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Abstract For the ubiquitous diazotrophic rhizobacterium
Azospirillum brasilense, which has been attracting the atten-
tion of researchers worldwide for the last 35 years owing to its
significant agrobiotechnological and phytostimulating poten-
tial, the data on iron acquisition and its chemical speciation in
cells are scarce. In this work, for the first time for azospirilla,
low-temperature (at 80 K, 5 K, as well as at 2 K without and
with an external magnetic field of 5 T) transmission
Mössbauer spectroscopic studies were performed for
lyophilised biomass of A. brasilense (wild-type strain Sp7
grown with 57FeIII nitrilotriacetate complex as the sole source
of iron) to enable quantitative chemical speciation analysis of
the intracellular iron. In the Mössbauer spectrum at 80 K, a
broadened quadrupole doublet of high-spin iron(III) was ob-
served with a few percent of a high-spin iron(II) contribution.
In the spectrum measured at 5 K, a dominant magnetically
split component appeared with the parameters typical of ferri-
tin species from other bacteria, together with a quadrupole
doublet of a superparamagnetic iron(III) component and a
similarly small contribution from the high-spin iron(II) com-

ponent. The Mössbauer spectra recorded at 2 K (with or with-
out a 5 T external field) confirmed the assignment of ferritin
species. About 20% of total Fe in the dry cells ofA. brasilense
strain Sp7 were present in iron(III) forms superparamagnetic
at both 5 and 2 K, i.e. either different from ferritin cores or as
ferritin components with very small particle sizes.
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Introduction

Ubiquitous diazotrophic free-living rhizobacteria of the genus
Azospirillum, and the species A. brasilense in particular, can
form rhizospheric associative symbioses with various higher
plants, promoting their growth and development via different
mechanisms including (but not limited to) phytohormone pro-
duction and atmospheric nitrogen fixation [1–3]. Thus, owing
to their significant agrobiotechnological and phytostimulating
potential, azospirilla have been attracting the attention of re-
searchers worldwide for the last 35 years [2–4]. This contin-
ued interest, particularly to A. brasilense, is also due to the fact
that this species has both epiphytic strains (e.g. wild-type
strain A. brasilense Sp7, colonising exclusively the plant root
surface) and facultatively endophytic strains (e.g. wild-type
strain A. brasilense Sp245, capable of penetrating into the
plant root tissues) [5]. Thus, such strains of the same species
occupy different ecological niches in the rhizospheric soil and
therefore have different adaptive behaviour, being a conve-
nient model for studying microbial ecology. As a conse-
quence, strains Sp7 and Sp245 have often been compared
and documented to exhibit different responses to the same
unfavourable conditions or stress factors [6–11].
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Despite the intensive and steadily growing studies related
to azospirilla (see, e.g. recent reviews [1–4, 6] and the latest
collection of review chapters [12]), there is scarcity of infor-
mation on iron acquisition, metabolism and chemical specia-
tion in these bacteria [13–16]. It is needless to say that iron
plays a paramount and multifaceted role in all organisms,
including bacteria (with quite few exceptions). On the basis
of the level of iron accumulation in cells of A. brasilense
(strain Sp245) [16], we recently performed a preliminary
study by low-temperature (80 K) transmission Mössbauer
spectroscopy which, used for the first time for the bacteria of
the genus Azospirillum, suggested the presence of a ferritin-
like species as one of the components in the iron ‘pool’ in cells
of A. brasilense strains Sp7 [17] and Sp245 [18] (note that in
[17, 18], 57Fe transmissionMössbauer spectroscopic measure-
ments were performed at 80 K for aqueous suspensions of live
bacteria rapidly frozen in liquid nitrogen). This was also
complemented by room-temperature high-velocity-resolution
Mössbauer measurements on lyophilised biomass of
A. brasilense strain Sp245 showing heterogeneity of the an-
ticipated iron (hydr)oxide-containing ferritin-like core [19].
Note that in bacteria, three different types of ferritin-like pro-
teins can exist (24-subunit bacterial ferritin, which has a sim-
ilarity with mammalian ferritin, and heme-containing
bacterioferritin, as well as dodecameric DNA-binding ferritin)
with variations in the cavity size inside the protein shell and,
correspondingly, in the maximum number of iron ions in the
core [20, 21].

