








































































































































































































































































































































































































The effects of intracellular compartmentalisation on measured pH; of E. gracilis G46
have already been discussed briefly in Section 4.5.2. However, it is of note that
Euglena gracilis possess a contractile vacuole which is usually used to prevent the cells
from bursting in osmotically stressful conditions (Kivic and Vesk 1974). However it
may be possible that in E. gracilis G46 this vacuole is used to store excess protons
within the cell without causing harmful effects to other cellular compartments or on
their functions, as has been suggested previously as an adaptation of acidophilic algae
(Nixdorf er al. 2001). Although Euglena do not have a cell wall, protection against
proton influx may be provided by the extracellular matrix produced by the cells and also

by the pellicle which surrounds the cell membrane.

There were some difficulties measuring pH; both with radioisotope distribution and
NMR, and there are also disadvantages associated with both of these methods. For
example, the decrease in benzoic acid level in the pellet over time and the inability to
aerate cells whilst they are in NMR tubes. Alternative methods which can be used to
measure intracellular pH include the use of microelectrodes and pH sensitive
fluorescent indicators. The main advantage of microelectrode measurement is that the
intracellular pH can be measured directly, without disturbing or affecting the
intracellular pH in any way, whilst the disadvantages include the high cost of the
electrodes and that penetration of the electrodes into the cell can cause cell death.

Fluorescent indicators such as carboxyfluorescein and its derivatives, including SNARF
and BCECF, can be used to measure pH over the physiological pH range using dual-
emission or dual-excitation ratiometric techniques (Bassnett et al. 1990; Rottenberg
1979). The use of fluorescent indicators requires a fluorescence spectrophotometer or
flow cytometer as well as approximate knowledge of the pH being measured in order to
choose the most suitable indicator. Difficulties may also arise as a result of the natural

fluorescence from chloroplasts.

The cell membrane potential of E. gracilis G46 measured at pH 3 and was found to be +
10 mV compared to -109 mV in E. gracilis Z at pH 7. Again, intracellular
compartmentalisation may have some effect on the measurement of Ay in E. gracilis as
the *H-TPP" may distribute across some cellular compartments including the
mitochondria and chloroplasts. However, any intracellular compartmentalisation is

highly likely to be the same in both strains of Euglena, therefore the contrasting Ay

132



measurements is certainly significant. The reversed membrane potential is a common
adaptation in acidophiles in order to reduce proton influx into the cell (Konings et al.
2002). One hypothesis regarding the genesis of the inside positive membrane potential
is the accumulation of potassium ions within the cell (Baker-Austin and Dopson 2007).
The genome sequences of several extreme acidophiles have revealed an increased
number of membrane bound cation transporters which further supports this theory
(Futterer et al. 2004; Tyson et al. 2004).

The reversal of membrane potential in E. gracilis G46 after treatment with valinomycin
also supports this hypothesis. If the accumulation of potassium ions was not involved in
maintenance of the reversed membrane potential (inside positive) in E. gracilis G46 it
would be predicted that valinomycin would have no effect on the membrane potential
yet the membrane potential is flipped from + 10 mV to — 9 mV afier treatment with
valinomycin. Gramicidin also has some effect on membrane potential in E. gracilis
G46 which may also be due to potassium efflux from the cells through the channels
created by gramicidin activity.

Exon 5 of RuBisCO from E. gracilis G46 shows a high degree of conservation with
other Euglenoid species, which again concurs with the evidence for a near-neutral
intracellular pH as there are no obvious adaptations to acidic conditions. Malate
dehydrogenase from E. gracilis G46 showed a high optimum pH in agreement with
previous studies from Euglena and with other neutralophilic bacteria further confirming
the measurement of intracellular pH. Also noticeable was a comparatively reduced
activity over the pH range 3 to 7 in E. gracilis G46 compared to E. gracilis Z.
Interestingly, the specific activity of malate dehydrogenase from E. gracilis G46 at pH 3
was 10 times higher than malate dehydrogenase from E. gracilis Z under shock
conditions. This may imply that E. gracilis G46 is able to stabilise intracellular proteins
for a short time at low pH. At slightly less acidic pH values there is an indication that
malate dehydrogenase from E. gracilis Z is more active than malate dehydrogenase

from E. gracilis G46 at the slightly less acidic values.

The overall effect of pH on photosynthesis and respiration is a much reduced rate in E.
gracilis G46 when compared to the wild-type strain E. gracilis Z, with no oxygen
evolution from E. gracilis G46 during light conditions at pH 3. The reduced rates of

photosynthesis and respiration may be due to cell stress, however there is no indication
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of a reduction in growth at this pH; in fact growth of E. gracilis G46 at pH 3 is
comparable to the growth of E. gracilis Z at pH 7. Therefore, it is possible that the
reduced rates of respiration and photosynthesis may intimate the use of cyclic
photophosphorylation alongside non-cyclic photophosphorylation. This would mean
cells were generating some ATP without producing oxygen through cyclic
photophosphorylation which may also lead to a reduction in normal respiration via the

electron transport chain and thus a low oxygen uptake (Figure 4.14).

Clearly, cyclic photophosphorylation and “classical” respiration are still occurring in E.
gracilis G46 under most conditions since oxygen levels within the oxygen electrode
decrease under dark conditions and at pH > 3 oxygen is evolved under light conditions.
Cyclic photophosphorylation generates ATP without consuming oxygen however non-
cyclic photophosphorylation is necessary in order to generate NADPH'" therefore this is
some explanation for the compromise between the two photosynthetic pathways
occurring at pH > 3. However, there is a clear switch at pH 3 when non-cyclic
photophosphorylation is completely switched off. This observation led to the
measurement of photosystem II (PSII) efficiency using a pulse modulated fluorescence
system since PSII is not required during cyclic photophosphorylation. The hypothesis
being that proteins or other components involved in photosystem Il may be damaged by
the low external pH.

