minutes and thereafter 35 cycles of denaturing at 94°C for 30 seconds, primer annealing at
52°C for 45 seconds and product extension at 72°C for 1 minute. A final polishing extension
was performed at 72°C for 7 minutes. PCR products were ligated into the pGem®T-Easy
vector (Promega) followed by transformation into chemically competent E. coli JM109
cells'®. Selection was performed on LB-AIX-plates (10g/L tryptone, 5g/L yeast extract, 10g/L
NaCl amended with 60pug/mL  ampicillin, 9.6pg/mL PTG  (isopropyl-B-D-
thiogalactopyranoside) and 40pg/mL X-gal (5-bromo-4-chloro-3-indolyl-fB-D-galactoside)).
Plasmids were extracted using the Wizard® Plus Miniprep DNA Purification System
(Promega) and inserts of the correct size were identified by restriction analysis. The plasmid
DNA (200png) was digested at 37°C for 2 hours in a reaction mixture containing 10U EcoRI by
combining with 1X Reaction Buffer (50mM NaCl, 100mM Tris-HCI pH 7.5, 10mM MgCl,,
0.025% Triton X-100, 100pg/mL BSA). Sequencing was performed using primers T7, Sp6 as
well as internal primers US514F, Bac341F, EUB338, 915R (Table 1.2) with a BigDye®
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) on an ABI377 DNA Sequencer
(PE Biosystems). The sequences obtained were aligned with that of bacteria previously found
in the subsurface of mining environments as well as the closest matches revealed with BLAST
searches'®, and at RDP'™ with ClustalX (1.83)'®. A heuristic search was performed with
PAUP 4.0b5'% and yielded 10 000 parsimonious trees. A strict consensus tree was constructed
and rooted with the outgroup Aquifex pyrophilus. Bootstrap analysis of 100 replicates was
done to determine the robustness of the clades / groups. The bootstrap cut-off was 50%'%". A
bootstrap value greater than 75% was considered good support. Values of 65% - 75% were

considered moderate support and less than 65% as weak.
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Table 1.2 Nucleotide sequence and positioning information of the primers used to amplify and

sequence 16S rDNA amplicons.

Name Sequence (5°-3”) Position E. col Reference

16S tDNA
27F AGAGTTTGATCMTGGCTCAG | 27
1492R GGTTACCTTGTTACGACTT 1492 Lane et al. (1991)'!
U514F GTGCCAGCMGCCGCGG 514
Bac341F CCTACGGGAGGCAGCAG 341 Muyzer et al. (1993)'"
EUB338 GCTGCCTCCCGTAGGAGT 338 Davis et al. (2005)'"”
915R GTGCTCCCCCGCCAATTCCT | 915 Casamayor et al.'"
T7 Promoter TAATACGACTCACTATAGGG
Sp6 Promoter | TATTTAGGTGACACTATAG

1.4.4.2 Biochemical testing

Isolates were streaked on TYG-plates (pH 5.8) amended with 10mM arsenate.
Nutritional requirements and the use of specific carbon sources for growth were tested with
GN2 and GP2 MicroPlates™ (Biolog, Hayward). Following incubation at 37°C, positive test
results were recorded at 16h and 24h, respectively where a similarity index greater than 0.5
was considered positive identification. API 20E panels (bioMerieux, Inc.) were also used to

confirm the identification.

1.4.5 Minimum inhibitory concentrations

Bacteria were inoculated into 5S0mL of TYG medium, pH 5.8 and grown at 37°C as a
pre-inoculum. From this, TYG medium (pH 5.8), amended with increasing concentrations of
arsenite (ranging from 2.5mM to 15mM) and arsenate (0.5mM to 500mM) were inoculated in
duplicate with exponential growth phase cells, to an optical density of approximately 0.1 at
560nm. Flasks containing TYG medium with arsenic omitted were used as negative controls.
Inocula were grown at 37°C with shaking, samples withdrawn hourly and optical density

monitored at 560nm over a 12h period.
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1.4.6 Arsenate reduction

1.4.6.1 Qualitative

Bacteria were grown overnight at 37°C in 100mL TYG medium containing 1mM
Na,HAsQ,. Cells were harvested by centrifugation in a Beckman J2-MC centrifuge at 11000 x
g for 10 minutes at 4°C. The cells were washed in 10mM PIPES buffer, pH 6.5 and
resuspended in the same buffer in a 1:1 cell wet weight to volume ratio. This was then
supplemented with 0.2% glucose (w/v) (approximately 10mM) and 10mM arsenate and
incubated at 37°C'""'. Aliquots were withdrawn periodically over a two day period,
centrifuged, the supernatant removed and stored at -20°C until further analysis. Supernatant
was spotted onto Silica gel 60 Fys4 TLC sheets (Merck), overlayed with SuL of 100mM DTT
to enhance separation“z, and developed in 1:1 (v/v) EtOH : NH4OH. After drying, the plates
were sprayed with 2% (w/v) AgNO;'". Separation profiles were compared to As(II) and
As(V) controls for identification. A negative control, without any cells, was employed to

monitor chemical reduction.

1.4.6.2 Quantitative

The same procedure as described in the preceding section (1.4.6.1) was followed, but the
separated As(III) was recovered from the silica matrix and assayed using a modified

molybdate assay for phosphate''*.

To quantify arsenate reduction, aliquots of 50uL (SIL-20A auto sampler, Shimadzu) of
the supernatant were analyzed by HPLC (LC-20AT liquid chromatograph, Shimadzu) injected
onto a Hamilton PRP X-100 column. The mobile phase consisted of 12mM H3;PO4, pH 3.2,
and the products were eluted isocratically at a constant temperature of 30°C (CTO-10AS
column oven, Shimadzu). Both substrate depletion (arsenate) and product formation (arsenite)
were determined at 195nm (SPD-20AV UV/vis detector, Shimadzu). A negative control,

without any cells, was employed to monitor chemical reduction.

18



1.5 Results and discussion

1.5.1 Enrichments

Soil, water and sludge samples from 16 sites were inoculated to enrich for resistant
bacteria. Samples from six sites (10, 12, 14 -17) showed growth in medium amended with
100mM potassium antimony tartrate (Table 1.3) and were successively streaked out to obtain

pure cultures. These cultures were named according to site collection numbers.

Table 1.3 Growth for pure cultures inoculated into antimony supplemented TYG medium.
Sample# |0mM 5mM 10mM 50mM 100mM
1 - - - - -
2 - - - - -
3 - - - - -
4 \ V - - -
5 \ \ - - -
6 \ \ - - -
7 \ \ - - -
8 \ - - - -
9 \ \ - - -
10 v v v v v
11 \ V - - -
12 ol ol v ol ol
13 \ V - - -
14 ol ol v ol ol
15 S d v
16 v v v v v
17 v NN d v

Site 10 yielded 2 isolates, while the bacteria from sample 12 lost resistance during the
purification, possibly due to syntrophy within the bacterial consortium. All six pure cultures
were screened for arsenic resistance in liquid medium amended with arsenate and arsenite. The
bacteria were more resistant to arsenate than arsenite and three of the isolates (10(2), 16, 17)
were resistant to up to 100mM arsenate while isolates 15, 16 and 17 were resistant to 10mM

arsenite (Table 1.4).
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Table 1.4 Growth for pure cultures in arsenate and arsenite supplemented TYG medium.

Sample # Arsenate Arsenite
SmM  10mM S50mM  100mM | SmM  10mM 50mM  100mM

10(1) \ - - - v - - -
10(2) V «/ \/ V \/ - - -
14 \ - - - v - - -
15 V «/ \/ - v \/ - -
16 N J N N N N : :
17 v N v ¢ v : :

1.5.2 Identification

Amplification of the 16S rDNA sequence from these isolates yielded PCR products of
the expected size of approximately 1500bp (Figure 1.5). Near full length sequences were
deposited in the NCBI database and compared with BLAST (software version 2.2.13, National
Center for Biotechnology Institute, http://www.ncbi.nlm.nih.gov/BLAST/) analysis to entries
available at the EMBL, GenBank, and Ribosomal Data Project (release 9.35,
http://rdp.cme.msu.edu/). Table 1.5 shows the closest sequence matches, % identity and RDP

scores of the 16S rDNA gene from each of the pure cultures.

1500bp

Figure 1.5 16S rDNA PCR products from arsenic resistant pure cultures. Lane 1: GeneRuler™
molecular weight marker, Lane 2: isolate 10(1), Lane 3: isolate 10(2), Lane 4: isolate 14,

Lane 5: isolate 15, Lane 6: isolate 16, Lane 7: isolate 17.
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Table 1.5 Closest sequence matches for 16S rDNA genes of pure cultures.
Isolate # | Accession#  Length (bp) BLAST RDP Score Closest match

% lIdentity %

99 0.993 Bacillus cereus EU169167 /
10(1) DQ079060 1401

99 0.993 Bacillus thuringiensis AB363741
10(2) AY566180 1504 99 0.992 Serratia marcescens AB061685

99 0.981 Bacillus cereus EU169167 /
14 DQ079058 1409

99 0.981 Bacillus thuringiensis AB363741
15 DQ079059 1439 99 0.951 Stenotrophomonas maltophilia EF580914
16 AY551938 1506 98 0.951 Serratia marcescens AB061685
17 DQ079057 1386 99 0.971 Serratia marcenscens AY 043386

Three isolates (Bacillus sp. SA Ant 14, S. maltophilia SA Ant 15 and S. marcescens SA

Ant 16) were used for further investigations. Sequencing results are illustrated by the

phylogenetic tree (Figure 1.6) generated with 16S rDNA sequences as described in section

1.4.4.1. Biochemical identification was repeated with API panels and Biolog MicroPlate™

testing and confirmed isolate SA Ant 16 as Serratia marcescens with a similarity index of

0.58. It was not possible to definitively identify isolates SA Ant 14 and SA Ant 15 using

biochemical testing with the Microlog™ software and database.
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Figure 1.6
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Phyolgenetic tree generated with 16S rDNA PCR sequences. (Bacillus cereus AF290547;
Bacillus thuringiensis Z84588; Moorella glycerini U82327; Dehalobacterium
formicoaceticum X86690; Desulfotomaculum geothermicum X80789; Clostridium
halophilum X77837; Desulforhopalus singaporensis AF118453; Desulfomicrobium
baculatum AF030438; Serratia marcescens HO2-A AJ297950; Serratia marcescens (T)
KRED AB061685; Serratia marcescens HO1-A AJ 297946; Escherichia coli AY776275;
Yersinia intermedia (ER-3854) X75279; Shewanella alga X81622; Acinetobacter
haemolyticus X81662; Stenotrophomonas maltophilia ATCC 19861T AB021406;
Stenotrophomonas maltophilia LMG 10989 AJ131907; Xanthomonas campestris AJ811695;
Thiobacillus thioparus M79426; Thiobacillus thermosulfatus, U27839; Agrobacterium
ferrugineum D88522; Methylobacterium radiotolerans D32227; Adquifex pyrophilus
M83548.)
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1.5.3 Minimum inhibitory concentration

The bacteria exhibited different tolerance levels for both arsenite and arsenate, and with
the exception of Bacillus sp. SA Ant 14, it was found that these bacteria were hyper-tolerant
and could grow in exceptionally high concentrations of arsenate, (up to 500mM ~ 38000ppm)
and also high concentrations of arsenite (up to 10mM ~ 770ppm). Bacillus sp. SA Ant 14 was
able to grow in concentrations of arsenic below 5mM, S. maltophilia SA Ant 15 grew in
‘moderate’ arsenic concentrations (up tolOmM arsenite and 20mM arsenate respectively),
while S. marcescens SA Ant 16 was able to grow in ‘moderate’ concentrations of arsenite, but
was able to grow in up to 500mM arsenate. (Results are summarised in Table 1.6.) A model

bacterium such as E. coli has been shown to grow in up to 50mM arsenate' "

, while bacteria
isolated from arsenic contaminated sites in New Zealand were not able to grow in arsenite
concentrations exceeding 45mM and arsenate above 50mM''®. Reports of resistance to arsenic
in cukaryotes are in the range of 1.2mM arsenite and 6mM arsenate for Saccharomyces
cerevisiae''”, 1500ppm chromated copper arsenate (approximately 20mM) for Pterris vittata
(brake fern)''® and 200mM arsenate for an Aspergillus strain isolated from a heavily
contaminated river in Spain''’. Corynebacterium glutamicum is able to grow in medium

120 1t is therefore clear that S.

containing up to 12mM arsenite and 500mM arsenate
marcescens SA Ant 16 isolated during this study represents one of the most arsenate tolerant

prokaryote described to date.
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Table 1.6 Effect of increasing concentrations arsenite or arsenate on biomass yield, maximum
specific growth rate and lag phase for Bacillus sp. SA Ant 14, S. maltophilia SA Ant 15

and S. marcescens SA Ant 16 grown for 12 hours.

Concentration Biomass (12 h) Max. Specific Lag Phase
(mM) (mg/mL dry weight) | Growth Rate (/h) (h)
TYG 0.48 0.19 4
2.5 0.55 0.25 4
As (III) 5 0.64 0.24 5
Bacillus sp. 6.5 0.07 0.03 6
SA Ant 14 0.5 0.49 0.20 5
1 0.53 0.23 4
As(V)
2.25 0.53 0.20 6
4 0.10 0.31 8
TYG 1.41 0.30 -
2.5 1.14 0.27 -
5 0.23 0.15
As(111)
. 7.5 0.33 0.10 -
S. maltophilia
10 0.21 0.06 -
SA Ant 15
5 1.06 0.30
10 0.98 0.22 5
As(V)
20 0.87 0.20 6
100 0.04 0.04 10
TYG 1.50 0.42 -
2.5 1.42 0.44 -
5 1.36 0.37 -
As(1IT)
10 1.23 0.23 -
S. marcescens 15 0.09 0.08 -
SA Ant 16 20 1.32 0.21 1
100 0.97 0.18 1
As(V) 150 0.87 0.19 1
300 0.47 0.12 2
500 0.08 0.04 6

Both biomass and specific growth rate of Bacillus sp. SA Ant 14 showed an increasing
trend in the presence of arsenite, below 6.5mM (Figure 1.7). During growth in increasing
concentrations of arsenate, Bacillus sp. SA Ant 14 had comparable biomass yields after 12h of
growth in both arsenite and arsenate. Considerably higher maximum specific growth rates

were also observed. Possible explanations such as contamination was ruled out by microscopic
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investigation; the arsenic amendments were in too high concentrations to be able to act as
micronutrients to stimulate growth; and since the cells were grown aerobically, it is not
possible that the arsenic ions could function as either electron donor or -acceptor. In terms of
conventional bioenergetic systems this stimulation of growth is difficult to rationalize.
Anderson and Cook'*' observed a similar trend when growing arsenate reducing bacteria
(Aeromonas and Exiguobacterium) in rich medium, but not when grown in chemically defined

medium. The mechanism and rationale for this phenomenon remains unexplained.

o
o

log A560nm

log A560nm

=)
> a
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0 2 4 6 8 10 »
Time ()
Figure 1.7 Growth of Bacillus sp. SA Ant 14 in absence and presence of arsenite (a) (m TYG; o

2.5mM; A 5mM; ¢ 6.5mM) and arsenate (b) (0 TYG; ¢ 0.5mM; + 1mM; o 2.25mM; A

4mM). Error bars are too small to be indicated.

Both the specific growth rate and biomass yield was severely inhibited for S. maltophilia
SA Ant 15 in the presence of arsenite. Arsenate inhibited growth to a much lesser extent, as
indicated by specific growth rate and biomass yield, but an increasing lag phase was observed

with increasing concentrations of arsenate (Figure 1.8).
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log A560nm
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Figure 1.8 Growth of S. maltophilia SA Ant 15 in absence and presence of arsenite (a) (m TYG; o
2.5mM; « SmM; A 7.5mM; ¢ 10mM) and arsenate (b) (0 TYG; m 5SmM; ¢ 10mM; o

20mM; A 100mM). Error bars are too small to be indicated.

For S. marcescens SA Ant 16, addition of arsenite resulted in a decrease in both specific
growth rate and biomass up to a threshold concentration above 10mM, whereafter a sharp
decline in both these parameters were observed. Addition of arsenate resulted in a lag phase
that lengthened with increasing concentrations. A linear decrease in biomass yield was seen

after 12h of growth as well as a decline in specific growth rate up to S00mM arsenate (Figure

1.9).
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Figure 1.9 Growth of S. marcescens SA Ant 16 in absence and presence of arsenite (a) (m TYG; o

5mM; « 7.5mM; A10 mM; ¢ 15mM) and arsenate (b) (0 TYG; ¢ 20mM; m 100mM; e

150mM; o 300mM; A 500mM). Error bars are too small to be indicated.
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Longer lag phases could be indicative of an initial adaptation phase where, for example,
arsenate could be adsorbed or reduced to arsenite. Lower growth rates and biomass are likely
results of the toxicity of arsenate or the inhibitory effects of arsenite formed by reduction.
External factors might also play an auxiliary role in the exceptionally high resistance to
arsenate. Acidification of the culture medium by arsenate resistant bacteria during growth has
been demonstrated with an increase in the external pH as a result of arsenate reduction'*'. This
‘neutralization’ of the medium might prevent the pH from decreasing to a point where the
bacteria are no longer able to grow and therefore indirectly enable the bacteria to survive at

higher concentrations.

1.5.4 Arsenate reduction by resting cells

The ability of cells to reduce arsenate to arsenite under resting conditions was
determined by TLC (Figure 1.10). Quantitative arsenate reduction was initially monitored by
recovering As(IIl) from the TLC plates and performing a modified phosphate assay. However,
this progression of testing showed poor reproducibility and HPLC-analysis was performed as

an alternative.
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Figure 1.10 TLC plate demonstrating arsenate reduction to arsenite by resting cells of Bacillus sp. SA

Ant 14, S. maltophilia SA Ant 15 and S. marcescens SA Ant 16.

No chemical reduction was observed under this set of experimental conditions (results
not shown). All three the bacterial isolates were able to reduce arsenate and extrude the

resulting arsenite, but it is clear that this is not the only resistance strategy employed to cope
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with arsenate, as a significant portion of arsenate removed (69 — 77%) was not recovered as

arsenite, especially in the case of the Bacillus sp. (Figure 1.11 a, b and c).
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Figure 1.11 Reduction of arsenate (®) to arsenite (m) by resting cells of (a) Bacillus sp. SA Ant 14 (b) S.
maltophilia SA Ant 15 (¢) and S. marcescens SA Ant 16.

A summary of the results are presented in Table 1.7. Removal of arsenate from the
solution did not correlate with arsenite appearing and therefore it has to be deduced that an
alternative resistance mechanism to arsenate, additional to reduction, is being employed.
Bacillus sp. SA Ant 14 was able to remove approximately 80% of the arsenate supplied in a
very short period of time, but only 4% was converted to arsenite at a reduction rate of
0.3uM/h/mg cells. S. maltophilia SA Ant 15 was able to remove all of the arsenate at a rate of
92.4uM/h/mg cells over the first 2h and thereafter by reducing approximately 25% to arsenite
at 4uM/h/mg cells. S. marcescens SA Ant 16 removed 50% of the arsenate by reducing 15%

to arsenite at approximately 2uM/h/mg cells.
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Table 1.7 Arsenate removal by whole cells of Bacillus sp. SA Ant 14, S. maltophilia SA Ant 15 and S.
marcescens SA Ant 16 during resting conditions. (Arsenate removed and arsenite formed
are expressed as percentages of the total of 10mM initially added. Removal and reduction

rates are defined as arsenate (substrate) utilised and arsenite (product) formed.)

Bacillus sp. S. maltophilia S. marcescens
SA Ant 14 SA Ant 15 SA Ant 16
% As(V) Removed 78.3 100 49.3
% As(IIT) Formed 4.2 23.2 15.5
Removal Rate (uM/h/mg cells) 0.4 92.4(0-2h) 4.1 3.7
Reduction Rate (uM/h/mg cells) 0.3 2 2.1

In addition to reduction, alternative resistance possibilities exist, such as adsorption of
the negatively charged arsenic ions (both arsenate and arsenite) to oppositely charged amino

12212 "Eor the Gram positive Bacillus sp. the ability of the

groups in the bacterial cell walls
cell walls to sequester a large range of dilute metal ions from the environment has been well
documented'?*, and in a separate study, biosorption by isolates from the same sampling site
has been demonstrated'®. It is also possible that after reduction, the resulting arsenite can be
sequestered by a range of cysteine-rich peptides such as y-glutamylcysteine and glutathione'

or methylated'?’.
It is important to interpret the resistance to arsenate in the context of a dynamic system

where both the influence of the initial oxyanion amendment and the effect of products

resulting from biological transformations should be taken into account.

- This work has been accepted for publication in the

South African Journal of Science Volume 103, No 7/8 p 279-281, 2007
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2.1 Literature review: Dissimilatory arsenate reduction in
bacteria

Bacterial resistance to arsenic ions was first discovered by Novick and Roth (1968)" in a
group of Staphylococcus aureus B-lactamase plasmids which also determine resistance to
heavy metals. The ars operon was subsequently recognized in plasmids of S. aureus®, S.
xylosus® and Escherichia coli. These plasmid borne arsenic resistance determinants were
investigated in depth in the early 1980’s and it was shown that resistance to arsenate in both
these organisms was due to reduced uptake of arsenate by resistant cells and also that high
phosphate concentrations protected cells from arsenate toxicity. In this regard, studies of
arsenic resistant E. coli and S. aureus showed that the apparent attenuated arsenate uptake is
due to an accelerated efflux of the toxic ions in an energy-dependent manner’ °. It was found
that arsenic resistance plasmids confer tolerance to both arsenate and arsenite as well as to
antimony(II1)”*  Arsenic resistance operons have subsequently been found in other
microorganisms, Acidiphilum multivorum®, Bacillus subtilis’ and Pseudomonas aeruginosa'®
and have been show to be very common in both Gram positive'', '* and Gram negative

. 13,14, 15
bacteria > " 7.

Arsenic resistance determinants from E. coli and Staphylococcus plasmids were the first
to be cloned and sequenced and have been extensively characterised'®. The structural
organisation, function and overall mechanism of each of the operon constituents are highly
conserved throughout the bacterial domain. The arsenic resistance (ars) operon from E. coli
plasmid R773 contains five genes, named arsR, arsD, arsA, arsB and arsC, each with very
different, but ultimately synergistic functions and is the model for arsenic resistance in Gram
negative bacteria'’. In contrast, ars operons of Gram positive bacteria are exemplified by S.

aureus plasmid pI258 that consist of only three genes, arsR, arsB and arsC”.

In 1995 Carlin ef al.'® described the first account of a chromosomally located arsenic
resistance operon in E. coli (GenBank accession U00039). Upon further investigation, it was
found that it was very closely homologous to that of the E. coli plasmid R773. The only
exception is that this particular chromosomal ars operon only only the arsR, arsB and arsC
genes'®. Phylogenetic analysis of the plasmid-borne genes has shown no monophyleticity,
suggesting multiple cases of chromosomal-plasmid exchange and subsequent horizontal gene
transfer events'’. With the advent of genome sequencing projects, the number of putative ars

genes (lacking empirical characterisation specifically in terms of arsenic resistance) have
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grown considerably and is expected to keep doing so.

2.1.1 Regulation

In both the abovementioned bacteria, ars operons are regulated by the arsR gene which
encodes a dimeric trans-acting repressor. The arsenic resistance operon can be induced by
arsenate, arsenite and antimonite in vivo™ > 2, but in vitro protein-operator interaction analysis
revealed that only arsenite and antimonite were inducers®'. In addition to arsR, the E. coli ars
operon has a second regulatory gene arsD, that appears to be an inducer-independent trans-

acting regulatory protein which controls the upper level of ars gene expression®.

2.1.2 Membrane pumps

The E. coli arsA gene encodes an ATPase subunit as inferred initially from significant
homology with other ATP-binding proteins. This homology is only within the ATP-binding
regions and not in the entire protein sequence®. The ArsA homodimer actively extrudes
arsenite (and antimonite) ions in an energy dependent manner®* and contains two ATP binding
sites which appear to have evolved by duplication®. The protein has been purified and shown
to be an arsenite- or antimonite-stimulated ATPase tightly bound to the ArsB membrane

. 26,27
protein™ ~.