The aforementioned preliminary data definitely require
low-temperature Mössbauer measurements (at ≤5 K, includ-
ing in-field measurements as well) to elucidate the correct
assignment of the suggested ferritin-like component and other
iron-containing species in bacterial cells. This was the primary
aim of the present communication, where lyophilised biomass
of strain A. brasilense Sp7 was used. In order to control the
overall composition of the bacterial sample (which was ex-
pected to correspond to normal growth conditions without
nutritional stress), Fourier transform infrared (FTIR) spectro-
scopy was used in the diffuse reflectance mode (DRIFT),
which is sensitive to fine structural and compositional changes
in dried bacterial samples [10, 11, 22].

Materials and methods

The bacterium (wild-type strain A. brasilense Sp7, from The
Collection of Rhizosphere Microorganisms, [WDCM 1021],
maintained at the Institute of Biochemistry and Physiology of
Plants and Microorganisms, RAS, Saratov) was cultivated at
31 °C for 18 h under aeration on a rotary shaker (180 rpm) in a
standard phosphate–malate medium as described elsewhere
[10, 11, 22], with 0.5 g l−1 NH4Cl as a source of bound nitro-
gen and 70 μM 57FeIII complex with nitrilotriacetic acid

(NTA), equivalent to 4.0 mg l−1 of isotopically enriched
57FeIII, as a sole source of iron for the growing cells. The
resulting cells were separated from the culture medium by
centrifugation (2370×g, 30 min), washed three times with
sterile saline solution (aqueous 0.85 % NaCl), frozen in liquid
nitrogen and lyophilised.

To control the overall composition of the bacterial sample,
its DRIFT spectrum was obtained and processed using a Ni-
colet 6700 FTIR spectrometer (Thermo Electron Corporation,
USA) with a DRIFT accessory and a Micro sampling cup
(Spectra-Tech, USA) as reported elsewhere [10, 11].

Mössbauer measurements at 80 K were carried out with a
conventional Mössbauer spectrometer (WISSEL) operating in
the constant acceleration mode and equipped with a 57Co(Rh)
source. The sample was kept in a helium cryostat (JANIS SVT-
400-MOSS) filled with liquid nitrogen. The experimental data
were obtained using a conventional scintillation detector and a
computer-operated multichannel analyser (MSPCA Analyser
Mössbauer Spectrometer Control and Acquisition Unit). The
low-temperature 57Fe Mössbauer spectra were recorded at 5
and 2 K in zero external magnetic field and at 2 K in a 5 T
external magnetic field, using a Spectromag (Oxford Instru-
ments) cryomagnetic system with an MS96 Mössbauer spec-
trometer [23, 24] attached to the system. The external magnetic
field was applied in the parallel geometry with respect to the
propagation of the gamma rays. The acquired Mössbauer spec-
tra were recorded with 512 channels and then processed (i.e. by
applying noise filtering and fitting). The duration of the mea-
surements was 45, 51 and 44 h for the spectra measured at 5 K,
2 K in zero external magnetic field and 2 K in a 5 T external
magnetic field, respectively. For all measurements, the 57Co
source was kept at room temperature.

The Mössbauer spectra were evaluated by the standard
computer-based statistical analysis which included fitting the
experimental data to a sum of Lorentzians using a least
squares minimisation procedure for χ2 with the help of the
MOSSWINN program [25]. While fitting the magnetic sex-
tets, the line areas were constrained to be 3:1 for the pair of
lines (1, 6) relative to lines (3, 4). The linewidths were inde-
pendent for the pairs of lines (1, 6), (2, 5) and (3, 4).

The values of the isomer shift (δ; mm s−1 relative toα-Fe at
room temperature), quadrupole splitting (Δ, mm s−1),
linewidth (W, mm s−1; full width at half maximum), internal
(or effective) magnetic field (B, T) and relative areas of spec-
tral components (A, %) were thus calculated for each spectral
component. The linewidth of the α-Fe calibration foil was
0.30±0.01 mm s−1.