The maximum photosynthetic efficiency, Fv/Fm, measured in E. gracilis G46 and E.
gracilis Z were within the normal expected range for healthy cells (Doege et al. 2000),
and only show a slight decrease when exposed to high light intensity conditions. The
normal values for Fv/Fm indicate that E. gracilis G46 do not utilise cyclic
photophosphorylation out of necessity since PSII is present and functional. However,
the data does not provide sufficient evidence to unequivocally determine if cyclic

photophosphorylation is occurring or not.

The lack of oxygen evolution under light conditions at pH 3 may also be explained by
increased respiration at this pH due to the slight pH shock after resuspension in fresh
media. The pH of cultures was measured regularly and found to be approximately pH
4.0 after 7 days of growth. Although the increase in the pH of the culture medium may
be a deliberate or an accidental effect of metabolism, it does mean that cells

resuspended in fresh culture medium will be exposed to some pH shock which could
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cause an increase in respiration greater than that caused by resuspension in culture
medium of a higher pH.

Attempts to inhibit PSII in order to ascertain more information on the effect of low pH
on respiration and photosynthesis were unsuccessful due to the lack of suitable solvent
for the inhibitor DCMU. Therefore, the exact mechanisms behind the lack of oxygen

evolution at pH 3 remain unclear,
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Chapter Five: Characterisation of Acidocella 29

5.1: Introduction

This chapter describes some of the effects of low pH on an organism which grew on AC
pH 3 medium following inoculation with sample number 29 from Hoole Bank acid tar
lagoon. Sample 29 was from a predominantly green biofilm present in shallow lagoon
water close to the edge of the lagoon with a pH of 3.4, and was chosen for further study

based on the predominance of the biofilm at Hoole Bank acid tar lagoon (Figure 5.1).

Figure 5.1: Sample 29 at Hoole Bank acid tar lagoon

5.2: Results
5.2.1: Identification of Acidocella 29

Following genomic DNA extraction and amplification of the 16S rRNA gene, the Gram
negative isolate which grew on acidiphilium media from sample 29, AC29, was
identified through BlastN as an Acidocella species (Figure 5.2). Acidocella are
obligately aerobic chemoorganotrophs, and are commonly found in extremely acidic
mineral environments (Kishimoto 1995). Some species have also been found to be.
capable of degrading some aromatic compounds (Dore ef al. 2003; Hallberg et al.
1999). Acidocella 29 was shown to be capable of growth over the pH range 2.5 — 6.0
however no growth was observed at pH <2.4 and > 6.1. The growth rate of Acidocella
29 was faster at pH 5 than at pH 3, with no growth at pH 7 as expected (Figure 5.3).
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Figure 8.2: Neighbour joining phylogenetic tree constructed using ClustalW (1.83)
based on the highest percentage identity matches from BlastN at NCBI. Accession
numbers used refer to sequences deposited with NCBI. The Acidocella 29 16S rRNA
gene sequence is deposited in the NCBI database under accession number EU263910.

DQ45800S5 uncultured bacterium clone from Dexing Copper Mine, China;

AF531477 Acidocella sp. IS10; X91797 Acidocella sp; D30771 Acidocella aminolytica;
AF253412 Acidocella sp. WIB-3 (Hallberg et al. 1999);

AF253413 Acidocella sp. LGS-3 (Hallberg et al. 1999); DQ906080 uncultured clone
from Tinto River Rhizosphere; DQ419948 Acidocella sp. DM2; AY765998 Acidocella
sp. MZ1 (Hallberg er al. 2006); AY766001 Acidocella sp. CCW30 (Hallberg et al.
2006); AF376021 Acidocella sp. NO-12 (Johnson et al. 2001);

AJ292597 uncultured eubacterium WD238 (Nogales er al. 2001); AJ292606 uncuitured
eubacterium WD295 from polychlorinated biphenyl-polluted soil (Nogales ef al. 2001);
DQ659235 uncultured bacterium clone DBS from acid mine drainage in China; D86510
Acidocella sp; DQ419950 Acidocella sp. DM4 from moderate acid mine drainage;
DQ419949 Acidocella sp. DM3 from moderate acid mine drainage; D30774 Acidocella
facilis (Kishimoto 1995).
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Effect of pH on growth of Acidocella 29
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Figure 5.3: Growth curve of Acidocella 29. Values shown are the mean of three

triplicates plus one standard error of the mean.

5.2.2: Biochemical characterisation

Biochemical characterisation of Acidocella 29 was carried out using an API 20NE
Biochemical Identification Kit. Acidocella 29 was shown to be oxidase negative,
catalase positive and esculin was not hydrolysed (Table 5.1). In order to further
compare Acidocella 29 to other Acidocella species, Acidocella 29 was grown on M9
minimal media supplemented with various carbon sources to determine which carbon

substrates could support growth of Acidocella 29 (Table 5.1).

The results shown in Table 5.1 indicate that Acidocella 29 is biochemically similar to A.
facilis and A. aminolytica in all key traits. There is more diversity in the pattern of
carbon source utilisation in the three species of Acidocella. Since other strains of
Acidocella have been shown to degrade hydrocarbons and use these as carbon sources
(Dore et al. 2003), the ability of Acidocella 29 to utilise several hydrocarbons including
benzene, toluene, xylene, ethylene, decane, and hexadecane was tested (Table 5.2).
Although the results of this experiment showed no growth on these substrates at any of
the three concentrations (1 %, 0.1 % and 0.01 %) tested, there is a strong possibility that
the growth environment was anaerobic. Sealing the cultures was necessary to prevent
toxic hydrocarbons escaping, which may have prevented growth of the obligately
aerobic Acidocella 29 (Section 2.18).
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yeast extract

