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complete and predicted to be functional VSGs
for the Lister427 strain (I), although the VSG
repertoire for the EATRO1125 strain has not
been fully elucidated]. The 65 to 135 VSGs ob-
served before day 30 could represent up to 35%
of the preexisting repertoire. Given the sam-
pling frequency in our experiment, these values
almost certainly underestimate the expressed
VSG diversity in vivo. Therefore, much of the in-
tact VSG repertoire is likely to have been expended
early in an infection, as a result of expression
and subsequent recognition by the immune sys-
tem. As a result, the preexisting repertoire of
complete VSGs would appear to be insufficient
to support the sometimes years-long infections
observed in the field. Although parasitemia is much
lower in natural hosts, preexisting immunity
is common in native mammals (22), requiring
constant VSG diversification to sustain infection.

Segmental gene conversion events have been
demonstrated in both Trypanosoma equiperdum
and T. brucei infections (7, 23, 24) generating
“mosaic” VSGs that were not previously encoded
in the genome. Previous studies had noted that
mosaics tend to arise later in infection but have
not determined when these variants are formed
within the genome, or how. It is unknown whether
mosaic VSGs form at the active expression site
or within the silent repertoire before expression.
To identify possible mosaics, we compared ex-
pressed VSG sequences to two independently as-
sembled genomes for this parasite strain. Because
of limitations in the amount of material avail-
able at each time point, we could choose only a
few candidates for validation. To test that these
were true mosaics and to determine when they
formed within the genome, we used VSG-specific
primers to confirm their absence from the ge-
nome of the parental strain and presence within
genomic DNA (gDNA) collected during infec-
tion. We identified three mosaic VSGs using this
approach. In each case, the mosaic VSG was only
detectable by means of polymerase chain reaction
(PCR) when it was also being expressed within
the parasite population. This suggests that mosaic
formation occurs, at least in these cases, shortly
before expression, with subsequent transposi-
tion into the active expression site, or directly
within the active expression site (Fig. 4 and
fig. S3). Mosaic formation may be a mechanism
for increasing repertoire diversity as infection
progresses.

Our results indicate that VSG switching does
not occur at a rate that we would have expected
to be just sufficient for immune evasion, with only
a few variants present at any time. This suggests
that recombinatorial mechanisms that expand
the preexisting VSG repertoire may be critical
for sustaining the long infections observed in
natural hosts. Recent work on samples collected
from sleeping sickness patients shows higher-
than-expected VSG diversity (25), indicating that
complex VSG dynamics are likely to be clinically
relevant. Our results provide a foundation for
the study of VSG switching and diversification
in vivo and demonstrate the potential of high-
throughput approaches for studying antigenic
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variation, in trypanosomes and other parasitic
diseases, in naturally infected humans and
animals.
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Redox cycling of Fe(II) and
Fe(III) in magnetite by
Fe-metabolizing bacteria

James M. Byrne,"*+ Nicole Klueglein,'t Carolyn Pearce,>* Kevin M. Rosso,>

Erwin Appel,* Andreas Kappler*

Microorganisms are a primary control on the redox-induced cycling of iron in the
environment. Despite the ability of bacteria to grow using both Fe(ll) and Fe(lll) bound
in solid-phase iron minerals, it is currently unknown whether changing environmental
conditions enable the sharing of electrons in mixed-valent iron oxides between
bacteria with different metabolisms. We show through magnetic and spectroscopic
measurements that the phototrophic Fe(ll)-oxidizing bacterium Rhodopseudomonas
palustris TIE-1 oxidizes magnetite (Fe30,) nanoparticles using light energy. This process
is reversible in co-cultures by the anaerobic Fe(lll)-reducing bacterium Geobacter
sulfurreducens. These results demonstrate that Fe ions bound in the highly crystalline
mineral magnetite are bioavailable as electron sinks and electron sources under
varying environmental conditions, effectively rendering magnetite a naturally

occurring battery.