Results and discussion

It is important to note that the bacteria of the genus
Azospirillum (including A. brasilense), being commonly
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microaerophilic [6], nevertheless, grow relatively well also
under aeration [22]. The DRIFTspectrum of the dried biomass
obtained in this study as described in the previous section
(Fig. 1, spectrum 1) was found to closely match the DRIFT
spectrum of the A. brasilense Sp7 grown without nutritional
stress [11] and to significantly differ from the spectrum of the
biomass grown under bound-nitrogen limitation (without
NH4Cl; see Fig. 1, spectrum 2). In particular, in the vibration
region featuring the main intensive absorption bands of cellu-
lar proteins (within ca. 1700–1500 cm−1) [7, 10, 22, 26], the
amide I and amide II bands in the sample under study (see
Fig. 1, spectrum 1) dominate, while the biomass grown under

nutritional stress shows a completely different DRIFT spec-
trum with prominent bands of intracellularly accumulated
poly-3-hydroxybutyrate (PHB; see spectrum 2) [11]. There-
fore, under the cultivation conditions applied for the sample
under study, A. brasilense Sp7 cells were not subjected to any
appreciable nutritional stress (e.g. bound-nitrogen deficiency)
which could induce PHB accumulation [7, 10, 11, 22]. Thus,
the biomass prepared for Mössbauer measurements was evi-
dently in its common (unstressed) state.

A Mössbauer spectrum (measured at T=80 K) obtained for
the dry biomass of A. brasilense Sp7 (frozen immediately after
18 h of growth in the culture medium and lyophilised) is shown
in Fig. 2 (the calculated Mössbauer parameters are listed in
Table 1). It consists of a dominating quadrupole doublet of a
high-spin ferric component with somewhat broadened lines
and a small contribution of a high-spin ferrous component.
The ferric component (δ=0.46 mm s−1;Δ=0.82 mm s−1) with
a slightly increased linewidth (over 0.5 mm s−1) could be at-
tributed to bacterial ferritin-like components similar to those
observed for other microorganisms [27–29]; the increased
linewidth corresponds to the heterogeneity of the hydrous iron
oxyhydroxide ferritin core [19]. As for a variety of ferritin
species in bacteria, comprehensive descriptions of their struc-
tures, functions and bionanotechnological applications have
recently been reviewed [20, 21].

The minor ferrous component (3–4 %, see Table 1) can be
associated with FeII originated from the intracellular reduction
of iron(III) from the FeIII–NTA complex contained in the cul-
ture medium [17, 18]. On the other hand, note that in whole-

Fig. 1 Diffuse reflectance infrared Fourier transform (DRIFT) spectra of
Azospirillum brasilense strain Sp7 cells (1) grown for 18 h with 0.5 g l−1

NH4Cl and lyophilised, as well as of dried cell biomass used for
comparison [11] (2) similarly grown under nutritional stress (2 d;
without NH4Cl). The positions of main bands of cellular proteins,
amide I and amide II, and of the most pronounced bands related to
poly-3-hydroxybutyrate (PHB, intracellular storage polyester) [11, 22]
are indicated with arrows

Fig. 2 Mössbauer spectrum (measured at T= 80 K) of A. brasilense Sp7
dry biomass (grown for 18 h with 57FeIII–NTA complex as a sole source
of iron, separated by centrifugation, immediately frozen in liquid nitrogen
and lyophilised; see also Table 1). The positions of the quadrupole
doublets corresponding to FeII and FeIII components are shown by
square brackets above the spectrum. These spectral components
(quadrupole doublets) represent the contributions of FeIII (non-shaded
area) or FeII (shaded area) to the whole spectrum area (defined by the
outer solid-line envelope) calculated by fitting the experimental data
(points)