Characteristic Acidocella 29 | Acidocella facilis | Acidocella
aminolytica
Cell width, pm 0.5-0.7 0.6-0.8 0.5-0.8
Motility by flagella + + +
Pigmentation . - -
pH range for growth
2.5-6.0 3.0-6.0 3.0-6.0
Growth at 37 °C + + +
Chemolithotrophic growth with
Fe** or S° ’ - - -
Hydrolysis of esculin . . .
Oxidase .- d N
Catalase + + +
Carbon source utilisation:
+ + -
Lactose, ethanol
Sorbitol, inositol, alanine,
lysine, spermine + N *
Glycerol - + d
Creatine nd - d
L-Arabinose, p-xylose, p-
ribose,D-glucose, D-galactose,
D-fructose, arabitol, mannitol,
succinate, diaminobutane,DL-4- | + + +
aminobutyrate, DL-S-
aminovalerate, arginine
r~-Rhamnose, maltose,
cellobiose, starch, methanol, | i )
formate, acetate, lactate,
| glutamate, glycine
Pyruvate - d nd
Citrate, cis-aconitate, a-
ketoglutarate, fumarate, malate | * + nd
. Gluconate + nd +
Casamino acids, peptone,
+ + +

Table 5.1: Comparison of Acidocella 29 with other Acidocella species adapted from
Bergey’s Manual of Systematic Bacteriology (Hiraishi 2005).

For A. amnolytica and A. facilis : + 90% or more of the strains are positive; d 11-89%

of the strains are positive; nd not determined. For Acidocella 29: + all four replicates

are positive; +/- = one or more replicate negative; nd not determined.
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Carbon source | 0.01 % 0.1% 1.0 %

AC pH 3 (+ve control) | - - -

M9 pH 3 (-ve control) | - - -

Benzene - - -

Toluene - - -

Xylene - - -
Ethylene - - -

Decane - - -

Hexadecane - - -

Table 5.2: Table showing the hydrocarbon utilisation of Acidocella 29 at increasing
hydrocarbon concentrations. Cultures were sealed with parafilm and placed in a sealed

jar to prevent toxic hydrocarbons escaping which may have prevented growth since
Acidocella are obligate aerobes.

Since there is evidence that 100 mM AI’* increases the growth yield of Acidocella
(Hiraishi 2005) and some species of Acidocella are known to be resistant to certain
heavy metals (Ghosh et al. 1997), the effect of aluminium, copper, nickel, cadmium and
zinc on the growth of Acidocella 29 was tested. Acidocella 29 was grown in AC pH 3
medium in the presence of each metal sulphate at 10 mM and 100 mM concentrations.
The qualitative effects of these metals on the growth of Acidocella 29 are shown in
Table 5.3.

Metal suiphate 10 mM 100 mM
Aluminium + ++

Zinc - -

Nickel - -
Cadmium - -
Copper + -

Table 5.3: Effects of metal sulphates on the growth of Acidocella 29.
- no growth; + growth unaffected; ++ growth increased

The addition of 100 mM AP’* increased the growth of Acidocella 29 as suggested by
other literature (Hiraishi 2005), whilst at 10 mM concentrations of both aluminium and
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copper sulphate the growth of Acidocella 29 was unaffected. The presence of the heavy
metals zinc, nickel and cadmium were shown to inhibit growth suggesting that

Acidocella 29 does not possess any genes which confer resistance to heavy metal ions.

52 3 Intracellular pH of Acidocella 29

Determination of intracellular pH was attempted using the silicone oil method
(Section 2.6) to separate cell pellets from their external media allowing the
measurement of intra- and extracellular volumes. The distributions of a small labelled
molecule, in this case tritiated water, present in both internal and external volumes and a
large membrane impermeable molecule, '4C labelled dextran, are used to calculate intra-
and extracellular volumes (Section 2.6.1). This information combined with the
distribution of a weak acid probe, 1C-benzoic acid in this instance, is used to determine

pH; using the equations shown in Section 2.6.2.

Time course experiments were carried out using '*C-dextran, *H,0 and *C-benzoic acid
in order to ensure there was no active uptake or efflux of the isotopes after the initial
distribution between cells and medium (Figure 5.4 — 5.6). No detectable uptake or
efflux of any of the isotopes was observed over a one hour time period.

-

Timecourse of "*C-Dextran in Acidocella 29
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Figure 5.4: Timecourse of '“C-dextran in Acidocella 29. No obvious uptake or efflux

of "C-dextran was detected after 1 hour.
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Timecourse of *H,0 in Acidocella 29
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Figure 5.5: Timecourse of *H,0 in Acidocella 29. No obvious uptake or efflux of
3H,0 was detected after two hours.

Timecourse of *C-Benzoic acid in Acidocella 29
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Figure 5.6: Timecourse of "C-benzoic acid in Acidocella 29. No obvious uptake or

efflux of '*C-benzoic acid was detected after one hour.
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Several attempts were made to measure the intracellular pH of Acidocella 29 using
variations of the silicone oil method however it was not possible to produce a positive
intracellular volume using '*C-dextran and 3H,0, either by separation using silicone oil
or filters. Negative intracellular volumes were obtained in almost all cases, with only
two attempts producing positive intracellular volumes which gave intracellular pH
measurements of 4.21 and 4.10 respectively. It is postulated that the *C-dextran bound
to the cell immediately and thus artificially increased the extracellular volume.
Attempts were made to wash the pellets with fresh medium containing no isotope

however this was unsuccessful (Figure 5.7).

The silicone oil procedure was carried out as normal (Section 2.6), with the exception
that the cell pellets produced following centrifugation through the silicone oil were
resuspended in fresh medium which contained no '* C-dextran. These cell pellets were
incubated in the fresh medium for one, five and ten minutes in an attempt to remove
excess *C-dextran from the cells. Following the incubation in '*C-dextran free
medium, the cells were centrifuged and the cell pellet placed in scintillation vials for
scintillation counting as per Section 2.6. "*C-PEG (Polyethylene glycol) was used as an
alternative to dextran, unfortunately this was also unsuccessful, again producing a

negative intracellular volume.

