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Diffuse idiopathic skeletal hyperostosis - appearance and
diagnostics in Hungarian osteoarcheological materials
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ABSTRACT

Diffuse idiopathic skeletal hyperostosis (DISH) or Forestier’s disease appears in
different skeletal elements, and usually characterized by the calcification of the right side an-
terior longitudinal ligament of the spine and by the ossification of entheses and ligaments at
extra-spinal sites. Although the etiology of DISH is still unknown, but the presence of it seems
to be connected with some metabolic diseases, like type Il diabetes or obesity. On the basis of
Resnick’s criteria, the recognition of DISH is not difficult, but in paleopathology, the osteoar-
cheological series’ different state of preservation may result in diagnostical uncertanity. This
paper summarizes the results of the physical anthropological examinations carried out seven
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osteoacheological series from the Great Hungarian Plain, and points to those osseous alterations,

which may be helpful in the diagnosis of DISH.

Diffuse idiopathic skeletal hyperostosis (DISH) or Forestier’s
disease is one of the metabolic disorders that recognisable in
the connective and supportive tissues. Pathophysiologically
it is characterized by calcification and ossification of soft
tissues, especially ligaments and entheses, and it was first
described by Forestier and Rotes-Querol in 1950 (Forestier
and Rotes-Querol 1950). Later Resnick and his colleagues
investigated the correlation between the spinal alterations
related to DISH and extraspinal ossification and calcification
findings, and in 1976 published their results (Resnick et al.
1976; Resnick and Niwayama 1976). In the second publica-
tion Resnick and Niwayama postulated three criteria for the
diagnosis of DISH, these are now widely used in literature,
and they may help in differentiation of this disease from other
spinal disorders, such as ankylosing spondylitis or spondy-
losis deformans.

The spine has two anatomopathologic spinal types (Cam-
misa et al. 1998), Type | is related to DISH. It is characterized
by irregular ligament calcification, particularly the anterior
longitudinal ligament of the spine. The entire spinal column
may be involved, but the most typical sites are the mid-low
cervical and the mid-low thoracic vertebral segments, bony
ankylosis may develop. Radiologically a special view can
be seen, as a result of the non-homogenous calcification a
radiotransparent band is visible between the vertebral body
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and the outer layer of the ligament. The calcification appears
usually on the right side of the spine. The left side is typically
spared or less involved, which is probably attributable to the
pulsating aorta. We have to note that zygapophyseal joint
gaps and intervertebral spaces are not affected, the original
width of these elements are not usvally decreased (Olivieri
et al. 2009).

Concerning extra-spinal alterations, bony spurs develop
at entheses, the most affected sites are the patellae, calcanei
and the ulna’s olecranon. Ligament ossification, such as
sacro-iliac ligament ossification may results in sacro-iliac
fusion. DISH appears more often in males than females, and
the frequency increases in individuals over 40 years of age
(Olivieri et al. 2009).

Although the etiology of DISH is not clear, but several
conditions seems to be associated with the disease. These in-
clude obesity, hyperlipidemia, hyperuricemia, hyperinsuline-
mia and late onset (Type II) diabetes (Burner and Rosenthal
2009). Not only recent population studies or case reports show
correlation between obesity and DISH, but paleopathologi-
cal studies also reported some association between the two
diseases. A high prevelance of DISH cases has been recog-
nized in ancient clergymen, and it has been hypothesised that
the ,,monastic way of life” might be a predisposing factor
of DISH (Rogers and Waldron 2001; Verlaan et al. 2007).
Other paleopathological studies point out that development of
DISH has a correlation with higher social status (Jankauskas
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Table 1. List of the examined osteoarcheological series.

Cemetery (abbreviation) Datation No. of individuals References of basic data
Homokmégy - Székes (HSZ) 10-11th c. AD 186 Paja et al. 2007
Magyarhomorog - Kényadomb MHK) 10-11th c. AD 368 Szigeti 2001
Opusztaszer - Monostor (OPM) 11-18th c. AD 1089 Farkas (ed.) 1998
Batmonostor - Pusztafalu (BMP) 12-16th c. AD 3782 Farkas et al. 2004
Oféldeak (OF) 12-18th c. AD 419 Paja 2000

Szeged - Var (S2V) 14-15th c. AD 641 Osz et al. 2009
Bacsalmas - Oalmas (BA) 16-17th c. AD 481 Békei 1995, Lovasz 2005

Table 2. Osseous alterations of the skeletons diagnosed with DISH and early-stage DISH (eDISH) (+: alteration is present, -: alteration
is not present, n: anatomic element is missing, alteration is not recognisable).