The E. coli ArsB is an integral inner membrane protein, that anchors the ArsA ATPase
subunits®™ ?. There are only a few proteins which show sequence homology with ArsB and
none appear to be closely related™. The ArsA-ArsB complex is the first example of an anion-
transporting ATPase and functions as a primary arsenite (and presumably antimonite) pump®'.
In S. aureus, ArsB alone is sufficient for arsenite efflux and resistance without the presence of
an ArsA ATPase and with the membrane potential as the energy source®>. Co-expression of
the E. coli ArsA with the S. aureus ArsB dramatically increases the level of arsenite
resistance, suggesting an interaction between these two proteins”. On the other hand, the E.
coli ArsB functions as an obligatory ATP-coupled primary pump in the presence of ArsA
protein, but also works as a membrane potential driven secondary pump in the absence of

ArsA like the S. aureus ArsB>.
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2.1.3 Arsenate reductases

The last gene in the arsenic resistance operon, arsC, in bacteria encodes a soluble protein
(131 amino acid residues, for S. aureus and 141 amino acids for E. coli), that reduces less
toxic arsenate [As(V)] to more toxic arsenite [As(III)]* **. It seems peculiar to convert a less
toxic compound to a more toxic form, but ArsC activity is closely coupled with efflux from

33,35 5o that intracellular arsenite never

the cells via the (ArsA)-ArsB protein complex
accumulates. Presumably, since arsenate is structurally similar to phosphate, ‘arsenate
extrusion pumps’ would inadvertently also expel phosphate from the cytosol, leading to
phosphate starvation. Arsenate reductases from plasmids pI258°> ** and R773°* have been
purified and studied: Both enzymes reduce arsenate via mechanisms based on cysteine thiol
oxidation / reduction cycling’® *> *° but share less than 20% amino acid identity. Thus,
arsenate reductases can be subdivided into families whose sequences are unrelated and whose
mechanisms differ in detail. Furthermore, purified enzymes exhibit no endogenous activity,
but need other proteins to carry out reduction reactions. The most striking difference between
the two enzymes is the energy coupling systems: Here, the S. aureus enzyme couples with

thioredoxin both in vivo and in vitro®, and in contrast, the E. coli enzyme couples with

glutaredoxin®’.

2.1.3.1 The E. coli glutathione / glutaredoxin ArsC family

The arsenate reductase from the large E. coli resistance plasmid R773 has been well
characterised both enzymatically and structurally: It is a small (16kDa) monomeric, soluble
protein that has a Ky, of 8mM. Competitive inhibitors are phosphate, sulfate and arsenite®* and
ArsC also confers low level resistance to tellurite®®. The overall protein fold for R773 ArsC
has been shown to contain large regions of extensive mobility, especially at the active site™,
possibly explaining the broad range of inhibitors. The primary structure of Gram negative
arsenate reductases are remarkably similar and share very high homology with each other. The
secondary structure and organisation has a small measure of structural homology to
glutaredoxin, thiol transferases, and glutathione S-transferases, but this protein shows no

significant global similarity to other known proteins*’.
For enzymatic activity, three essential cysteine residues are involved in a cascade

sequence and there are no inorganic or other bound co-factors in the ArsC enzyme. The first

cysteine residue is located at position 12 from the N terminus of ArsC, but the other two
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catalytic cysteines are provided by glutathione and glutaredoxin rather than the ArsC

polypeptide*'.

The reaction mechanism for arsenate reduction in E coli R773 (Figure 2.1) is as follows:

(1) the catalytic Cys12 residue associates with arsenate, forming an As-S covalent bond

(2) glutathione (GSH) displaces a hydroxyl group to produce a tertiary glutathionylated
As(V)*¥

(3) subsequent reduction by a cysteine on glutaredoxin (Grx) producing a dihydroxy
arsenite intermediate and releasing oxidized GrxS-SG

(4) a monohydroxy positively charged arsenite intermediate is formed

(5) following hydroxylation and release of arsenite and regeneration of reduced ArsC*’

5
ﬁds[‘.-’] =() (arsenate) o
Cysi2=58" Hﬂr \D' CysiE—S—A;[VPD
Ara(C = %—T ArsC \D‘H
Cyst(6—SH aIH' ] H,0 \Oys!ﬂﬁ‘*SH
OH
jﬁ ;ﬁ;lsi[ﬂﬂ (arsenite) + 2H' ir GSH
2m,0 - HO OH H,0 o
/CyslI—S-AS'{Ilﬂ—GH Cysl2 -S—A:S[V'_[‘O
ArsC ArsC SG
N B
Cys106—SH OH" GrxSH Cys106—SH
OH H*
Cys12 8 — As[Il]
AmsC i "E'!H 4+ GrxS—-8G
Cysl06—=5H

Figure 2.1 Catalytic reaction cycle of the Grx-coupled arsenate reductase of E. coli plasmid R773*.

E. coli has three glutaredoxins, Grx1, Grx2 and Grx3, each of which has a Cys-Pro-Tyr-
Cys dithiol consensus sequence™® . Glutaredoxin can catalyze either intraprotein disulfide bond
reduction or reduction of mixed disulfides between a protein cysteine thiol and glutathione™.
Although all three glutaredoxins can serve as electron donor for the reduction of arsenate by
the E. coli R773 reductase, Shi et al (1999). demonstrated relative efficiencies of Grx2 —

Grx3 — Grx1Y.
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2.1.3.2 The Staphylococcus thioredoxin ArsC family

The first recognized arsenate reductase was found on a Gram positive Staphylococcus
plasmid (pI258)* and has since been found widely among plasmids and genomes of Gram
positive bacteria as well as in some Gram negative bacteria®. The Staphylococcus aureus
ArsC enzyme is a cytosolic monomer of approximately 14.5kDa and has a high affinity for
arsenate with a Ky, of 1uM>®. Phosphate (the analog of arsenate) and nitrate (but not sulfate)
are stimulators, whereas arsenite, antimonite and tellurite are inhibitors®.

3051 jt is known that

From protein crystallography, enzymology, and mutational studies
this arsenate reductase, like that from E. coli R773, utilizes three cysteines for a cascade of
reducing reactions. However, unlike the glutaredoxin linked E. coli R773 reaction scheme, all

three these cysteines are encoded within the ArsC polypeptide primary sequence (Figure 2.2).

¥ 192

Figure 2.2 Ribbon diagram of the overall structure of reduced ArsC wild type visualized from two
different positions. The P-loop CX:R motif (red), the catalytic key residues in ball-and-

stick representation, and the flexible short a-helix region (yellow) are shown™.

As shown in Figure 2.3, the S. aureus pI258 enzyme reduces arsenate by:

(1) covalently binding arsenate to the N-terminal Cys10 residue (corresponds to E. coli
R773 Cys12), forming a covalent Cys10-S-AsHOs-intermediate

(2) Cys82 attacks Cys10 (analogous with glutathione in E. coli R773) with formation of
a Cys10-Cys82 disulfide intermediate

(3) the electrons from the S-As bond shuttle to arsenic and arsenite is released

(4) Cys89 (glutaredoxin in E. coli R773) then attacks Cys82 producing a Cys82-Cys89
disulfide and the Cysl0 thiolate is regenerated (this comprises the major

conformational change in the enzyme)
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(5) thioredoxin (Trx) reduces the final Cys82-S-S-Cys89 oxidized bond regenerating

reduced arsC

?.
As[V]=0 (arsenate) o
I\ !
/Q'SIU—S' HO O /Cyslﬂ—s—ﬁf[\"]-ﬂ
ArsC :C}rsﬂi ~SH _>W ArsC :C}rsﬁﬂ -SH OH
Cys89—SH 20 HO Cys89—SH
S—8
'.'} i OH %
o i o
4 (arsenite) As[III]
Trx Y
HO OH
10—-5H Cysl0—8
/C}"S 3 Fy ¥ |
ArsC :Cysﬂz—? -— ;\I‘ECT\C}'SEE—S
Cys89—5 Cys89 —=5H
Figure 2.3 Catalytic reaction cycle of Trx-coupled arsenate reductase of S. aureus plasmid pI258.

The secondary and tertiary structures of S. aureus pl258 arsenate reductase are
remarkably similar to those of low molecular weight protein tyrosine phosphatases (LMW-
PTPases) from mammals, a relationship predicted based on overall sequence homology (26%
amino acid identities) as well as conservation of key residues in the ‘P-loop’ active site™* >°.
Interestingly, the stability of the P-loop structure requires the presence of an oxyanion such as

arsenate or phosphate™ >

. The S. aureus pl258 arsenate reductase shows phosphatase activity
with the model substrate p-nitrophenyl phosphate and has a K., of 0.5/min, a very high K, of
146mM, and an overall activity far below the range found with enzymatically characterised
LMW-PTPases. Arsenate is a competitive inhibitor of phosphatase activity, with a K; very
similar to the K, for arsenate reductase activity*®. It would thus seem that the S. aureus pI258
arsenate reductase is a dual-function enzyme and it has been suggested that climate changes
over geological timescales have forced the evolution from one substrate (phosphate) to the
other (arsenate)’’. Arsenate reductases from Gram positive organisms show much less
sequence homology to each other than their Gram negative counterparts, but without
exception, the reaction pathways still follow the same thiol-cascade mechanisms. Interestingly,

it has been demonstrated that Gram positive arsenate reductases can be successfully expressed

in Gram negative bacteria, and that this expression results in higher arsenic resistance’.
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2.1.3.3 Exceptions to the rule

Some variation within the organisation and structure of certain components in the

arsenate reduction scheme has been found:

The recently deposited genome sequence of Herminiimonas arsenicoxydans contains
four putative arsenic resistance operons, each containing an arsenate reductase from either the
glutaredoxin or thioredoxin family, with two of the four operons incorporating arsenate

reductases from both families>® (Figure 2.4).

arsIl ar$C_‘._a‘:- acrd >MSFtransportcr
sty

0.5kb

arsk, arsenical transcriptional regulator
arsCa, arsenate reductase thioredoxin family|
arsB, arsenical efflux pump

arsB arsenical efflux acr3 family

arsCh arsenate efflux glutaredoxin family
arsH, putative flavoprotein

MSF and permease membrane protein

omEoom0O

Figure 2.4 Organisation of the four arsenic resistance operons in Herminiimonas arsenicoxydans™.

The arsenate reductase from the cyanobacterium Synechocystis sp. belongs partially to
the glutaredoxin coupled arsenate reductase family and partially to the thioredoxin coupled
family™. It contains the P-loop conserved sequence features of the thioredoxin coupled
arsenate reductase family but, for its catalytic mechanism, employs glutathione and
glutaredoxin as the source of reducing equivalents™. Like R773 ArsC, this arsenate reductase
forms a covalent complex with glutathione in an arsenate-dependent manner but contains three
essential cysteine residues, like pI258 ArsC, whereas the E. coli enzymes require only one
cysteine for catalysis. As in the thioredoxin coupled arsenate reductases, these additional
cysteine residues apparently shuttle a disulfide bond to the enzyme's surface to render it

accessible for reduction.

A different family of Grx-coupled cytoplasmic arsenate reductase is represented by
ACR2p arsenate reductase of Saccharomyces cerevisiae®. This enzyme is independent in
terms of structure from the two bacterial ArsC classes, and is related to a different class of

protein tyrosine phosphatases, which includes eukaryotic cell division cycle proteins®’ and
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thiolsulfate transferases®'. Unlike the bacterial arsenate reductases, purified ACR2p appears to
be a homodimer of two 130 residue monomers*’, but has the requirements for glutathione and
glutaredoxin as a source of reducing equivalents in a catalytic pathway similar to that of R773
ArsC. On the other hand, ACR2p has the consensus sequence CX5R, which corresponds to the
phosphatase active site and to the active site of the thioredoxin-coupled family of arsenate

62
reductases .

There is no relationship between the tertiary structures of the E. coli R773, S. aureus
pI258 and S. cerevisiae arsenate reductases (Figure 1.4), supporting the conclusion that these
three classes of enzyme are not related. Mukhopadhyay and Rosen (2002) suggested
simultaneous convergent evolution to solve the same problem of arsenate toxicity®, but
phylogenetic analysis suggests a common, ancient origin and subsequent horizontal gene

transfer events'’.
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2.2 Introduction

Serratia marcescens SA Ant 16 was chosen for further investigation based on its hyper-
resistance to arsenate demonstrated in Chapter 1. Serratia marcescens, a member of the
Enterobacteriaceae, has been confirmed to possess glutaredoxin-glutathione family arsC

4
homologs®* ¢

and it would therefore not be unreasonable to expect that the arsenate reductase
of S. marcescens SA Ant 16 would share similarities with other Gram negative arsenate
reductases. With this in mind, it was decided to target the arsenate reductase of S. marcescens

SA Ant 16 using a PCR-based approach.

When attempting to isolate a gene of interest in this manner, knowledge of the basepair
composition (sequence) of the gene is clearly required. Typically, Polymerase Chain Reactions
consist of target DNA, short nucleotide primers, free nucleotides, a buffer mixture with MgCl,
being the most important component, and DNA Polymerase®. These components may be
varied singly or in combinations to alter the specificity of the amplicons®’. For amplification
of arsC of S. marcescens SA Ant 16, oligonucleotide primers were designed based on regions

showing high homology within various arsC sequences from Gram negative bacteria.

An alternative approach based on similar protein function, instead of sequence
similarities, is presented in the form of constructing and screening genomic libraries. The most
pertinent issue regarding this approach, is the ability of the screening host to express
(transcribe, translate and process) the targeted gene using endogenous cellular machinery. If
the host organism possesses proteins with the same function as the gene of interest, this basal
level of expression needs to be complemented in excess of endogenous activity, or alternately,
the native protein has to be inactivated. Both these options imply their individual set of
challenges: proteins rarely function in isolation, and generally the product of one protein
constitutes the substrate for a second reaction. If over-complementation is attempted,
additional strain will be put on ‘downstream’ reactions. In the case of ‘knockout strains’,
experience has taught us that when genes are removed from an organism’s genome, it often

results in a weakened host that is frequently difficult to maintain and manipulate.
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2.3 Aims

1. Isolation of arsC from S. marcescens SA Ant 16 using:
e PCR-based approach using specific and degenerate primers with
varying reaction conditions
e genomic library construction approach with arsenate reductase deletion

mutants of E. coli and laboratory strains
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2.4 Materials and methods

2.4.1 General procedures and chemicals

Chemicals used were of molecular reagent grade or lab grade (in the case of general

reagents), obtained from various suppliers and used without further purification. Specific

alterations to methods described in this section are included in Results and Discussion for

clarity.

2.4.2 Bacterial strains and primers

E. coli strains used for general cloning and screening procedures are described in Table

2.1, while primers for the amplification and sequencing of arsC are described in Table 2.2.

Table 2.1 E. coli strains used in the study.
Name Genotype Reference or source
W3110 dam dcm supE44hsdR17 thi leu rpsL lacY galK galT ara | 68 (Gift from Prof. B. Rosen)
TonAd thr tsx A(lac-proAB) ¥’ [traD36 proAB+ lacl’
lacZAM15]
AW3110 W3110 Aars::cam 18 (Gift from Prof. B. Rosen)
ACSHS50 1 rpsL A(lac-pro) [F’, traD36 proAB lacl’ AM15 Aars::cam 69 (Gift from Prof. D. Rawlings)
IM109 recAl supE44 endAl hsdR17 gyrA96 reldl thi A(lac- | 70
proAB) F’ [traD36 proA B'lact AlacZ M15]
TOP10 F-mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAMI15 AlacX74 | Invitrogen

depR recAl araD139 A(araA-leu)7697 galU galK rpsL
endAl nupG

E. coli strains were cultured in Luria-Bertani medium (LB) (10g/L peptone, 5g/L yeast

extract, 10g/L NaCl) at 37°C on a rotary shaker at 200rpm, or on LB-plates containing

60pg/mL ampicillin, 9.6pug/mL IPTG (isopropyl-p-D-thiogalactopyranoside) and 40pg/mL X-
gal (5-bromo-4-chloro-3-indolyl-p-D-galactoside) (AIX) at 37°C.
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Table 2.2 Primers used for amplification and sequencing of arsenate reductase (arsC).

Name Sequence (5°-3") Position E. coli | Mean Tm Product
X80057 arsC (°C) (bp)

ArsCF ATGAGCAACATHACCATC 1-18 54.9

ArsCR TTAKTTCAGSCGNTTAC 409-426 46.2 0

ArF TGAGATACTCATAGTAGCAACATTACC -12-15 54.5

ArR CTCCATTTCATAAGCTTTGC 666-686* 49.6 700

arsC-1-F GTAATACGCTGGAGATGATCCG® 46-68 54.9

arsC-1-R TTTTCCTGCTTCATCAACGAC65 393-414 53.5 370

ArsRF GGGTTCAYTAYCGCTTATCMCCG 256-276" 58.5 206074170

ArsC7F GGTCAAACTCATTGCVGATATGGGG 132-157 59.2

ArsC7R GGRCGRTTAATCAGAATSGGRTG 262-285 56.7 10

PsThF AACWSYTGCCGYWSCATTCT 37-56" 57.4 200

PsThR ACATCGTCATCACCGTTTGCG 221-2417 58.2

MI3F CGCCAGGGTTTTCCCAGTCACGAC -106-130* -

MI3R TCACACAGGAAACAGCTATGAC +115-137* -

T7 Promoter TAATACGACTCACTATAGGG -58-78% -

Sp6 Promoter | TATTTAGGTGACACTATAG +80-99* -

* Serratia marcescens plasmid R478 AJ288983
*E. coli arsR X80057
Y Thiobacillus ferrooxidans AF173880

! pGem®T-Easy Vector (Promega) relative to T-overhang ligation site

2.4.3 PCR approach

2.4.3.1 DNA Extraction

2.4.3.1.1 Genomic DNA

DNA was extracted using DNAzoL (Gibco BRL): Cells were grown overnight at 37°C
with shaking in TYG medium and harvested by centrifugation in a Beckman J2-MC centrifuge
at 11000 x g for 10 minutes at 4°C. The cell pellet was frozen and thawed once, resuspended
in SmL Tris-EDTA buffer (10mM Tris-HCI, SmM EDTA, pH 7.5) and SmL DNA o1 reagent
added. Lysozyme was added to a final concentration of Smg/mL and incubated at 37°C for 30
minutes and thereafter at 55°C for 30 minutes with shaking. Proteinase K was added to a final
concentration of 350pg/mL and incubated at 37°C with shaking. An equal volume chloroform

: isoamylalcohol (24:1) was added, vortexed to mix and centrifuged at 10000 x g for 15
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minutes. The supernatant was transferred to a clean tube and the organic extraction repeated if
necessary. Genomic DNA was precipitated by the addition of 0.5 volumes 100% cold ethanol
and centrifugation at 14000 x g for 10 minutes. The pellet was washed with 70% cold ethanol,
air dried and resuspended in 5mM Tris, pH 8.0.

2.4.3.1.2 Plasmid DNA

Plasmids were extracted from S. marcescens SA Ant 16 and Bacillus sp. SA Ant 10(1)
using the low copy number protocol of the GeneJET™ Plasmid Miniprep Kit (Fermentas).

243.2 PCR

PCR reactions consisted of 1X PCR Buffer, 200uM of each dNTP, 200nM of each
forward and reverse primer, approximately 50ng template DNA, MgCl, to a final
concentration of 2mM and 2.5U Taq DNA Polymerase in a final volume of 50uL (unless
otherwise stated). Cycling was performed after an initial denaturing step at 94°C for 10
minutes: dsSDNA was denatured at 94°C for 1 minute, primer annealing at the appropriate
temperature for 30 seconds and elongation at 72°C for 1 minute. Amplification was repeated
for 30 - 35 cycles with a final extension cycle at 72°C for 7 minutes. PCR products were
separated on 1% agarose gels (unless otherwise stated) with 1X TAE buffer (40mM Tris-HCI,
20mM sodium acetate, 2mM EDTA) pH 8.0 at 100V, stained with ethidium bromide and

visualised under UV illumination.

2433 Gel band purification

PCR amplified bands were purified using High Pure PCR Purification Kit (Roche
Applied Science) or GFX PCR Product Purification Kit spin columns (Amersham) according

to the manufacturer’s instructions.

2.2.34 PCR product ligation

Ligation reactions were performed in a final volume of 10uL and consisted of 5 or 6
Weiss Units T4 DNA Ligase (Fermentas, New England Biolabs or Promega), 1X Ligation
Buffer (Fermentas, New England Biolabs or Promega), pGem®T-Easy vector (Promega) and

insert DNA in an approximately 1 : 3 molar ratio. Reactions were incubated for at least 3
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hours at room temperature or in the case of Promega reagents, at 4°C over night.

2.4.3.5 Transformation

Ligation reactions were transformed into RuCl, competent’' E. coli IM109 or TOP10
cells, and plated onto LB medium (10g/L tryptone, 5g/L yeast extract, 7g/L NaCl, pH 7.0)
containing 50pg/mL ampicillin, 9.6ug/mL IPTG and 40pg/mL X-gal. Single, white colonies
were inoculated into LB medium containing ampicillin to a final concentration of 50pug/mL

and grown overnight with shaking at 200rpm.

2.4.3.6 Plasmid extractions and restriction analysis

Plasmids containing PCR amplified inserts were extracted with NucleoSpin® Plasmid
Extraction Kit (Macherey-Nagel) or Fast Plasmid Mini Kit (Eppendorf) according to the
manufacturer’s instructions and verified by restriction analysis by combining 1X EcoRI Buffer
(Fermentas), SU EcoRI restriction enzyme (Fermentas) and plasmid DNA in a final volume of

10pL and incubating at 37°C for at least 2 hours.

2.4.3.7 Sequencing

Sequencing was performed by using the ABI BigDye Terminator v3.1 Ready Reaction
Cycle Sequencing Kit (Applied Biosystems). Reactions were made up to a final volume of
10uL and consisted of 2uLL Premix, 1X Dilution Buffer, 3.2pmol of the appropriate primer and
approximately 500ng dsDNA template. Cycling consisted of 25 cycles of denaturing at 96°C
for 10 seconds, primer annealing at 50°C for 5 seconds and elongation at 60°C for 4 minutes.
Products were purified using SigmaSpin Purification Columns (Sigma) and separated on an

ABI377 Sequencer (PE Biosystems).

2.4.4 Genomic library construction approach

2.4.4.1 Minimum inhibitory concentration

To determine the minimum inhibitory concentration of arsenic for the various E. coli

strains, LB-plates containing increasing concentrations of arsenic (and the appropriate
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antibiotic where applicable) were prepared. Strains were streaked out as well as transformed
with empty plasmid and plated out. Inhibition of growth was visually ascertained after

approximately 16h of growth at 37°C.

2.4.4.2 Partial digestion of genomic DNA

DNA was partially digested by serially diluting 20U restriction enzyme (EcoRI, BamHI
or Sau3Al (Fermentas)) in a total volume of 100uL and incubating at 37°C for 15 minutes.
Each tube contained approximately 10ng genomic DNA and 1X of the appropriate restriction
buffer (Fermentas). Fragments ranging from 1kb - >10kb were either excised from 1% agarose
gels and cleaned with the QIAEX II Gel Extraction Kit (Qiagen) or were directly purified
using the GFX PCR Product Purification Kit spin columns (Amersham) or High Pure PCR
Purification Kit (Roche Applied Science).

2.4.4.3 Vector digest and dephosphorylation

Vectors were digested with 10U restriction enzyme EcoRI, BamHI or Sau3Al
(Fermentas) in a 10X dilution of the appropriate buffer at 37°C for at least 3 h. Restriction
products were separated on 1% TAE agarose gels and linearised vector recovered and cleaned
with the High Pure PCR Purification Kit (Roche Applied Science) or GFX PCR Product
Purification Kit spin columns (Amersham). Vector 5’-overhangs were dephosphorylated to
prevent self-ligation with the use of 5U Antarctic Alkaline Phosphatase (New England
Biolabs) in 1X Antarctic Phosphatase Buffer (New England Biolabs). The mixture was
incubated at 37°C for 15 minutes and the phosphatase heat inactivated at 65°C for 20 minutes.
Dephosphorylation was confirmed by performing a self-circularisation reaction and

transformation into competent E. coli cells.