“C-Dextran wash
2500 W
E o —— Supernatant
o 1000 - —— Pellet
500 -
0 T T T T 1
0 2 4 6 8 10
Time (Minutes)

Figure 5.7: Dextran wash. No significant removal of "*C-dextran was observed after
washing the pellets in dextran-free media. If the labelled dextran was washed from the
cells a significant decrease in the pellet DPM would be expected, however there is a

slight increase which indicates that the procedure was unsuccessful.
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Therefore, the intracellular pH of Acidocella 29 was measured using both *'P and 'H
NMR (Section 2.8) and determined to be approximately 4.0 (Figures 5.8 and 5.9). The
intracellular pH was also measured in cells resuspended in pH 7 buffer in order to
eliminate the possibility that the signal observed was not due to cells which have lysed
or become leaky. Figure 5.8 clearly shows the phosphate peak at the same shift in both
instances, which also infers that intracellular pH is maintained at approximately pH 4.0
during higher external pH. Following NMR experiments the respiration of cells was

measured in an oxygen electrode to ensure their viability and was shown to be normal.

In order to validate or contradict this evidence a further measurement of intracellular pH
was attempted using a fluorescent probe in combination with flow cytometry (discussed
in more detail in Section 2.7). Although not specifically designed to measure
intracellular pH the probe chosen was the LysoSensor Green DND-189 since this waé
suitable for use with a FACSort machine as it is excited at 490 nm and because it had a
relatively low pK, at 5.2. Since this stain is almost non-fluorescent except when inside
acidic compartments and should not fluoresce at pH > 5, E. coli were used as a negative
control. However, negative control samples had a greater median fluorescence than the
stained Acidocella 29 samples at pH 3, 5 and 7, therefore it was not possible to
determine a pH; for Acidocella 29 using this method (Figure 5.10).
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Figure 5.8 (Left): >'P NMR. Comparison of phosphate shift of Acidocella 29 with titrated phosphate solutions ranging from pH 4.03 to
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pH 5.52. Figure 5.9 (Right): 'H NMR. Comparison of proton shift in Acidocella 29 with titrated lactic acid solutions randing from pH

3.64 to pH 4.03. Cell pH was determined by interpolation to be pH 4.0 for both *'P and 'H NMR samples.
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Figure 5.10: Screenshots from CellQuest Pro acquisition software used with FACSort
showing fluorescence with the negative E. coli control stained with LysoSensor Green
DND-189

5.2.4: Measurement of membrane potential of Acidocella 29

It was not possible to determine a value for Ay in Acidocella 29 using the silicone oil
method since a positive intracellular volume could not be determined, as discussed
earlier in Section 5.2.3. Therefore fluorescence activated cell sorting (FACS) was used
in combination with the BacLight membrane potential kit in order to provide an

indication of the membrane potential.

Although the BacLight kit (DiOC; stain) is designed to determine membrane potential,
the fluorescence intensity response does not appear to be proportional to proton gradient
density in Gram-negative organisms ("Molecular Probes Product Information Sheet
MP34950"), E. coli were used as a control organism in order to compare the responses
of Acidocella 29 to another Gram negative organism. Stained cells were compared to
stained cells treated with CCCP, which abolishes the membrane potential by eliminating
any proton gradient (Figure 5.11).

146



Measurement of membrane potential in
Acidocella 29 and E. coli

2
=
€215
38
g2 B Acidocella 29
0 1 - #
(]
s o5
i

0 3 UNSTAINED STANED ceerp ETHANOL  VALINOMYCIN GRAMICIDN

Treatment

Figure 5.11: Membrane potential of Acidocella 29 and E. coli when subjected to
various conditions. Values shown are the mean of three triplicate experiments plus one

standard error.

The addition of DiOC, stain results in a significant shift and a decrease in the
fluorescence ratio compared to unstained cells (Figures 5.11 and 5.12). This effect may
be due to the solvent, DMSO, used with the stain as the DMSO may have an
independent effect on Acidocella 29. Alternatively, it may be possible that the DiOC; is

exerting an effect on the membrane potential of the cells in some way.

CCCP is a lipid soluble weak acid which is able to diffuse freely into the cell. Once in
the cell CCCP enters the mitochondria in its protonated form and leaves in its anionic
form thus destroying any Ay. Acidocella 29 exhibit a much smaller decrease in
fluorescence ratio upon addition of CCCP compared to E. coli. This may suggest that
the membrane potential in Acidocella 29 is close to zero or reversed. The contrasting
effect seen upon addition of the stain between Acidocella 29 and E. coli may also
indicate a reversed membrane potential in Acidocella 29, since the fluorescence ratio
decreases considerably in Acidocella 29 compared to the considerable increase in E. coli
after stain is added to the cells (Figure 5.12).

Valinomycin functions as a potassium-specific transporter and facilitates the movement
of potassium ions through lipid membranes across an electrochemical potential gradient,
suggesting that a potassium gradient may also be involved in the composition of Ay in
Acidocella 29.  Attempts were made to calibrate the membrane potential of Acidocella
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29 and E. coli to the potassium concentration in order to quantify the membrane

potential measurements further.

The fluorescence ratio of stained cells resuspended in pH 3.0 PBS was compared to the
fluorescence ratio of stained cells treated with valinomycin and resuspended in pH 3.0
Tris with potassium concentrations over the range 0 - 60 mM. In theory, the addition of
valinomycin should abolish Ay therefore the potassium concentration which has the
same fluorescence ratio as unstained cells can be used to correlate the membrane
potential. However, no significant change in fluorescence ratio was detected over the
range of potassium concentrations tested for Acidocella 29 or E. coli therefore it was not

possible to quantify the membrane potential of Acidocella 29 (Figure 5.13).

Gramicidin increases the permeability of the bacterial cell wall in some
microorganisms, allowing inorganic cations to travel through unrestricted, thereby
destroying the ion gradient between the cytoplasm and the extracellular environment.
The effects of valinomycin and gramicidin on Acidocella 29 are similar, with a 10 %
decrease in fluorescence ratio in cells treated with valinomycin and an 8 % decrease in
the fluorescence ratio in cells treated with gramicidin (Figure 5.11). More significantly,
valinomycin caused a greater decrease in the fluorescence ratio than CCCP, which may
suggest that a proton gradient is not the only component of the membrane potential in
Acidocella 29. The reduction in the fluorescence ratio in cells treated with gramicidin is
approximately equal to cells treated with CCCP.