HSZ- MHK- OPM- OPM- BMP-  OF- SZV- MHK- OPM- SZV- BA-  BA-
47 217 9268 R6 46 16996 290 80 644 303 159 173
male male male  undet. male male male male male male male male
Seni- Matu- Adul- adult Seni- Adul-  Ad- Matu-  Seni- Mat. Seni- Matu-
um rus tus um tus Mat. rus um um rus
right anterior spinal ligament + + + + - - + + + - - +
ossification
- complete (no. of vertebrae) 5 742 4 4 9 9 5 2+2 2+2 242 2 3+2
- not complete (no. of intervertebral 0 4 0 0 1 0 0 1 2 4 8 6
gaps)
- number of affected vertebrae 5 13 4 4 10 9 5 5 5 6 10 1"
narrowed intervertebral disc space - - - - - - - - - n - -
narrowed zygapophyseal joint space - + - - + + - - - - -
ossification at vertebral foramen B + - . + + + + B n + +
calcification on vertebral disc surface - - - . + + + + - - + +
enthesopathy upper limb  + + - n - n + - + + - +
and girdle
lower limb + + + n + n + + + + + +
and girdle
other ossification spinal - - - n - + - - - n B -
extra-spinal - + - n - n + - + - + +
sacroileitis - - n - - - - -
diagnosis DISH eDISH

2003; Giuffra et al. 2010). In recent populations dysphagia
is also found in correlation with DISH in several cases (Op-
penlander et al. 2009; Seidler et al. 2009; Miyamoto et al.
2009; Masiero et al. 2010), and increased affinity to fracture
of the fusioned spine is also mentioned in the recent medical
literature (Westerveld et al. 2009).

Concerning the most frequently used methods in recent
populations, the diagnosis of DISH is generally based on
radiologic analyses. The widely used diagnostic criteria of
Resnick and Niwayama (Resnick and Niwayama 1976) are
at least four vertebral bodies’ fusion, the preservation of the
intervertebral disc, the absence of zygapophyseal and sacro-
iliac joint changes. According to Arlet and Maziéres three
involved contiguous vertebrae at the lower thoracic spine is
sufficient for the diagnosis (Arlet and Maziéres 1985). In the
opinion of Julkunen et al. bony bridges between two vertebral
bodies in at least two sites of the spine have to be characteris-
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tic for DISH (Julkunen et al. 1975). However, another set of
criteria, defined by Utsinger as probable DISH, lowered the
threshold for spinal alterations to the fusion of three adjacent
vertebral bodies, but added the presence of extra-spinal en-
thesopathies to the diagnostic measures (Utsinger 1985).

In Waldron’s opinion the operational definition for DISH
in paleopathological analysis means the presence of the os-
sification and fusion of four adjacent vertebral bodies, which
are associated with the ossification of extraspinal entheses and
ligaments (Waldron 2008).

Biochemical analyses also carried out to make a proper
diagnosis for DISH. Denko et al. demonstrated a significant
increase in serum growth hormone, insulin-like growth factor
~I and insulin in Caucasoid females diagnosed with DISH.
In males only growth hormone and insulin were higher than
normal controls (Denko and Malemud 2005; Denko et al.
1996).
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Figure 1. Localization of the complete (orange) and not complete (blue) ossification of the anterior longitudinal ligament in the DISH and

early-stage DISH cases (R-right side, L-left side).

Materials and Methods

During our analysis, osteoarcheological remains of seven
cemeteries (skeletal remains of 6966 individuals) from the
Great Hungarian Plain were examined (Table 1).

During the previously made basic anthropological ex-
aminations, determination of sex, estimation of age at death,
metric analyses and differenent paleopathological analyses
also were done (Table 1).

In our recent study paleopathological anomalies were
diagnosed on the basis of macromorphological observations,
additionally CT scan was taken and histological examinations
also were conducted to support diagnoses.

As for morphological analysis we used a record sheet, on
which all of the vertebral and extra-spinal alterations have
been recorded. We examined the ligament ossification (size,
position, number of completely and not completely fusioned
segments), the statement of vertebral articulational surfaces
(costal and zygapophyseal facets), the presence and laterality
of vertebral bodies’ marginal osteophytosis, the statement
of intervertebral disc surfaces and any other alterations that
might be associated with the development of DISH.

We used the criteria of Resnick and Niwayama (1976);
if the intervertebral disc spaces and zygapophyseal joint
gaps were close to the original situation, narrowing of these
spaces were not visible and at least four vertebral body were
completely fused by the calcification of the anterior longitu-
dinal ligament, our diagnosis was DISH. If fewer than four
adjacent vertebrae were fused, our diagnosis was early-stage
DISH (eDISH). The diagnosis was eDISH also in those

cases, where the number of the completely fused vertebrae
reached the expected four, but they were separated by intact
vertebra(e), or vertebra(e) with calcified, but not completely
fused ligament elements.

Concerning radiological examinations, the specimens
have been scanned on a GE Lightspeed VCT scan (tube volt-
age: 120 kV, current: 50 mA) with a 512x512 matrix leading
to a voxel size of 0,61 mm x 0,61 mm and a slice thickness
of 0,62 mm. Original CT-data were adjusted, and 2D and 3D
reconstructions were carried out.

At three specimens from the grave OPM-644 histological
analyses were done. The samples from the calcified right-side
anterior longitudinal ligament, calcified thyroid cartilage
and bony spurs of the anterior patella were partly decalcified
(trichloroacetic acid, 5%, 4°C, 2-3 days) and embedded in par-
affin resin. Thin sections (4um) were prepared for histological
analysis, hematoxylin and eosin stain was used.

Results

In the material of the examined osteoarcheological series,
7 cases of diffuse idiopathic skeletal hyperostosis (DISH)
and 5 cases of early-stage DISH were found, the osseous
changes of the affected skeletons can be seen in the Table 2
and Figure 1.