2.4.4.4 Ligation and transformation

Partially digested genomic DNA was ligated into dephosphorylated vector in a 1 : 3
molar ratio, but not exceeding a total concentration of 10ng/uL’?. Reactions consisted of 5 or
6 Weiss Units T4 DNA Ligase (Fermentas or New England Biolabs) and 1X Ligation Buffer
(Fermentas or New England Biolabs) which was then incubated at room temperature over

night and transformation of ligated products performed as described in section 2.4.3.5).
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2.5 Results and discussion

2.5.1 Polymerase Chain Reaction

Saltikov and Olson (2002)* designed primer set arsC-1-F / arsC-1-R and demonstrated
that these primers were highly successful to detect Gram negative R773-like arsC genes in
raw sewage and arsenic rich waters. This primer set amplifies an approximately 370bp product
from the arsC gene (Figure 2.5). Since the success of this primer pair had been well
documented in literature, and with the relatedness of S. marcescens and E. coli as well as the
high degree of homology between Gram negative arsenate reductases kept in mind, these

primers were employed to amplify the arsC from S. marcescens SA Ant 16.

Salmonella_typhimurium_pR64_AP ACCTCG CAACAGCGGTACCGAGCCGAC 89
Pseudomonas_stutzeri_AY702476 ACGTCG CAACAGCGGTATCGAGCCGAC 89
Shigella_flexneri_CP000266 ACGTCG CAACAGCGGCACAGAACCGAC 89
Shigella_boydii_CP000036 ACGTCG CAACAGCGGCACAGAACCGAC 89
E.coli_X80057 ACGTCG CAACAGCGGCACAGAACCGAC 89
Ecoli_BA0O0O0O007 ACGTCG CAACAGCGGCACAGAACCGAC 89

Acidiphilium_multivorum_pKW301 ACGTCG CAACAGTGGTAATGAACCGAC

Klebsiella_oxytoca_pMH12_AF168 ACGTCG CAACAGTGGTAATGAACCGAC

Yersinia_enterocolitica_pYVe22 ACGTCA CAACAGTGGCAATGAGCCCAC 89
Yersinia_enterocolitica_Tn2502 ACGTCA CAACAGTGGCAATGAGCCCAC 89
Smarcescens_R478_AJ288983 ACGTCA CAACAGCGGTACAGAGCCGAC 89

Enterobacter_cloacae AF521306 ACGTCG CAACAGCGGTACGGAACCCGA

Sinorhizobium_meliloti_DQ39893 ACGTCG CCAGTCCGGCGAGGAGCCGGA

Erwinia_carotovora_BX950851 GTCCTC ACCTTCAGGTAGAATATCCAG
*xk *

arsC-1-F

Salmonella_typhimurium_pR64_AP 426
Pseudomonas_stutzeri_AY702476 390
Shigella_flexneri_CP000266 426
Shigella_boydii_CP000036 426
E.coli_X80057 426
Ecoli_BA0OOO0OO7 426

c Acidiphilium_multivorum_pKw301 426
Klebsiella_oxytoca_pMH12_AF168 414
Yersinia_enterocolitica_pYVe22 426
Yersinia_enterocolitica_Tn2502 426
Smarcescens_R478 AJ288983 426
Enterobacter_cloacae AF521306 426
Sinorhizobium_meliloti_DQ39893 393
Erwinia_carotovora_BX950851 421

arsC-1-R
Figure 2.5 Alignments of arsC from Gram negative organisms with primer pair arsC-1-F / arsC-1-R

indicated.

The PCR reaction contained 1.5mM MgCl, and primer annealing was performed from
46°C to 57°C%. A positive control E. coli W3110 was included in the experiment. PCR
products of the expected size were only amplified in the control strain, and only non-specific

amplification was obtained for S. marcescens SA Ant 16 (Figure 2.6).
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Figure 2.6

<4+—370bp

1% TAE agarose gel with PCR products generated with primer pair arsC-1-F / arsC-1-R.

Lane 1: FastRuler™ Low Range; Lane 2: S. marcescens SA Ant 16 genomic DNA with
primer annealing at 46°C; Lane 3: 49°C; Lane 4: 52°C; Lane 5: 54°C; Lane 6: 57°C; Lane
7: E. coli W3110 positive control.

A second PCR with the same primer set was performed with increasing primer

concentrations ranging from 100nM to 300nM and 2mM MgCl, with primer annealing at

51°C*. Amplification yielded products of approximately 2600bp for the test strain and of
370bp for the E. coli W3110 control strain (Figure 2.7).

Figure 2.7

1 2 3 45 6 7 8 9 10

PCR products from primer set arsC-1-F / arsC-1-R.

Lane 1: Massuler™; Lane 2: S. marcescens SA Ant 16; Lane 3: E. coli W3110 each
amplified with 100nM of each primer; Lane 4: negative control; Lane 5: S. marcescens SA
Ant 16; Lane 6: E. coli W3110 each amplified with 200nM of each primer; Lane 7:
negative control; Lane 8: S. marcescens SA Ant 16; Lane 9: E. coli W3110 each amplified

with 300nM of each primer; Lane 10: negative control.
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PCR amplified fragments of 370bp and 2600bp were sequenced and the product from the
positive control (370bp) was confirmed to be arsC from E. coli (E-value: 3e-164). Sequencing
results from the approximately 2600bp bands from S. marcescens SA Ant 16 varied from a
preprotein translocase (92% identity, 33% query coverage and E-value 3e-22) to malate
dehydrogenase (83% identity, 58% query coverage, E-value 3e-72), but showed no similarity

to any known arsenate reductases.

It was therefore decided to design a set of degenerate primers based on alignments of
arsC sequences from various Gram negative bacteria. This primer set had an expected

amplicon size of approximately 430bp (Figure 2.8).

Salmonella_typhimurium_pR64 AP —————————— TATCACAACCCAGCCTGCGGC 39
Pseudomonas_stutzeri_AY702476 =  -—————————- TATCACAACCCAGCCTGCGGC 39
Shigella_flexneri_CP000266  -—————————- TATCACAACCCGGCCTGCGGC 39
Shigella_boydii_CPO00036 -—————————- TATCACAACCCGGCCTGCGGC 39
E.coli_X80057  —mmm——— TATCACAACCCGGCCTGCGGC 39
Ecoli_BAOOOOO7 mmmmm—— o TATCACAACCCGGCCTGCGGC 39
Acidiphilium_multivorum_pKW301 = = —————————- TATCACAACCCGGCCTGCGGC 39 >
Klebsiella_oxytoca_pMH12_AF168 @  -———-—-————- TATCACAACCCGGCCTGCGGC 39
Yersinia_enterocolitica _pYvVe22 = = —————————- TATCACAACCCGACCTGCGGC 39
Yersinia_enterocolitica_Tn2502 GAGATACTGA TATCACAACCCGACCTGCGGC 50
Smarcescens_R478 AJ288983 @@= ———————— TATCACAACCCGGCCTGCGGC 39
Enterobacter_cloacae AF521306 = = —-—-——————- TACCACAACCCGGCCTGCGGC 39
Sinorhizobium_meliloti_DQ39893 W  ————-————- TATCACAACCCGGCCTGCGGC 36
Erwinia_carotovora_BX950851 ~ = = -——-————- CAATCACTTTTTCACC 42

TTCAT!
*

E

* x *

ArsCF
Salmonel la_typhimurium_pR64_AP CGGTGAAAAAGTCGTTGATGAAGCA! 426
Pseudomonas_stutzeri_AY702476 = CTGTGA---———————————————— 390
Shigella_flexneri_CP000266 TGGCGAGAAAGTGGTTGATGAAGCG 426
Shigella_boydii_CP000036 TGGCGAGAAAGTGGTTGATGAAGCG 426
E.coli_X80057 TGGCGAGAAAGTGGTTGATGAAGCG 426
Ecoli_BA0O0O000O7 TGGCGAGAAAGTGGTTGATGAAGCG 426
<« Acidiphilium_multivorum_pKW301 CGGCGAGAAAGTAGTAGATGAGGCA! 426
Klebsiella_oxytoca_pMH12_AF168 CGGCGAGAAAGTCGTTGATGAAACC 414
Yersinia_enterocolitica_pYVe22 TGGTGAAAAGATCACTGACGAGTCA! 426
Yersinia_enterocolitica_Tn2502 TGGTGAAAAGATCACTGACGAGTCA! 426
Smarcescens_R478_AJ288983 CGGTGAGAAGGTAGTTGATGAAAAA 426

Enterobacter_cloacae_ AF521306
Sinorhizobium_meliloti_DQ39893
Erwinia_carotovora_BX950851

TGGCGAAGTCGTCGTTGACGCCAGC!
CGGCGAGGCGGTC-——=——===——~
C-GCGAGGTGCCGCAGGCCGGGTTG

* KKk

426
- 393
- 422

Figure 2.8
ArsCF / ArsCR.

Alignments of arsC from Gram negative organisms for design of degenerate primer pair

Reactions were performed as described in section 2.4.3.2, with the exception that MgCl,
was added to a final concentration of 0.5mM, 0.75mM or 1mM to vary primer binding
specificity. The approximately 430bp band (Figure 2.9a), generated in tubes containing
0.75mM and 1mM MgCl, respectively, was cleaned from the gel and re-amplified using the

same reaction conditions to improve yield (Figure 2.9b). Cloned inserts were verified by
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restriction analysis of the plasmids (Figure 2.9¢).

plasmid
backbone

. 3
a-—*—

T

< 430bp —»

Figure 2.9 PCR products generated with primer pair ArsCF / ArsCR.

(a) Lane 1: Massuler™; Lane 2: 0.5mM MgCl,; Lane 3: 0.75mM MgCl,; Lane4: 1mM
MgClz.

(b) Lane 1: Massuler™; Lane 2: 0.75mM MgCl,; Lane 3: 1ImM MgCl,.

(c) Lane 1: Massuler™; Lane 2 - 7: Inserts cut from plasmid with EcoRI.

Sequencing of the PCR products revealed 96% identity (with an E-value of 0.0) with

cytochrome oxidase subunit II (cyoxB) (Figure 2.10). This is a membrane bound, anaerobic

oxidating enzyme, that clearly shares no functionality with arsenate reductases.
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Query 8 ACATTACCATCCAGAACGGGATGACGGTCAGCACCACCGCCAGCACGAAGCCGATCAGGT 67

FEEE TR e e e e e e e e e e e e e e e el
cyoxB 3192 ACATCACCATCCAGAACGGGATGACGGTCAGCACCACCGCCAGCACGAAGCCGATCAGGT 3133

Query 68 ACGACTTCACGCTGCCGTGGCTTTCGCCGCCGGTGCCGTGGTCGTGTGCGTGGTTGTCAT 127

FELEREREEr I R e e e e e e ey il
cyoxB 3132 ACGACTTCACGGTGCCATGGCTTTCGCCGCCGGTGCCGTGGTCGTGTGCATGGTTGTCAT 3073

Query 128  GTGCCATTACAGCGCTCCATTGAGGTAGACGACGGAGAACACGCCGATCCAGATCAGGTC 187

IRELREREee L e e e e e e e e e e e
cyoxB 3072 GTGCCATTACAGGGCTCCATTGAGGTAGACGACGGAGAACACGCCGATCCAGATCAGGTC 3013

Query 188  CAGGAAGTGCCAGAACAGGCTCAGGCACGCCATGCGGGTCTTGTTGGTCGGGGTCAGGCC 247

LEELEEL e e e e e e e e e e e el
cyoxB 3012 CAGGAAGTGCCAGAACAGGCTCAGGCACGCCATGCGGGTCTTGTTGGTCGGGGTCAGGCC 2953

Query 248  GTACTTCTTCAGCTGCACGAACATCACCAGCAGCCACAGCAGGCCGGCGCTGACGTGCAG 307

IR e e e e e e e e e e e e e el
cyoxB 2952 GTACTTCTTCAGCTGCACGAACATCACCAGCAGCCACAGCAGGCCGGCGCTGACGTGCAA 2893

Query 308  GCCGTGGGTACCGACCAGGGCGAAGAACGCCGACAGGAAGGCACTTCGGTCCGGACCGTA 367

EELREE et P e e e e e e e Ll
cyoxB 2892 GCCGTGGGTACCGACCAGGGCAAAGAACGCCGACAGGAAGGCACTGCGGTCCGGACCGTA 2833

Query 368  GCCCTGATGGATCAGGTGCTGGAACTCATAGACTTCCATGCACATGAAGCCGAAGCCCAG 427

LEELRE Pt 0 i e e e e e
cyoxB 2832 GCCCTGGTGGATCAGGTGCTGGAACTCCCACACTTCCATGCACATGAAGCCGAAGCCCAG 2773

Query 428  CAGCCAGGTAAT 439

LELLLn 11
cyoxB 2772 CAGCCAGGTGAT 2761

Figure 2.10 Alignment of DNA sequence of ArsCF / ArsCR PCR product with cytochrome oxidase
subunit II (cyoxB).

Degenerate primer pairs ArsCF / ArsCR and the initial primer set arsC-1-F / arsC-1-R
were used in combination to attempt amplification of the arsenate reductase from S.
marcescens SA Ant 16. Primer set ArsCF / arsC-1-R was expected to amplify a 410bp
fragment and primer set arsC-1-F / ArsCR a 380bp fragment from the positive control E. coli
W3110. The reaction contained 1.5mM MgCl,, 100nM of each primer and annealing was
performed at 45°C, 47°C and 50°C. Primer set ArsCF / arsC-1-R amplified an approximately
410bp product as well as non-specific bands estimated at 1500bp and 2000bp for E. coli and
no amplification was obtained for S. marcescens SA Ant 16 (Figure 2.11a). Primer set arsC-1-
F / ArsCR did not amplify products of the expected size, but yielded non-specific products of
approximately 1500bp with E. coli W3110 and 2000bp with the test organism (Figure 2.11Db).
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1 23456728910

a

2000bp —»

2000bp —»
<«—1500bp

410bp —»

Figure 2.11 PCR products from combinations of primer sets ArsCF / arsCR and arsC-1-F / arsC-1-R.

a) Lane 1: Massuler™; Lane 2: S. marcescens SA Ant 16; Lane 3: E. coli W3110 positive
control with primer annealing at 45°C; Lane 4: negative control; Lane 5: S.
marcescens SA Ant 16; Lane 6: E. coli W3110 positive control with primer annealing
at 47°C; Lane 7: negative control; Lane 8: S. marcescens SA Ant 16; Lane 9: E. coli
W3110 positive control with primer annealing at 50°C, amplified with primers ArsCF

/ arsC-1-R; Lane 10: negative control.

b) Lane 1: Massuler™; Lane 2: S. marcescens SA Ant 16; Lane 3: E. coli W3110 positive
control with primer annealing at 45°C; Lane 4: negative control; Lane 5: S.
marcescens SA Ant 16; Lane 6: E. coli W3110 positive control with primer annealing
at 47°C; Lane 7: negative control; Lane 8: S. marcescens SA Ant 16; Lane 9: E. coli
W3110 positive control with primer annealing at 50°C, amplified with primers arsC-

1-F / ArsCR; Lane 10: negative control.

These PCR products were sequenced and the product amplified from the positive control
E. coli W3110 confirmed to be arsenate reductase (E-value of 2e-65). Non-specific bands from
S. marcescens SA Ant 16 did not match with any known arsenate reductases, but showed high

similarity (82% identity, 99% query coverage, E-value 0.0) to a preprotein translocase.

Consequently, the organism Serratia marcescens, instead of Gram negative bacteria in
general, became the focus of PCR primer design. The incompatibility group H plasmids
(IncHI2) encode multiple antibiotic and heavy metal resistances and have a common

73-7% 'R478 is the prototype IncHI2

association with bacteria of the family Enterobacteriaceae
plasmid and was first isolated in 1969 in the US from a clinical isolate of Serratia marcescens.
It is a 272kb plasmid encoding a variety of antibiotic and heavy metal resistances including

resistance to arsenate, arsenite, antimony, mercury, tellurite, tetracycline, chloramphenicol,
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and kanamycin’’. The arsenical resistance operon of plasmid R478 has been sequenced’® and
a new primer set, ArF / ArR, based on R478 was designed that was expected to amplify
product of approximately 700bp (Figure 2.12)%.

Smarcescens_AJ288983  TTGTAATGAGATACTGATATGAGCAACATTACCATTTATCACAACCCGGC 50
ArF TGAGATACTCATATGAGCAACATTACC

<—— Smarcescens_AJ288983  CGATTGCTGGTAAGTCGGTCATAAAAAATCTCCATTTCATAAGCTATGCTTTA 709
ArR TCTCCATTTCATAAGCTATGC

Figure 2.12 Design of primer pair ArF / ArR based on the sequence of S. marcescens plasmid R478.

PCR amplification on a total DNA extract from S. marcescens SA Ant 16 with primer set
ArF / ArR was performed at concentrations of 200uM or 500uM of each dNTP; 250nM or
500nM of each primer, 1X or 1.5X Reaction Buffer and 1.5mM MgCl,. None of these
variations yielded any amplification products. Possible explanations could be that PCR
conditions during the attempted amplification was unfavourable or that the arsenical resistance
determinants of S. marcescens SA Ant 16 are different from that found on plasmid R478. If a
PCR amplification is attempted within acceptable reaction conditions (1X Reaction Buffer,
0.1-Tpg (usually 50ng) target DNA, 0.1-1uM of each primer, 1-5mM MgCl,, 50-500uM of
each dNTP and 0.5-2.5U DNA Polymerase), usually inhibiting substances present in the target
DNA extract are the most likely factor in this regard.

Therefore, in order to eliminate the former possibility, genomic DNA of S. marcescens
SA Ant 16, both undiluted and a 100X dilution of genomic DNA was used as template for
both primer sets (ArsCF / ArsCR and ArF / ArR) to attempt to minimise the effect of
inhibitory substances, if any, present in the DNA extracts. To serve as a positive control, 16S
rDNA fragments of approximately 1500bp were amplified by PCR on undiluted to 1000X
serially diluted genomic DNA (Figure 2.13a). For arsC PCR, MgCl, concentrations were
adjusted to 3mM to promote more specific binding of the primers to target DNA regions

(Figure 2.13b).
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Figure 2.13 Agarose gel with PCR fragments generated on serially diluted DNA of S. marcescens SA
Ant 16.

(a) 16S rDNA PCR:

Lane 1: MassRuler™; Lane 2: S. marcescens SA Ant 16 undiluted DNA; Lane 3: S.
marcescens SA Ant 16 10X diluted DNA; Lane 4: S. marcescens SA Ant 16 100X diluted
DNA; Lane 5: S. marcescens SA Ant 16 1000X diluted DNA;

(b) PCR amplification with primer sets ArsCF / ArsCR and ArF / ArR:

Lane 1: MassRuler™; Lane 2: S. marcescens SA Ant 16 undiluted DNA with primer set
ArsC; Lane 3: S. marcescens SA Ant 16 100X diluted DNA with primer set ArsC; Lane 4:
S. marcescens SA Ant 16 undiluted DNA with primer set Ar; Lane 5: S. marcescens SA
Ant 16 100X diluted DNA with primer set Ar.

Although amplicons of 430bp and 700bp were expected for primer sets ArsCF / ArsCR
and ArF / ArR respectively, only non-specific amplification was observed. A band of 300bp
was excised from the gel cloned and sequenced. Results were varied and the hit with highest
percentage identity (100%), with 84% query coverage and an E-value of 3e-88, was with a

translocase. No similarity with any known arsenate reductases were found.

In most instances, bacterial arsenic resistance operons consist of either three® or five'’
genes that are in the order arsR, (arsD, arsA), arsB and arsC. Since it had become clear that
targeting the arsC of S. marcescens SA Ant 16 alone, was an unsuccessful strategy, a
degenerate forward primer, based on the sequence of the arsenate resistance operon regulatory
protein, arsR, was designed based on sequence similarity between several arsR sequences.
This primer was then used in combination with the previously published arsC-1-R® reverse

primer based on the arsC sequence (Figure 2.14).
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E_.coli_R773_X16045 GCTTATCACCGCATATTCCTTCATGGGCT 243
Salmonella_typhimurium_pR64_AP GCTTATCACCGCATATTCCTTCATGGGCT 243
Klebsiella_oxytoca_pMH12_AF168 GCCTTTCTCCGCAAATTCCTTCCTGGGCT 240
pINcNR46_AY046276 GCTTATCCCCGCATATTCCTTCCTGGGCT 243
pR46_U38947 GCTTATCCCCGCATATTCCTTCCTGGGCT 243
Acidiphilium_multivorum_pKw301 GCTTATCCCCGCATATTCCTTCCTGGGCT 241
E_coli_X80057 GCTTATCACCGCATATTCCAGCATGGGCG 296
Pseudomonas_stutzeri_AY702476 GCTTATCACCGCATATTCCAGCATTTTCG 244
ArsRF
arsR arsD arsA —| arsB | arsC
_> 4_
Figure 2.14 Alignment of arsR sequences and schematic of arsenate resistance operon spanning genes

arsR to arsC. (Shaded boxes indicate arsD and arsA genes, possibly absent.)

This primer set could either amplify an approximately 2050bp product if only arsR, arsB

and arsC were present on the target DNA, or an approximately 4200bp product in the presence

of all 5 genes. Reactions contained 100nM of each primer and annealing was performed at

49°C to 57°C with 2°C increments. PCR products of approximately 2050bp were amplified

only for genomic DNA from the positive control E. coli W3110 strain except when annealing

was performed at 57°C, indicating the presence of arsRBC, but no products were amplified in

the test strain (Figure 2.15).

Figure 2.15

123456 7891011 1213
T T

<«—2050bp

PCR products amplified with forward primer ArsRF and reverse primer arsC-1-R.

Lane 1: Massuler™; Lane 2-6: S. marcescens SA Ant 16 with primer annealing at 49°C,
51°C, 53°C, 55°C and 57°C; Lane 7-11: E. coli W3110 positive control annealed at 49°C,
51°C, 53°C, 55°C and 57°C; Lane 12-13: negative control with annealing at 49°C and

57°C.

Alignments from various arsC sequences were performed once more, and degenerate

primers were designed based on homologous regions that had not been targeted by previous

primer sets. Amplicons of approximately 150bp were expected (Figure 2.16).
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Yersinia_enterocolitica_pYVe22
Yersinia_enterocolitica_Tn2502
Shigella_flexneri_CP000266
Shigella_boydii_CP000036
E.coli_X80057

AAACGCCCCCGACTCACGATGAAC
AAACGCCCCCGACTCACGATGAAC
AAACTCCGCCAACGCGCGATGAAC
AAACTCCGCCAACGCGCGATGAAC
AAACTCCGCCAACGCGCGATGAAC

156
167
156
156
156

Ecoli_BA0O0O000O7 AAACTCCGCCAACGCGCGATGAAC 156 ——>
Acidiphilium_multivorum_pKw301 AAAATCCACCGTCACGCGATGAGC 156
Klebsiella_oxytoca_pMH12_AF168 AAAATCCACCTTCACGCGATGAGC 156
Salmonella_typhimurium_pR64_AP AGAACCCACCTTCGAGGGATGAGC 156
Pseudomonas_stutzeri_AY702476 AGACTCCACCTTCACGCGATGAGC 156
Smarcescens_R478_AJ288983 AAACCCCACCATCACGAGCTGAGC 156
Sinorhizobium_meliloti_DQ39893 AGAACCCGCCGTCGCGCGAAAAGC 156
ArsC7F
Yersinia_enterocolitica_pYVe22 TGGTTTTATGCTCG CATCG 289
Yersinia_enterocolitica_Tn2502 TGGTTTTATGCTCGA CATCG 300
Shigella_flexneri_CP000266 CGACTTTATGCTTCA GATTG 289
Shigella_boydii_CP000036 CGACTTTATGCTTCA GATTG 289
E_coli_X80057 CGACTTTATGCTTCA GATTG 289
<—— Ecoli_BA000007 CGACTTTATGCTTCA GATTG 289
Acidiphilium_multivorum_pKW301 CGATTTTATGCTTCA GATTG 289
Klebsiella_oxytoca_pMH12_AF168 CGATTTTATGCTTCA GATTG 289
Salmonel la_typhimurium_pR64_AP CGACTTTATGTTGC GATCG 289
Pseudomonas_stutzeri_AY702476 CGACTTTATGCTACA! GATCG 289
Smarcescens_R478_AJ288983 CGATTTTATGTTGCA TATCG 289
Sinorhizobium_meliloti_DQ39893 CGATTTCATGCTGGC GATCG 286

* *k kkk X ** K

Figure 2.16 Alignments of arsC from selected Gram negative bacteria for design of degenerate primer

set ArsC7F / ArsC7R.