5.2.5: Effect of pH on respiration in Acidocella 29
The effect of pH on respiration in Acidocella 29 was tested using a Clark type oxygen

electrode. Respiration rate was highest at pH 4, close to the optimum pH for growth
(pH 5) of Acidocella 29 (See Figure 5.3). Respiration rates at pH 2 and 3 were also
relatively high, which is in agreement with the growth data at these pH values whilst
there was a significant decrease in respiration rate at pH > § which is in agreement with
the lack of growth which occurs at pH > 6 (Figure 5.14). In some samples, no
respiration occurred after resuspension in pH 7 AC media, further evidence for the lack
of viability of Acidocella 29 at pH > 6.0. The reduced rates of respiration above pH 5
may suggest that cells quickly become inviable and die, therefore the decrease in
respiration may be due to cell death at higher pH.
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Figure 5.12: Screenshots from CellQuest Pro comparing fluorescence in stained and
unstained Acidocella 29
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Quantification of Membrane Potential

1,65
° 1.4 -
e
& = 1.2
88 ' .
< 5 08 - lAcndo.ceIla 29
o '8 06 M E.coli
EE
ST 04
- 0.2

0 -
Stained 0 10 20 30 40 50 60
mM KCI

Figure 5.13: Calibration of membrane potential to potassium concentration in
Acidocella 29 and E. coli. Values shown are the mean of two triplicate experiments

plus one standard error.
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Figure 5.14: Effect of pH on respiration in Acidocella 29. Values represented are the

mean of three triplicate experiments plus one standard error.
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52.6: Effect of sodium orthovanadate on respiration

Sodium orthovanadate, Na;VOy, is a phosphate analogue which inhibits non-F;Fg
ATPases, which was employed to inhibit active proton transport from Acidocella 29
cells in order to determine if any proton pumping occurs. Cells were resuspended in
phosphate-free minimal medium in order to maximise any effects of the sodium
orthovanadate, since the proposed mechanism for inhibition is the irreversible binding

of VO, to the active site of the tyrosine phosphatases.

Respiration decreased in all cases upon addition of sodium orthovanadate, however the
decrease in respiration of cells resuspended at pH 7 was very slight compared to the
decrease in respiration rate of cells resuspended in pH 3 (Figure 5.15). The decrease in
respiration rate of pH 3 resuspended cells following the addition of sodium
orthovanadate would indicate that proton pumping is inhibited and therefore is involved

to some extent in proton pumping and possibly pH homeostasis.

5

Effect of sodium vanadate on respiration in Acidocella 29
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Figure 5.15: Effect of sodium vanadate on the respiration of Acidocella 29. Values
represented are the mean of three triplicate experiments plus one standard error. Shock
= Measurement of respiration rate immediately after addition of orthovanadate.
Immediate = Measurement of respiration rate 60 minutes after addition of
orthovanadate.
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5.3: General Discussion

The isolation of a species of Acidocella from Hoole Bank acid tar lagoon is not
surprising given that Acidocella have been found in several moderately acidic
environments previously including acidic drainage waters from copper mines (Johnson
et al. 2001), coal storage piles (Dore ez al. 2003), natural petroleum seeps (Roling et al.
2006) and acidic sediment (Kimura ef al. 2006). In this instance Acidocella 29 was
isolated from an abundant green biofilm present in several shallow areas around the

edge of the acid tar lagoon.

Acidocella 29 isolated from Hoole Bank acid tar lagoon appears to be characteristic of
the genus, showing very similar morphological and biochemical characteristics and
growth requirements to other characterised species (Table 5.1). Acidocella 29 can
tolerate a lower pH than 4. aminolytica and A. facilis but does not appear to show any

further unique characteristics.

Unlike some other species of Acidocella isolated from hydrocarbon containing
environments such as Acidocella PFBC and “Acidocella aromatica” (Hallberg et al.
1999), Acidocella 29 did not use any of the hydrocarbons tested as a carbon source. It
is not surprising that Acidocella 29 did not utilise any of the hydrocarbons tested since
the concentration of the compounds used was most probably significantly lower within
the lagoon than the concentrations tested. Therefore, the possibility remains that
Acidocella 29 may utilise certain hydrocarbons, which is further emphasises by the
nutritional versatility of the Acidocella genus and evidence that other Acidocella isolates

have been shown to degrade some of these hydrocarbons (Hallberg et al. 1999)

The most likely initial explanation for this is that the experimental method used was not
suitable. The need to prevent other cultures from exposure to volatile hydrocarbons
meant that cultures of Acidocella 29 were incubated with the hydrocarbons in sealed
microcentrifuge tubes in an anaerobic jar. Although the jar was flooded with oxygen, it
is highly likely that the cultures were anaerobic since the microcentrifuge tubes were
sealed with parafilm. It is also possible that the abundance of such hydrocarbons is
limited in the biofilm from which this species of Acidocella was isolated. Alternatively,
these hydrocarbon compounds may undergo chemical transformation within the lagoon
or the biofilm specifically and Acidocella 29 may be adapted to utilise these

transformed hydrocarbons.
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The growth yield of Acidocella 29 was higher in the presence of 100 mM AP in
agreement with studies on other Acidocella species (Hiraishi 2005); however Acidocella
29 appears to have little or no resistance to heavy metal ions. Heavy metal resistance is
thought to be mediated through one or more plasmids (Ghosh er al. 1997; Ghosh et al.
2005), therefore the evidence presented would suggest that Acidocella 29 does not
possess any of these plasmids. Measurements of the levels of various metal species
from Hoole Bank acid tar lagoon are within normal limits therefore the absence of metal
ion resistance is not unexpected. Maintenance of plasmids is energetically costly
therefore it is highly unlikely that Acidocella 29 would maintain a plasmid which did
not confer any benefits. Despite the fact that Acidocella 29 does not appear to require
heavy metal resistance, it is obvious that the cell needs to survive in a low pH

environment.