ron is critical to all living organisms, with
many bacteria having developed pathways
to access iron either as a nutrient or as an
electron acceptor or donor, depending on
its mobility, oxidation state, and bioavaila-
bility (I). Fe(IlI)-reducing bacteria, including
Geobacter sulfurreducens, combine reduction
of Fe(III) with oxidation of organic matter or
H, for energy conservation (2), whereas pho-

totrophic Fe(IT)-oxidizing bacteria such as Rho-
dopseudomonas palustris TIE-1 grow in light
with Fe(II) or H, as the electron donor (3). Bac-
teria of the Geobacter genus and photoferrotrophs
have previously been shown to simultaneously
occur in sediments (4, 5). The mixed-valent mag-
netic mineral magnetite (Fe;0,), which con-
tains both Fe(II) and Fe(III) in a 1:2 ratio, is
often a byproduct of these Fe-metabolization
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processes; however, despite its abundance and
conductive properties (6), the potential use of
magnetite in microbial iron and electron cy-
cling is relatively underexplored.
Fe(IIT)-reducing bacteria readily use dissolved
Fe(III) complexes or short-range-ordered min-
erals (e.g., ferrihydrite) and even magnetite
as terminal electron acceptors (7-9). In con-
trast, growing cultures of phototrophic Fe(II)-
oxidizers are seen to access Fe(II) only in
dissolved [Fe2+(aq>] or complexed [e.g., Fe(II)-
nitrilotriacetic acid] forms (10), thus making
the bioavailability of magnetite as an electron
donor unclear. Nevertheless, ¢c-type cytochromes
purified from a microaerophilic Fe(IT)-oxidizing
bacterium can oxidize the surface of magnetite,
changing the ratio of iron oxidation states [Fe(IT)/
Fe(IIT)] (1), and R. palustris can accept electrons
from a solid electrode (72), although direct inter-
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action between living cells and magnetite has not
been observed.

We investigated co-cultures of R. palustris
and G. sulfurreducens incubated with mag-
netite nanoparticles to explore mineral-bound
Fe redox cycling. We controlled light and or-
ganic matter supply (Z3) in order to investigate
the microbially driven mineralogical and mag-
netic changes that occur within the magnetite
due to its dependence on Fe(II)/Fe(III). The mag-
netite unit cell contains eight Fe(II) and eight
Fe(III) octahedrally coordinated ions, which
are coupled in antiparallel magnetic orienta-
tion to eight Fe(III) tetrahedral coordinated ions.
The magnetic moments of the Fe(III) ions can-
cel one another out, leaving Fe(IT) as the main
factor in the mineral magnetization. Fe(IT)/Fe(III)
is based on the total distribution of iron in the
formula unit [i.e., in stoichiometric magnetite,
Fe(1I)/Fe(I1I) = 0.5]. Indeed, Fe(1I)/Fe(11I) plays
a crucial role in the magnetic properties of
magnetite, with maghemite (the fully oxidized
form of magnetite) having a lower bulk satura-
tion magnetization (M) of ~75 A-m?/kg (A-m,
ampere meter) at room temperature, in com-
parison to My = 92 A-m?/kg for stoichiometric
magnetite (14). These experiments support our
hypothesis that magnetite can serve as a battery

through which bacteria store and withdraw
electrons, regulated by changing redox and light
conditions.

R. palustris was incubated in constant light
with only magnetite (diameter ~12 nm; 10 mg)
as an electron donor, leading to a decrease in
Fe(II)/Fe(I1I) (Fig. 1A). After 14 days, Fe(II)/Fe(III)
decreased from 0.59 + 0.03 to 0.31 + 0.02. Sub-
sequent removal of R. palustris and the addi-
tion of G. sulfurreducens with 10 mM acetate
as electron donor initiated magnetite reduction,
with Fe(II)/Fe(III) increasing to 0.56 + 0.02 over
2 days. Fe**,,, in the supernatant remained low
during oxidation (39 + 16 uM), but increased to
113 + 13 uM after G. sulfurreducens was added.
Sterile controls showed only minor changes in
Fe(II)/Fe(III) and Fe2+(aq> over time. Using in
situ volume-specific magnetic susceptibility (x),
we analyzed the cultures non-invasively without
removing any sample (15). Cultures inoculated
with R. palustris showed a clear decrease in k by
-8.7% (from 1508 + 9 x 107° t0 1378 £ 7 x 107° SI)
after 9 days (Fig. 1B). x rapidly increased again
(+4.6%) after the addition of G. sulfurreducens.
After day 10, we observed a decrease in x, per-
haps due to minor magnetite dissolution by G.
sulfurreducens, as confirmed by a small increase
in Fe** () in the supernatant.