The PCR reactions contained 1.15X PCR Buffer, 230uM of each dNTP, 230uM of each
primer and 2.3mM MgCl,. Primer annealing was performed from 45°C to 53°C with 2°C
increments. Specific PCR products of the expected size were amplified from positive control
DNA, while for S. marcescens SA Ant 16 a band of approximately 150bp was observed along

with non-specific amplification (Figure 2.17).

1234567

850bp —» <— 600bp

150bp —»

Figure 2.17 PCR products amplified with primer set ArsC7F / ArsC7R on a 1.5% TAE agarose gel.

Lane 1: FastRuler™ Low Range; Lane 2: E. coli W3110 positive control DNA; Lane 3: S.
marcescens SA Ant 16 genomic DNA template with primer annealing at 45°C; Lane 4:
47°C; Lane 5: 49°C; Lane 6: 51°C; Lane 7: 53°C.
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The amplified bands of 150bp were cloned, plasmids extracted and the inserts
sequenced. The PCR product from the positive control was confirmed to be arsC (E-value 2e-
65), but sequencing results from S. marcescens SA Ant 16 did not resemble any known
arsenate reductases. The sequenced product showed high similarity (76% identity, 90% query
coverage, E-value 7e-74) with a secretion protein of the IISP family and also to serine
proteases (83% identity, 66% coverage, E-value le-174). The larger bands of 600bp and
850bp that were consistently amplified over the annealing temperature range were
subsequently cloned and sequenced. Sequencing hits had the highest similarity to portions of
B-lactamase (100% identity, 33% coverage, E-value 4e-52) and also to a hypothetical protein
from Yersinia enterolitica (91% identity, 25% coverage, E-value 2e-08) but did not match any

known arsenate reductases.

Since arsenic resistance determinants are often found on plasmids, plasmid DNA was
extracted from S. marcescens SA Ant 16 and used as template with degenerate primer set
ArsC7F / ArsC7R. Products of the expected size (150bp) were amplified from plasmid
extracts of S. marcescens SA Ant 16 (Figure 2.18).

<«— 500bp
<«— 300bp
<«— 150bp

Figure 2.18 1.5% TAE agarose gel with PCR products generated with primer set ArsC7F / ArsC7R

using plasmid extracts as template.

Lane 1: FastRuler™ Low Range; Lane 2: S. marcescens SA Ant 16 template; Lane 3:

Negative control.

Bands of the expected size (150bp) amplified from S. marcescens SA Ant 16 were
excised from the gel, cloned and sequenced and showed similarity to 3-lactamase genes (98%

identity, 90% coverage, E-value 0.0). Non-specific products of 300bp and 500bp were also
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recovered and sequenced. Sequencing results showed similarity to intergenic regions (100%
identity, 35% coverage, E-value 2e-50) and malate dehydrogenase (86% identity, 50%

coverage, E-value 4e-96) but no similarity to any known arsenate reductases.

As more genome sequences have become available, it has become apparent that initial
delineations into Gram negative (R773 E. coli) and Gram positive (pI258 S. aureus) arsC
families are clearly not as straightforward as first thought. Gram positive-type arsenate
reductases have been found in Gram negative organisms and vice versa. What does appear to
be accurate is that Gram negative arsC sequences are much more conserved than their Gram

positive counterparts.
Arsenate reductases from the few well characterised Gram positive type arsenate

reductases were aligned, but as can be seen from Figure 2.19, very little homology exists

between these sequences, making PCR primer design virtually impossible.
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Pseudomonasaeruginosa
Thiobaci l lusferrooxidans

————————— ATGCGAGTCCTGTTCATGTGCACGGCCAACAGTTGCCGCAG
ATGAAAACCCCGGAAATCCTTTTTCTCTGCACCGGCAACTCCTGCCGTTC

Bacillussubtilis ATGGAGAATAAAATCATTTACTTTTTATGTACAGGGAACTCTTGCCGGAG 50
Saureus e ATGATTAAATTTTACCAATA 20
* *x * K%

Pseudomonasaeruginosa

CATTCTTTCCGAAGC-CATGTTCAACCACCTGGCCCCGCCGGGTTTCGAG

Thiobaci l lusferrooxidans CATTCTCGCCGAAGT-CACCTTCAATGCGCTGGCCGGGCCGGGCATGCAT 99

Bacillussubtilis CCAAATGGCTGAAGGATGGGCTAAACAATATTTAGGTGATGAGTG-GAAA 99

Saureus TAA-—————- GAATTGTACAACTTGTAAAAAGGCAGCAAAGTTTTTAGAT 63
EE = * *

Pseudomonasaeruginosa
Thiobacillusferrooxidans
Bacillussubtilis

Saureus

Pseudomonasaeruginosa
Thiobacillusferrooxidans
Bacillussubtilis

Saureus

Pseudomonasaeruginosa
Thiobacillusferrooxidans
Bacillussubtilis

Saureus

Pseudomonasaeruginosa
Thiobacillusferrooxidans
Bacillussubtilis

Saureus

Pseudomonasaeruginosa
Thiobacillusferrooxidans
Bacillussubtilis

Saureus

Pseudomonasaeruginosa
Thiobacillusferrooxidans
Bacillussubtilis

Saureus

Pseudomonasaeruginosa

GCATGCAGCGCCGGCAGCCAGCCCAGCGGGCGGGTGCATCCGCGCAGCCT
GCCACCAGCGCCGGCAGCCATCCTGCAGGGTACGTCCACACTCGTTCCAT
GTGTATAGCGCGGGGATAGAAGCACATGGAT---TAAATCCGAATGCTGT
GAATATGGCGTAAGTTATGAACCAATTGATA---TCGTTCAACATACACC

Kk

GGCGACCCTCGAACAGGCCGGCATCGCCACCCACGGCCTGTACAGCAAGG

AAACCTGCTAGAGCGTGAGGGCTTTCGTACGGACGGTCTGCACAGCAAAT

TAAAGCGATGAAGGAAGTTGGTATAGATATCTCTAATCAA-ACGTCAGAT

TA---CAATAAATGAATTTAAAACAATAATTGCAAATACAGGCGTAGAAA
* * * *

GCAGCGAAGCCTTCGAAGGCGCACCAC-CGGA-CATCGTCATCACCGTTT
CCTGGGAGGACCTGAAAGAGACCCC----GGA-CATCGTCATCACCGTTT
ATAATCGATTCTGATATTCTGAACAATGCTGA-TTTAGTTGTTACGCTTT
TTAATAAATTGTT-TAATACACACGGTGCGAAATATCGTGAGCTTGATTT

* Khk B

GCGACGCCGCCGCGGGGGAAGCCTGCCCGCTGTATCTCGGCGC-AGCGCT
GCGCCGATGCGGCCGGCGAAACCTGCCCCGCCTATCTGGGGCC-AGCCAT
GTGGAGATGCTGCTGATAAA---TGCCCGATGACGCCTCCACA-TGTAAA
G---AAAAATAAATTACAAACTTTATCAGATGATGAAAAGTTAGAGTTGT
* * *

** *

GAAGGCCCATTGGGGCCTGGCCGATCCCTCCGCCCTGGATGGCGACGAAG
CCGTACCCACTGGGGCGTGGAGGATCCGGCCAAAGTGACCGGTACGGAAG
ACGTGAGCATTGGGGTTTTGATGATCCGGCAAGAGCACAAGGGACAGAAG
TATCATCTGATGGTATGTTAGTAAAGCGTCC--TCTAGCAGTAATGGGCG

Kk *

CCCTGCGGGATGCGGCGTTCCACGCCACCCTGGCACGCATCGAAC-AGCG
CGCAGATCGAAGCGGCTTTCGATACTGCC-TACCATATCCTGCGCCACCG
AAGAAAAATGGGCGTTTTTCCAAAGAGTTCGTGATGAAATAGGGAATAGG
ATAAGATAACATTAGGATTTAAAGAAGAT---CAATATAAAGAGACTTGG

* *

Kk *

TTGCCGAGCCTTCCTCGGCCTGCCCTTCGCTACCCTG-——====-~ GATC

140
149
146
110

190
199
195
157

238
244
244
206

287
293
290
253

337
343
340
301

386
392
390
348

427

Thiobacillusferrooxidans CATCGAAGCCTTGCTGCAGTTACCGGTGGCGGAACTGCTGGAGAAAGATC 442
Bacillussubtilis TTGAAGGAATTTGCTGAAACAGGGAAATAA- - ———— e 420
Saureus TTAGCGTAA- === e e e 357
Pseudomonasaeruginosa GCGACCAGCTCAAGCGTGAGCTGGAGCGCATCGGCTCGCT-CTGA--——— 471

Thiobacillusferrooxidans
Bacillussubtilis
Saureus

CGGCAAAACTGCGGCAGGAACTGGAGCGCATCGGCACTTTGCTGCCTTAA

492

Figure 2.19

Alignment of arsC from Gram positive type arsenate reductases.

The best alignment was found between arsC from Pseudomonas aeruginosa AF010234
and Thiobacillus ferrooxidans AF173880. Degenerate primers were designed based on regions

of high homology and was expected to amplify an approximately 200bp product (Figure 2.20).
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Pseudomonasaeruginosa -—-—-ATGCGAGTCCTGTTCATGTGCACGGCC 47

Thiobacillusferrooxidans ACCCCGGAAATCCTTTTTCTCTGCACCGGC

* * khkhkkhkkhk Kk * Khhkkhkkhkkhk Kk K

PsThF
Pseudomonasaeruginosa CAGCGAAGCCTTCGAAGGCGCACCACCGG 241
Thiobacillusferrooxidans CTGGGAGGACCTGAAAGAGACC---CCGG 247
* K KKk Kk K K E * EE
PSThR
Figure 2.20 Alignment of arsC from P. aeruginosa and T. ferrooxidanss for design of degenerate
primer set PsThF / PsThR.

PCR was performed with primer annealing from 41°C to 51°C with S. marcescens SA
Ant 16 genomic DNA as template. Non-specific products of bigger that 1kb were consistently
amplified over the temperature range tested, along with products of 300bp and 200bp (Figure
2.21).

1 23 456 7 8 910

<—300bp
200bp —>

Figure 2.21 PCR amplification of S. marcescens SA Ant 16 genomic DNA with Gram positive primer
set PsThF / PsThR.

Lane 1: MassRuler™; Lane 2: Negative control lacking template. Lane 3: Annealing
temperature of 41°C; Lane 4: 42.5°C; Lane 5: 44°C; Lane 6 46°C; Lane 7: 47.5°C; Lane 8
49°C; Lane 9: 50°C; Lane 10: 51°C.

Sequencing results showed similarity with tryptophanyl-tRNA synthetase (83% identity,
48% query coverage, E-value 8e-60) and phage replication proteins (72% identity, 80%
coverage, E-value 7e-54). None of these hits share any sequence similarity or function with

any arsenate reductases.

The inability to PCR amplify DNA fragments predicted by sequence similarity
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alignment does not imply the absence of the targeted gene. S. marcescens SA Ant 16, this
organism has clearly been shown to be able to actively reduce arsenate and therefore has to
genetically encode a protein capable of this function. The lack of PCR amplicons using a
variety of primers targeting a wide range of homologous regions as well as an atypical Gram
positive type reductase in a Gram negative organism constitute enough evidence to imply that
the gene of interest has a divergent sequence arrangement from hitherto described genes. An
alternate possibility could be that the protein responsible for arsenate reduction may have a

different biological function and that arsenate reductase activity is merely a fortuitous reaction.

2.5.2 Genomic libraries

The PCR-based approach was abandoned in favour of a more function-based, sequence
independent screening method. Genomic libraries were constructed from the DNA of S.
marcescens SA Ant 16 and expressed in E. coli in an attempt to isolate the gene responsible

for arsenate resistance in this hyper resistant bacterium.

E. coli knockout strain AW3110 (arsRBC replaced with a chloramphenicol resistance
gene - refer back to Figure 2.14) were made chemically competent and transformed with
empty pUCI18 plasmid to determine sensitivity to arsenate and also to ascertain whether
transformation and the presence of plasmid had any effect on resistance to arsenate.
Transformed cells were plated on LB-plates supplemented with ampicillin and arsenate

ranging from OuM to 10mM.

Growth was completely inhibited at concentrations exceeding 500uM arsenate (Figure

2.22), signifying this as an adequate concentration for screening.
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10mM

Figure 2.22 Minimum inhibitory As(V) concentration for E. coli arsC knockout strain AW3110

transformed with pUC18 and plated on increasing concentrations of arsenate.

Supercoiled pUC18 plasmid DNA was digested with Sau3Al and complementary ends
dephosphorylated. Genomic DNA from S. marcescens SA Ant 16 was partially digested with
BamHI (Figure 2.23) and fragments ranging from 1-10kb with an average size of 3kb ligated
into pUCI18. Ligation reactions were transformed into competent E. coli AW3110 cells and
plated onto LB-plates containing ampicillin (plasmid selection marker), chloramphenicol

(arsRBC: : Cam), IPTG, X-gal (induction and selection) and 500uM arsenate.

Figure 2.23 Partial digest of genomic DNA from S. marcescens SA Ant 16.

Lane 1: FastRuler™ High Range; Lane 2: Undiluted BamHI; Lane 3: 10X dilution; Lane
4: 100X dilution; Lane 5: 1000X dilution.
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No colonies were obtained after selection. A number of possible explanations exist for
this result; the most likely being that the antibiotic resistance level of the cells were exceeded
by the presence of both antibiotics. LB-plates containing each of the antibiotics individually as
well as a combination of both antibiotics were prepared. Competent AW3110 cells were
transformed with empty pUCI8 plasmid backbone and plated onto LB-plates containing
chloramphenicol (to assess viability of the cells after transformation), ampicillin (to determine
the transformation efficiency of the cells) and both antibiotics (to establish the effect, if any, of
both combined) From Figure 2.24 it can be concluded that cells were viable after
transformation, as an overgrown plate was obtained in the presence of only chloramphenicol.
Competency of the cells were extremely low (see plate containing ampicillin), but no

interaction was evident when the cells were exposed to both antibiotics simultaneously.

Cam + Amp

Figure 2.24 Effect of interaction of ampicillin and chloramphenicol with E. coli strain AW3110.

Low transformation efficiency (in the order of 10° cfu/ng vector) of the knockout strain
was not completely unexpected, since genetically manipulated strains often demonstrate
inferior performance to native strains, and this is particularly relevant for strain AW3110
(Rawlings, personal communication). It was therefore decided to test routine laboratory strains
E. coli IM109 and TOP10 as possible candidates for genomic library construction. Both
strains were streaked out onto LB-plates containing increasing concentrations of arsenate as
well as arsenite. Strain TOP10 was more resistant to arsenate than strain JM109 and growth
was only inhibited at 20mM, whereas the latter was inhibited at SmM (Figure 2.25). For
arsenite, growth was severely inhibited for strain JM109 at ImM and no growth was observed

for TOP10 cells at 5SmM arsenite (Figure 2.26).
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10mM

Figure 2.25 Minimum inhibitory arsenate concentration for untransformed E. coli JM109 and

TOP10.

Figure 2.26 Minimum inhibitory arsenite concentration for untransformed E. coli JM109 and TOP10.

Since strain JM109 was more sensitive to both arsenite and arsenate, it was decided to
proceed with this strain. Competent JM109 cells were transformed with pUCI8 and plated
onto LB-plates containing arsenate. No growth was observed on plates containing arsenate at

test concentrations as determined earlier (Figure 2.27).
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Figure 2.27 Minimum inhibitory arsenate concentration for E. coli JM109 cells transformed with

pUCIS.

Partially digested genomic DNA (Figure 2.23) was ligated into linearised pUCI1S,
transformed into competent JM109 cells and plated onto LB-plates containing SmM arsenate
and ampicillin. No positive transformants were obtained. Since JIM109 cells were sufficiently
competent (107 cfu/ng vector) it then became necessary to resolve other issues surrounding
library construction, such as the ligation efficiency. Phage ADNA was digested with EcoRI
and BamHI restriction enzymes respectively. These fragments were incubated with DNA
ligase to re-ligate to visually verify ligation. Samples were withdrawn over a 1h period, snap-
frozen to stop the reaction and analysed on a 1% TAE agarose gel. If fragments were re-
ligated after restriction enzyme treatment it would be expected that the banding patterns would
change during the course of the ligation, i.e. smaller bands would disappear and generate
larger fragments. As can be seen from Figure 2.28, this was the case for EcoRI generated
fragments, but not for fragments generated with BamHI. It was therefore decided to use EcoRI

restriction enzyme for subsequent experiments.
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Figure 2.28 Control ligation of EcORI and BamHI digested ADNA.

Lane 1: MassRuler™; Lane 2: BamHI digested ADNA before addition of ligase; Lane 3:

ligation after 10 minutes; Lane 4: 20 minutes; Lane 5: 30 minutes; Lane 6: 1 hour.

Lane 7: EcoRI digested ADNA before addition of ligase; Lane 8: 10 minute ligation; Lane

9: 20 minutes; Lane 10: 30 minutes; Lane 11: 1 hour.

EcoRI digested phage ADNA was ligated into compatible pUC18, and ligation efficiency
visually verified by gel electrophoresis. If ADNA fragments were ligated into the plasmid, it
would be expected that banding patterns of the A-fragments would change and that the plasmid
backbone intensity would decrease as large DNA fragments would be generated through
ligation. From Figure 2.29 it is clear that this is not the case and that the ADNA fragments
simply self-ligated. This result was confirmed by transforming a 30 minutes ligation reaction
into competent JM109 cells and plated on LB-AIX plates. This transformation yielded only 2

colonies.

pUC18 backbone —»

Figure 2.29 Control ligation of EcoRI digested ADNA into pUC18.

Lane 1: Linearised pUC18 backbone; Lane 2: 10 minute ligation; Lane 3: 20 minute

ligation; Lane 4: 30 minute ligation.

72



When a ligation is performed, the desired product is a monomeric circular recombinant
plasmid (i.e. a circular plasmid with only one copy of the insert DNA ligated). This, however,
is only one of many ligation product possibilities and less desirable products include linear and
circular homo- and heteropolymers’’. The formation of preferred products can, to a certain
extent, be controlled by the molar ratio of plasmid to insert and more importantly the total

DNA concentration (i.e. vector + insert) in the ligation reaction’’.

The effect of DNA concentration in the ligation as well as ligation time was investigated
by ligating EcoRI digested ADNA into pUC18. Two reactions were set up, both containing
vector and insert in a 1 : 3 ratio, but for the first, a total DNA concentration of 2ng/pL, and the
second, 10ng/uLL was used. These reactions were incubated for 4 hours and half of the reaction
volume transformed, while the rest of the reaction was incubated over night. It was found that
4X more transformants were obtained per ng total DNA at higher concentrations and that

longer incubation times increased the number of transformants by up to 4X.

After control experiments had been performed with ADNA, it was repeated for S.
marcescens SA Ant 16. Genomic DNA was partially digested with Sau3Al (Figure 2.30a) and
the generated fragments were incubated with ligase, to determine if sticky-ends were able to

self-ligate.

Figure 2.30 (a): S. marcescens SA Ant 16 genomic DNA partially digested with Sau3Al.

Lane 1: FastRuler™ High Range; Lane 2: Undiluted Sau3Al; Lane 3: 10X dilution; Lane
4: 100X dilution; Lane 5: 1000X dilution.

(b): Self-ligation of Sau3AlI generated fragments from genomic DNA of S. marcescens SA
Ant 16. Lane 1: Partially digested DNA; Lane 2: self-ligated DNA fragments.
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The ligation reaction was incubated for 3.5 hours and fragments compared to un-ligated
DNA by agarose gel electrophoresis. In Figure 2.30b an upward shift from Lane 1 to Lane 2
was apparent, indicating self-ligation. However, if one refers back to Figure 2.28 and Figure
2.29, it is clear from the above mentioned figures that the ligation should be further advanced
and that much larger fragments should be present after a 3.5 hour ligation (compare Figure
2.28 and Figure 2.29 10 minute ligation). From this, it might be inferred that ligation was

prevented by an inhibiting substance present in the genomic DNA extract.

It was also necessary to ascertain if the sticky-ends of the vector were intact, as well as to
verify if dephosphorylation was successful. Competent IM109 cells were transformed with
uncut pUC18 (to determine transformation efficiency), pUC18 digested with BamHI and re-
ligated (to verify sticky-ends) and BamHI digested pUC18, dephosphorylated and incubated
with ligase (to confirm dephosphorylation). Transformation efficiency was high (in the order
of 107 cfu/ng vector) and self-ligation of the vector sticky-ends yielded a high number of
colonies, confirming that sticky ends were undamaged and that ligation was possible, and
dephosphorylated  self-ligated vector yielded no colonies, verifying successful

dephosphorylation.

According to Bercovich et al. (1992)"" optimum ligation efficiency can be obtained if a
total DNA concentration of 10ng/uL is not exceeded, however, this was determined for blunt-
end ligation and cannot necessarily be extrapolated to sticky-end ligations. Cranenburgh
(personal communication)’® stated that in a ligation reaction ‘if the vector ends have been
dephosphorylated such that self-ligation is impossible there is theoretically no upper
concentration limit provided that the insert is present at an equal or slightly greater

concentration than the vector’.

With this in mind, ligation reactions with S. marcescens SA Ant 16 DNA were set up to
determine the optimum total DNA concentration in a ligation reaction. Vector : insert ratios
were 1 : 3 and total DNA concentration was 18.3ng/uL (high), 7.8ng/uL (intermediate) and
3.Ing/uL (low), respectively. The same amount of DNA from each reaction was transformed
into competent JIM109 cells. It was found that low total DNA concentrations yielded a lower
number of transformants than intermediate DNA concentrations and that a very high
concentration of total DNA inhibited ligation. In view of self-ligation results (see previous
section) that suggested possible inhibiting substances present in the genomic DNA extract, the

low number of transformants obtained from a high total DNA concentration was more likely
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to be due to the bigger volume (i.e. higher concentration of inhibitor) of insert DNA added to
the reaction than the final concentration of DNA. In previous experiments, partially digested
DNA had been recovered from gel slices and it was suspected that the cleanup kits used were
unable to remove sufficient amounts of inhibiting polysaccharides, constituting the agarose
matrix, in the final eluate. Consequently, this DNA was discarded and in future, partially

digested genomic DNA was not cut from gels, but directly purified after restriction digest.

The transformation efficiency of E. coli strains JM109 and TOP10 was compared by
transforming both strains with equal amounts of pGem®-3Z (a pUCI8 derivative). It was
found that TOP10 cells were an order of magnitude more competent than JM109 cells. The
minimum inhibitory growth concentration on both arsenate and arsenite of TOP10 cells
transformed with empty pGem®-3Z were determined (Figure 2.31). (Also see Figure 2.25 and
Figure 2.26.)

/" 10mM As(V) /7 1mM As(III)

“ 20mM As(V) N 5mM As(ll)

=3 -

Figure 2.31 Minimum inhibitory arsenate and arsenite concentration for E. coli TOP10 cells

transformed with pGem®-3Z.

No growth on either arsenite or arsenate containing plates was observed at the test

concentrations, and it was decided to use arsenate at 10mM for screening purposes.

Genomic DNA from S. marcescens SA Ant 16 was partially digested with Sau3Al and
purified (Figure 2.32). DNA fragments ranging from 1kb to >10kb, with an average size of
3kb were ligated into the BamHI site of pGem®-3Z and transformed into competent TOP10

cells.
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Figure 2.32 Partial digest of genomic DNA from S. marcescens SA Ant 16.

Lane 1: MassRuler™; Lane 2: Undiluted Sau3AI; Lane 3: 10X dilution; Lane 4: 100X
dilution; Lane 5: 1000X dilution.