Survival in a low pH environment most commonly requires maintenance of a neutral
intracellular pH in order for cell machinery to function properly. Maintenance of pH; is
thought to occur through several mechanisms which have been discussed previously
(Section 1.4). Although maintenance of a near neutral pH; is the most common way to
survive in acidic conditions, it is not the only way, with some acidophiles adapting their
intracellular components in order to function at a low pH (Dopson et al. 2004).
Therefore the intracellular pH of Acidocella 29 was measured in order to determine if
Acidocella 29 actively maintained a near neutral pH; or had adapted its intracellular

components to function at a low pH.

Initial attempts to measure pH; using the distribution of radioisotopes with the silicone
oil method for separation were unsuccessful. Negative intracellular volumes were
obtained in almost all cases, with only two attempts producing positive intracellular
volumes which gave intracellular pH measurements of 4.21 and 4.10 respectively.
Attempts to overcome this problem using alternative isotopes, washing steps and filters
instead of separation through silicone oil, were all unsuccessful. Various alternative
methods were considered in order to try to obtain the intracellular and extracellular
volumes. These included measuring the volume of the cells by observing the cells by
eye through a microscope and measuring cell dimensions using a haemocytometer,
using a cytocrit tube to determine the volume of a specific number of cells and calculate
the volume of a single cell, measuring the dry weight of a known number of cells and

calculating the intracellular volume based on known weight assumptions and finally
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using an alternative organism of similar size and shape with the silicone o0il method in
order to produce values for the ICV and ECV. Unfortunately, only the last method
described would provide an extracellular volume and although it was the most feasible
option no suitable organism was available at the time therefore *'P and 'H NMR were

employed as an alternative method.

The intracellular pH measured with >'P NMR was estimated to be below pH 4.0,
therefore '"H NMR was carried out as the shift in lactate peak is more accurate in this
range of pH than the shift in the phosphate peak in *'P NMR since the pK, of lactate is
much lower than that of phosphate. Measurements with '"H NMR were in agreement
with the >'P NMR, estimating the intracellular pH at approximately 4.0 (Figures 5.8 and
5.9). This is highly unusual, therefore the respiration rate of the cells was monitored
following NMR to ensure that cells were viable and had not lysed. The results of
oxygen electrode experiments showed normal respiration for Acidocella 29. The
intracellular pH of further samples resuspended in pH 7 buffer was measured using >' P
NMR to demonstrate that the shift in the phosphate peak was not a result of cell lysis or
leakage.

Because the pH; estimated by NMR was unusually low further efforts were made to
measure intracellular pH using another method to ensure the measurement made was
indeed true. Fluorescent probes can be used as indicators of pH, however these are
usually designed to function over a “normal” pH range, between pH 6.0 and 8.0.
Therefore, a probe used to measure the pH of lysosomes was chosen due to its low pK,
of 5.2. Unfortunately the LysoSensor Green DND-189 was not suitable for pH;
measurements in Acidocella 29 since it fluoresced in negative control samples therefore

the only measurement of intracellular pH in Acidocella 29 is from NMR measurements.

Although Acidocella species have been the subject of some investigation there are
currently no records of intracellular pH measurement in this genus. The lowest
recorded intracellular pH to date is that of the thermoacidophilic archaea Picrophilus
torridus and P. oshimae, with an intracellular pH of 4.6 (Vossenberg ef al. 1998) which
was measured using the distribution of radioisotopes in a similar technique to the
silicone oil method (Section 2.6). The intracellular pH of Acidiphilium acidophilum
(formerly Thiobacillus acidophilus), a species of the most closely related genus to
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Acidocella, has been measured. A. acidophilum is reported to have a pH; of 6.0 (Bond
and Banfieid 2001).

NMR has been used to measure the intracellular pH of several organisms including
Ferroplasma spp. which has an estimated pH; of 5.6 (Macalady er al. 2004), the
acidophilic alga Cyanidium caldarium (Enami et al. 1986), and Saccharomyces
cerevisiae (Gillies et al. 1981). The method used in this work was very similar to the
method used by Macalady et al., therefore the pH; of Acidocella 29 may simply be as
low as measured. There is almost no shift in the phosphate peak between cells
resuspended in pH 3 buffer and cells resuspended in pH 7 buffer which confirms that
the phosphate peak observed in initial 3P experiments is intracellular phosphate and
that the cells have not lysed. Although the results from 'H NMR are slightly less
conclusive given the high noise level of the signal the lactate peaks are distinguishable
following computational adjustments and are in agreement with the pH; measurements
from >'P NMR (Figures 5.8 and 5.9).

Microorganisms which have been shown to have a low intracellular pH as opposed to
those which maintain a near-neutral intracellular pH are often inviable above a certain
pH and have been shown to lyse. The reduction in respiration rate of Acidocella 29
above pH 5 may be caused as a result of cell lysis at these higher pH values or because
the higher external pH is damaging the intracellular components which are adapted to
low pH (Figure 5.14). This evidence combined with the inability of cells to grow above
pH 6 provides further supportive evidence for the low intracellular pH of Acidocella 29.

The effect of sodium vanadate on Acidocella 29 suggests that it may utilise proton
pumping at pH 3 since the decrease in respiration after treatment with sodium
orthovanadate is significantly greater at pH 3 at than at pH 7. There is also a greater
percentage reduction in respiration at pH 3 following incubation with sodium
orthovanadate than the shock experiments at the same pH which is indicative of
continued and increased proton pumping inhibition. There is a very slight decrease in
respiration rate at pH 7 when cells are treated with sodium orthovanadate, however the
decrease is extremely small and almost identical in shock treated cells and cells
incubated with sodium orthovanadate which would infer that the sodium orthovanadate
has little if any effect on proton pumping at pH 7. This further supports the use of

155




proton pumping in pH homeostasis in Acidocella 29 since little, or no, effect of sodium
orthovanadate is expected at higher pH values.

