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1250 positions considered. Bootstrap values above 50% from 100
bootstrap analyses are given at branch nodes. Anaerobic phototrophs
able to oxidize Fe(ll) are in blue to illustrate the evolutionary diversity of
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(cyanobacteria) and other organisms capable of oxidizing Fe(ll) non-
photosynthetically are also shown for phylogenetic comparison.
Accession numbers are listed after the bacterium. PNSB — purple non
sulfur bacteria, PSB — purple sulfur bacteria, GSB — green sulfur
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Figure 4-5: Isotopic data for the two enrichments incubated at 40 cm
from the light source and the uninoculated control. The 656Fe values
for duplicate samples of the Fe(ll)s,q and HFO fractions taken from
single cultures are plotted as a function of time. A. Enrichment 1. W
and [ - duplicate Fe(ll)sq fractions. A and A - duplicate HFO fractions.
B. Enrichment 2. B and [J - duplicate Fe(ll)sq fractions. A and A -
duplicate HFO fractions. C. The uninoculated control. B and [ -
duplicate Fe(ll)aq fractions. The dashed line plots on graphs A., B., and
C. are Fe(ll)aq concentrations (mM) as determined by Ferrozine assay
and the error bars represent the error on triplicate assays for each time
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point. The shaded box on each of the graphs illustrates the error on the
isotopic measurements from the uninoculated control. In some cases
the points are larger than the error ... 113

Figure 4-6: Isotopic data for Thiodictyon strain F4 incubated at 40, 80,
and 120 cm from the light source and the uninoculated and dark
controls. The 856Fe values for duplicate samples of the Fe(ll).q and
HFO fractions taken from single cultures are plotted as a function of
time. A. F4 incubated at 40 cm from the light. B and [ - duplicate
Fe(ll)aq fractions. A and A - duplicate HFO fractions. B. F4 incubated
at 80 cm from the light. W and L1 - duplicate Fe(ll),q fractions. A and
A - duplicate HFO fractions. C. F4 incubated at 120 cm from the light.
B and U] - duplicate Fe(ll)sq fractions. A and A - duplicate HFO
fractions. D and E. The uninoculated and dark controls, respectively.
B and [ - duplicate Fe(ll)yq fractions. The dashed line plots on graphs
A., B, and C. are Fe(ll)sq concentrations (mM) as determined by
Ferrozine assay and the error bars represent the error on ftriplicate
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illustrates the error on the isotopic measurements from the uninoculated
and dark controls. In some cases the plotted points are larger than the

Figure 4-7: Fe isotope fractionations between Fe(ll),q and HFO in the
enrichments and Thiodictyon strain F4 cultures. Areiyaq -HFo Values are
plotted as a function of “F”, defined as the fraction toward complete
oxidation of initial Fe(ll)aq. Note that the true isotopic fractionation factor
(assuming it is constant over the reaction progress) is most closely
constrained at low F values. Open and closed symbols of the same
type represent the difference between the 656Fe values of Fe(ll)aq and
HFO samplings, in duplicate, for a particular culture. A. The
enrichments. B and [ - enrichment 1. A and A - enrichment 2. B.
Thiodictyon strain F4. B and [ - the 40 cm culture. A and A - the 80
cm culture. € and <- the 120 cm culture. Rayleigh (solid curved line)
and closed-system (dashed straight line) equilibrium models are shown
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Figure 5-1: Mutants 76H3 and A2 are specifically defective in Fe(ll)
oxidation. A. Normal growth of mutant 76H3 and A2 with H; as the
electron donor. Data are representative of two independent cultures.
B. Defects in phototrophic growth on Fe(ll) for mutants 76H3 and A2
compared to wild type. Growth was stimulated with H, present in the
headspace initially. Data are representative of duplicate cultures. C.
Mutant 76H3 and A2 carrying plasmids pT198 and pT498, respectively,
show 80% of Fe(ll) oxidation compared to the wild type in the cell
suspension assay. D. Organization of the genomic regions
surrounding the mutated genes in mutants 76H3 and A2. The black
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arrows indicate the disrupted genes and the transposon insertion sites
are marked by the open triangles. The numbers provided below the
open reading frames (all arrows) are consistent with the numbers given
for the identical regions from the CGAOQ09 genome..........cccceeeveeeennn. 145

