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Abstract

Ferromagnetic resonance temperature dependence is used to study the magnetic material in smashed head, thorax, and abdomen
of Solenopsis substituta ants. These three body parts present the five lines previously observed in other social insects. The magnetic
material content is slightly higher in heads with antennae than in abdomen with petiole. Isolated nanoparticle diameters were esti-
mated as 12.5 + 0.1 and 11.0 - 0.2 nm in abdomen with petiole and head with antennae, respectively. The presence of linear chains
of these particles or large ellipsoidal particles are suggested. A bulk-like magnetite particle was observed in the thorax. The Curie—
Weiss, the structural-electronic and ordering transition temperatures were obtained in good agreement with those proposed for

magnetite nanoparticles.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Animals use several orientation mechanisms, among
them those based on the geomagnetic field as a cue.
Magnetoreception is a sophisticated orientation mecha-
nism, involving a magnetoreceptor, connected to the
nervous system with signal amplification. Under the
physical point of view, the ferromagnetic hypothesis
[1,2]is the most accepted one. It is based on the presence
of ferromagnetic particles as the magnetoreceptor and
supported by the detection of magnetite particles in a
wide variety of animals, from insects [3,4] to humans
[5,6]. Recently, a model was proposed considering the
interactions among closely spaced clusters of superpara-
magnetic magnetite present in the upper-beak of homing
pigeons. These interactions, induced by a variable mag-
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netic field, result in a stress on the surrounding cellular
structures [7,8].

It has been demonstrated that a few insects orient
with the geomagnetic field [1] and ants respond to mag-
netic field changes. A magnetic compass response has
been shown for Formica rufa [9] and Oecophylla smarag-
dina foraging [10]. Atta colombica ants respond to mag-
netic reversal in the absence of sunlight cues [11]. The
magnetic effects on the time for trail formation by Solen-
opsis invicta ants are not clear [12,13], however, a role
for magnetic cues in determining direction during ant
orientation can be suggested.

Solenopsis ants are easily found and are widely
spread in Brazil. These features turn this specie an inter-
esting model for magnetic orientation studies, as it allow
comparative analysis among nests in different location
and geophysical conditions.

SQUID magnetometry and ferromagnetic resonance
(FMR) are useful techniques to verify the ferromagnetic
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hypothesis by localizing and characterizing the magne-
toreceptor with no need for purification. FMR has the
advantage of detecting only paramagnetic and fer-
ro(i)magnetic substances and their interactions with
the neighborhood. However, only relatively large
amounts of magnetic material can be detected. The sig-
nal dependence on nanoparticles size, shape, and orien-
tation, due to the anisotropy and demagnetization field
contributions is an important feature [14-16].

There are few studies on magnetic materials in differ-
ent body parts of social insects. It is well accepted that
magnetite particles in Apis mellifera bee abdomen are in-
volved in magnetoreception [17-19]. These studies were
fostered by behavior assessment of trained honeybees
that had magnets placed in their abdomens [20]. Suscep-
tibility and magnetization measurements have shown
typical paramagnetism with small magnetic remanence
down to 4.2 K in the abdomen of adult worker honey-
bees while thorax and head showed an apparently dia-
magnetic behavior [21].

Hysteresis at 300 K of Pachycondyla marginata ants
oriented body parts showed that the most relevant con-
tribution to the ant saturation magnetization comes
from the antennae. This sensory organ appears as a
good candidate to a magnetoreceptor [22], once their
migration was observed to be significantly oriented 13°
relative to the magnetic North—South axis [23].

Previous FMR studies of crushed whole Solenopsis sp.
ants [4], intact Neocapritermes opacus termites [24] and
abdomens of migratory ant P. marginata and honeybee
A. mellifera[14,15] showed the presence of different mag-
netic materials. Induced Remanent Magnetization (IRM)
of Nasutitermes exitiosus [25]and FMR of N. opacus [24]
indicated more magnetic material present in the thorax
plus abdomen than in the termite head.

Magnetic material identification, localization, and
characterization in ant body parts are necessary to the
understanding the magnetoreceptor function. This pa-
per reports the S. substituta ants abdomen with peti-
ole-ABD, head with antennae-HEAD and thorax with
feet-THOR FMR spectra dependence on temperature.

2. Materials and methods

Solenopsis substituta workers were collected in Fer-
nando de Noronha, Pernambuco, Brazil, carefully
washed with 70% (v/v) ethanol, until no particles were
observed under a optical microscope (Micronal, AO-
101 model), and preserved in 70% (v/v) ethanol. Just
before measuring, they were dried on a filter paper
for about 3 h at room temperature and separated into
three parts: ABD (290 units), HEAD (250 units), and
THOR (250 units), dried at 50 °C for 1h, smashed,
and transferred to quartz ferromagnetic resonance
(FMR) tubes.