In the first group at least 4 contiguous segments were
fused by the ossificationed and calcified anterior longitudinal
ligament, the bony bridges were localized on the right side
at the anterio-lateral surface of the vertebral bodies (Fig. 1,
Fig. 2). Beside this pathognomic phenomenon — except of
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Figure 2. The right side ossification of the anterior longitudinal liga-
ment is pathognomic to diffuse idiopathic skeletal hyperostosis; a:
sample of HSZ-47 (male, aged over 60), diagnosis: DISH; b: sample of
OF-16996 (male, aged 40-60), diagnosis: DISH; c: sample of BA-173
(male, aged 40-60), diagnosis: early-stage DISH,

those samples, where the vertebral bodies, as a result of post-
mortem changes were not recognisable —the intervertebral
spaces were intact in all cases, narrowing or fusions of the
intervertebral spaces were not visible. Zygapophyseal joint
gaps were also not involved (Fig. 3a), but at the samples of
MHK-217, OF-16996 and BMP-46 we found ossified ele-
ments of the zygapophyseal joint capsules, these phenomenon
confirm our diagnosis for DISH.

In the first group enthesopathies were found at the lower
limbs and girdles in all cases, the most frequent sites are the
Achilles-tendon insertion of calcanei, and the enthesopathies
of the hip bone. The upper extremitties’ entheses did not give
us such a clear results, in two cases these areas were missing,
in one case enthesopathy was not seen at these sites. Calcifica-
tion of the vertebral disc surfaces appears in four skeletons, at
three cases these alterations are not visible. Ossified elements
inside the vertebral foramen and between the superior and
inferior articular facets of the vertebrae are seen in all of the
definite DISH cases (Fig. 3b).

Sacro-iliac ligament fusion can be seen only one case
(MHK-217), the post-mortem destroyed unilateral (right side)
fusion is associated with unilateral (left side) sacroileitis. In
this case, beside the right side vertebral ligament ossification
(T4-T12, L5-S1) left side anterior ligament ossification (T7-
T12) and complete fusion of the zygapophyseal joint between
the L5-S1 segments are also visible. On the basis of the os-
seous lesions (Olivieri et al. 2009; Olivieri et al. 2007) two
different diseases arises in the etiological background, the co-
existance of DISH and early-stage ankylosing spondylitis is
not disclosed either (Jordana et al. 2009; Paja et al. 2010).
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Figure 3. Ossification of the spinal ligaments in the sample of BMP-46
(male, aged over 60), a: ossification of the supraspinous ligament; b:
bony elements between the two upper facet joints may be caused by
the ossification of the ligamentum flavum.

The diagnosis of DISH cases is confirmed by CT analysis
as well. The anterior side ligament ossification shows the
‘coating phenomenon’, the outer part of the ligament appears
as a dense layer, the inner part of the ligament is more radiolu-
cent, the shape of the vertebral body did not became squared
(Fig. 4c). The vertebral disc spaces and the zygapophyseal
Joint spaces remained opened, the width of these sites did not
became narrow (Fig. 4a, Fig. 4b).

The second group, where the diagnosis is eDISH, includes
five cases, bony changes of the affected skeletons can be seen
in the Table 2 and Figurel. Although the number of com-
pletely fused contiguous vertebrae did not reach the expected
four in these cases, special patterns of eDISH are still found
(Fig. 1). In four of these cases the number of fused vertebral
bodies is at least four, but they are not all adjacent to each
other. The other special characteristic is in this group is that
the ossification of anterior longitudinal ligament affected at
least five vertebrae in all eDISH cases in an incomplete form;
in the individuals of BA-159 and BA-173 this number reached
ten and eleven, respectively.

Beside anterior ligament ossifications intervertebral disc
and zygapophyseal joint gaps with original width are seen in
all cases. Lower limbs and girdles’ enthesopathies developed
in all skeletal remains, in case of upper limbs and girdles,
enthesopathies appeared only in one skeleton, in other one
case these skeletal parts are missing. Extra-spinal ossifica-
tion, such as sternal alterations or supraspinous ligament
ossification was found in three cases, changes associated with
sacroileitis were not seen. Similarly to DISH cases, vertebral
foramen changes appeared in all cases, flame-like new bone-
formations developed.

The MHK-80 individual’s skeletal remains showed some
alterations, which may not associated with DISH. Multiple
healed fractures can be seen in five ribs, the right clavicle, the



Figure 4. CT reconstructions of the thoracic spine (T9-T11) diagnosed
with DISH (sample of OF-16996 - male, aged 40-60, ). a: 2D-3D recont-
struction of thoracic vertebrae shows unaffected interververtebral
disc spaces; b: the zygapophyseal joint spaces are not involved, the
vertebral body is not distorted in its shape; ¢: the ossification of the
ligamentum flavum results in exuberant bony spur in the vertebral
foramen, the anterior longitudinal ligamentum ossification appears
on the right side of the vertebral body.