The evidence from sodium orthovanadate experiments which suggests that proton
pumping has a role within Acidocella 29 may conflict with the intracellular pH
measurements of Acidocella 29 since it is less likely that intracellular pH mechanisms
are utilised in an organism with a pH; of approximately 4.0. However, Acidocella 29 is
routinely grown in pH 3 medium yet the pH; of Acidocella 29 is not pH 3, which is what
would be expected if no pH homeostasis occurred. Therefore it is possible that removal
of protons from the cell by proton pumping is one of the few pH homeostasis

mechanisms utilised by Acidocella 29. |
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Chapter Six: Conclusions and Future Work

Characterisation of the microbial diversity present at Hoole Bank acid tar lagoon
represents the first work of its kind in this particular environment. Whilst the microbial
diversity of similar environments such as acid mine drainage, the Rio Tinto and
hydrocarbon-polluted sites have been studied previously there is a distinct difference
between these sites and Hoole Bank acid tar lagoon. Hoole Bank acid tar lagoon
comprises extremes of low pH and high hydrocarbon content, compared to the single

extreme of either acidity or hydrocarbon pollution of other environments.

As expected, the microbial diversity present at Hoole Bank acid tar lagoon was shown
to be much higher when measured with the molecular techniques of T-RFLP (Table 3.4)
and DGGE (Figures 3.8 and 3.9) than the classical culturing methods employed which
isolated only five microorganisms from 21 samples (Table 3.2). Yet, this is a somewhat
unfair comparison between the methods since the classical culture techniques employed
in this study were far from extensive. A wide range of alterations and improvements
can be made to the isolation process in order to increase the number of microorganisms
cultured from Hoole Bank acid tar lagoon samples. Using a wider range of solid media
such as overlay plates and medium supplemented with appropriate carbon sources
present at Hoole Bank acid tar lagoon are likely to improve the culture efficiency.
Overlay plates contain an acidophilic heterotroph within their bottom layer which
removes compounds which are toxic to oligotrophic acidophiles from the top layer of
the agar (Johnson 1995). Similarly, supplementing growth media with a greater range
of carbon sources such as volatile hydrocarbons including toluene, benzene,
ethylbenzene and xylene and C;s-C3p hydrocarbons may facilitate the growth of
organisms adapted to utilise the carbon sources present in Hoole Bank acid tar lagoon.
Increasing the pH of growth media used to include solid medium at pH 4 and pH 5 may
also increase the number of isolates from Hoole Bank acid tar lagoon samples, since

several lagoon samples had pH values > 3.

An increased number of organisms may have been isolated from Hoole Bank acid tar
lagoon samples by using micro-acrophilic and anaerobic growth conditions in order to
isolate organisms with different requirements for oxygen. Changing the growth
medium and conditions used to specifically isolate sulphate reducing organisms is also

likely to lead to an increased number of cultured microorganisms from Hoole Bank acid
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tar lagoon samples given the high sulphur content and anaerobic conditions found

within the lagoon.

Denaturing gradient gel electrophoresis (DGGE) enabled the identification of a number
of microorganisms present within Hoole Bank acid tar lagoon which were not cultured,
along with further confirmation of the presence of some organisms which were isolated
using culturing techniques (Table 3.7). Indeed, this is the first identification of the
genus Euglena using either 18S or 16S rRNA DGGE, which represents a step forward
in molecular microbial diversity analysis and also provides an alternative route for
molecular microbial analysis of algal populations using 16S rRNA from chloroplasts as
opposed to 18S rRNA. Previous attempts to use DGGE to assess the algal community
present in the Rio Tinto where species of Euglena were identified using microscopy
failed to reveal the presence of Euglena using 18S rRNA DGGE (Aguilera er al. 2006).
The identification of organisms from excised DGGE bands also allows culturing
techniques to be designed specifically to isolate organisms known to be present at Hoole
Bank acid tar lagoon such as Acidithiobacillus ferrooxidans.

DGGE estimates of microbial diversity were lower than those produced using Terminal-
Restriction Fragment Length Polymorphism (T-RFLP) and could be improved further
by optimising the denaturing gradient and gel conditions further. Unfortunately it was
not possible to visualise as many bands on the DGGE gels using an open
transilluminator and the naked eye as it was to visualise bands in a closed
transilluminator system and a digital camera due to limitations of the equipment used.
This meant that many of the bands present on DGGE gels were not excised and thus not
identified. Therefore, further optimisation of this process, including the narrowing the
denaturing gradient used or utilising different PCR primers for specific microorganisms
such as nitrate reducers, would yield a greater amount of information, particularly
regarding microbial species which are likely to represent a smaller proportion .of the
microbial population.

Whilst comparisons between Hoole Bank acid tar lagoon and other acidic environments
such as acid mine drainage and the Rio Tinto have been made previously, the microbial
community at Hoole Bank acid tar lagoon was shown to comprise a much greater
number of bacterial species than other acidic environments, using both DGGE and T-
RFLP.
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T-RFLP provided the most detailed understanding of the total number of microbial
species present within each Hoole Bank acid tar lagoon sample. The abundance and
proportion of each microorganism within the total microbial community was also
inferred based on the data directly obtained from T-RFLP (Figures 3.7a-d). However,
no phylogenetic information can be determined directly from T-RFLP data. The
number of T-RFs in each sample according to T-RFLP varied from as little as 4 to 50 in
samples 49 and 50 respectively (Table 3.4). Two methods were used to analyse T-
RFLP data in order to statistically compare microbial diversity present within Hoole
Bank acid tar lagoon. T-align (Smith er al. 2005) was followed by principal component
analysis (PCA) and correspondence analysis in order to reveal any patterns in microbial
diversity which could be displayed in a visual format. PCA of both interstitial and
percentage area data indicated very little correlation between sample groups and
microbial diversity or sample pH and microbial diversity as shown in Figures 3.5a-h
and Figures 3.6a-h. However, certain samples do group more tightly in certain figures
(Figures 3.5h, 3.6d, 3.6g and 3.6h) which may indicate a linking factor between these
samples. Further analysis of the samples obtained from Hoole Bank acid tar lagoon,
including analysis of the chemicals and metals present and their concentration, may
provide further information which may suggest a relationship between the microbial
diversity present in these samples and a common component present in these sampling

locations at Hoole Bank acid tar lagoon.