Fig. 1. Oxidation/reduction A B
of magnetite nanoparticles 0.7 A 7 5] A T
by growing Fe-metabolizing <1Vc>4l> 5 <va>4|> E
bacteria. (A) Observed i A ; 6 A E I
changes in Fe(ll)/Fe(lll) over . 0.6 ; 44 '
time in magnetite nanopar- = : 5] :
ticles in the presence of Fe- L = N ; \T
metabolizing bacteria. (B) =054 * 0 | ' T l
Change in x with respect to kg ¢ -2 :
) . s <4 \ :
the starting value over time of T o4 4 T !
magnetite nanoparticles in the E ' 6 Y E
presence of R. palustris and G. . =]
—W— + R. palustris o —W. '
su/ft_Jrred_ucen.s. The dashed 0.3 —\/ + G. sulfurreducens 8 -W-+ R. palustris E
vertical lines indicate a change B No Bacteria : 104X/~ + G. sulfurreducens i
from light to dark incubation. T T T T T T t T T T T —— T T
Error bars indicate standard 0 2 4 6 8 10 12 14 16 18 0 2 4 6 ' 8 10 12 14
deviation of the mean. Time (d) Time (d)
Fig. 2. Magnetite Fe cycling A B
in a cell suspension of Fe- 15 A 7 20 — ;
metabolizing bacteria. (A) <,VO{> ; ( } 3 € 3F q, 3t
Change in x of magnetite over LA 1 & 151 1!
. 104 v : o
28 hours in the presence of a : '
co-culture of Fe-metabolizing : 10+ {\V
bacteria. Error bars indicate 5 ) | i \v
- - + Bacteria ! = i
standard deviation of the 2 ) H X 54 I \ N
) ) = No Bacteria ! [ 1
mean. (B) Continuous cycling v : v I v
of magnetite over 240 hours < ; <o -
in the co-culture controlled by v v\
light and acetate amendment -5 v\v
(1 mM). Vvi
-109 1t
l' . T T T T
30 0 50 100 150 200
Time (h)
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We examined the consequences of the
oxidation/reduction processes on the mineral-
ogical and magnetic properties of the magnet-
ite, using concentrated bacterial cell suspensions
of co-cultures of R. palustris and G. sulfurredu-
cens. These concentrated suspensions enhanced
the reaction rate 10-fold, due to a x10 increase
in cell numbers. Over 23 hours in the light, k
decreased by -7.4% (from 1552 + 13 x 107° SI to
1437 + 7 x 107° SI) due to microbial Fe(II) oxi-
dation by R. palustris (Fig. 2A). Without re-
moving the media or Fe(II)-oxidizing bacteria,
G. sulfurreducens and 1 mM acetate were added
to the bottles to stimulate reduction with cul-
tures placed in the dark to inhibit R. palustris
activity. This stimulated a dramatic increase in
K (+11.7%; P < 0.05 at every time point except for
t = 0 and t = 2 for which P = 0.3; see Fig. 2). Six
hours later, the cultures were returned to light
to stimulate R. palustris, resulting in k decreas-
ing by -5.7%. Subsequent acetate addition and

incubation in the dark led k to increase (+16.5%)
before decreasing again in the light. Acetate
addition without G. sulfurreducens (and incu-
bation in the dark) did not affect « (fig. S1). The
concurrent changes in k show that continuous
cycling of iron within magnetite is possible by
these bacteria, although the rate of change of
k appears to slow down over repeated cycles,
perhaps due to saturation of the magnetite sur-
face with bacteria and/or extracellular organic
material (i.e., formation of a biofilm), blocking
or at least limiting access to magnetite.