Transformation reactions were plated onto master plates (LB + ampicillin, IPTG and X-
gal) and incubated at 37°C over night. Ligation and transformation efficiency was determined
to be 3.24° cfu/ng total DNA. Colonies from master plates were replica plated’® onto LB-
plates containing IPTG and 10mM arsenate and incubated at 37°C over night. All colonies
transferred from the master plates to screening plates showed growth, and were subsequently
transferred and streaked out onto fresh screening plates containing 10mM arsenate. Clones
were transferred to screening plates containing 15mM arsenate (well above the minimum
inhibitory concentration, see Figure 2.25 and Figure 2.31) by replica plating (Figure 2.33).

Once again, most of the transferred colonies showed growth on these screening plates.

10mM 15mM

Figure 2.33 Streaking out and replica plating of positive recombinants onto LB-plates containing

10mM and 15mM arsenate.

Colonies transferred from the 15mM arsenate screening plates into selective medium for
plasmid proliferation. Inserts were verified by restriction digest with EcoRI and HindlIl

(Figure 2.34).
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Figure 2.34 Restriction analysis of plasmids containing inserts.

Lane 1: MassRuler™; Lane 2: pGem®-3Z plasmid backbone; Lane 3-11: Inserts cut with
EcoRI and HindIII.

Inserts were subjected to sequencing and results varied from putative transferases to long
chain fatty acid luciferin component ligases, but no arsenate reductases. The suspicion arose
that the high number of cells localised in a single area during replica plating might have
masked the toxic effects of arsenate in the screening plates, making growth possible and

creating false positives.

To test this hypothesis, control reactions were performed by inserting any foreign DNA
into digested plasmid, plating on master plates and replica plating to screening plates. Since
arsenate functions as a substrate analog for phosphate ions, the reverse situation, in all
likelihood, also takes place. Therefore, screening on complex medium (such as LB) may
compound this situation and as a result, it was also decided to include arsenite at SmM (as

determined previously) for screening.

Plasmid backbone of pGem®-3Z (devoid of an arsenate reductase) was digested with
Sau3Al, yielding 15 fragments ranging from 8bp to 985bp, and ligated into the BamHI site of
pGem®-3Z. Ligation reactions were transformed into competent E. coli TOP10 cells and
plated onto master plates where ligation and transformation efficiencies of up to 10°cfu/ng
total DNA were achieved. Colonies were replica plated into screening plates containing up to
SmM arsenite and 20mM arsenate, respectively. Growth was observed on all screening plates

indicating that replica plating onto screening plates was an ineffective method of screening.
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It was then decided to use a well characterised model organism, E. coli W3110 to
benchmark genomic library construction and isolation of arsC, using E. coli TOP10 cells for
screening. E. coli W3110 was confirmed to possess a copy of arsC by PCR with primer set
arsC-1-F / arsC-1-R® and subsequent sequencing of the amplified fragment (99% identity and
an E-value of e-167) (Figure 2.35).

Query: 5 ttttncgcatctggcagaaatttccagcaccacttctgaagggcggcacaggcgagttce 64

TUEE PURERRRREee e Peeee e e e e e e e e e e e e el
Shjct: 2778 ttttgcgcatctggcagaa-tttccagcaccacttctgaagggcggcacaggcgagttce 2720

Query: 65 cagcggcgtcaccacaatcgggcgattaatcagaatcgggtgctgaagcataaagtcgat 124

. TECRERRE R e e e e e e e e e e e e e e e el
Shjct: 2719 cagcggcgtcaccacaatcgggcgattaatcagaatcgggtgctgaagcataaagtcgat 2660

Query: 125 taaccgatcgtcagtaaatttatcttccgcaaggcccagctectecatacggttecgacgtt 184

. TERERERRERE e e e e e e e e e e e e e e e e e e el
Shjct: 2659 taaccgatcgtcagtaaatttatcttccgcaaggcccagctectcatacggttcgacgtt 2600

Query: 185 tttacgcagcagcgcgcgtacggaaatccccatatcggcaatgagtttgaccagttcate 244
TERERERREER e e e e e e e e e e e e e e e e e e e e e e el

Shjct: 2599 tttacgcagcagcgcgcgtacggaaatccccatatcggcaatgagtttgaccagttcate 2540

370bp —> Query: 245 gcgcgttggcggagtttccagataatggataatagtcggttctgtgecgetgttgeggat 304

TORERERRERR e e e e e e e e e e e e e e e e e e e el
Shjct: 2539 gcgcgttggcggagtttccagataatggataatagtcggttctgtgccgetgttgeggat 2480

Query: 305 catctccagcg 315

. THELLTLTTT]
Shjct: 2479 catctccagcg 2469

Figure 2.35 1.5% TAE agarose gel of the arsC of E. coli W3110 amplified with primer pair arsC-1-F /
arsC-1-R and sequence alignment with arsC E. coli X80057.

Lane 1: FastRuler™ Low Range Marker; Lane 2: expected 370bp product.

W3110 genomic DNA was extracted and partially digested with Sau3Al (Figure 2.36).
Fragments ranging between 1kb and >10kb with an average of 2.5kb were purified and ligated
into BamHI digested, dephosphorylated pGem®-3Z. This experiment was run in parallel with
genomic DNA from S. marcescens SA Ant 16 (Figure 2.32).

Figure 2.36 Partial digest of genomic DNA from E. coli W3110.

Lane 1: MassRuler™; Lane 2: Undiluted Sau3AI; Lane 3: 10X dilution; Lane 4: 100X
dilution; Lane 5: 1000X dilution.
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A fraction of each transformation reaction was plated onto plates LB-plates containing
ampicillin, IPTG and X-gal to determine the number of clones containing inserts. Ligation and
transformation efficiencies of between 4 cfu/ng to 14 cfu/ng total DNA was achieved with
white / blue ratio’s of 64% - 72%. The number of clones needed to be screened to acquire a
clone with the desired activity (V) was estimated by calculating the fractional representation of
the target genome in a single recombinant (f) and the probability of a clone containing the

target insert’’.

N = In(1-P)/In(1-f)

If the highest probability (P = 99%), and average insert size of between 2.5kb and 3kb
and an average genome size of 3000kb is substituted into the formula, approximately 5.5 x 10°
colonies need to be screened in order to obtain a positive transformant with the targeted
activity. After ligation, transformation reactions were plated directly onto screening plates
containing ImM and 5mM arsenite and 10mM and 20mM arsenate respectively. In total, more
than 5.1 x 10* theoretical colonies from both the W3110 and S. marcescens SA Ant 16
libraries were screened, but none contained a DNA fragment that was able to confer increased

resistance to arsenite or arsenate.

The lack of positive transformants could be due to the target gene not having been
represented in the library, although this seems unlikely, since an order of magnitude additional
colonies were screened than was anticipated. An alternate explanation may be that the host
strain E. coli TOP10 was not able to be over-complemented by the addition of an exogenous
arsenate reductase. Reasons for this can be numerous such as toxicity of the expressed gene,
lack of recognition by the cellular machinery to actively express the cloned gene or the cloned
gene may be so unusual in its mechanism of function, that the host may not be able to
recognise and express the protein. This may very well be the case in the particular instance of
S. marcescens SA Ant 16 where arsenate resistance is so extreme in this organism that it can

easily be classified as hyper-resistant.
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3.1 Literature review: Bacterial adhesion to inert surfaces

The process of bacterial attachment to an available surface is dictated by a number of
variables, including the species of bacteria, adsorbent surface composition, environmental factors,
and essential gene products. Bacterial adhesion can be divided into a primary and secondary
phase', although some authors include an additional step of surface conditioning” to describe the

interaction of the substratum with its environment.

3.1.1 Primary adhesion

Primary adhesion constitutes the serendipitous meeting between a planktonic or free-living
microorganism and a surface. Generally, bacteria prefer to grow on available surfaces rather than
in the surrounding aqueous phase. Bacteria move to or are moved to a material surface through
and by at least three mechanisms:

(1) diffusive transport due to Brownian motion, van der Waals attraction forces, gravitational
forces, the effect of surface electrostatic charge and hydrophobic interactions®, while
chemotaxis (concentration gradients of diffusible chemical factors) and haptotaxis
(surface bound chemoattractants such as amino acids, sugars or oligopeptides) also
contribute to this process®,

(i1) convective transport due to the liquid flow, and

(ii1) active movement of motile bacteria near the interface by flagella and pili.

Physical interactions are further classified as long- (more than 50nm) and short-range (less
than 5nm) interactions’. Long-range interactions between cells and surfaces are described by
mutual forces, which are a function of the distance and free energy. Short-range interactions
become effective when the cell and surface come into close contact, these can be separated into
chemical bonds (such as hydrogen bonding), ionic and dipole interactions and hydrophobic
interactions’. Bacteria are transported to the surface by the so-called long-range interactions and

. . . 6
upon closer contact, short-range interactions become more important”.
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Primary adhesion is dictated by a number of physicochemical variables that define the
interaction between the bacterial cell surface and the surface of interest’. First, the organism must
be brought into close approximation with the surface, propelled either randomly (for example, by
a stream of fluid flowing over a surface) or in a directed fashion via chemotaxis and motility.
Once the organism reaches critical proximity to a surface (usually less than Inm), it must
overcome the secondary repulsive forces between itself and the surface and adsorb to the surface.
The final determination of adhesion depends on the net sum of attractive or repulsive forces
generated between the two surfaces®. These forces include electrostatic and hydrophobic
interactions, steric hindrance, van der Waals forces, temperature and hydrodynamic forces.
Primary adhesion is instantaneous but reversible and the microorganisms still exhibit Brownian

motion during this phase’.

3.1.1.1 Theory of adhesion

Under controlled conditions, the initial adhesion of bacteria onto solid surfaces is generally
thought to be explained in terms of classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory
which states that the total interaction energy of two particles is calculated by the sum of the van
der Waals attractive and the electrostatic-like-charge repulsive energy'’. It could be argued that
classic DLVO theory describes one of several components of the attachment process - the
probability of an organism overcoming any electrostatic barrier. However, it does not describe the
various molecular interactions that would come into play when polymers at the bacterial surface
enter into contact with molecular groups on the substratum as well as any conditioning film.
Moreover, it does not account for physical factors such as structures and molecules on bacterial
surfaces that affect cell-surface distance and the exact type of interaction or for the physical state

of the substratum.

Thermodynamic theories take into account the various types of attractive and repulsive
forces, such as van der Waals, electrostatic or dipole, but express them collectively in terms of
free energy''. The approach requires estimation of numerical values of thermodynamic
parameters, such as surface free energy of the bacterial and substratum surfaces and surface free
energy of the suspending solution, in order to calculate the Gibbs adhesion energy for bacterial

adhesion'?. Adhesion is favored if the free energy per unit surface area is negative as a result of
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adhesion, which means that spontaneous attachment is accompanied by a decrease in free energy
of the system, as predicted by the second law of thermodynamics'>. The most advanced
thermodynamic theory demonstrates that acid-base, and in particular hydrogen bonding, is
responsible for interactions leading to bacterial adhesion. Generally, it is almost impossible to
obtain accurate values for bacterial surface free energies because these surfaces possess complex
chemistry and hydration characteristics in vivo. Furthermore, the thermodynamic theory applies to
closed systems where no energy is added to the system from outside. Bacteria, however, are living
organisms that convert substrates to energy, and adhesion may be driven by energy consuming

physiological mechanisms®.
Current thinking favours the “extended” DLVO theory (XDLVO) that takes into account the

contribution of classical van der Waals and double layer interactions, but also the acid / base

interactions which describe attractive hydrophobic interactions and repulsive hydration effects'?.

3.1.2 Secondary adhesion

The second stage of adhesion is the anchoring or locking phase and employs irreversible
molecular and cellular mechanisms'. This is a time-dependent process and occurs when the
bacterium synthesises extracellular adhesive materials that complex with surface materials'® ®. At
the conclusion of the second stage, the bacterium is attached firmly to the surface, adhesion
becomes irreversible in the absence of physical or chemical intervention, and the organism is

described as being sessile.

3.1.3 Factors influencing bacterial adhesion

3.1.3.1 Surface of adhesion

The matrix, or surface of adhesion, plays an important role in the determination of bacterial
adhesion. The key factor influencing bacteria adherence to a biomaterial surface is the chemical
composition of the material'’, since materials with different functional groups change bacterial

adhesion in a manner depending primarily on material hydrophobicity'®, and charge'”.
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The physical surface also plays an important role and it has been found that the irregularities
of polymeric surfaces promote bacterial adhesion whereas ultrasmooth surfaces tend to discourage
adhesion”’. Also, bacteria adhere and colonize porous surfaces preferentially over dense
materials®' and higher adhesion rates are observed on grooved and braided materials compared to
flat materials®*. This may happen since these surfaces have a greater surface area and provide
more favourable sites for colonization. Bacteria preferentially adhere to irregularities that conform
to their size since this maximizes bacteria-surface area’. Grooves or scratches that are on order of
bacterial size increase the contact area and hence the binding potential, whereas grooves that are
much larger / wider than the bacterial size approach the binding potential of a flat surface.
Grooves or scratches too small, for the bacterium to fit them, reduce the contact areca of the

bacterium and provide steric hindrances and consequently, adhesion is negatively affected™.

3.1.3.2 Bacterial surface features

Lipopolysaccharides (LPS) are one of the more complex molecules that are synthesised by
bacteria. It typically has three structural regions: a lipid known as the lipid A, an oligosaccharide,
known as the core, which is attached to the lipid A via 2-keto-3-deoxyoctonoic acid (Kdo), and a
polysaccharide known as the O-chain that is attached to the core oligosaccharide. Furthermore,
the O-chain polysaccharide consists of a repeating oligosaccharide with varying degrees of
polymerization. When long, charged side chains are attached to the LPS molecule, electrostatic
interactions are the principal factors influencing surface physicochemistry and therefore
adhesion®*. Lipopolysaccharides devoid of highly charged, long side chains are dominated by

25 26

their inner phosphoryl groups of the core and lipid A regions™, = and can therefore mediate in

hydrophobic / hydrophilic interactions®’.

Flagella could potentially perform three, non-mutually exclusive roles in adhesion:

(1) flagellar-mediated chemotaxis could function to enable planktonic cells to swim towards
nutrients associated with a surface;

(i1) flagellar-mediated motility could enable bacteria to initially reach a surface, perhaps by
overcoming repulsive forces at a surface; and

(ii1) flagella could function in a direct fashion by physically adhering to an abiotic surface.
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In E. coli the crucial role played by flagella is providing motility to overcome repulsive
forces at the surface-medium interface®®, whereas in Pseudomonas aeruginosa the mechanism of
primary adhesion is mediated by flagella®. In E. coli, primary adhesion is accomplished by type I
pili (better described as fimbriae, since the sole function of this appendage is adhesion and not
motility®®) that contain the mannose-specific adhesin, FimH which is critical for attachment to

abiotic surfaces via non-specific binding interactions®.

An important role is played by proteins localized in the bacterial surface that may directly

31,32 -
* 7. Bacteria devote large

mediate the interaction between bacterial cells and the solid substratum
stretches of genomic space (in the extreme case of Chlorobium chlorochromatii, 4.3%) to
encode large proteins with a repetitive structure termed adhesins. These adhesins have been
shown to play a key role in biofilm formation on abiotic surfaces®. Proteins present on the cell
surface can also serve as polyelectrolytes with various functional groups such as carboxyl, amino

and phosphate that can mediate non-specific electrostatic adhesion®”* ',

3.1.3.3 Cell size and shape

Some reports suggest that cell attachment to solid surfaces may be greater for elongated
cells than for spherical cells. Fontes et al. (1991)*® found that small coccoid cells showed much
higher adhesion than larger, rod-shaped cells. Similarly, when comparing the transport
characteristics of 19 bacterial isolates through soil columns, Gannon et al. (1991)*7 found that
bacterial retention was statistically related to cell size only and not to other cell properties such as
electrostatic charge, cell surface hydrophobicity and flagella. Bacteria shorter than 1pum usually
had low adhesion. On the other hand, Camper et al. (1993)*® were not able to statistically
correlate cell size with adhesion. Weiss et al. (1995)*° showed that cell shape, quantified as the
ratio of cell width to cell length, and not simply cell size affects the transport of bacterial cells

through porous media.

3.1.3.4 Bacterial hydrophobicity

Hydrophobicity of a certain component indicates its tendency to interact with water. More

specifically, hydrophobicity originates from the fact that water-water contacts are
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thermodynamically more favorable than contacts between two non-polar groups or between a
non-polar group and water*’. Generally, the excess Gibbs energy of a surface decreases with
increasing hydrophobicity, and therefore, with increasing hydrophobicity of a surface, higher
adhesion strength will be observed*'. Hydrophobic interactions are generally regarded as the key
mediator of adhesion onto hydrophobic surfaces’, whereas hydrophilic interactions seem to

favour attachment of hydrophilic bacteria to hydrophilic surfaces*.

3.1.3.5 Bacterial surface charge

The surface charge of bacteria varies according to bacterial species and is influenced by the
growth medium, the pH and the ionic strength of the suspending buffer, bacterial age®, and
bacterial surface structures*. Most bacteria in aqueous suspension are negatively charged due to
ionization of surface groups and this is dependent on the suspending environment in terms of pH
and ionic strength. The bacterial charge is attributed to exposed ionogenic cell wall constituents
like phosphate but predominantly carboxyl groups*’, however, microdomains created by amine
groups produce localized positive charges in cell walls*. Surface charge characteristics therefore,
reflect the net charge resulting from the combined charges of the molecules comprising the cell

. . .. 4
surface and their counter ions under set conditions®’.

3.1.4 Conditioning

Conditioning of the adhesion surface can play an integral role during bacterial adhesion.
Conditioning occurs when the native surface is modified by the adsorption of water, inorganic
salts, proteins, lipids and extracellular matrix molecules. Once a surface has been conditioned, its
properties are permanently altered, so that the affinity of an organism for a native or a conditioned
surface can be quite different. Reports on the influence of conditioning of the surface and the
subsequent role in bacterial adhesion are varied and at times contradictory. Poleunis et al.
(2002)48 monitored an increase in adsorbed material on a stainless steel surface immediately after
immersion in natural seawater. They reported successive adsorption of firstly nitrogen-containing
species (assumed to be proteins) followed by carbohydrates. It was concluded that even in the
presence of adsorbed potential nutrients, the substratum influences, such as hydrophobicity and

physical features like roughness, are more important to bacterial adhesion than the conditioning
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film. Busscher et al. (1997)* showed weaker adhesion to materials coated with a conditioning
film compared with the same surfaces without the conditioning film. Bradshaw et al. (1997)°
evaluated the influence of conditioning films on biofilm development and concluded that
conditioning films have a role in the degree and pattern of biofilm development. On the other
hand, Ostuni et al. (2001)°' demonstrated that there is little or no correlation between adsorption
of protein on surfaces and adhesion of bacteria. These conflicting results are most likely a
function of the variedness of surfaces, the bacteria and the dominant interactions that influence

adhesion in each specific instance.

3.1.5 Concluding remarks

Correlations between cell surface hydrophobicity, surface potential and adsorption capacity
of various supports have given an assortment of both predictable as well as unexpected results.
Van Loosdrecht et al. (1987)* have shown that the adsorption of hydrophobic microorganisms on
negatively charged sulfated polystyrene was directly correlated to the hydrophobicity of the
bacterial cell wall. On the other hand, adsorption of hydrophilic microorganisms in certain
instances, have been shown to be inversely correlated with total electrophoretic charge. In this
case, it was suggested that the surface free energy of the microorganisms was the dominant factor
for cell adsorption, whereby the repulsive forces between the like charges on the surfaces of cells
and support had been overcome. By studying the influence of the surface free energy of the
support it has been shown that hydrophobic microorganisms are preferentially adsorbed on
hydrophobic supports®> >*. There have also been investigations which indicate the importance of
the surface potential for adsorption™. Krekeler et al. (1989)° concluded that: *...the adsorption of
microorganisms to solid surfaces is influenced by both the surface potential and the surface free
energy of the cells. To check whether the adsorption of microorganisms to materials with different
surface characteristics is favored or not, the theoretical principles of the DLVO theory and the
concept of the change in the interfacial free energy of adhesion might be useful. But one has to
take into account that bacterial adhesion is not only due to physical interactions but also to surface
polymers which may favor attachment under conditions where physical measurements alone

suggest it would not be possible’.
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Reports regarding adhesion of bacteria onto inert surfaces are highly contradictory, probably
due to a combination of the complexity of the bacterial cell wall, local surface heterogeneities and
shortcomings in investigative methods. Therefore, regardless of the most careful observations and
elegant calculations, adhesion is an exceedingly complex interplay of a myriad of factors to such
an extent that it is virtually impossible to predict bacterial adhesion based solely on
physicochemical models, and in most instances, adhesion has to be determined empirically for

each bacterium and support surface.
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3.2

Aims

Optimum aerobic growth conditions for S. marcescens SA Ant 16 with regards to:
e pH

e temperature

Electron donor / - acceptor ratios for anaerobic growth conditions

Cell morphology and cell surface properties of
e acrobically

e anaerobically grown cells
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3.3 Materials and methods

3.3.1 Growth parameters (pH and temperature)

Cells of S. marcescens SA Ant 16 were inoculated from a cryopreserved culture into 100mL
TYG medium, pH 5.8, grown to mid-exponential phase at 37°C at 200rpm and inoculated into
fresh TYG medium and incubated in duplicate at 25°C, 30°C, 37°C, 40°C and 45°C. Duplicate
flasks of media at pH 4.5, 5.8, 7.0 and 8.0 were also inoculated and incubated at 37°C with
shaking. Growth was determined by measuring optical density spectrophotometrically at

560nm>°.

3.3.2 Motility

Motility was observed microscopically under 1000X magnification by performing a hanging
drop wet mount and also by stab-inoculating tubes of motility test medium®®, incubating tubes at

37°C and observing growth compared to a positive E. coli control.

3.3.3 Anaerobic growth

A pre-inoculum was prepared as previously described (section 3.3.1) and cells were
transferred into serum vials containing anaerobic TYG medium amended with 0.01g/L, 0.1g/L
and 0.1g/L KNOjs respectively, to an optical density of approximately 0.1. Both glucose (1g/L and
3g/L) and lactate (1g/L) were considered as electron donors. Samples were collected hourly,
optical density measured, centrifuged and the supernatant stored at -20°C until analysis. Glucose
was quantified by high performance liquid chromatography using a Waters SUGARPACK1 300 x
7.8mm column at 84°C with deionised water, flowrate 0.5mL/min, as mobile phase. Detection
was performed using a Waters Breeze with Differential Refractive Index Detector 1200 Series.
Lactate was acidified by adding phosphoric acid to a final concentration of 12.5% and quantified
by HPLC with a Phenomenex Synergi 4um Hydro-RP82A 250mm x 62mm column with
KH,POy4, pH 3.5 as mobile phase at 50°C and a Shimadzu UV detector (SPD-20AV) at 215nm.

95



3.3.4 Cell size and morphology

Cells were investigated microscopically in terms of cell size and cell morphology to observe
differences when grown under aerobic and anaerobic conditions. Cells were heat fixed, Gram
stained with crystal violet and iodine, counterstained with safranin®’ and visualised with a Zeiss
Axioplan microscope. Images were imported into an image processing program, analySIS Image

Processing, and analysed using built-in routines.

3.3.5 Pigmentation

Cells were streaked onto peptone-glycerol plates (5g/L peptone, 10mL/L glycerol) and
incubated at 30°C and 37°C respectively. The production of the pigment prodigiosin was assessed

visually after 16h of growth™®.

3.3.6 Cell surface properties

The surface characteristics of aerobically and anaerobically grown cells of S. marcescens SA
Ant 16 were studied to infer adhesion properties, and more importantly to determine if adhesion
observed with aerobically grown cells could be extrapolated to cells grown under oxygen

limitation.