Measurements were performed with a commercial
X-band EPR spectrometer (Bruker ESP300E) operating
at a microwave power of 4 mW with a 100 kHz modula-
tion frequency and a ~2 Oe modulation field amplitude,
from 3 K to room temperature (RT). Spectra double
integration was obtained using WINEPR software
(Bruker).

Body part spectra were fitted using Origin 6.0 (Micro-
cal) with two or three components: the high field (HF
and HF’) and the low field (LF). Gaussian and Lorentz-
ian derivative-shaped lines were used to obtain the tem-
perature dependence of the resonance linewidth (AH,,;),
resonance field (Hg), and absorption area (4) of HEAD
and ABD spectra. Lorentzian (HF) and Dysonian (LF)
shaped lines were used for THOR spectra. The Dyso-
nian line is the combination of absorption and disper-
sion Lorentzian curves, expressed by Eq. (1) as a
function of R,q4, the absorbed and dispersed microwave
energy rate.

PY'(H) = B{{[1 — (2(H — Hg)/AH,,)’]
X Rag — 4(H — Hg)/AHpp}
J(1+ (2(H — Hy)/AH )}, (1)

where Hy and AH,,, are the parameters of the Lorentz-
ian absorption derivative.

3. Results

The S. substituta ant parts spectra dependence on
temperature is shown in Fig. 1. Each spectrum is com-
posed of at least five components. An asymmetric line
at g=4.3 which intensity increases as temperature
decreases, is characteristic of magnetically isolated high
spin S =5/2 Fe*" ions in low-symmetry environment
[26]. The narrow line at g = 2 is related to free radicals
resulting from biological processes [27]. In the ABD
and HEAD spectra, a broad line (~1000 Oe linewidth)
at g~ 2, called HF, is easily observed. Superimposed
on this line, HF’ (about 300 Oe width) is resolved only
at low temperatures. At RT a low field broad compo-
nent (LF) is observed as a shoulder around g =4.3 in
the ABD and HEAD spectra, while in the THOR spec-
tra, it is at g = 18 (position field where the amplitude is
null) with a different lineshape predominant in the whole
temperature range. In Fig. 1, examples of fitted curves
(FIT) with the three components described above are
shown, at 50 K, RT, and 4 K for the ABD, HEAD,
and THOR, respectively.

The area under the absorption curve, S, is proportional
to the number of FMR resonant spins. The LF compo-
nent is dominant in the THOR spectra and it spreads
out to negative field values that turns difficult S calcula-
tion of these spectra. However, based on the proportion-

ality S oc I, x AH . a lower limit, 1.1x 10° a.u., is
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Fig. 1. Spectra temperature dependence from 3 K to room temperature of head with antennae (HEAD), abdomen with petiole (ABD), and thorax
with feet (THOR) of S. substituta ants. Dashed lines are the fitted spectra and components of the ABD at 50 K, HEAD at RT, and THOR at 4 K.

estimated at RT for this line and for the HF component,
dominant in the HEAD and ABD spectra, yields
8.9 x 10° and 6.4 x 10” a.u. values, respectively. These S
ratios show up to nine times more magnetic material
amount in the HEAD than in the THOR and 1.4 more
than in the ABD. The S ratio between the HEAD
(2.5%x10%a.u.) and ABD (1.8 x 10® a.u.) are confirmed
by calculating the double integration of the FMR spectra,
taken at the sample position of maximum signal
intensity.

The fitting procedure leads to the Hg and AH,,, tem-
perature dependences of the HF and LF components
(Fig. 2). The HF’ parameters are temperature indepen-
dent within the experimental error bars (not shown).
From Hpy values the demagnetization field, Hp, and
the anisotropy field, H 4, are estimated under the consid-
erations described below, that are based on the parallel
behavior of the LF and HF Hpy curves, as previously
used [14,15]

iy = gPHs = gf(Hp + Hp + H ). (2)

Hp is the external field value where the spectra deriva-
tive intensity is null, then

Hp = h(wo/gP) — (NL — N )Ms — Hy, (3)
where N, and N, are the perpendicular and parallel

demagnetizing tensor components and M is the satura-
tion magnetization.

Isolated spherical nanoparticles are associated to the
HF component without Hp contribution. The LF com-
ponent is related to large particles or clusters, assuming
a prolate ellipsoid with the three principal geometrical
axes (a, b, and c) satisfying ¢ > a=»b and ¢ = ¢/b. The
demagnetizing tensor components are given by [14,28]

Ny =N.=4n{gnlg+ (¢ - 1)")/(# - 1)'* -1}
/(g =1) (4)

with Ny + 2N, =4r.