right fibula and the left tigh bone. The fracture of the femoral
diaphysis healed with disclocation, the cloacal openings and
periostal reactions refer to the presence of non-specific infec-
tion (periostitis, osteomyelytis). This infection may caused
the complete ankylosis of the knee, bony bridges between the
femoral and tibial condyles, lytic alterations and proliferative
new bone formations are present surrounding the original
articulation. However, bony ankylosis of the knee may caused
tuberculosis (Mycobacterium tuberculosis, Mycobacterium
bovis) as well (Blondiaux et al. 1999; Késa and Tiszlavicz
1999; Thomson and Miles 1921). Although traumatic altera-
tions — especially opened wounds or fractures — favor the
pyogenic etiology, but traumatic changes may also reactivate
earlier tuberculotic infection (Sauer et al. 2009). Beside lower
extremity’s alterations lytic lesions can be seen in the first
lumbar vertebral arch, the spinous process disappeared, a
round-shape, abscess-like lesion of the right lateral process
is also visible. These alterations may be caused by pyogenic
infection (Carragee 1997; Garcia and Grantham 1960: Nather
2003). but tuberculosis in the background is not disclosed
either (Anderson 1940; Moore 1922; Nasser et al. 2002).
Summarizing the phenomena, the etiology of these multiple
alterations is not clear, further molecular examinations need
to carried out.

During our examination, microscopic analyses also were
done, samples of the OPM-644 skeleton were examined.
The light microscopic picture of the anterior longitudinal
ligament (Fig. 5) and thyroid cartilage shows normal mature

Diffuse idiopathic skeletal hyperostosis

Figure 5. The light microscopic picture of the anterior longitudinal
ligament (sample of OPM-644, male, aged over 60) shows normal
mature bone structure, but increased accumulation of calcium is seen
(hematoxylin and eosin stain, original magnification 10x)

Figure 6. The microscopic picture of the section from anterior patellar
spur (sample of OPM-644, male, aged over 60) reveals normal bony
structure as well, in some parts, as sign of chondrogen ossification -
cartilaginous lacunae are also visible (hematoxylin and eosin stain,
original magnification 20x).

bone structure, but increased accumulation of calcium is seen.
The microscopic picture of the section from anterior patellar
spur reveals normal bony structure as well, in some parts, as
sign of chondrogen ossification — cartilaginous lacunae are
also visible (Fig. 6).

Histological analysis reveals a long-term ossification
and calcification process, these data fit to diffuse idiopathic
skeletal hyperostosis, where a slowly developing hyperostotic
process is present.
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Discussion and Perspectives

As a result of our analysis, material of seven osteoarcheo-
logical series was investigated. The sample contains remains
of 6966 individuals, the fact that the state of preservation of
the material greatly varies made some difficulties during the
analysis. As DISH is a diffuse disease involving almost the
whole skeleton, the presence of lots of skeletal elements is
necessary for a more precise diagnosis. In that case, when
taphonomic processes results in fragmentary state of preserva-
tion, or results in the lack of any part of skeletal remains, the
number of definite cases decreases. As a result of the above
mentioned facts, statistical analysis was not calculated, pre-
velance of DISH is not countable in this sample. Connection
between DISH and social status of the individuals diagnosed
with DISH is not known, detailed archeological data are not
present, so association between DISH and higher social status
is not examinable.

Concerning Resnick and Niwayama criteria, the differen-
tiation and separation of DISH and early-stage DISH cases
seems to be very artificial, the very thin line between the two
categories is based on the difference of only one alteration.
In those cases, where fusion at least four adjacent vertebral
bodies is present, the diagnosis is DISH, while if less than
four contiguous vertebrae are fused, the diagnosis is eDISH.
Concerning other spinal and extra-spinal alterations there’s
no difference between the two categories, diffuse ossification
and calcification processes are found in all cases of the two
categories. Interestingly enthesopathies were not seen in all
cases, but ossification in the vertebral foramen (possibly as a
result of ligamentum flavum ossification) is visible in all of
them. Although the little number of cases does not let to draw
unequivocal conclusions, on the basis of these facts diagnostic
criteria for DISH and eDISH may need to be reconsidered
in the future. In our previous opinion, the diagnosic criteria
of DISH in osteoarcheological samples possibly need to be
expanded, and some pathologic features (e.g. ligamentum
flavum ossification) and patterns (number and relation of
vertebrae with complete and not complete fusions) should
be taken into account.

Future studies, possibly together with more precise his-
tological, medical imaging and biochemical analyses, needs
to be done to investigate the diffuse idiopathic skeletal hy-
perostosis on three axes:

analyses of the typical lesions, developmental stages,
morphological variations and paleodemographical attribute
of the definite and early-stage DISH cases;

the co-existance of DISH and other diseases with ligament
ossification (ossification of ligamentum flavum and ossifica-
tion of posterior longitudinal ligament) are present in both
medical (Ehara et al. 1998; Epstein 2000) and paleopathologi-
cal literature (Pélfi et al. 2009). Paleopathological analyses of
the associations among these diseases may be helpful in the
understanding of these diseases;
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paleopathological differential diagnosis of DISH and
other diseases (e.g. ankylosing spondylitis, degenerative spi-
nal alterations, infections) can be difficult for many reasons.
If more than one disease develop in the same skeleton, dif-
ferential diagnosis is more complicated, so the more precise
differentiation of diseases would be very important.