We analyzed the mineralogical properties of
the incubated magnetite at three time points,
including the starting material (7c,,), oxidized
magnetite after 23 hours (7,y), and the reduced
sample after 6 hours of reduction (7;.q). Spec-
trophotometric ferrozine analyses (table S4) showed
T ero to be slightly oxidized, with Fe(II)/Fe(III) =
0.45 = 0.02 as compared to 0.41 + 0.05 for 7oy
and 0.52 + 0.02 for T;q, Which is comparable to
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the growth experiment results. Micro-x-ray dif-
fraction (u-XRD) patterns (fig. S2) showed the
characteristic reflections of magnetite without
any reflections corresponding to other mineral
phases. The average crystallite sizes were cal-
culated as 11.6, 11.6, and 11.5 nm for T,ero, Tox,
and Treq, respectively. Using the lattice param-
eters (table S4) (16), we determined the struc-
tural Fe(II)/Fe(I1I) of Tyero, Tox, and Treq as 0.47,
0.42, and 0.47, respectively.

5TFe Mossbauer (Fig. 3 and table S1) spectra
collected at 295 K show the characteristic over-
lapping sextets of magnetite corresponding to
tetrahedral (A-site) and octahedral (B-site) Fe,
with almost no differences between samples
and no indication of additional mineral phases.
At 140 K, the samples show more pronounced
differences. Although the center shifts and hy-
perfine fields of the A and B sites remained
relatively comparable for all samples, the rela-
tive populations of each site showed differences,

Fig. 3. Mossbauer spectroscopy of magnetite
before and after reduction/oxidation. Spectra
collected for T,ero, Tox, @nd Treq at (A) 295K, (B) 140K,
and (C) 77 K. All spectra are characteristic of mag-
netite with tetrahedral (blue) A and octahedral
(green) B sites observable at all temperatures.

Fig. 4. Magnetic measure-
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which were then used to calculate the Fe(II)/Fe
(II1) for each sample (I7) (table S4). In accord-
ance with the expected trend, Fe(Il)/Fe(IlI) de-
creased from 046 + 0.03 (T o) t0 0.42 + 0.01 (Ty),
before increasing to 0.46 = 0.01 after reduction
(Treq)- At 77 K, the samples were again almost
identical with no differences in Fe(II)/Fe(III),
although the B site split into two separately
ordered subsextets corresponding to Fe?* (B,)
and Fe?* (B,). The fact that the spectral differ-
ences between samples are only observed at
140 K suggests a temperature-dependent ef-
fect, probably related to the Verwey transition
(T, ~ 119 K), which can suppressed by magnetite
oxidation (I8).

We also obtained high-temperature magnetic
susceptibility (x-7) data for all time points (Fig.
4A). A broad peak with an apex at ~330°C in
the heating curve for 7, indicates the presence
of single-domain particles or particle clusters
that become superparamagnetic at elevated tem-
peratures. k-1 decreases to approximately meet
the magnetite Curie temperature (7, ~ 580°C).
Apart from a small loss at room temperature
(indicating destruction of some magnetite dur-
ing heating), the cooling curve shows good re-
versibility. The T, heating curve looks similar
to that of T, but in the cooling curve the
peak is clearly shifted to a higher temperature.
This can be explained by a maghemitized shell
that resulted from microbial Fe(IT) oxidation
that is transformed to hematite during heating
due to the thermal instability of maghemite
(19), leaving behind the magnetite core. The
Teq heating curve shows similarities to that of
Tox; however, the relatively higher k value at
450°C indicates a higher fraction of magnetite.
The loss of susceptibility after cooling for Tyeq
is less than for 7, but still obvious; thus, much
of the maghemitized volume fraction is obvi-
ously still present. The peak in the cooling curve
of Tieq is ~100°C lower than that of T,y but
~100°C higher than that of 7., suggesting
magnetic grain size differences.