Hp is then calculated by the difference between the
LF and HF values of Hy in the temperature range where
the curves are parallel. Hp are estimated as
1510 £ 170 Oe for ABD, 1913 4+ 148 Oe for HEAD,
and 3190 + 93 Oe for THOR in the temperature ranges
5-177K, 3-90 K, and 90-297 K, respectively. Taking
the magnetite saturation magnetization as 470 G, the
calculated Hp match ¢ =2 and 3, suggesting a linear
chain of two and three nanoparticles for ABD and
HEAD, respectively, while, for THOR ¢ > 300, suggest-
ing a bulk-like magnetite structure. Similar results are
obtained if maghemite (Mg =420 G) is considered.

The extrapolated g values from the high temperature
region in Fig. 2 are g=2.05+0.01 for ABD,
2.11 £0.01 for HEAD, and 2.14 +0.01 for THOR,
which are used in Eq. (3), for calculating H, values
(Fig. 3). H,4 values obtained from the HF and LF lines
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Fig. 2. Temperature dependence of ABD, HEAD, and THOR resonance field: °LF line, *HF line. Solid lines are guides to the eyes.
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Fig. 3. Hg/(Hy — Hpg) =< y temperature dependence; Hy values of the ABD, HEAD, and THOR HF lines. Solid lines are guides to the eyes.

of ABD and HEAD spectra increase as temperature
decreases and both present a temperature transition,
T,, where a H, decrease is observed. T; is 108 + 8 and
122 + 8 K for the ABD HF and LF lines, respectively,
and 85 + 5 K for both HEAD lines.

The magneto-orientation (7,,) or Verwey tempera-
ture transition, where H , is null, are only observed for
the LF components (Fig. 3) as 180 + 10 K for ABD
and 145 + 5 K for HEAD. For the THOR, the T; and
T, temperatures are not determined because of the
experimental error bars magnitude.

Hp, is also related to y,,, the magnetic susceptibility of
the amorphous boundary region, surrounding super-
paramagnetic magnetite clusters [29] as

I = MHr(T)/[Ho — He(T)], (5)

where 4 is the interaction constant and H, is the high
temperature saturation value of Hy. Hy was extrapolat-
ed from Fig. 2 as 3285+ 31, 3200+ 15, and
3155 4+ 16 Oe for ABD, HEAD, and THOR HF lines,
respectively. The linear temperature dependence at high
temperatures in the plot of Hgx(T)/[Hy— Hg(T)]
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Fig. 4. Anisotropy field temperature dependence of ABD, HEAD, and THOR components: °LF line, *HF line. Solid lines are guide to the eyes.
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Fig. 5. Linewidth temperature dependence of ABD, HEAD, and THOR components: °LF line, *HF line. Solid lines are guide to the eyes and dashed

lines are the fitted curves.

confirms a Curie-Weiss temperature for the cluster (Fig.
4). Since LF components are associated to aggregate or
large particles, these temperatures are determined only
for the HF lines of HEAD, ABD, and THOR iso-
lated nanoparticles as 175+ 15K, 200+ 20 K, and
190 £+ 20 K, respectively.

The temperature dependences of the HF and LF line-
widths of HEAD, ABD, and THOR spectra are given in

Fig. 5. The solid lines are guide to the eyes. Based on the
assumption of isolated spherical nanoparticles, the HF
linewidths temperature dependence are fitted using the
equation

AH,, = AH’ tanh(AE /2ksT),

where AH is the low temperature limit value, AE the mag-
netic energy KV, V'is the nanoparticle magnetic volume,
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and kg the Boltzman constant. The dashed lines in Fig. 5
are the best fitting curves with AH® = 1866 + 32 and
2457 + 50 Oe and AE/2kg =177 + 9 and 114 + 4 K for
ABD (T> 20 K) and HEAD, respectively. As K is tem-
perature-dependent, AE is taken as K¢ V' with Kop = M (-
H /2, where (H 4) is the mean value obtained from Fig. 3
data (203 Oe for ABD and 216 Oe for HEAD) for temper-
atures above T,. Magnetic volumes are estimated in
(1.0 £ 0.1) x 10* nm* and (6.2 + 0.2) x 10* nm® and cor-
respond to mean particle diameters of 12.5 + 0.1 and
11.0 £ 0.2 nm in ABD and HEAD.

4. Discussion

The FMR results presented provide evidence of mag-
netic material in the three body parts of Solenopsis ants.
The differences among the spectra parts evidence that
the cleaning procedure was successful in eliminating
magnetic particles trapped on the ant fur, however,
ingested particles cannot be discarded.

The magnetic material (ferro(i)magnetic, superpara-
magnetic, and paramagnetic) contributing to the FMR
spectra is not uniformly distributed in the ant body
parts. From the S estimates, at least 45% of the magnetic
material is in the S. substituta body (thorax plus abdo-
men). For comparison, only 34% of the ferrimagnetic
saturation magnetization comes from the body of P.
marginata ant [22]. RT saturation magnetization values
of the migratory ant show the head plus antennae with
the highest magnetic contents, with ratios of 4.3 and
3.5 relative to the abdomen and thorax [22] to be com-
pared to 1.4 and up to 9, respectively, in S. substituta.