Concerning these axes, different methods and collabora-
tions need to be used; this pluridisciplinar approach may
provide helpful new informations for equally paleopathol-
ogy, osteology and researchers, who would like to get more
information about past populations’ health status.
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ABSTRACT The aim of this study is to present the results of the paleopathological investigation
of tuberculosis (TB) in the late medieval (16™-17*" ¢c. AD) anthropological series of the Zombor-
Repulétér site from Serbia. The paleopathological analysis of TB was carried out in two phases
during which macromorphological methods were used. The first phase of the investigation
focused on classical/advanced stage skeletal TB alterations. In the second phase the atypical/
early-stage TB lesions and 3 stress factors were also taken into consideration. The first phase
of the investigation revealed two cases of tuberculosis in the series. However, in the second
phase of the investigation additional 32 probable TB cases were recognized. The association
of different tuberculous lesions (both classical and atypical/early stage alterations) as well as
stress indicators were found in most of these cases, which rises the probability of the diagnosis
of tuberculosis. The remarkable difference between the prevalence in the two phases of the
investigation shows that the detection of diagnostic criteria related to atypical/early-stage
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tuberculosis raises the possibility of identifying TB cases.

Human tuberculosis is an infectious disease affecting a num-
ber of organs, especially the lungs. It is caused by pathogens
of the Mycobacterium tuberculosis complex, most often the
Mycobacterium tuberculosis and the Mycobacterium bovis.
The manifestation of symptoms depends on several factors,
such as the type of the pathogen, the infected individual's
age and the condition of the immune system (Bloom 1994;
Madkour 2004). The pathogens might spread from the place
of the primary infection (e. g. lungs) either by haemato-
genous route or in a direct way to other organs and tissues
where they may trigger inflammatory reactions. The bones
can also be affected, though only 3% of all the tuberculous
infectious cases occur in the skeletal involvement (Resnick
and Niwayama 1988; Aufderheide and Rodriguez-Martin
1998; Ortner 2003).

In the case of anthropological findings, usually only dry
bones are available, thus we can observe only skeletal TB.
Classically, the lesions used to identify tuberculosis in skeletal
material are characteristic lytic lesions, with little reactive
bone formation. These alterations occur particularly in areas
of cancellous bone, especially in vertebrae, as well as meta-
physis and epiphysis of long bones, but virtually any bone can
be affected (Resnick and Niwayama 1988; Ortner 2003).

The most common “classic” representation of skeletal
tuberculosis affects the vertebral column (tuberculous spon-
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dylitis, Pott’s disease), causing cavitation in the vertebra as
well as sharply angulated kyphosis of the spine or rarely “cold
abcess” on the ventral surface of the vertebrae (Resnick and
Niwayama 1988; Aufderheide and Rodriguez-Martin 1998;
Ortner 2003). Tuberculosis of the hip joint (tuberculous
coxitis) is the second most frequent skeletal lesion after
vertebral involvement, but the knee (tuberculous gonitis) or
other joints (e. g. elbow, wrist, ankle) can also be affected
with the consequences of the erosion of the articular surface,
subluxation and bony ankylosis (Resnick and Niwayama
1988; Aufderheide and Rodriguez-Martin 1998; Ortner
2003). Beside these lesions tuberculous osteomyelitis in the
diaphysis of the long bones and the short tubular bones of
the hands and feet (spina ventosa), lytic, rounded lesions in
the skull and pulmonary calcifications might also occur, but
these conditions are relatively rare (Resnick and Niwayama
1988; Molndr and Pélfi 1994; Pilfi et al. 1999; Haas et al.
2000; Ortner 2003).

However, the classical skeletal TB changes indicate a
more or less developed stage of tuberculosis. Early-stage
TB is not recognizable on the basis of the previously listed
lesions and this causes the underestimation of the prevalence
of tuberculosis in the examined historical populations. Since
the recognition of the importance of establishing diagnostic
criteria for early-stage TB a number of studies have been fo-
cusing on searching for atypical/non classical bone alterations
linked to tuberculous infection. These researches are mainly
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based on the study of skeletal collections with known causes
of death. As the result of these surveys 3 different groups of
alterations seem very likely to be linked with TB:

a) rib lesions: sharply circumscribed lytic lesions and/or
diffuse periostitis on the visceral surface of ribs, particularly
in pulmonary tuberculosis (e. g. Kelley and Micozzi 1984;
Roberts et al. 1994; Santos and Roberts 2001, 2006; Palfi
2002; Maczel 2003; Matos and Santos 2006; Raff et al.
2006);

b) superficial vertebral alterations: irregular pitting and
holes especially on the ventral surface of the vertebral bodies,
but with no cavitation and collapse of the bodies (e. g. Baker
1999, Haas et al. 1999, 2000; Pdlfi 2002; Maczel 2003; Mol-
nér et al. 2005; Zink et al. 2007; Nerlich and Losch 2009);

c¢) endocranial lesions: small granular impressions or ab-
normal blood vessel impressions with branched or reticulated
course as well as plates of new bone in the inner surface of
the skull vault found in the cases of tuberculous meningitis
(Schultz 1999, 2001; Hershkovitz et al. 2002; Pélfi 2002;
Maczel 2003; Lewis 2004).