Figure 5-2: Restriction digests of ten randomly selected cosmids with
EcoRlI reveal that the cosmid genomic library of SW2 is representative
of the SW2 genome and that the average insert size is approximately
23.5 kb. Lane 1 — A Hindlll molecular weight marker; lanes 2-12 — ten
randomly selected cosmids digested with EcoRI; Lane 13 — 1 kb
molecular weight marker (Bio-Rad) ... 149

Figure 5-3: Strains of Rhodobacter capsulatus SB1003 containing
cosmid clones p2B3, p9E12, p11D3 and p12D4 show a decrease in
Fe(ll) that is 99% greater than the negative control, 1003 + pLAFRS5.
Error bars represent the error for cell suspension assays of 24, 14, 24,
10, and 9 independent colonies of 1003 containing p2B3, p9E12,
p11D3, p12D4 and pLAFRS5 respectively, and 4 independent cultures of
SW2. The inset shows the color difference between the positive
control, SW2 and the abiotic control after the addition of Ferrozine
during a 96 well plate format cell suspension assay .............ccccu....... 150

Figure 5-4: In our 96 well format cell suspension assay, Rhodobacter
capsulatus SB1003 shows a decrease in Fe(ll), equivalent to
approximately 73% of the total Fe(ll) added. This decrease, however is
less than that observed for the p2B3, p9E12, p11B3, and p12D4
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Figure 5-5: Fe(ll) oxidation by 1003 + p2B3 (A), p9E12 (B), p11D3 (C),
and p12D4 (D) in comparison to SW2 and 1003. On all graphs, B — Fe
total for 1003 + cosmid; A — Fe total for SW2; ¢ — Fe total for 1003; [ —
Fe(ll) for 1003 + cosmid strain; < — Fe(ll) for SW2; A — Fe(ll) for 1003.
When both the concentration of Fe(ll) and total Fe were followed in cell
suspension assays over time, a decrease in the amount of Fe(ll) was
observed while the total amount of Fe stayed constant. This shows that
Fe(ll) is being oxidized by these cosmid containing strains rather than
being sequestered within the cells or chelated by cell surface
components or other cell produced molecules. Assays were
normalized for cell number and the error bars represent the error on
triplicate Ferrozine measurements. In these assays, it seem as though
Fe(ll) is not oxidized to completion by SW2 or the cosmid strains. This,
however, is due to ODs7¢ absorbance by the high number of cells in the
sample taken for the [Fe] measurement.............oooocieniee i, 153

Figure 5-6: Fe(ll) oxidation conferring cosmids p2B3, p9E12, p11D3
and p12D4 do not confer the ability to grow photoautotrophically on
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Fe(ll) to 1003. ¢ —p2B3; M — p9E12; A - p11D3; X — p12D4; x — 1003;
@ — SV e 154

Figure 5-7: Digestion of p2B3, p9E12, p11D3 and p12D4 with EcoRl,
Hindlll and Pstl reveals common restriction fragments among three or
more of these cosmids. The common fragments are highlighted by the
white arrows. Lanes 1 and 14 — A Hindlll molecular weight marker;
lanes 2-5 — p2B3, p9E12, p11D3 and p12D4 digested with EcoRl,
respectively; lanes 6-9 — p2B3, p9E12, p11D3 and p12D4 digested with
Hindlll, respectively; lanes 10-13 — p2B3, p9E12, p11D3 and p12D4
digested with Pstl, respectively. Some small pieces are missing from
this gel. These include Hindlll fragments of p2B3 (~0.5 kb) and p11D3
(~0.5 kb) and Pstl fragments of p2B3 (~0.6 and 0.2 kb), p9E12 (~0.2
kb), p11D3 (~0.2 kb) and p12D4 (~0.6 and 0.7 kb)........ccccevvveereneee. 155