The two ferrimagnetic broad lines (HF, LF) observed
in the spectra of S. substituta HEAD and ABD were pre-
viously observed in migratory ant [14] and honeybee [15]
smashed abdomens indicating the presence of similar
magnetic materials. The LF thorax line was related to
large particles as those of natural mineral magnetite
[30] as observed for whole bodies of another Solenopsis
species [4]. The HF’ component observed in the spectra
of the three body parts has been associated to FeOOH

[31], considered as the precursor of biogenic magnetite
in bacteria, nematodes, and bees [32,33,15].

For temperatures above 90 K, the LF and HF com-
ponents of the three body parts are shifted to low fields
as temperature decreases, a typical behavior observed
for synthetic oxide nanoparticles [30] as well as for those
found in insects [14,15,24], in particular, magnetite and
maghemite as reported for nanoparticles in migratory
ant abdomens [3]. The estimated Curie-Weiss tempera-
tures of the particles in the three body parts are in good
agreement with 180 K obtained for 40-55 A superpara-
magnetic magnetite cluster sizes [29], as well as the g val-
ues extrapolated for high temperatures with the
magnetite one, 2.12 [34,35]. These results support the
hypothesis of magnetite as the magnetic particle constit-
uent in the Solenopsis ant parts.

The properties of magnetite in the low-temperature
transition region from 100 to 135 K are still unclear.
The transition temperature, T, associated to electronic
properties in the 100-120 K range and the ordering
temperature, 7, related to magneto-orientation in the
130-135 K range, where the anisotropy is zero [36], were
proposed [37]. The ABD and HEAD presented a 7 lower
than the 7, as proposed by Belov [37]. T, could only be
estimated for the LF components of ABD and HEAD
and the values were shifted to high temperatures com-
pared to those in [37]. Nevertheless, the Verwey tempera-
ture is sensitive to several factors as the presence of
impurities [38] and oxidation degree. Oxidation can sup-
press the transition and it affects more intensively small
grains. This fact can explain the transition disappearance
for nanoparticles associated to the HF component that
are smaller than those related to the LF one [39]. The
T, estimates strongly depend on the g values, which were
extrapolated from the experimental data. Taking the bulk
magnetite, g = 2.12, T, are shifted to lower temperatures
(88 + 5Sand 130 + 3 K for the ABD LF and HF; 130 + 5
and 181 + 3 K for HEAD LF and HF, respectively).

The highest magnetic material content was found in
the head with antennae, certainly biomineralized while
ingested particles in the ABD and THOR cannot be dis-
carded. A controlled diet would be necessary [40] to

Table 1

FMR magnetic parameters of isolated nanoparticles in social insects

Social insect Body part KV (10 % erg) Ker (10* erg/em?) Magnetic volume (10° nm?) Reference

S. substituta® Head 3.1 5.1 0.62 This paper
Abdomen 4.9 4.8 1.0 This paper

P. marginata® Abdomen 7.5 6.4+ 04 1.2 (14]

A. mellifera® Abdomen 2 1.9 1.0 [15]

N. opacus® Head 6.7 2.1+0.1 32 [24]
Abdomen + thorax® 8.8 2.6 +0.1 34

# Smashed.
® Intact body part.
¢ Oriented.
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eliminate these particles, but this was not possible in this
study with ants collected in natural habitat. Although
the magnetic material found in the three body parts
can be connected to the nervous system cells, this result
is not sufficient to conclude about their role in the mag-
netoreception mechanism.

Table 1 summarizes FMR parameters of isolated
nanoparticles of some social insects, although sample
preparations vary among them. From the volumes in
this table, diameters of 11.0 0.2 and 12.5 £+ 0.1 nm,
for S. substituta HEAD and ABD were obtained in
the same superparamagnetic region of those found in
P. marginataants (13.0 + 0.4 nm) and in N. opacus ter-
mites (18.5 + 0.3 nm) using FMR [14,24]. The magnetic
volume of the abdomen nanoparticles of the two ants
and bee are very similar. On the other hand, the magnet-
ic anisotropy constant and magnetic volumes are differ-
ent in different body parts of the S. substituta ant while
such a difference is not observed for the termite particles.
The magnetic size and property diversity shown in Table
1 stimulates a comparison among social insects. A wide
set of magnetic data for different species can help to dis-
tinguish general and specific material properties related
to magnetoreception models. This paper points to the
possibility of systematizing the study of magnetic mate-
rial, in particular by FMR. For a more detailed analysis,
FMR results must be considered together with other
magnetic techniques as well as electron microscopy, hav-
ing as the final goal correlating magnetic material prop-
erties to their physiological function.
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