3.3.6.1 Hydrophobicity

Bacteria were inoculated into 50mL of TYG medium, pH 7.0 and grown at 37°C (as
determined previously) as a pre-inoculum. From this, a second flask of TYG medium was
inoculated with exponential growth phase cells to an optical density of approximately 0.1 at
560nm and grown to mid-exponential phase under aerobic and anaerobic conditions (1g/L glucose
and 0.1g/L nitrate). Cells were harvested by centrifugation in a Beckman J2-MC centrifuge at
11000 x g for 10 minutes at 4°C and washed twice in Artificial Ground Water (AGW)* (0.3mM
Ca(NOs),, 0.25mM MgSO4, 0.7mM NaHCOs, 20uM CaCly, 0.145mM CaSOs, 0.1mM KNOs,
3uM NaH,POy, pH 6.5). Cells were resuspended in AGW to 10® cells/mL and 2mL suspension

added to an equal volume of hexdecane, toluene and xylene® respectively to determine the
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bacterial adhesion to hydrocarbons (BATH)®'. This was vortexed vigorously for 1 minute, the
phases allowed to separate for 15 minutes and the optical density of the aqueous phase determined
at 560nm. The hydrophobicity was expressed as (a — b)/a*100, where a = initial optical density of
cells, and b = optical density of cells in aqueous phase after mixing. Experiments were performed
in triplicate.

Hydrophobicity of the cells were also determined by packing small columns with ImL
hydrated Phenyl-Toyopearl (hydrophobic, particle size: 65um) and HWS0F-Toyopearl resin
(slightly hydrophilic, 45um particle size) respectively and equilibrated with AGW. (Both these
resins have similar particle sizes and the HWSOF resin therefore served as a control for
interactions between the cells and resin). Columns were loaded with ImL cell suspension and
washed with 10mL AGW to remove unbound cells®*. Fractions of ImL were collected and the
optical density at 560nm determined. The percentage retention was expressed as (a — b)/a*100,
where a = optical density of cells added to column, and b = optical density of cells in the eluate.

Experiments were performed in duplicate.

3.3.6.2 Electrostatic and acid / base properties

Cells grown both aerobically and anaerobically to mid-exponential growth phase were
harvested, washed and resuspended in AGW to 10° cells/mL. Duplicate small columns were
packed as before with ImL hydrated DEAE-Toyopearl and CM-Toyopearl (particle size of
65um). Columns were loaded with 1mL cell suspension, washed with 10mL AGW to remove

unbound cells and the percentage retention calculated as previously.
The electron donor / electron acceptor characteristics of the cells were determined by adding
washed cells to an equal volume of ethyl acetate and chloroform®. This was vortexed, the phases

allowed to separate and the percentage partitioning calculated as previously. Experiments were

performed in triplicate.

3.3.6.3 Lipopolysaccharides (LPS)

Bacterial capsules were visualised by staining cells with crystal violet and then decolorising

and counterstaining with 20% copper sulfate. LPS were extracted with an adapted method of
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Hitchcock and Brown (1983)%. Cells were suspended to 10® cells/mL and 1mL of this suspension
pelleted by centrifugation. The pellet was resuspended in 100uL lysis buffer (2% SDS, 4% B-
mercaptoethanol, 10% glycerol, IM Tris pH 6.8) and boiled for 10 minutes. The lysate was
cooled to room temperature, 0.025% (w/v) proteinase-K added and incubated at 60°C for 1h. This
was loaded onto a 10% SDS-PAGE® gel, run at a constant current of 25mA and visualized by

silver staining®.

3.3.6.4 Carbohydrate and protein content

Aerobically and anaerobically grown cells in mid-exponential growth phase were harvested
and washed in AGW as previously described (Section 2.6.1). Cells were resuspended in AGW to
10® cells/mL and total protein content was determined with the BCA (Bicinchoninic Acid) Protein
Kit, Standard Test Tube Procedure (Pierce)®’. Protein concentration was determined by
combining 100pL sample with 2mL Working Reagent, incubating at 37°C for 30 minutes and
reading absorbance at 562nm. Carbohydrate content was determined using the Phenol Sulphuric
Acid Carbohydrate Assay® by mixing 200pL sample with 200uL 5% phenol (w/v), adding 1mL

concentrated H,SOs, incubating at room temperature for 1 hour and reading absorbance at 490nm.
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3.4 Results and discussion

3.4.1 Growth parameters (pH and temperature)

S. marcescens SA Ant 16 was able to grow at temperatures between 25°C to 45°C. Biomass
yield was severely decreased at higher temperatures, while the growth rate was much lower at
lower temperatures. The highest biomass production was observed when the bacterium was
cultured at 30°C, while the highest growth rate was found at 37°C. The amount of biomass
produced at 37°C was only 4% less than at 30°C, while approximately 17% lower growth rate was

calculated at 30°C. It was therefore decided to culture this strain at 37°C (Figure 3.1).
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Figure 3.1 Optimum growth temperature for S. marcescens SA Ant 16. (¢ growth rate; m biomass

production.)

When the organism was cultured in TYG medium ranging from pH 4.5 — 8.0, it was able to
grow comparably over the entire pH range tested. Biomass production was maximal at pH 4.5, but
growth was severely inhibited. Optimum pH for growth was determined to be at pH 7.0 (Figure
3.2).
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Figure 3.2 Optimum growth pH for S. marcescens SA Ant 16. (e growth rate; m biomass production.)

3.4.2 Motility

Cells of S. marcescens SA Ant 16 were determined to be motile by microscopic
examination. Cells were also inoculated into semi-solid agar (Figure 3.3 a) and growth compared

to an E. coli positive control (b).

Figure 3.3 Motility of S. marcescens SA Ant 16 and E. coli.

The presence of flagella has a positive contribution towards adhesion not only by physically
bringing cells into close contact with the surface of adhesion but also through specific or non-

specific interactions with the matrix.

3.4.3 Anaerobic growth

S. marcescens is a facultative anaerobe, and could therefore potentially derive energy from

utilizing nitrate as a terminal electron acceptor. Under anaerobic growth conditions both glucose
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and lactate were considered as electron donors with NO;  as terminal electron acceptor at

concentrations ranging from 0.01g/L to 1g/L (Figure 3.4). (Results are summarised in Table 3.1).

In general, compared to growth conditions with oxygen as the terminal electron acceptor,
anaerobic growth conditions yielded markedly less biomass and growth rates were much slower.
With lactate as electron donor, low biomass yield and low growth rates were obtained, especially
at low electron acceptor concentrations (0.01g/L). Lactate was utilised very rapidly at low
electron acceptor concentrations, but inefficiently, as only 20% of the total lactate available was
utilized during growth. At higher nitrate concentrations, lactate was utilised at a slower rate, but
even less efficiently. The electron acceptor was completely depleted after only 2 hours of growth,
in the case of 0.01g/L KNOs, indicating that this might be the limiting factor during growth. In the
case of 0.1g/LL KNOs, nitrate was utilised at high rates and only 15% was residual after the

experiment had been completed.

When glucose was tested at 3g/L as electron donor, it was found that higher growth rates
and biomass were obtained than with lactate. Glucose at these high concentrations was utilized
rapidly but incompletely as approximately 85% glucose was still present in the medium after the
total duration of the experiment. The electron acceptor was utilised almost completely after 2
hours of growth in the case of 0.01g/L KNOs, again indicating that this low concentration of
electron acceptor was limiting. More than 90% of the 1g/LL KNO; was left in the medium after 3
hours, suggesting that 1g/L was the upper limit for electron acceptor. After the onset of stationary
phase, KNOj; was depleted to less than 10%. Since this consumption was not connected to growth,
it was not considered in calculations regarding volumetric rates of utilisation. Interestingly, at the
highest KNOj3 concentration (1g/L), it was found that both biomass and growth rate was inhibited,

further confirming that this concentration was suboptimal.

With glucose added to 1g/L in the medium, the highest overall growth rates and biomass
yields were obtained with the exception of 1g/L. KNOs, correlating with data obtained from 3g/L
glucose as electron donor. Rates of glucose utilisation showed a decreasing trend with higher
nitrate concentration, and with the exception of KNOs at 1g/L, less than 20% of the glucose added
initially was still present in the medium at the end of the growth experiment. Electron acceptor
utilisation rates, on the other hand, showed an increase with increasing concentrations of KNOj.

In line with earlier data, when nitrate was added to 0.01g/L, it was completely depleted after 4
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hours of growth, confirming this concentration to be too low for growth. Higher initial electron

acceptor concentrations were utilised efficiently to between 5% and 15% residual KNOs.

The highest growth rate (0.13g/L/h), total biomass (1.15g/L), most efficient electron donor

(98%) and electron acceptor utilization (96%) was obtained with glucose as electron donor at

lg/L and KNO; as electron acceptor at 0.1g/L. These glucose and NOs™ concentrations were

therefore used when cells were grown under oxygen limited conditions.

Table 3.1 Summary of growth parameters during anaerobic growth of S. marcescens SA Ant 16.
Electron Donor 1g/L Lactate | 3g/L Glucose 1g/L Glucose
Electron acceptor (g/L KNO;) 0.01 0.1 0.01 1.0 0.01 0.1 1.0
pmax (/h) 0.06 0.10 | 0.11 0.14 0.11 0.13 | 0.11
Total biomass yield (g/L) 0.72 0.85 | 1.11 0.93 1.13 1.15 | 0.89
Volumetric rate of e-donor utilisation (mM/h) 0.84 0.41 | 0.77 1.01 1.11 0.72 | 0.44
Volumetric rate of e-acceptor utilisation (mM/h) NC 1.25 | 0.21 0.12 0.03 0.22 | 098
e-donor utilisation (%) 20.43 | 10.26 | 14.20 | 15.96 83.09 | 97.77 | 49.70
e-acceptor utilisation (%) 100.00 | 84.99 | 96.26 | 7.23 100.00 | 96.45 | 84.95

NC:
pmax:
Total biomass:

Volumetric rates:

e-donor & e-acceptor utilisation:

not calculated

maximum growth rate during exponential growth phase

biomass produced at end of experiment

regression of linear portion of utilisation

ratio of substrate consumed during linear portion of utilisation
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Figure 3.4 Anaerobic growth of S.
marcescens SA Ant 16 with
nitrate as electron acceptor
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3.4.4 Morphological and surface properties

Van Schie and Fletcher® found that exposure of Syntrophomonas wolfei and Desulfovibrio
sp. strain G11 to aerobic conditions greatly influenced adhesion to a solid surface compared to
cells that had not been exposed to oxygen. It was therefore necessary to characterise both
aerobically and anaerobically grown cells of S. marcescens SA Ant 16 with regards to cell surface

properties in order to infer adhesion to a solid matrix.

3.4.4.1 Cell size and morphology

Aerobically and anaerobically grown S. marcescens SA Ant 16 cells were Gram stained
(Figure 3.5) and measured. Cells grown in the presence of oxygen were 2.155um + 0.240pum in
length and 0.705um £ 0.107um in breadth. Anaerobically grown cells were marginally longer
(2.278um % 0.299um) and thinner (0.655pum £ 0.075um) than aerobically grown cells.
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Figure 3.5 Gram stained cells of S. marcescens SA Ant 16 grown under aerobic (a) and anaerobic (b)

growth conditions.

Morphological differences observed between aerobically and anaerobically grown cells
were less than the standard deviations calculated from 20 measurements, and the cells can

therefore be considered to be in effect identical.
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3.4.4.2 Pigmentation

Strains of S. marcescens that are able to produce the pigment prodigiosin only do so when
grown at 30°C’°. When S. marcescens SA Ant 16 was evaluated for prodigiosin production at
both 30°C and 37°C (the growth optimum) it was found that the pigment was not produced at
either 30°C or 37°C (Figure 3.6) after incubation over night.

Figure 3.6 S. marcescens SA Ant 16 grown at 30°C and 37°C on peptone-glycerol agar to observe

pigment production.

It has been shown that prodigiosin production significantly increases the hydrophobicity of
S. marcescens’” "', but clearly, in the case of SA Ant 16, pigment production is not a contributing

factor to the overall surface hydrophobicity.
3.4.4.3 Hydrophobicity

Cell surface hydrophobicity was examined by using a classical bacterial adhesion to
hydrocarbons (BATH) test. By this method the percentage of cells which are excluded from the
aqueous phase in a water / hydrocarbon two-phase system is measured and gives a reflection of
the overall surface hydrophobicity®. From the high percentage partitioning of cells out of the
aqueous phase with hexadecane (dielectric constant of 2.0), toluene (2.4) and xylene (2.4),
respectively, it was found that the cell surface was moderately to highly® hydrophilic (Figure
3.7). Although, if data obtained from partitioning into xylene (with a standard deviation of
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approximately 20%) is disregarded, results from hexadecane and toluene confirm the cell surface

to be highly hydrophilic.
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Percentage hydrophobicity of aerobically (solid bars) and anaerobically (dotted bars) grown
cells of S. marcescens SA Ant 16 as determined with BATH. (Values are expressed as a

Figure 3.7

percentage of cells partioning relative to the total initial cell load.)

Cell surface hydrophobicity was further investigated by hydrophobic interaction
chromatography (HIC). This is generally regarded as a measure of localized hydrophobicity,
whereas BATH gives an indication of overall hydrophobicity®. Less interaction between cells and

the hydrophobic resin was observed than with a slightly hydrophilic resin, confirming the

hydrophilic nature of both types of cells (Figure 3.8).
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Figure 3.8 Percentage hydrophobicity of aerobically (solid bars) and anaerobically (dotted bars) grown
cells of S. marcescens SA Ant 16 as determined with HIC. (Values are expressed as a

percentage of cells retained relative to the total initial cell load. For interaction with the HIC

resin, standard deviations were too small to be indicated.)

It was suggested by Sorongdon et al., 19917 that some of the organic solvents used in
BATH might extract certain cell wall components, and this could explain the differences in results
obtained from hexadecane, toluene and xylene as well as notable standard deviations for xylene.
The absence of the pigment prodigiosin is also indicative of the highly hydrophilic surface of S

marcescens SA Ant 16"
3.4.4.4 Electrostatic and acid / base properties

The acid / base properties of the cell surface were assessed by the percentage partitioning of
aerobically and anaerobically grown cells out of an aqueous phase when in the presence of the
Lewis acid, chloroform and the Lewis base, ethyl acetate. Partitioning of cells between ethyl
acetate (dielectric constant of 6.0) and an aqueous phase revealed the cell surface to have a low
affinity for this basic solvent and electron acceptor. This highly acidic/electron donor character of

the cell surface was confirmed by partitioning of cells between chloroform (4.8) and an aqueous

phase (Figure 3.9).
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Figure 3.9 Acid / base properties of aerobically (solid bars) and anaerobically (dotted bars) grown cells

of S. marcescens SA Ant 16. (Values are expressed as a percentage of cells partioning relative

to the total initial cell load.)

Cell surface properties were further investigated by applying cells to anionic and cationic
chromatographic resins. Both aerobically and anaerobically grown cells were shown to be
negatively charged by the interaction with the anion exchange resin (diethylaminoethyl) and the

lack of interaction with the negatively charged carboxymethyl (CM) resin (Figure 3.10).
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Figure 3.10 Percentage retention of aerobically (solid bars) and anaerobically (dotted bars) grown cells of
S. marcescens SA Ant 16 with various chromatographic resins. (Values are expressed as a

percentage of cells retained relative to the total initial cell load. Standard deviations were too

small to be indicated.)
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The notable difference of partitioning of cells in ethyl acetate and chloroform respectively,
solvents having identical van der Waals forces””, and an aqueous phase, demonstrates the capacity
of the cells to establish some interactions with a support other than those of van der Waals'’.
These interactions are likely to be electrostatic as indicated by the high affinity for the anion

exchange resin, and the concomitant low affinity for the cation exchange resin.

3.4.4.5 Lipopolysaccharides (LPS)

The presence of lipopolysaccharides was confirmed microscopically as a colourless capsule

surrounding the bacteria against the purple background (Figure 3.11 a and b).

Figure 3.11 Lipopolysaccharides visualised with crystal violet and copper sulfate of (a) aerobically grown

cells and (b) anaerobically grown cells of S. marcescens SA Ant 16.

LPS were extracted from cells grown in the presence and absence of oxygen. When the LPS
were separated on SDS-PAGE, it was possible to discern the O-antigen, core polysaccharides and

the lipid A regions (Figure 3.12).
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Figure 3.12 Lipopolysaccharides from aerobically and anaerobically grown cells of S. marcescens SA Ant

16 separated on SDS-PAGE. (Lane 1: aerobic LPS extract; Lane 2: anaerobic LPS extract.)

The LPS profiles for both aerobic and anaerobically grown cells were identical. It has been
demonstrated that LPS are involved in hydrophilic adhesion and that hydrophilicity is the result of
the presence of the uncharged O-side chains and core oligosaccharides® as is the case with S.
marcescens SA Ant 16. The LPS present on aerobically and anaerobically grown cells are likely
to contribute to the highly hydrophilic character of the cell surfaces as observed with BATH and
HIC.

3.4.4.6 Carbohydrate and protein content

The carbohydrate to protein content of cells grown in the presence and absence of oxygen
were determined. It was found that the carbohydrate : protein ratio for aerobically grown cells was
1:3.7 and was slightly higher, 1:4.5, for anaerobically grown cells (Table 3.2) although the
percentage difference is comparable to the standard deviation observed for total protein in

anaerobically grown cells and is therefore not significant.
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Table 3.2 Total protein and carbohydrate content of cells of S. marcescens SA Ant 16 grown aerobically
and anaerobically. (N = Number of replicates; AVG: Average; SD: Standard Deviation

expressed as a percentage of total protein or carbohydrate content).

AVG N % SD Ratio
Carbohydrate (ug/cell) | 7.01x10® | 2 | 3.01
Aerobic 1:3.73
Protein (ug/cell) 262x107 | 2 | 554
Carbohydrate (ug/cell) 7.05x10° | 4 6.54
Anaerobic 1:4.43
Protein (ug/cell) 3.54x107 | 4 | 21.26

Bacteria express a range of proteins and carbon polymers on their outer surfaces that
considerably influence adhesion by not only contributing to localised charges but also to overall
hydrophobicity of the cells. In S. marcescens outer surface proteins’®, serratamolide (an
amphipathic aminolipid)” and mannose sensitive adhesins’® have been shown to play a

significant role in adhesion to biological surfaces.

3.5 Conclusions

Growth parameters with regards to pH and temperature were investigated for S. marcescens
SA Ant 16 under aerobic growth conditions where optima of pH 7.0 and 37°C were established.
When cells were grown under anaerobic conditions (which would mimic conditions in an oxygen
limited column reactor), it was found that glucose (1g/L) was the preferential electron donor
rather than lactate, and that KNOs at 0.1g/L produced high growth rates, the highest biomass and
the most complete electron donor and electron acceptor utilisation during the growth period

without being limiting during growth.

Aerobically and anaerobically grown cells of S. marcescens SA Ant 16 were investigated
with regards to various cell surface properties and features in order to infer adhesion to sand
particles for application in a bioreactor. Cells grown in the presence and absence of oxygen were
highly similar with respect to all parameters investigated. Slight differences could be attributed to
the stress conditions represented by utilizing nitrate as terminal electron acceptor instead of

oxygen. (The redox potential for the redox pair NOs™ <> N is 0.747kcal/mol/e” with a potential
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energy yield of 649kcal/mol as compared to O, <> H,O with a redox potential of 0.812kcal/mol/e’

and energy yield of 686kcal/mol”’

.) But in general, these differences were smaller or comparable
to standard deviations between experiments. Both types of cells exhibited highly hydrophilic
surface characteristics and the overall net charge of the cells were negative. It would therefore not
be unreasonable to assume that both types of cells would interact similarly with any matrix of

adhesion.
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Chapter 4

In situ reduction of arsenate by S. marcescens SA Ant 16
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4.1 Literature review: Arsenic remediation technologies

Considering the lethal impact of arsenic on human health, environmental authorities have
taken a more stringent attitude towards the presence of arsenic in water and in 1993 the World
Health Organisation adopted a provisional guideline of 10ppb (0.0lmg/L)". Arsenic remediation
technologies have historically focused heavily on a variety of chemical processes, but more
recently biological methods have been gaining momentum because of their potential in providing
an alternate cost-effective technology for heavy metal remediation. The main advantage of
biological treatment is that these processes do not require the use of harsh chemicals, but as the
name implies, uses biological agents such as plants or microorganisms to remove or transform
groundwater contaminants. These technologies can either be the sole treatment technique, or can

easily be combined with other conventional physicochemical processes.

4.1.1 Chemical techniques for arsenic remediation

Conventional as well as advanced techniques have been applied for the removal of arsenic
from contaminated water that may be divided into four broad categories: precipitative processes,
adsorption processes, ion exchange processes, and separation (membrane) processes.

4.1.1.1 Precipitative processes

Coagulation / filtration is a treatment process by which the physical or chemical properties

of dissolved colloidal or suspended matter are altered such that agglomeration is enhanced to an
extent that the resulting particles will settle out of solution by gravity or will be removed by
filtration®. Coagulants change surface charge properties of solids to allow agglomeration and / or
enmeshment of particles into a flocculated precipitate’. In either case, the final products are larger
particles, or flocs, which more readily filter or settle under the influence of gravity. The
coagulation / filtration process has traditionally been used to remove solids from drinking water
supplies®. However, the process is not restricted to the removal of particles. Coagulants render
some dissolved species (such as natural organic matter, inorganics and hydrophobic synthetic
organic compounds) insoluble and the metal hydroxide particles produced by the addition of

metal salt coagulants (typically aluminum sulfate’, ferric salts®, or copper sulfate’) can adsorb
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other dissolved species. As(II) removal during coagulation with alum, ferric chloride, and ferric
sulfate has been shown to be less efficient than As(V) under comparable conditions®. Coagulation
is a successful technology for achieving As(V) removals greater than 90%°. In general, enhanced

. . . . cq . 10
arsenic removal efficiencies are achieved with increased coagulant dosages .

Iron / manganese oxidation is dominant in facilities treating groundwater. Oxidation to

remove iron and manganese leads to formation of hydroxides that remove soluble arsenic by
precipitation or adsorption reactions''. Removal of 2mg/L of iron (by oxidation) achieved a
92.5% removal by adsorption of As(V) from a 10ug/L (0.13uM) As(V) solution. With removal of
Img/L of iron, 83% absorption of As(V) in a 22ug/L (290uM) influent concentration was
achieved. However, removal of arsenic during manganese precipitation is relatively ineffective
when compared to iron even when removal by both adsorption and coprecipitation are considered.
For instance, precipitation of 3mg/L manganese removed only 69% of a 12.5ug/L (160uM) As(V)

influent concentration'?.
Microfiltration can be used in tandem with the coagulation process to remove smaller
particles and arsenic is effectively removed. Thus, total plant capacity is increased by reducing the

k!
amounts of coagulants required ~.

Lime softening removes hardness (predominantly caused by calcium and magnesium

compounds in solution) by creating a shift in the carbonate equilibrium and thereby raising the
pH. Bicarbonate is converted to carbonate as the pH increases, and as a result, calcium is
precipitated as calcium carbonate. For magnesium removal, excess lime is added beyond the point
of calcium carbonate precipitation. Arsenic in the pentavalent state is more readily removed than
arsenite'*. Softening is a successful technology for achieving greater than 90% As(V) removals.
The optimum pH for As(V) removal by softening is approximately 10.5 and the optimum pH of
As(III) is approximately 11.0. Recent studies have shown that As(V) removal is independent of
initial concentration whereas this seems to be the predominant factor in As(III) removal. Facilities
precipitating only calcium carbonate observed lower As(V) removals when compared to facilities
precipitating calcium carbonate, and magnesium and ferric hydroxide. Addition of iron improves
As(V) removal. An important consideration in a lime softening system is the large quantities of

sludge are produced and the associated disposal costs'”.
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4.1.1.2 Adsorptive processes

Activated alumina is used in packed beds to remove arsenic and other contaminants from
continuously passed feed water. This is considered an adsorption process, although the chemical
reactions involved are actually an exchange of ions'®. This is a physical / chemical process by
which ions in the feed water are adsorbed to the oxidized activated alumina surface. The
contaminant ions are exchanged with surface hydroxides on the alumina until adsorption sites on
the surface are saturated. At this point the bed is regenerated through a sequence of rinsing with
regenerant (typically a strong base such as sodium hydroxide), flushing with water, and
neutralizing with acid (usually sulfuric acid)'’. Factors such as pH, arsenic oxidation state,
competing ions, empty bed contact time, and regeneration have significant effects on arsenic

removal efficiency'®.