The phylogeny of one particularly abundant T-RF (170.00 bp forward Hhal) was
inferred using the phylogenetic assignment tool (PAT) (Kent et al. 2003) based on the
combination of that T-RF with the 112.22 bp fragment produced from Alul forward
digest as this was equally abundant, both in terms of percentage peak area and number
of occurrences. Several possible phylogenetic affiliations were made based on in silico
analysis of the 16S rRNA gene sequences in the database and included Acidovorax sp.
0S-6, Alicycliphilus denitrificans and Diaphorobacter nitroreducens KSP4 (Table 3.6).
Although this information is useful as it may allow future culture techniques to be
tailored in order to try and isolate these organisms, the vast amount of information
produced by PAT is time consuming to analyse and does not provide definitive
confirmation of phylogenetic assignment in most cases. Improvements to the T-RFLP
data obtained could be made by carrying out a greater number of repeats in order to
provide a greater amount of data for T-align and PCA which would allow improved
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statistical analysis. A third restriction digest would also significantly improve the

ability to reduce the number of possible phylogenetic affiliations generated by PAT.

A clone library of 16S rRNA genes or a metagenomic library of total genomic DNA
obtained from Hoole Bank acid tar lagoon would provide a great deal more information
than T-RFLP or DGGE. Whilst phylogeny cannot be assigned directly from T-RFLP
and only bands which are visible for excision can be identified with DGGE, a 16S
rRNA clone library would provide a greater insight into the phylogeny of all
microorganisms present at Hoole Bank acid tar lagoon. This could also be extended to
include 18S rRNA genes such that eukaryotic diversity including yeasts, algae and fungi
could be assessed. Similarly, a metagenomic library of genomic DNA from Hoole
Bank acid tar lagoon could be screened for functionality such as degradafion of a
specific compound. Fluorescence in situ hybridisation would also be useful to identify
samples which contain specific organisms, such as those already isolated, in order to
ascertain interactions of particular species with other organisms. This would be

especially useful in the biofilms, where more complex interactions may be occurring.

Of the five microorganisms which were isolated from Hoole Bank acid tar lagoon, the
unicellular alga Euglena gracilis G46 was chosen for further study due to the
predominance of the visibly green biofilms from which this organism was isolated at
Hoole Bank acid tar lagoon. Unlike the type strain of E. gracilis Z which was used as a
control, E. gracilis G46 was capable of growth at pH 2 (Figure 4.3a) and possessed a
lower optimum pH for growth (Figure 4.3a). The effect of pH on photosyhthesis and
respiration was measured (Figures 4.12 and 4.13 respectively), with E. gracilis G46
showing significantly decreased levels of photosynthesis compared to the wild type

organism at pH values > 3.

The intracellular pH of E. gracilis G46 was measured and compared to the wild type
strain, E. gracilis Z, in order to determine how E. gracilis G46 survives in such acidic
conditions. The pH; measured using the distribution of radioisotopes with the silicone
oil technique was estimated at pH 5.47 at an external pH of 3 (Table 4.1), whilst NMR
estimated the intracellular pH of E. gracilis G46 at pH 6.6 (Figure 4.5). Although there
is some discrepancy between these values, both methods indicate that E. gracilis G46
actively maintains a near-neutral intracellular pH, as opposed to adapting its

intracellular components to function in an acidic environment. This is further supported
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by the conserved sequence of ribulose-1,5-bisphosphate carboxylase/oxygenase (Figure
4.8) which does not exhibit any adaptations to low pH. In order to further clarify the
intracellular pH of E. gracilis G46 the use of microelectrodes which can be directly
inserted into the cells would provide a value for pH; during normal cellular conditions.
The use of a more advanced fluorimeter would also provide a greater insight into the
effect of pH on photosynthesis of E. gracilis G46, particularly if the fluorescence of

photosystem I was measurable, at cryogenic temperatures. -

The second organism chosen for further study from the five organisms isolated from
Hoole Bank acid tar lagoon was the acidophilic bacterium Acidocella 29, which like E.
gracilis G46, was also isolated from a biolfilm sample from Hoole Bank acid tar
lagoon. Although Acidocella 29 exhibited similar traits to other Acidocella species
(Table 5.1), attempts to demonstrate utilisation of various hydrocarbons present at
Hoole Bank acid tar lagoon were negative (Table 5.2). Whilst it may be the case that
Acidocella 29 does not utilise any of the hydrocarbons tested, limitations in the
experimental set up may have influenced the outcome of this test. The outcome of this
experiment may be different if repeats were carried out in an Therefore, repeats of this

aerobic environment.

Attempts to measure the intracellular pH of Acidocella were made using the silicone oil
technique but were ultimately unsuccessful, continually producing negative intracellular
volumes. Therefore, 'H and 3'P.NMR were used to measure pH;, producing an
unexpectedly low pH; of 4.0 (Figures 5.8 and 5.9) in an external pH of 3.0. Further
investigation into this is warranted given the unusually low intracellular pH, perhaps
using alternative fluorescent dyes in combination with flow cytometry as attempted in
the experiment reported in Figure 5.10. Attempts to measure the specific activity of
malate dehydrogenase from Acidocella 29 were unsuccessful (data not included);
however further investigation into the effect of pH on activity of intracellular enzymes
such as malate dehydrogenase may provide more information about the internal pH of
Acidocella 29. Similarly, DNA or amino acid sequence analysis of intracellular
proteins may also allow some inference of intracellular pH based on the presence or

absence of adaptations to an acidic environment.
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