Evidence for ferritin in Azospirillum brasilense Sp7 1567



cell Mössbauer studies of microorganisms, the FeII levels were
reported to be from a few percent up to half of total cellular
iron, depending on various factors, particularly on the levels
of total cellular iron [30]. In particular, it has been shown that
many aspects of FeII-to-FeIII oxidation at ferroxidase centres
in bacterial ferritins and the mechanisms of FeIII displacement
from the binding sites, transfer to the ferritin cavity and the
formation of the ferric core are still not completely under-
stood, as several models are still under discussion [20]. We
also would like to note that, despite the availability of numer-
ous structural studies of various ferritins by Mössbauer spec-
troscopy and other modern instrumental techniques (see, e.g.
[19–21, 31–37] and references therein), different models for
the ferritin core structure have so far been suggested ranging
from monocrystalline to polycrystalline and to polyphasic
with different degrees of crystallinity [37]. On the basis of
the data available so far, it may be reasoned that the structure
of ferritin cores is consistent with heterogeneous and multi-
phase models, rather than with a simple core-shell model.

In order to elucidate the correct assignment of the dominant
ferric component found at 80 K (see Fig. 2), low-temperature

Table 1 Mössbauer parameters calculated from the spectra (see Figs. 2
and 3) for A. brasilense Sp7 dry biomass (grown for 18 h with 57FeIII–
NTA complex as a sole source of iron, separated by centrifugation,
immediately frozen in liquid nitrogen and lyophilised)

Parametera T= 80 K T= 5 K
No external field

T= 2 K
No external field

T= 2 K
Bext = 5 T

Magnetic component

A – 73 (1)b 80 (1)c 83 (1)d

δ 0.48 (1) 0.50 (1) 0.48 (1)

B 48.2 (5) 47.9 (5) 47.0 (5)

Doublet Fe3+

A 97 (1) 23 (1) 18 (1) 17 (1)

δ 0.46 (2) 0.44 (1) 0.44 (1) 0.43e

Δ 0.82 (3) 0.94 (2) 0.90 (2) 1.16 (6)

W 0.59 (5) 0.77 (4) 0.70 (3) 1.26 (1)

Doublet Fe2+

A 3 (1) 4 (1) 2 (1) 1 (1)

δ 1.23 (2) 1.39 (4) 1.41 (6) 1.38 (6)

Δ 2.94 (4) 3.24 (7) 3.3 (1) 3.7 (3)

W 0.34e 0.6e 0.6e 0.6e

All the A values (italicised) are significant (they represent the relative
areas of the corresponding components, in % of the total spectrum area;
their sum in each column for all the components gives ~100%)
a δ, isomer shift (mm s−1 relative to α-Fe at room temperature);Δ, quad-
rupole splitting (mm s−1 );W, linewidth (mm s−1 ; full width at half max-
imum); B, internal or effective magnetic field (T); A, relative area of a
spectral component (%); calculated errors (in the last digit) are given in
brackets
b Linewidths: 1.53 mm s−1 , 1.42 mm s−1 , 0.9 mm s−1

c Linewidths: 1.48 mm s−1 , 1.29 mm s−1 , 0.9 mm s−1

d Linewidths: 1.73 mm s−1 , 1.53 mm s−1 , 0.5 mm s−1

e Fixed values during the fitting

Fig. 3 Mössbauer spectra of A. brasilense Sp7 dry biomass (grown for
18 h with 57FeIII–NTA complex as a sole source of iron, separated by
centrifugation, immediately frozen in liquid nitrogen and lyophilised; see
also Table 1) measured at a T= 5 K and b T= 2 K (without an external
field), as well as c at T= 2 K in an external field Bext = 5 T. The spectral
components (quadrupole doublets and magnetically split sextets, shown
by thin solid lines) represent the contributions of different forms of FeIII or
FeII (see Table 1) to the whole spectrum area (defined by the outer solid-
line envelope) calculated by fitting the experimental data (points)
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and in-field Mössbauer spectroscopy was applied (Fig. 3; see
also Table 1). At a low temperature (<10 K), the Mössbauer
spectrum of ferritin exhibits a typical magnetically split pat-
tern with characteristic Mössbauer parameters due to the anti-
ferromagnetic [38] (and a possible sperimagnetic [39]) cou-
pling between the iron atoms in the ferrihydrite core of ferritin.
In-field Mössbauer spectroscopy can reveal the nature of the
magnetic coupling, i.e. whether the material is ferromagnetic,
ferrimagnetic or antiferromagnetic. By applying an external
magnetic field, the antiferromagnetic coupling can be well
identified, since, in the case of a polycrystalline antiferromag-
net, the application of an external magnetic field would usu-
ally have no effect on the hyperfine field.