Figure 5-8: Restriction map of p2B3, p9E12, p11B3 and p12D4
digested with Pstl. The red bars represent fragments in the Pstl digest
common among p2B3, p9E12 and p11D3. The position of fragment 3
in the p12D4 Pstl digest is inferred from the sizes of the other fragments
in this digest relative to those in the digests of p2B3 and p9E12. This
fragment likely represents a smaller piece of the common fragment in
red due to partial digest conditions. The green bars represent the
positions of the pH5 and pH6 inserts on fragment 3 of the p9E12 Pstli
digest inferred from sequence data. Fragment 6 in the Hindlll digest of
p9E12 was common among all the cosmids. From sequence data,
fragments 7 and 3 in the p9E12 Pstl digest are contiguous as are
fragments 5, 6, and 2, and 1, although, the position of Pstl fragment 7
with respect to fragment 3 is arbitrary (i.e., fragment 7 could be on the
other side of fragment 3). The positioning, however, is likely accurate
given the nature of the sequence at the end of the P3 T7 and the
sequence on fragment 4 (P4, 100% identical at the DNA and protein
level to E. coli) in comparison to the sequence at the beginning of P3
T7 (97% identical at the protein level to Rhodobacter sphaeroides 2.4.1.
The positions of p9E12 Pstl fragments 4, 8 and 9 are inferred from
comparison to the digests of the other cosmids.............ccccceeiiinnnne. 158

Figure 5-9: The 9.4 kb Pstl fragment of p9E12 confers Fe(ll) oxidation
activity to Rhodobacter capsulatus SB1003 when cloned into
pBBR1MCS5(Gm®). This activity is independent of the orientation in
which the fragment is cloned suggesting that the gene(s) responsible
for the observed phenotype is cloned with its endogenous promoter 176

Figure 5-10: Sequence region of the pP3 insert that contains genes
predicted to encode a putative PQQ containing protein (bold red), a
permease of the drug/metabolite transporter superfamily (bold blue) an
acetyltransferase of the GNAT family (bold pink), and a permease with
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no homolog in Rhodobacter (bold green). Candidate promoters for
these genes are highlighted in the color representative of the gene
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Figure 6-1: A. Heme stain of soluble (S) and membrane (M) proteins
of SW2 cells grown phototrophically on Fe(ll), H,, and acetate, and
Rhodobacter capsulatus SB1003 grown photoheterotrophically on
RCV. The arrow highlights a c-type cytochrome of approximately 15
kDa that appears unique to the membrane fraction of Fe(ll)-grown SW2
cells. B. Total soluble and membrane protein profiles of SW2 grown on
Fe(ll), Hz, and acetate. The red dots highlight proteins that appear
unique to the membrane fraction of Fe(ll)-grown cells and the arrow
identifies the protein that corresponds to the heme in partA............. 193

Figure 6-2: A. Heme stain of soluble (S) and membrane (M) proteins
of TIE-1 cells grown on Fe(ll), Hp, and thiosulfate, separated by SDS-
PAGE. The black arrows highlight c-type cytochromes of approximately
45 kDa that are much more highly expressed in the crude and soluble
fractions of Fe(ll)-grown cells. In addition, there is a c-type cytochrome
of approximately 90 kDa that is more highly expressed in the
membrane fraction (indicted by the red arrow). B. Total soluble and
membrane protein profiles of TIE-1 grown on Fe(ll), Hy, and acetate.
The red dots highlight proteins that appear unique to the soluble fraction
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Figure 6-3: Gene cluster in Rhodopseudomonas palustris GCA009
with  homolog in TIE-1, containing genes encoding proteins with
possible function in photoautotrophic Fe(ll) oxidation. 1: A gene
predicted to encode a high redox potential Fe-S protein that is
homologous to the iro (possible iron oxidase) in Acidithiobacillus
ferrooxidans. 2: A gene predicted to encode an outer membrane
protein, homologous to MtrA, (an outer membrane protein involved in
Fe(lll) respiration in Shewanella oneidensis. 3: The predicted product
of this gene has an a multi-copper oxidase copper binding motif at the
N-terminal and a C-terminal sequence is homologous to a deca-heme
cytochrome cin Shewanella............coociiiiiiee e, 198