Magnetic hysteresis loops (Fig. 4B and table
S5) are characteristic of nanoparticulate ferri-
magnetic magnetite, with near-zero coercivity (H..)
indicating superparamagnetic (SP) behavior. The
saturation magnetization (M) of all samples is
much lower than the theoretical 92 A-m*/kg of
bulk magnetite due to surface spin effects in SP
particles (20, 21). The small decrease in M of
1.5 A-m*/kg between Ty, and 7,y is consistent
with magnetite oxidation (22, 23). The effect of
re-reduction is much less clear, as T,.q sShows an
even greater decrease of 8.3 A-m?/kg as compared
t0 Tero. This is counterintuitive to the idea that
G. sulfurreducens is able to re-reduce the oxidized
magnetite to stoichiometric magnetite [i.e., Fe(I[)/
Fe(III) = 0.5]. One explanation may lie with con-
sideration of the dissolved Fe?* concentration
that was detected in the supernatant after the
reduction step (127.6 + 21.2 uM). This dissolu-
tion of the particles could in fact have led to an
overall decrease in the particle size (as seen from
u-XRD, table S4) leading to the observed decrease
in M. Alternatively, re-reduction could lead to
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distortion of the magnetic spin ordering at the
surface of the particles; i.e., the maghemitized
surface layer is reduced but still forms a distinct
shell layer that is not fully coupled to the mag-
netite core. A nonmagnetic shell in magnetite
nanoparticles has previously been shown to form
and increases in thickness, depending on the
amount of Fe(IT) (i.e., level of oxidation) present
in the crystal lattice (24). Although our average
magnetite crystallite size was larger, and there-
fore a smaller volume fraction was available for
oxidation, the formation of a surface layer appears
to be the most likely explanation for the impact
of bacterial oxidation.

To examine whether our results apply to
other systems, we performed further experi-
ments with nitrate-reducing Fe(II)-oxidizing
bacteria and other Fe(III)-reducing bacteria
(13). Paracoccus denitrificans strain ATCC 19367,
a nitrate-reducing bacterium that is known to
indirectly oxidize Fe(II), resulted in a decrease
in x of ~ -10% (from 1885 + 81 x 107° SI to 1693 +
49 x 107% SI) of magnetite (fig. S3). In contrast,
Shewanella oneidensis MR1, a Fe(III)-reducing
bacterium found in anoxic sediments, led to an
increase in « of ~+22% (from 1689 + 6 x 106 SI
t0 2059 £ 5 x 107° SI) (fig. $3). Additionally, the
nitrate-reducing bacterium Acidovoraz sp. BoFeN1
induced a decrease in x of -8% (from 683 + 24 x
107°% SI to 627 + 6 x 107 SI) after 15 days of in-
cubation. This culture was then inoculated with
G. sulfurreducens, leading to x increasing to
+4.5% (713 £ 15 x 10~° SI) (fig. S4), suggesting that
the magnetite was re-reduced.

Collectively, these experiments show that mag-
netite can sustain a vast variety of different bac-
terial communities functioning as an electron
sink, which gets “charged” under reducing con-
ditions by Fe(III) reducers, storing up to 2.6 x 10*
electrons/g (13); and then “discharged” under
conditions that support its being used as an
electron source for Fe(II) oxidizers. In the en-
vironment, magnetite could therefore function
for microbes as a battery: an environmentally
relevant electron sink and source. Alternating
oxidation/reduction processes within magnetite
could potentially take place in anoxic, photic en-
vironments (such as littoral sediments), where
environmental fluctuations drive the metabolic
use of magnetite (5). For example, fluctuating
water levels could lead to varying oxygen pen-
etration depths and therefore fluctuating redox
conditions, which in turn lead to oxidation and
reduction at low and high water levels, respec-
tively. These findings also have direct implica-
tions for environmental remediation, in which
the reactivity of magnetite with organic con-
taminants is directly linked to the ratio of Fe(II)
to Fe(III) (25). Moreover, for environmental mag-
netic susceptibility measurements, changes in x
are mainly attributed to changes in the amount
of magnetite; however, we have shown that mi-
crobial activity directly influences the magnetic
properties of magnetite without changing the
concentration of the mineral. This implies that
increasing or decreasing x could be due to mi-
crobial activity rather than magnetite formation,

which could have important but currently neg-
lected effects on soil and sediment magnetic
properties (26).
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