The analyses of ancient microbial DNA in samples show-
ing any of these alterations confirmed the presence of MTB
complex organisms in a significant number of the examined
cases (e.g. Spigelman and Lemma 1993; Haas et al. 1999;
2000; Maczel 2003; Molndr et al. 2005; Raff et al. 2006; Zink
et al. 2007; Nerlich and Losch 2009). On the basis of these
examinations, these minor pathological conditions are sug-
gested to be indicative of early stage of tuberculosis, and are
named Minor Osseous Lesions Attributable to Tuberculosis
- “*MOLAT™ (Maczel 2003).

Apart from the above mentioned changes, the correlation
between tuberculosis and stress indicators, such as porotic hy-
perostosis, linear enamel hypoplasia and long bone periostitis,
were also recognized in some studies (Stuart-Macadam 1989;
Santos and Roberts 2001; Palfi 2002; Maczel 2003).

Although several studies showed correlation between TB
and the above mentioned alterations, it should be noted that
these lesions are not always TB specific. Other conditions,
such as infections, malnutrition, neoplastic conditions or
traumas might also cause similar changes; therefore these new
criteria should be used cautiously. Nevertheless, based on the
association of these lesions we can presume the tuberculous
origin in a higher probability. In order to justify the diagnosis
of TB, biomolecular examinations (DNA, protein and mycolic
acid analyses) are also required (Fletcher et al. 2003; Maczel
2003. Hershkovitz et al. 2008; Donoghue 2009: Redman et
al. 2009; Boros-Major et al. 2010).

The aim of this study is to present the results of the pa-
leopathological investigation of TB in the late medieval (16™-
17" c. AD) anthropological series of the Zombor-RepiilGtér
site from Serbia. The examinations were carried out in two
phases. Focusing on classical TB lesions, the first phase of the
investigation revealed only two cases of tuberculosis (Lovéasz
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et al. 2008). However, the examination of the Bdcsalmads-
Oalmds anthropological series originating from a similar
geographic region and the same historical period showed a
number of tuberculous cases based on atypical/early-stage
TB lesions (e. g. Palfi and Ardagna 2002; Maczel 2003;
Marcsik et al. 2006, 2007; Palfi and Molnar 2009). Ancient
DNA analyses also confirmed the presence of MTB complex
organisms in a significant number of these cases (Molndr et
al. 2005; Zink et al. 2007; Nerlich and Lésch 2009). Con-
sidering these results and paying special attention to the
lesions attributed to early-stage tuberculosis, in the second
phase of the pathological investigation we re-examined the
skeletal material of Zombor-RepiilGtér. On the one hand, we
wanted to know whether the prevalence of TB had changed
in the second phase of the investigation. On the other hand,
we wanted to find out if there was any association among TB
related lesions and which alterations appeared together the
most frequently. With the results of our research we wish to
provide a basis for further paleoproteomic and mycolic acid
analyses and especially ancient DNA examinations, in order
to find more evidence of the connection between these altera-
tions and TB infection.

Materials and Methods

The graveyard of Zombor-Repiil&tér near the Northern-
Serbian town of Sombor was excavated during World War I1.
The excavation was led by Laszl6 Wollner with the help of
the Anthropological Institution (today: Department of Bio-
logical Anthropology) of the University of Szeged, Hungary.
The series consists of 196 skeletons, and after the time of the
excavation it was stored in Szeged, where the archaeological
and basic anthropological examinations were carried out.
The archaeological findings of the graveyard suggest that
this population emigrated from the southern part of Serbia
or Montenegro during the Turkish occupation. After the
war, the material from this site was moved back to Serbia,
first to the Museum of Vojvodina (Novi Sad), later to the
Municipal Museum of Sombor (Bartucz 1960; Korek 1994).
Unfortunately the data of the anthropological investigations
had been lost therefore the reinvestigation of the material
became essential.

During the palaeopathological investigation 130 adults
(60 males, 66 females, 4 individuals with undetermined sex)
and 66 subadults were examined (Lovész et al. 2008). The
pathological analysis of TB was carried out in two phases du-
ring which macromorphological methods were used. The first
phase of the investigation focused on classical/advanced stage
skeletal TB alterations (tuberculous spondylitis, tuberculous
arthritis). In the second phase the atypical/early-stage TB le-
sions (rib lesions, superficial vertebral changes, endocranial
alterations, early-stage spondylodiscitis) were also taken into
consideration. In addition, the association of tuberculosis re-
lated lesions and 3 stress factors (long bone periostitis, cribra



Skeletal manifestation of tuberculosis

Figure 1. Tuberculous spondylitis: a) kyphotic angulation of the lumbar
region (T12-L3); b) lytic focus in the body of the L1 vertebra (Grave no.
84, 23-25 year-old male).

orbitalia, cribra cranii) were also detected.

Results

The first phase of the investigation revealed two cases in the
series showing alterations of an advanced stage of TB.

The skeletal remains of a young male adult (Grave no.
84) revealed severe pathological lesions on the 1* and 2™
lumbar vertebrae (Fig. 1). In the lower part of the body of

Figure 2. Healed lumbo-sacral tuberculosis with LS-sacrum fusion and
cold abscess (Grave no. 51, 45-50 year-old male).

the first lumbar vertebra lytic focus and some reactive bone
formation were seen. In addition, on the ventral surface of
the body periosteal reactions were observed too. The second
lumbar vertebra also showed deep cavitation in the upper
part of the body accompanied by reactive bone formation as
well as periostitis on the ventral surface. As a consequence of
these lesions, the angulation of the spine was also recogniz-
able. These changes correspond to the diagnostic criteria of
tuberculous spondylitis. Beside these alterations, the anterior
surface of the bodies of the lower thoracic and third lumbar
vertebrae revealed superficial inflammatory alterations. More-
over, periostitis on the right tibia and both fibula was found
(Lovasz et al. 2008).