Another method uses iron oxide coated sand treatment that consists of sand grains coated
with ferric hydroxide. These sands are used in fixed bed reactors to remove various dissolved
metal species'’. The metal ions are exchanged with the surface hydroxides on the treated sand
surface. When the bed is exhausted it must be regenerated by a sequence of operations similar to
activated alumina. Like activated alumina treatment, factors such as pH, arsenic oxidation state,
competing ions, empty bed contact time and regeneration have significant effects on the removals

. - . 20
achieved with iron oxide coated sand”".

4.1.1.3 Ion exchange

Ion exchange is a physical / chemical process by which an ion on the solid phase is
exchanged for an ion in the feed water. This solid phase is typically a synthetic resin which has
been chosen to preferentially adsorb the particular contaminant of concern’'. To accomplish this
exchange of ions, feed water is continuously passed through a bed of ion exchange resin beads
until all sites on the resin beads have been filled by contaminant ions. At this point, the bed is
regenerated by rinsing the ion exchange column with a regenerant. Important considerations in the
applicability of the ion exchange process for removal of a contaminant include water quality
parameters such as pH, competing ions, resin type, alkalinity, and influent arsenic

s 22
concentration™.
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4.1.1.4 Membrane processes

Membranes are a selective barrier, allowing some constituents to pass and blocking the
passage of others. The movement of constituents across a membrane requires a potential
difference between sides of the membrane and therefore membrane processes are often classified
by the type of driving force, such as pressure or electrical potential®>. Pressure-driven membrane
processes are often classified by pore size into four categories: microfiltration (>0.01um),
ultrafiltration (>0.001um), nanofiltration (0.001pm - 0.01um), and reverse osmosis (< 0.01pm)>*.
Membrane processes can remove arsenic through filtration, electric repulsion, and adsorption of
arsenic-bearing compounds®’. If particulate arsenic compounds are larger than a given membrane
pore size, they will be rejected due to size exclusion. Size, however, is only one factor which
influences rejection. Studies have shown that some membranes can filter arsenic compounds
which are one to two orders of magnitude smaller than the membrane pore size, indicating
removal mechanisms other than just physical straining. Shape and chemical characteristics of
arsenic compounds play important roles in arsenic rejection. Membranes may also remove arsenic
compounds through repulsion by or adsorption on the membrane surface. The filtration
mechanisms also depend on the chemical characteristics, particularly charge and hydrophobicity,

of both the membrane material and the feed water constituents.

4.1.1.5 Alternative technologies

Combinations of some of the principles discussed above have been used to effectively
remove arsenic from contaminated water such as coagulation followed by microfiltration. These
processed include greensand, a zeolite-type glauconite mineral which is produced by treating
glauconite sand with KMnOs until the granular material (sand) is coated with a layer of
manganese oxides, particularly manganese dioxide*®. The principle behind this arsenic removal
treatment is multi-faceted and includes oxidation, ion exchange, and adsorption. Another
technique, granular ferric hydroxide?’, combines the advantages of the coagulation-filtration
process, efficiency and small residual mass, with the fixed bed adsorption on activated alumina,
and simple processing®®. Iron filings combined with sand is essentially a filter technology, much

like greensand filtration, wherein the source water is filtered through a bed of sand and iron
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filings. What distinguishes this from other similar technologies discussed above, is sulfate that is

introduced in this process to encourage arsenopyrite precipitation.

4.1.2 Biological methods

Several biological strategies exist for the treatment of contaminated groundwater, which can
be divided in two main categories: ex Situ technologies, such as pump-and-treat systems, and in
situ technologies, where there is no need for the removal of contaminated water, but treatment is
applied at the contaminated site. In conventional pump-and-treat systems the contaminated
groundwater is extracted from the polluted aquifer by pumping, treated above ground and, finally,
discharged or reinjected into the source aquifer. On the contrary, innovative in situ technologies
permit physical, chemical, or biological treatment of contaminated groundwaters by means of

injection of reactive materials into contaminated aquifers™ .

Biological treatment strategies may also be divided into passive processes, such as
biosorption, or active remediation through enhanced uptake, sequestration or redox
transformations. Bioremediating agents can either be plant-based (phytoremediation) or microbial,
both of which may have superior native properties or can be genetically modified for application

1n arsenic remediation.

4.1.2.1 Passive biosorbents

The removal mechanism of biosorbents is similar to that of adsorption techniques and the
biomass / biosorbent is susceptible to chemical and engineering improvements and regeneration.
It has recently been observed that the capability of fungal biomass for treating metal contaminated

effluents is better than activated carbon (F-400) or the industrial resin Dowex-50°’.

Shaban and coworkers®' demonstrated that powdered air dried roots of the water hyacinth
(Eichornia crassipes) rapidly reduce arsenic concentrations in water. More than 93% of arsenite
and 95% of arsenate was removed from a solution containing 200ug/L (2.6uM) arsenic within 1
hour of exposure to the powder. The residual arsenic concentration was less than the World

Health Organisation drinking water guideline value of 10ug/L.
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In another study, the fungus, Penicillium purpurogenum, was examined for cadmium, lead,
mercury, and arsenic ion removal from water. Heavy metal loading capacity increased with
increasing pH under acidic conditions, presumably as a function of heavy metal speciation versus
the H" competition at the same binding sites. The adsorption of heavy metal ions reached a
plateau at pH 5.0. The fungus adsorption capacity for As(IIl) was 35.6mg/g and the metal ions
were eluted with 0.5M HCI to rejuvenate the fungal biosorbent. This process was successfully
repeated through 10 adsorption cycles. The pretreatment of biomass of P. chrysogenum with
common surfactants (such as hexadecyl-tri-methyl ammonium bromide and do-decyl amine) and
a cationic-polyelectrolyte was found to improve the biosorption efficiency to between 33% and
56% for various treatments. Moreover, this biosorptive process was shown to reduce capital cost
by 20%, operational cost by 36% and total treatment cost by 28% when compared with
conventional processes>. Another example of pretreatment was the use of autoclaved tea fungus,
a waste produced during black tea fermentation. The tea fungus was evaluated with and without
FeClj; pretreatment for arsenic sequestration. The FeCls-pretreated fungal mats removed 100% of
As(II) after a 30 minute contact time and 77% of As(V) was removed after 90 minutes contact
time. Fungal mat biomass without FeCl; was not effective for arsenic removal’>.

For metal uptake Chlorella sp. and Scenedesmus sp**. are the two most commonly used
algal species. It has been demonstrated that Chlorella sp. retained approximately 50% of arsenite
from a solution™, while Scenedesmus abudans can retain up to 70% arsenite from a 0.1mg/L
(1.3uM) solution. Algae respond to heavy metals by the synthesis of low molecular weight
compounds such as carotenoids and glutathione, and the initiation of several antioxidants, as well
as enzymes including superoxide dismutase, catalase, glutathione peroxidase and ascorbate
peroxidase™®. Lessonia nigrescens, another algae, was utilized for arsenate removal with
maximum adsorption capacities of 45.2mg/g (pH 2.5); 33.3mg/g (pH 4.5); and 28.2mg/g (pH 6.5)
from an As(V) solution ranging of 50mg/L (0.65mM) - 600mg/L (7.8mM)>’.

Bacteria have been genetically modified to express metal binding peptides such as synthetic

phytochelatins™®" *°

. Expression of phytochelatin synthase in Escherichia coli resulted in
production of phytochelatins and concurrent enhanced arsenate accumulation, but this strategy
lacked selectivity, as the engineered cells also demonstrated enhanced binding to Cd(I1), Zn(II),

Pb(Il) and Cu(I)*. Kostal et al. (2004)"! exploited the physiological role of ArsR as an arsenite
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inducible derepressor of the ars-operon by overexpressing this protein in E. coli. They

demonstrated specific, targeted accumulation and removal efficiencies of arsenite of 98%.

4.1.2.2 Phytoremediation

Phytoremediation utilises the potential of certain plant species to accumulate high
concentrations of arsenic in their above-ground tissues. Phytoremediation is an emerging
technology generally applicable only to shallow soil contamination that can be reached by plant
roots and selection of the phytoremediating species, therefore, depends upon the species ability to
treat the contaminants and the depth of contamination*”. Plants that are currently used as
phytoremediating agents to remove arsenic include poplar, cottonwood®, sunflower, Indian
mustard, maize*, grasses such as ryegrass and prairie grasses* and hyper-accumulating ferns*®
7 Plants with shallow roots (such as grasses and corn) are appropriate only for contamination
near the surface, typically in shallow soil. Plants with deeper roots, (for example, trees) may be
capable of remediating deeper contaminants in soil or groundwater plumes. Phytoremediation is
conducted in situ and therefore does not require soil excavation. In addition, revegetation for the
purpose of phytoremediation also can enhance restoration of an ecosystem™. The mechanisms of
phytoremediation  include enhanced rhizosphere  biodegradation, phytodegradation,
phytostablisation and phytoextraction / phytoaccumulation®®. Of these technologies, extraction
coupled with accumulation has been applied in the field of arsenic remediation. Phytoextraction
comprises the uptake and translocation of contaminants by plant roots which can then be
accumulated in plant shoots and / or leaves®’. A major concern of this technology is that plant
uptake and translocation of metals to the aboveground portions of the plant may introduce these

contaminants into the food chain and bioaccumulate in animals if the plants are ingested’'.

The potential of using recently identified arsenic hyperaccumulating ferns to remove arsenic
from drinking water have been investigated>. Hydroponically cultivated arsenic-
hyperaccumulating fern species (Pteris vittata and Pteris cretica cv. Mayii) were suspended in
water containing 3As arsenic with initial arsenic concentrations ranging from 20pg/L (0.26uM)
to 500ug/L (6.5uM)>® and arsenic phytofiltration efficiency was determined by monitoring the
depletion of "As arsenic. P. vittata reduced the 20pg/L (0.26uM) arsenic solution to 7.2ug/L
(0.09uM) in 6 hours and to 0.4 pg/L (0.005uM) in 24 hours, while in 24 hours the200pg/L
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(2.6uM) arsenic solution was reduced by 98.6% to 2.8ug/L. The high efficiency of arsenic
phytofiltration by arsenic-hyperaccumulating fern species is associated with their ability to rapidly
translocate absorbed arsenic from roots to shoots. Webb et al. (2003)** showed that P. vittata
accumulated As(II) predominantly in the leaves to high arsenic concentrations (1% w/w dry
biomass). Concentrations of contaminants in hyperaccumulating plants are limited to a maximum
of approximately 3% of the plant weight on a dry weight basis: Based on this limitation, for fast-
growing plants, the maximum annual contaminant removal is approximately 400kg/hectare/year.
However, many hyperaccumulating species do not achieve contaminant concentrations of 3%, and

.55
are slow growing™.

Genetically modified Arabidopsis plants expressing the bacterial arsC gene encoding
arsenic reductase and y-glutamylcysteine synthetase have been constructed. Arsenate is taken up
by the root system and translocated to the aboveground tissues of the plants. The cloned bacterial
genes are under a light-induced promoter and can therefore convert arsenate to arsenite in the
leaves, while y-glutamylcysteine acts as a thiol sink for arsenite. Due to this genetic alteration,
these plants can transport and trap three times more arsenic in their leaves and are resistant to

several times more arsenic in the medium than wild-type plants.

4.1.2.3 Bioremediation with microorganisms

Although biological treatments have usually been applied to the degradation of organic
contaminants, some innovative techniques have applied biological remediation to the treatment of
arsenic contamination. Currently, two processes for arsenic remediation with bacteria have been

developed, but neither of these explicitly requires the biological transformation of arsenic directly:

The first water treatment process depends upon oxidation of Fe(Il) and Mn(Il) with the
precipitation of the iron oxides (FeO,H)’’ and MnO,>® by the bacteria Gallionella ferrunginea
and Leptothrix ochracea. The precipitates are deposited within a filter matrix, which provides a
large surface area over which arsenic containing water can contact the oxides. The aqueous
solution is passed through the filter, where arsenic is removed from solution through
coprecipitation or adsorption™. Arsenic removal rates were enhanced from 65% to 95% by

bacterial oxidation which reduced a 200pg/L (2.6uM) solution to below 10pg/L (0.13uM)®°. One
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advantage of this technology is that it removes three important water contaminants simultaneously
— iron, manganese and arsenic. An equivalent chemical method of arsenic treatment involves
coating zeolite with Fe and Mn where arsenic is adsorbed or coprecipitated. This method has been

registered under patent number 6790363 as “Method of treating arsenic-contaminated waters”.

The second technology utilises sulfate reducing bacteria to biogenically generate H,S by
reducing organic compounds such as lactate and utilising sulfate as the terminal electron acceptor.
This biogenically produced sulfide can react with dissolved metals and metalloids to form metal
sulfide precipitates since the solubilities of most toxic metal sulfides are generally very low
(logKs, for As,Ss is -11.9°"). One application of this technology uses anaerobic sulfate-reducing
bacteria to produce hydrogen sulfide, as well as arsenic-reducing bacteria (to convert arsenate to
arsenite) to precipitate arsenic from solution as insoluble arsenic-sulfide complexes® such as
orpiment (As;S3), realgar (AsS) or other sulfide minerals containing coprecipitated arsenic
species®™. A major advantage of this precipitation method is that the volume of metal sulfide
produced is generally lower than compared to hydroxide sludge produced by traditional chemical
methods®. A few studies, and upscaled field tests have been conducted with exceptional success.
As early as 1993, Belin et al.”” demonstrated 97% removal of arsenic (910uM starting
concentration) by sulfidogenically active bacteria. After 6 days of incubation, 96% of the initial
10mg/L (approximately 130uM) arsenic was removed from solution in serum bottles containing
sulfate reducing biomass®. These results lead to a study using short-term bench scale upflow
anaerobic packed bed reactors where 77% removal from a 50mg/L (666uM) solution arsenic was
achieved due to precipitation as As;S; as well as the concomitant coprecipitation with iron
oxides®’. The most resounding success applying biogenically generated sulfide precipitation of
arsenic has undoubtedly been the Wood Cadillac mine site in northwestern Quebec. An ingenious
biofilter, 50m x 57m by Im thick, was constructed from decomposing yellow birch bark chips
which provide the reducing conditions necessary for sulfate reducing bacterial activity®®. Over a
three year period, even during winter, up to 93% arsenite removal from 585ug/L (7.6uM) to less
then 40ug/L (0.52uM) was achieved®. Again, a chemical analog for precipitating arsenic with

sulfides has been registered as Patent number 51509.

Due to the nature of biological processes, the performance of the above technologies is
dependent on pH, available nutrients and temperature. Its efficiency is also sensitive to arsenic

concentrations. These requirements, however, are not limited to biological systems, most
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chemical processes are highly dependent on pH, co-contaminants, influent arsenic concentrations
and the valence state of arsenic. Popular literature suggests that if bacteria isolated from a
contaminated site are applied to the same site for bioremediation, much higher contaminant
concentrations can be tolerated and that more efficient conversion is achieved. What distinguishes
biological processes from chemical, besides being environmentally friendly, is that if a suitable
remediating microorganism is identified bioremediation has the potential for application at much

higher contaminant concentrations than chemical remediation strategies.

Despite the wide variety of arsenic tolerant and resistant bacteria that have been isolated and
described, application of these microorganisms under field conditions for bioremediation is
lacking. In a US EPA report of 2002*, only one full scale, three pilot scale and one bench scale
wastewater treatment processes were identified. If this is compared to the 45 full scale projects
utilising chemical precipitation / co-precipitation, it becomes very apparent that bioremediation of

arsenic is indeed a novel and exciting prospect.

Bioremediation has the potential to be incorporated into a variety of existing chemical
processes, where a simple bacterial oxidation or reduction step may easily be incorporated as a
pretreatment for a variety of existing chemical processes such as adsorption or filtration. It also
has the possibility of being developed as an integrated stand-alone technology where no harsh
chemicals are used, resulting in low sludge volumes and providing a cost effective,

environmentally friendly alternative to existing technologies.
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4.2 Aims

1. Determining arsenate and glucose concentrations for arsenate reduction

e acrobically and anaerobically

2. Adhesion of S. marcescens SA Ant 16 to sand grains
e cstablishing contact time between cells and sand for maximal adhesion
e monitoring bacterial movement through a sand column

e determining bacterial loading of a sand reactor

3. Demonstrating in Situ reduction of arsenate by S. marcescens SA Ant 16
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4.3 Materials and methods

4.3.1 Optimisation of arsenate reducing conditions

S. marcescens SA Ant 16 was grown, washed as previously described (section 2.6.1) and
resuspended in Artificial Ground Water (AGW)™ to 10® cells/mL. Glucose was added to 100mL
cell suspension in 500mL shake flasks at concentrations of 0.ImM, 1mM and 10mM. Arsenate
was added to ImM, SmM or 10mM as shown in Figure 4.1. Flasks were incubated at room
temperature (approximately 20°C, since this temperature more likely represents a bioremediation
scenario) with shaking at 200rpm on a rotary shaker. From results obtained, a second experiment,
with the same parameters but under anaerobic conditions, was performed in serum vials with
SmM As(V) and glucose concentrations at 0.1mM, ImM and 10mM respectively (represented by

shaded areas in Figure 4.1).

Arsenate (mM)
1 5 10

e
—

Glucose (mM)

—_
(e}

Figure 4.1 Factorial design layout.

In both experiments samples were withdrawn periodically over a 100h period, clarified
through a 0.2um filter and stored at -20°C until analysis. Arsenite was quantified using an ICP-
MS (Shimadzu ICPM-8500) after separation of the arsenic species by HPLC on a Hamilton PRP
X-100 anion exchange column with isocratic elution using 20mM ammonium carbonate, 3%
methanol (v/v) at pH 10. Glucose was quantified using the QuantiChrom™ Glucose Assay Kit
(BioAssay Systems) and throughout the experiment both optical density at 560nm and pH (as

indicators of growth) were monitored. Lactic acid was detected by HPLC by comparing retention

130



times with that of standards using a Phenomenex Synergi 4um Hydro-RP82A 250mm x 62mm
column with KH,PO,, pH 3.5 as mobile phase at 50°C and a Shimadzu UV detector (SPD-20AV)

at 215nm. Arsenate conversion was calculated as

to negate the effect of alternate mechanisms such as biosorption which could lead to a possible

over-estimation of arsenate reduction rates.

4.3.2 Adhesion of cells to sand matrix

Adhesion of the cells was determined according to the method of Bolster et al. 1998”". Six
sets of 20mL plastic syringes were packed up to the 20mL mark with sterile quartz sand obtained
from BHP Billiton (hydrophilic, negatively charged, grain size between 1180um and 1700um,
confirmed at the Department of Geology, UFS) and saturated with Artificial Ground Water
(AGW)”. S. marcescens SA Ant 16 was grown aerobically in TYG medium, harvested, washed
and resuspended to 10° cells/mL, 10" cells/mL and 10® cells/mL in AGW. The columns were
loaded with 6mL of the cell suspension and incubated at room temperature. Duplicate columns
were sacrificed after 6 hours of incubation at room temperature by draining non-adhering cells
from the column. To ensure optimal adhesion, contact time between the cells and sand grains was
determined in a similar fashion, except that columns were incubated and sacrificed over a 24 hour

period.

4.3.3 Real-Time PCR for quantification

S. marcescens SA Ant 16 cells were enumerated by Real-Time PCR on a Rotor-Gene RG-
3000A Cycler (Cobett Research. Primers set SerRT-F (5’-GGAGGAAGGTGGTGAGCTTAA
TACG-3’) and SerRT-R (5’-CGATTGCACAACCTCCCAAATCG-3’) were designed to
exclusively amplify a fragment of the 16S rDNA gene of Serratia marcescens and correspond to
positions 439-463 and 818-835 of the 16S rDNA sequence deposited for S. marcescens SA Ant
16 AY551938. Cycling was performed after an initial denaturing step at 95°C for 10 minutes and

thereafter cycling with primer annealing at 56°C for 5 seconds, strand elongation at 72°C for 20
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seconds and denaturing at 95°C for 1 second. Reactions consisted of 1X Sensimix (Quantace),
200nM of each primer, 1X SYBR®Green I Solution and 4.4uL template DNA in a total volume
of 10uL. Specificity of this primer set was verified by performing BLAST™* searches as well as
including template DNA from E. coli and Bacillus pumilus, as control organisms representing

both Gram negative and Gram positive bacteria.

4.3.4 Setup, conservative tracer and bacterial breakthrough

Perspex columns (250mm height x 70mm inner diameter) (Figure 4.2a) were packed with
sterile sand. Each column had 4 inlet ports at the bottom (Figure 4.2b), 2 outlet ports at the top (c)
and side ports at Scm intervals for sampling liquid along the length of the column (d 1&2). A fine
mesh consisting of material net was placed at the bottom to prevent sand flowing into or blocking
the inlet tubes. A Icm layer of glass beads (2mm diameter) was placed on the bottom of each
column to ensure equal dispersion of influent (Figure 4.2e). The columns were packed to
approximately 2cm from the top with sand and another layer of glass beads added before the
addition of fine mesh. Columns were washed with artificial ground water for 24 hours at
ImL/min” to saturate, stabilise and condition the sand bed before the commencement of an
experiment. A conservative tracer breakthrough curve was constructed by pumping 40mL 5mM
NaCl in AGW into each column and measuring conductivity at the outlet ports. A bacterial
breakthrough curve was constructed in the same way, with cell breakthrough determined by

optical density at 560nm’’.
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Figure 4.2 Setup of column reactors. (a) 500mm reactor, (b) bottom inlet ports, (c) top outlet ports, (d)

side ports for sampling, (e) glass beads for equal dispersion of influent.

4.3.5 Column loading

The volume of cells to load binding sites on sand grains was determined by replacing AGW
in the columns with S. marcescens SA Ant 16 cells (10 cells/mL) by continuous flow. Cell
numbers were tracked through the column by sampling at the side ports over a period of 44 hours
(representing 8 pore volumes) and quantified by Real-Time PCR. Viability of the cells was
assessed by plating aliquots onto TYG plates and incubating at 37°C overnight.
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4.3.6 Insitu As(V) reduction

Upscaled bioreactor columns (overall height of 500mm, internal diameter of 70mm) were
used for in situ arsenate reduction. Setup, tracer and bacterial breakthrough was performed as

described in section 4.3.5.

Reactors were flushed with AGW overnight and one pore volume (PV) of washed S.
marcescens SA Ant 16 cells (10° cells/mL) were pumped into the reactor followed by 1PV of
TYG medium amended with 0.1g/L KNO; (as determined in Chapter 3) to foster cell growth at
approximately 0.7mL/min which represents approximately 1 pore volume per day (determined
from earlier results). After multiplication of the cells inside the column the influent was switched
to SmM arsenate and either 3mM or 6mM glucose, and introduced into the reactor at room
temperature by means of a precalibrated variable speed dialysis pump. Samples were withdrawn
for each pore volume at the inlet, outlet and side ports. Arsenic speciation, glucose, lactic acid and
cell viability determined as previously. Dissolved oxygen was measured with an O, Amplifier
Type 170 % air and the influent was used as the 100% calibration point. Arsenate conversion was

calculated as described in section 4.3.1.

4.3.7 Scanning electron microscopy

Sand grains from dismantled columns were fixed in 3% gluteraldehyde and 1% osmium
tetraoxide, gradually dehydrated in an ethanol series ranging from 50% to 100% and dried in a
critical point drier. Dried samples were sputter coated with gold and imaged with a Shimadzu

SSX-550 Scanning electron microscope at the Centre for Confocal- & Electron Microscopy, UFS.
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4.4 Results and discussion

4.4.1 Factorial design for arsenate reduction optimisation

Arsenate reduction was optimised in a factorial design layout incorporating increasing
concentrations of arsenate and glucose under both aerobic and anaerobic conditions. Under
aerobic conditions it was found that when glucose was added at high concentrations (10mM), this
carbon source was used to generate cell biomass. With increasing concentrations of arsenate,
more glucose was utilised. It is also interesting to observe that under these conditions no arsenate
was reduced (no arsenite present), but that it appeared that the generated biomass could adsorb the
added arsenate, since barely detectable amounts of arsenate was present in the suspending liquid
during growth. Also, during growth a concomitant drop in pH was observed (Figure 4.4 g, h, 1).
When cells were incubated with 1mM glucose, but without arsenic, glucose was utilised to
produce cell biomass, with a related decrease in pH (Figure 4.3 a, b). A similar decrease in pH
over the growth period of S. marcescens was also observed by Eaves & Jefferies (1962)”*. In the
case of S. marcescens SA Ant 16, this decline in pH was correlated to lactic acid production
(Figure 4.3 b inset). Glucose utilisation increased from 40%, to 60%, to 100% within the first 24

hours with increasing arsenate concentrations, yet no arsenate was reduced (Figure 4.5 g, h, 1).