A dominant magnetically split component (A=73 %, see
Table 1) appeared in the spectrum recorded at 5 K (Fig. 3a).
This sextet originated from the partial transformation of the
broadened quadrupole doublet (97 % of total cellular Fe) ob-
served at 80 K (see Fig. 2 and Table 1). The sextet shows a
bacterial ferritin species accumulated in the bacterial cells, since
the Mössbauer parameters of the magnetically split component
correspond to those obtained earlier for the bacterial ferritin [40].

In the spectrum recorded at T=2 K without an external
magnetic field (Fig. 3b), the relative occurrence of the mag-
netic component increases (∼80 %), which shows the
superparamagnetic nature of ferritin species due to small par-
ticle sizes of the ferric core. A wide distribution of particle
sizes can be estimated from the comparison of spectra record-
ed at different temperatures. The magnetic ordering at low
temperatures is well known for bacterial ferritins since the
ferrihydrite incorporated in the protein structure is poorly or-
dered, nano-sized, and hence its superparamagnetic blocking
temperature is low [40, 41].

The Mössbauer spectrum of the bacterial cells at 2 K in a
5 T external magnetic field (Fig. 3c) exhibited a similar sextet
as found at 2 K without an applied magnetic field (see Fig. 3b)
with the same effective magnetic field within the experimental
error (see Table 1). (Note that the corresponding Mössbauer
parameters at 5 and 2 K are almost the same within the instru-
mental error [42].) This demonstrates the existence of an an-
tiferromagnetic coupling between the iron atoms (when the
external magnetic field does not change the effective magnetic
field). Consequently, the assignment of the sextet component
to ferritin is evidently proven by the spectrum recorded at 2 K
when an external magnetic field of 5 T was applied, since the
Mössbauer parameters of the sextet are consistent with the
expectation for an external magnetic field applied to antifer-
romagnetic ferritin particles.

The minor paramagnetic component (decreasing from 23
to 17–18 % of total cellular iron in going from T=5 K to
T=2 K) may belong to ferric complexes other than the ferritin
core [20, 30], although it cannot be excluded that this part also
belongs to superparamagnetic ferritin species with core sizes
smaller than in those superparamagnetic at ≥2 K.

The change in the relative intensity of the second and fifth
lines of the magnetically split sextet induced by the applied
external magnetic field can be associated with some small
sperimagnetism [39] and/or a small change in the magnetic
character of ferrihydrite nanoparticles coated [43] by the pro-
tein shell in ferritin macromolecules, which does not influence
the Mössbauer spectroscopic assignment. (Note that the rela-
tively low signal-to-noise ratio related to a low cellular 57Fe
content did not allow a further decomposition of the magnet-
ically split component which could give more detailed infor-
mation on the iron core of ferritin.)

The FeII component with the very small relative concentra-
tion, detected in the 80 K spectrum (∼3±1 %), can also be
observed in these low-temperature spectra (see Fig. 3 and
Table 1). This residual high-spin ferrous iron evidently repre-
sents the FeII originated from the intracellular iron(III) reduc-
tion, while the presence of non-oxidised FeII bound within
ferroxidase iron-binding centres in bacterial ferritin [20] can-
not be excluded.

Conclusions

Low-temperature Mössbauer spectroscopic data with and
without an applied external magnetic field have evidenced
the occurrence of ferritin as dominant iron-bearing species in
the rhizobacterium A. brasilense Sp7. The remaining iron spe-
cies are represented by a high-spin iron(III) component
superparamagnetic down to T=2 K (ca. 20 % of total cellular
iron) and a few percent of high-spin iron(II) complexes.
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