The mature male individual of Grave no. 51 also showed
serious alterations on the vertebral column: the 5 lumbar
vertebra fused to the sacrum (Fig. 2). On the body of L5 ver-
tebra remodelled bone formation and osteophyts were also
seen. In addition, the ventral surface of the sacrum showed
Iytic lesions accompanied by extensive but also remodelled
reactive bone formation probably in response to an overly-
ing abscess. Moreover, inflammatory changes were observed
in both sacroiliac joints as well. These alterations refer to
healed lumbo-sacral tuberculosis accompanied by bilateral
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Table 1. Skeletal manifestations of advanced and potential early-stage TB in the anthropological material of Zombor-Repil&tér site — individual data.

Classical TB alterations

Potential TB lesions (atypical or eraly-stage alterations)

Associated stress indicators

G Reg. Ageat Other infl. t
N::ve N? dg:t: Sex Tuberculous Tuberculous Ribs lssione Superficial ver-  Endocranial E'rlr‘:;;:':;s_ Long bone Cribra or- Cribra lesi:r:sm sl
’ spondylitis  arthritis tebral changes  alterations :f:s periostitis bitalia cranii
5 191 3540 Male - - - Thoracic region  Blood vessel - 2 tibiae - - 2 clavicles: periostitis
impressions
7 180 16-18 - - - - Blood vessel - - - -
impressions
8 194/a 23-25 Female - - - - Blood vessel - 2 femora, - - -
impressions 2 tibiae, 2
fibulae
10 196  50-55 Male - - Rough texture - - - - - - T12-L5: disc lesions not
related to TB
1 197 23-25 Male - - - Thoracic and - - - - - Manubrium of ster-
lumbar region num: porous appear-
ance of the dorsal
surface
13 199 4550 WMale - - Rough texture - - - 2 femora, 2 - - -
tibiae
24 211 30-35  Female - - Rough tex- - - - 2 tibiae - - L2-L3: disc lesions not
ture, blood related to TB
vessel impres-
sions
25 212 12-14 - - - - - Blood vessel - - - - 2 rami of mandible:
impressions periotitis
26 215 1820 - - - - Thoracic and - T12:shallow - porotic Manubrium of ster-
lumbar region cavitation num: porous appear-
in the distal ance of the dorsal
disc surface
28 217 5560 Male - - Rough texture - - - 2 tibiae, 2 L4: disc lesions not
fibulae related to TB
29 218 46 - - - Blood vessel - 2 femora trabecular -
impressions
33 222 2530 Female - - - Blood vessel - - porotic - -
impressions
40 229 23-25 Female - - Thoracic and Blood vessel - 2 femora, - - -
lumbar region  impressions 2 tibiae, 2
fibulae
46 235 16-18 - - - Periosteal ap- - - - 2 tibiae, 2 - - -
positions fibulae
237 23-25 Male - - Periosteal ap- Lumbar region  Blood vessel - 2 femora, - - -
positions impressions 2 tibiae, 2
fibulae
51 240  45-50 Male LS-sacrum - - - - - - - - sacroiliac joint (bi-
fusion, cold lateral): athritis; left
abcess metatarsals: periostitis,

possibly caused by
malleolus medialis
fracture
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Table 1. continued

55
58

69

70

95

Ll

100
102
108
113
118

szOr-
vany
sz6r-
vany
szor-
vany
520r-
vany
SzOr-
vany

244

247

265

266

280

394

294

295

297

299

an

327

250

252

310

341

349

23-25

18-19

23-25

2-3

23-25

23-25

25-30

25-30

45-55

0,5-1,5

9-10

1-3

9-10

5-6

23-25

Infant

45-50

Female

Female

Male

Female

Female

Male

Male

Female

L1-L2: cavi-
tation of
the bodies

Periosteal ap-
positions

Rough tex-
ture, blood
vessel impres-
sions

Rough texture

Rough texture

Thoracic region

Thoracic and
lumbar region

Thoracic region

Thoracic and
lumbar region

Thoracic region

Thoracic and
lumbar region

Thoracic and
lumbar region

Lumbar region

Blood vessel
impressions

Blood vessel
impressions
Granular
impressions and
blood vessel
impressions

Periosteal ap-
positions

Blood vessel
impressions
Blood vessel
impressions
Blood vessel
impressions

Blood vessel
impressions

Periosteal ap-
positions

2 tibiae, 2
fibulae

2 femora, 2
tibiae

right tibia, 2
fibulae

2 femora, 2
tibiae

2 tibiae

2 femora, 2
tibiae

2 tibiae

2 femora, 2
tibiae

2 femora, 2
humeri

porotic

porotic

trabecular

porotic

cribrotic
trabecular
porotic

porotic

porotic

Manubrium of ster-
num: porous appear-
ance of the dorsal
surface

L1-L2: disc lesions not
related to TB
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Figure 3. Potential early-stage TB showing association of: a) blood ves-
sel impressions on the internal surface of the left parietal bone; b) bi-
lateral trabecular cribra orbitalia (Grave no. 29, 4-6 year-old infant).

sacroileitis (Lovdsz et al. 2008).