Arsenate was reduced by resting cells of S. marcescens SA Ant 16 under aerobic conditions
at glucose concentrations lower than 10mM and at arsenate concentrations ranging from 1mM to
10mM. During arsenate reduction, no increase in biomass was observed and pH was constant
after an initial small decrease (Figure 4.4 a - f). This slight decrease in pH over the first 2 hours
was also observed in the negative control flask lacking any cells (Figure 4.3 ¢), and could be
ascribed to an equilibration period of the weakly buffered AGW due to oxygenation as a result of
agitation. During arsenate reduction glucose was utilised, and was generally depleted within the
first 4 hours at a concentration of 0.1mM (Figure 4.5 a - ¢) and within the first 12 hours at ImM
glucose (Figure 4.5 d - ). From these results it could be concluded that neither 0.1mM nor ImM
glucose would not be sufficient for arsenate reduction over an extended period of time. The
highest reduction rate (approximately 1uM/h) and highest total conversion (0.56%) was observed
with 10mM arsenate and 1mM glucose (Figure 4.5 f).
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Since it was expected that oxygen may be less available in a sand column bioreactor, it was
necessary to determine the arsenate reduction capabilities of S. marcescens SA Ant 16 under the
most extreme possibility of anaerobic conditions. The experiment was therefore duplicated in

anaerobic serum vials at SmM arsenate and varying concentrations of glucose.

No significant growth took place (Figure 4.6 a - ¢) except in the case of the 10mM glucose
amendment where an approximate 5% increase in absorbance was observed after a 24 hour lag
period (c). During the duration of the experiment and a very gradual drop in pH was observed, but

this was comparable to that seen in the negative control containing only cells (d).

Glucose was utilised to depletion in the case of 0.1mM and 1mM glucose, but in the latter
case over a 24 hour period as compared to within the first hour at the lowest concentration (Figure
4.7 a, b). This is in agreement with observations made during arsenate reduction under aerobic
conditions, where it was speculated that these glucose concentrations might be too low to sustain
extended arsenate reduction. With glucose amended to a final concentration of 10mM,
approximately 80% of this glucose was not utilised after 100 hours (c), leading to the conclusion

that this concentration would be excessive, and ultimately wasteful.

Arsenate was reduced under all anaerobic conditions (Figure 4.7 a - c¢), but differently from
reduction under aerobic conditions, reduction was most efficient at high concentrations of
glucose. The highest arsenate reduction rate of 2.1uM/h and a total conversion of 4% were

obtained with 10mM glucose (c).

To obtain an overview of the parameters monitored during arsenate reduction by S.
marcescens SA Ant 16 under both aerobic and anaerobic conditions, rates of arsenate reduction,
glucose consumption, changes in pH and absorbance at 560nm are presented in 3 dimensions in
Figure 4.8 .This data would thus enable an effective selection of parameters for application in

scaling up bioreactors.
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Figure 4.3 Negative controls (with no arsenate addition) for changes in pH (e), growth (m) and glucose

consumption (A) under aerobic conditions. (Inset: HPLC profile of lactic acid formed at high

glucose concentrations.)
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Figure 4.4 Growth (m) and changes in pH (o) during arsenate reduction under aerobic conditions.
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Figure 4.5 Arsenate reduction (¢) and glucose consumption (A) under aerobic conditions.
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Figure 4.6 Growth (m) and pH changes (®) during arsenate reduction under anaerobic conditions.
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3D representation of glucose consumption (e & f) and arsenate reduction (g & h) rates. (Insets: rescaled comparison between

aerobic and anaerobic data.)
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If results concerning growth and resulting changes in pH are compared (Figure 4.8 a - d), it
is very clear that these two parameters are only important with regards to reduction under aerobic
conditions, and should not be a concern in a bioreactor system where oxygen is limited. Glucose
consumption rates were much higher under aerobic conditions (Figure 4.8 e, f), and even though
at 10mM glucose, this could be attributed to utilisation for growth, at lower glucose
concentrations (0.lmM and 1mM), consumption rates were consistently twice as high under
aerobic conditions as compared to the anaerobic counterpart (figure insets). Arsenate reduction
was much more successful under anaerobic conditions (Figure 4.8 g, h), and at glucose
concentrations of 0.1mM and ImM reduction rates were an order of magnitude higher than under

aerobic conditions.

4.4.2 Real-Time enumeration and primer specificity

A standard curve for enumeration of cells was constructed by plotting cell concentration
against threshold cycle (Cr) values where product formation was detected and performing linear

regression analysis (Figure 4.9).
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Figure 4.9 Standard curve of cell concentration (cells/mL) vs. cycle number (Cy).

BLAST searches revealed high homology towards Serratia marcescens and specificity was
confirmed by including template DNA from a Gram positive and Gram negative organism in a

Real-Time PCR reaction (Figure 4.10).
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Figure 4.10 Specificity of S. marcescens specific primers. Lane 1: Low Range FastRuler molecular weight
marker (Fermentas), Lane 2: S. marcescens SA Ant 16, Lane 3: B. pumilus, Lane 4: E. coli,

Lane 5: non-template control (NTC).

The primers amplified a band of the correct size (approximately 400bp) only from template
DNA of S. marcescens and did not yield amplicons with other test organisms, indicating that this

primer set could be used for enumeration of S. marcescens SA Ant 16.

4.4.3 Adhesion

In Chapter 3 it was determined that the cell surface of S. marcescens SA Ant 16 was
negatively charged, acidic and had both localised and overall hydrophilic characteristics. In
addition, the cells were motile, possessed an LPS layer as well as carbohydrates and proteins on
the outer cellular surface which could all potentially mediate in cellular adhesion. Since bacterial
adhesion depends primarily on hydrophobicity”> and hydrophilic interactions seem to favour
attachment of hydrophilic bacteria to hydrophilic surfaces’, it would not be unreasonable to
expect that S. marcescens SA Ant 16 should be able to adhere to the hydrophilic quartz sand used

in this study.

Aerobically grown cells suspended in AGW (10° cells/mL to 10® cells/mL)”” were applied
to a sand matrix packed into 20mL syringe barrels. This was incubated for 6 hours and non-
adhering cells drained from the column and quantified. The percentage of adhering cells did not

increase with increasing cell concentrations and it was evident that cellular adhesion was
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dependent on the initial concentration of cells loaded and that the sand grains had an adhesion
capacity of at least 10® cells/mL (Figure 4.11). Subsequent experiments were therefore performed

at the maximum cell concentration (10° cells/mL) to ensure higher turnover rates.
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Figure 4.11 Adhesion of concentration ranges of S. marcescens SA Ant 16 cells to sand grains.

When adhesion was monitored over a period of 24 hours, it was found that the number of
cells adhering to the matrix increased from 4 x 10’ cells/mL after 2 hours of incubation to

approximately 1 x 10® cells/mL after 24 hours (Figure 4.12).

1.1E+08

24h

1.0E+08

9.0E+07 -

8.0E+07 il

7.0E+07 -

2h 5h
6.0E+07 -

A

5.0E+07

4.0E+07

# of adhering cells/mL

3.0E+07

2.0E+07

1.0E+07

Figure 4.12 Adhesion of S. marcescens SA Ant 16 to sand in syringe columns over a period of 24 hours.

If these results were to be extrapolated to a column reactor, the implication would be that

10% cells/mL would not exceed the loading capacity of the matrix and even a short contact time

145



between the cells and the sand would ensure adhesion of a large number of cells. Longer contact

times, however, would result in higher numbers of adhering cells.

4.4.4 Tracer and breakthrough curves

Breakthrough curves for bacteria and chloride were very similar in shape in all cases
indicating a homogenous sand matrix which would imply that limitations in specific areas of the
reactor due to preferential flow paths should not occur. A representative example of a 500mm
reactor is shown in Figure 4.13. Typically, both curves were symmetrical and from the tracer
peak, the pore volume of the reactors was determined to be approximately 800mL. The
breakthrough peak of the bacteria was earlier than that for the tracer, and this may be clarified in

terms of differential advection’®.
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Figure 4.13 Typical profile of NaCl tracer (¢) and bacterial breakthrough (m) in a 500mm column.

The primary mechanisms influencing differential advection include prohibition of the cells
from the smaller matrix pores due to size exclusion”, preferential flow paths through high
conductivity regions™ or hydrodynamic retardation® . In the case of S. marcescens SA Ant 16 the
generally symmetrical shape of both the tracer and breakthrough curves suggest that there was no
preferred flow along the edges of the columns™, and it can therefore be concluded that differential
advection can be attributed to hydrodynamic retardation and / or size exclusion due

heterogeneities in the bacterial solution such as varying cell surface characteristics and cell sizes.
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4.4.5 Loading of column with cells

Cells (10® cells/mL) were continually pumped into a packed column over a period
representing 8 pore volumes. Adhesion of the bacterial cells did not increase beyond one pore
volume, and in fact, a slight decline in cell numbers was observed (Figure 4.14). Even though
enumeration by RT-PCR showed approximately 10 cells/mL throughout the column after 8 pore

volumes, plate counts revealed viability of only 10° cells/mL.

RT-PCR is based on the presence of target DNA (in this case, a 400bp fragment from the
small ribosomal subunit of Serratia marcescens) and will therefore also enumerate dead and
unculturable cells. Plate counts, on the other hand, may give an under-estimation of cell numbers,

since only culturable cells are counted.
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Figure 4.14 Cell numbers in small column reactor for maximum saturation (Bars: Real-Time

enumeration; plate counts m).

4.4.6 Arsenate reduction in column reactors

Perspex columns were packed with sand media to enhance arsenate reduction activity by
providing a solid support (surface) to which bacteria could adhere. The factorial optimisation
study indicated that the concentration of glucose added should be higher than 1mM to avoid

glucose depletion, but lower than 10mM so as not to stimulate cell growth. Glucose depletion may
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inhibit sustainable arsenate reduction, whereas it was shown that when cells were actively
growing, no arsenate reduction was observed (Figure 4.8 a & b and g & h). From initial adhesion
(Figure 4.12) and loading experiments (Figure 4.14), it was clear that 24 hours of contact time
between the cells and sand and one pore volume of cells would be sufficient for the maximum
number of cells to adhere to the matrix. Conservative breakthrough curves determined pore
volumes of approximately 800mL and to ensure complete displacement, a working pore volume
of 1L was assumed. To obtain retention times of 24 hours, a flowrate of 0.7mL/min was

calculated.

The first reactor was amended with 3mM glucose. Figure 4.15 illustrates a decrease in
glucose utilisation from the influent to outflow of the reactor decreased to a minimum at pore
volume 3 whereafter utilisation increased to 100%. A drop in pH between the influent and
outflow was observed to increase over the first 5 pore volumes. These two parameters seen
together may suggest an initial adaptation phase of the cells to new conditions represented by
firstly exposure to arsenate, and secondly, being immobilised in a bioreactor. Arsenate reduction
was observed from the first pore volume onwards, and reached a maximum after 5 pore volumes.
The apparent limit of arsenate conversion was approximately 30% (calculated as percentage
As(IIT) formed relative to As(V) initially added). It has been found that bacteria tend to aggregate
in areas which offer some physical protection and are then able to condition the immediate
environment through their metabolism to form microcosms that are conducive to their survival®,

and enhanced arsenate conversion efficiencies by sessile cells are therefore not unexpected.
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Figure 4.15 Arsenate reduction (bars), glucose utilisation (m) and changes in pH (+) in column reactor

containing 3mM glucose.

At the end of the experiment, the reactor was sacrificed and the sand grains examined by

scanning electron microscopy.

Figure 4.16 SEM imaging of (a) a clean sand grain not exposed to cells, and (b) a sand grain covered with

cells (Bar represents 10pm).

From Figure 4.16 it is evident that a large number of cells are still present on the sand grains
which would suggest that it may be possible to simply stimulate cell growth inside the reactor in

stead of replenishing with fresh cells.
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Since earlier results (see section 4.4.1 and Figure 4.13 e & f) suggested that arsenate
reduction may be dependent on the glucose concentration, a second reactor was amended with
6mM glucose. This reactor was also monitored for arsenate reduction, glucose consumption and

changes in pH and additionally for oxygen consumption and cell viability.

Viable cells, assessed by plate counts, increased after the initial addition of growth medium
to approximately 10° cells/mL, and over the following 10 pore volumes a decrease to 107 cells/mL
was seen. Addition of another pore volume of growth medium restored the cell counts to almost
10® cells/mL (Figure 4.17). This would suggest that if arsenate reduction efficiency diminished

due to cell depletion in the reactor, that it may possibly be restored by stimulating cell growth.
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Figure 4.17 Viable cells in the reactor (SmM As(V), 6mM glucose) during run.

Glucose consumption decreased at PV3 to approximately 80%, but stabilised at
approximately 100% during the rest of the run. Changes in pH and dissolved oxygen percentage
from the inlet to the outlet showed a similar trend (Figure 4.18), where the first three pore
volumes may represent an adaptation phase of the cells to their new environment. At pore volume
10, larger changes in dissolved oxygen percentage and pH could suggest a change in the

physiological state of the cells.
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Figure 4.18 Changes in pH (¢), dissolved oxygen percentage (m) and glucose conversion (A) in the reactor

amended with SmM arsenate and 6mM glucose.

Similar to the previous reactor, arsenate was reduced from the addition of the first pore
volume of arsenate and glucose. Again, arsenate conversion increased up to 5 pore volumes
where, arsenate conversion stabilised between 40% - 50% up to pore volume 9 (Figure 4.19).
Onset of a possible decline in arsenate was seen at pore volume 10, confirming a possible change
in cell physiology and arsenate reducing capabilities. At PV8, glucose consumption was
approximately 98% (Figure 4.18), while other parameters such as changes in pH and arsenate
conversion (Figure 4.19) remained constant, which could possibly be seen as an indication that

glucose utilisation is maximal without being limiting.
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Figure 4.19 Percentage arsenate conversion over 10 pore volumes for bioreactor amended with SmM

arsenate and 6mM glucose.

It is difficult to contextualise the results presented here, since only one analogous

technology exists where arsenic removal from contaminated groundwater is accomplished by

arsenate reducing bacteria. For this particular case study, the arsenic concentration was reduced to

less than 0.5mg/L, without any additional information such as the initial arsenic concentration.

Full scale operation of chemical remediation processes report efficiencies ranging from 40% to

99% depending on the specific technology, and initial arsenic concentrations are generally in the

uM range. The data presented in this report suggest that the potential exists for the development

of a feasible bioremediation alternative to chemical treatments by S. marcescens SA Ant 16.
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4.5 Conclusions

S. marcescens SA Ant 16 could have major implications in the search for innovative
methods for arsenic waste management: even without bioreactor optimisation, arsenate
conversion exceeded 50%. Moreover, a unique characteristic of Serratia marcescens SA Ant 16
that sets it apart from other technologies, is that this organism achieved these efficiencies from
initial arsenate concentrations of SmM (approximately 380mg/L). Considering that arsenic
concentrations at the original sampling site is approximately 1mM, application of this bacterium

to this arsenic contamination is indeed a possibility.

The short term nature of the reactor experiments implies that sustainability concerns such as
clogging, contamination and competition are not addressed. Longer term studies, focusing on cell
viability, stimulation of growth and replenishment of the reactor with cells would be important
areas of investigation. Preliminary Denaturing Gradient Gel Electrophoresis (not presented here)
indicated shifts in the bacterial population over the duration of reactor experiments and

assessment of microbial diversity in the reactors would therefore also be essential.

If general trends with regards to the factorial analysis are followed, results obtained from
reduction under aerobic conditions suggest a correlation between initial arsenate concentration
and arsenate reduction rates, while experiments under anaerobic conditions revealed a similar
trend with regards to the glucose concentration. These two parameters can be varied singly and in

combination to possibly enhance arsenate conversion efficiency in bioreactors.

Lower flow rates would increase contact times between the cells, arsenate and glucose and
this may have a positive effect on arsenate conversion efficiency. Increased contact times could
also be accomplished by lengthening the reactors, but glucose limitation may prove a critical
factor in this regard. Bacterial adhesion to the sand grains indicated that the loading capacity was
not exceeded by 10* cells/mL and higher conversion efficiencies could, therefore, also be

achieved by increasing the initial cell loading concentrations.
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Initial arsenate reduction experiments suggested that in addition to reduction, adsorption or
sequestration of arsenic (as either arsenate or arsenite) could be an alternative resistance
mechanism. This area will need elucidation to fully grasp the bioremediative potential of this

organism.

The mechanism of arsenate reduction may be clarified by genome sequencing, although if
the gene is completely different from previously described genes, mutagenesis and

characterisation of arsenate sensitive mutants may prove a more successful strategy.

If the possibility of coupling an arsenate reducing bioreactor to a biogenic H,S reactor is
considered, this could provide a strategy that has the potential for widespread use in contaminated
water systems. Metal removal by sulfide precipitation is a well-known process that is
characterised by compact residues, selective and very high metal removal efficiencies®’. With
regards to arsenic remediation, sulfide precipitation has been shown to achieve removal
efficiencies ranging between 77%" and 97%". Our results suggest the use of this hyper-resistant
bacterium as a bioremediation agent in areas where arsenic contamination levels has hitherto been

considered prohibitively high.
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o) Summary

Soil and water sites were sampled at a South African antimony mine with elevated levels
of arsenic due to the refining process. Enriched media yielded six pure bacterial cultures able
to grow in both arsenite and arsenate. These bacteria were identified as two strains of Bacillus
sp. (SA Ant 10(1) and SA Ant 14) with close relatedness to B. maltophilia and B.
thuringiensis, another as Stenotrophomonas maltophilia SA Ant 15 and two isolates as
Serratia marcescens (SA Ant 10(2) and SA Ant 16). Bacillus sp. SA Ant 14, S. maltophilia
SA Ant 15 and S. marcescens SA Ant 16 were used for further investigation. All three isolates
were able to grow in arsenite and arsenate respectively and S. marcescens SA Ant 16 grew in
up to 500mM arsenate, making it the most arsenic resistant organism described to date. During
growth, addition of arsenate or arsenite anions adversely affected biomass production and
maximum specific growth rate and, in some instances, longer lag phases were induced.
Reduction of arsenate to arsenite partly accounted for the high tolerance of the bacteria to

arsenate.

It was attempted to isolate the arsenate reductase from S. marcescens SA Ant 16 by
making use of a PCR based approach using a both documented as well as degenerate primers
based on sequence similarities of related Gram negative bacteria as well as Gram positive
bacteria. After many unsuccessful attempts, this line of investigation was abandoned in favour
of constructing genomic libraries. An Escherichia coli arsenate reductase knockout strain as
well as a variety of laboratory strains was used for screening purposes. After screening of
more than 5 x 10* colonies, no positive transformants were obtained. It may be possible that
since S. marcescens SA Ant 16 exhibited hyper-tolerance to arsenate, the screening hosts used
may not have been able to recognise and express the arsenate reductase from this organism

successfully.

The growth optima with regards to pH and temperature were established for S.
marcescens SA Ant 16 grown under aerobic conditions as well as a suitable electron donor
and electron acceptor concentration when grown under anaerobic conditions. The surface
characteristics of S. marcescens SA Ant 16 cells, grown both in the presence and absence of
oxygen, was investigated to infer adhesion capacity. It was found that both types of cells
exhibited a negatively charged, highly hydrophilic and acidic character which would imply
successful and similar adhesion of both aerobically and anaerobically grown cells to sand

grains.
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Arsenate reduction was optimised in a factorial design layout with regards to electron
donor (glucose) and substrate (arsenate) concentration under both aerobic and anaerobic
conditions. Optimum contact time between cells and sand and loading capacity of the sand
were determined. Cells were tracked through the sand columns and parameters for in situ
arsenate reduction established. Successful conversion of up to 50% arsenate to arsenite was
demonstrated from an initial 5mM starting concentration. This hyper-resistant bacterium could

be the solution to water contaminated with extremely high arsenate concentrations.
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6 Opsomming

Grond en water monsters is versamel by ‘n Suid-Afrikaanse antimoon myn met hoé
konsentrasies van arseen as gevolg van die herwinningsproses. Verrykte media het ses suiwer
bakteriéle kulture opgelewer wat in staat was om in beide arseniet en arsenaat te groei. Die
bakterieé is identifiseer as twee stamme van Bacillus sp. (SA Ant 10(1) en SA Ant 14) met
noue verwantskap tot B. maltophilia en B. thuringiensis, ‘n ander as Stenotrophomonas
maltophilia SA Ant 15 en twee isolate as Serratia marcescens (SA Ant 10(2) en SA Ant 16).
Bacillus sp. SA Ant 14, S. maltophilia SA Ant 15 en S. marcescens SA Ant 16 is gebruik vir
verdere ondersoeke. Al drie isolate was in staat tot groei in beide arseniet en arsenaat en S.
marcescens SA Ant 16 in tot 500mM arsenaat, wat dit die mees arsenaat weerstandbiedende
organisme beskryf tot op hede maak. Gedurende groei het byvoeging van arsenaat of arseniet
ione biomassa produksie en die maksimum spesifieke groeisnelheid negatief beinvioed, en in
sekere gevalle is langer sloerfases geinduseer. Reduksie van arsenaat na arseniet kon

gedeeltelik verantwoord vir die hoé weerstand van die bakterium tot arsenaat.

Daar was gepoog om die arsenaat reduktase van S. marcescens SA Ant 16 te isoleer
deur gebruik te maak van ‘n PKR-gebasseerde benadering met beide gedokumenteerde asook
degenererende priemstukke gebasseer op basispaar ooreenstemmings van verwante Gram
negatiewe en Gram positiewe bakterieé. Na vele onsuksesvolle pogings, is hierdie trant van
ondersoek laat vaar ter wille van genomiese biblioteek konstruksie. ‘n Esherichia coli arsenaat
reduktase delesiemutant asook ‘n verskeidenheid van laboratorium stamme is gebruik vir
siftingsprosedures. Na sifting van meer as 5 x 10* kolonies is geen positiewe transformante
verkry nie. Dit is moontlik dat as gevolg van die hiper-weerstandbiedendheid van S.
marcescens SA Ant 16, die siftings gasheer nie die arsenaat reduktase van hierdie organisme

kon herken en suksesvol uitdruk nie.

Groei-optima met betrekking tot pH en temperatuur is vasgestel vir S. marcescens SA
Ant 16 onder aerobiese toestande sowel as gepaste elektron-donor en elektron-akseptor
konsentrasies vir groei onder anaerobiese toestande. Die oppervlak-eienskappe van S.
marcescens SA Ant 16 selle, gegroei beide in die teenwoordigheid en afwesigheid van
suurstof, is ondersoek om adhesie-kapasiteit af te lei. Daar is gevind dat beide tipes selle ‘n
negatiewe lading, hoogs hidrofiliese en suur eienskappe het wat suksesvolle en eenderse

adhesie van beide aerobies- sowel as anaerobies-gegroeide selle aan sandkorrels sou impliseer.
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Arsenaat reduksie is geoptimiseer in ‘n faktoriale ontwerp met betrekking tot elektron-
donor (glukose) en substraat (arsenaat) konsentrasie onder beide aerobiese en anaerobiese
toestande. Optimale kontaktyd tussen selle en sandkorrels sowel as ladingskapasiteit van die
sand is bepaal. Selle is gevolg deur die sandkolomme en parameters vir in situ arsenaat
reduksie vasgestel. Suksesvolle omskakeling van tot 50% arsenaat na arseniet is
gedemonstreer vanaf ‘n aanvanklike beginkonsentrasie van 5mM. Hierdie hiper-
weerstandbiedende bakterium kan die oplossing wees vir water wat met uitermatig hoé

konsentrasies van arsenaat besoedel is.
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