The second phase of the investigation revealed 32 other
probable TB cases, thus their total number rose up to 34 (see
Table 1). Among these individuals 14 belong to subadults and
14 to young adults (6 males, 8 females), furthermore 6 mature
individuals (5 males, 1 female) were also affected. As far as
early-stage TB lesions are concerned, except for Grave no.
51, every individual showed at least one type of the alterations
mentioned above.

In most of the cases (17 cases) endocranial lesions were
seen. The majority of the alterations appeared in subadults (11
cases), but 6 young adults were also affected (2 males and 4
females). Abnormal blood vessel impressions on the internal
surface of the skull vault were seen in the largest number (15
cases), and in one of the cases these lesions were accompa-
nied by granular impressions as well. Two other individuals
showed only periosteal appositions on the endocranium.

Superficial vertebral alterations were recognized in a
smaller number of individuals (13 cases). The lesions were
found mainly in young adults (5 males and 5 females), though
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Table 2. Number of cases showing association of classical and
atypical/early stage tuberculous lesions as well as stress indica-
tors (TS: Tuberculous spondylitis, RL: Rib lesions, SVCh: Super-
ficial vertebral changes, EA: Endocranial alterations, ESS: Early
stage spondylodiscitis, LBP: Long bone periostitis, CO: Cribra
orbitalia, CC: Cribra cranii).

TS RL SVCh EA ESS LBP co cC
TS
RL 0
SVCh 1 3
EA 0 1 4
ESS 0 0 1 0
LBP 1 8 10 6 0
co 0 1 2 9 1 3
cC 0 0 0 1 0 0 1

a mature female and two juvenile individuals also showed
changes on the vertebral bodies. As mentioned before, one of
the individuals showing tuberculous spondylitis (Grave no.
84) also belonged to this group.

As for rib lesions, alterations were found in 10 cases. A
juvenile and two young adults (1 male and 1 female) showed
signs of periosteal appositions on the visceral surfaces of the
ribs, indicating an active inflammatory process. In seven other
cases rough texture of the visceral surfaces of the ribs was
detected, which was probably due to healed and remodelled
periosteal bone formation. This alteration was found mainly
on mature male skeletons: 4 mature and 1 young male adults
as well as 2 young female adults were affected.

Beside these atypical alterations, in one of the juvenile
cases (Grave no. 26) spondylodiscitis was found: shallow
cavitation and inflammatory reactions were observed in the
body of the 12" thoracic vertebra. This lesion is probably
due to TB infection, and might be the sign of an early stage
of tuberculous spondylitis. In addition, superficial vertebral
lesions and cribra orbitalia were also detected in this case.

Potential early-stage TB lesions were accompanied by
stress factors in a number of cases. Long bone periostitis
was found in most of the cases (18 cases), mainly in young
adults: 3 subadults, 5 young male adults, 6 young female
adults, 3 mature male and 1 mature female individuals were
affected. The lesions appeared only on the lower extremities
(mostly on tibiae and femora) except for one case, where the
humerus also showed periostitis. Porotic hyperostosis was
also frequently seen in association with tuberculous changes.
The orbital roof (cribra orbitalia) was affected in 12 cases (10
subadults, 1 young female adult and 1 young male adult) and
mainly the porotic form was detected. However, cribra cranii
was found in the case of one subadult.

As for the prevalence of TB cases in the skeletal material
of the Zombor-Repiil&tér site, we could state that it was quite
different in the two phases of the examination. In the first phase
the prevalence was P1=2/196*100%=1,02%, and in the sec-



Figure 4. Potential early-stage TB showing association of: a) remodelled
lesions on the visceral surface of the right 8th rib; b) remodelled perios-
teal reactions on the left tibia (Grave no 28, 55-60 year-old male).

ond phase this value rose up to P2=34/196%100%=17,35%.

Concerning the association of different tuberculous le-
sions (both classical and atypical/early-stage alterations) as
well as stress indicators, we found that these changes occurred
together in 28 cases (82,35% of all tuberculous cases). The
majority of the cases showed two types of these lesions (19
cases). Moreover, in 8 cases we found the association of
three lesions and in one case we recognized as many as four
of these changes.

The most frequent association was the co-occurrence of a
potential early-stage TB lesion and one of the stress indica-
tors (Table 2). Superficial vertebral alterations and long bone
periostitis association were observed in the highest number
of the cases (10 cases). Furthermore, the combinations of
endocranial alterations and cribra orbitalia (9 cases; Fig. 3)
as well as rib lesions and long bone periostitis (8 cases; Fig.
4) were often found. The co-occurrence of potential early-
stage TB lesions were also recognized, but in a relatively
low number. Superficial vertebral changes and endocranial
alterations were found together in 4 cases, the association

Skeletal manifestation of tuberculosis

Figure 5. Potential early-stage TB showing association of: a) superficial
vertebral changes on the T10-12 vertebrae; b) periosteal apposition
on the visceral surface of the left 9th rib (Grave no. 55, 23-25 year-old
female).

of rib lesions and superficial vertebral changes occurred in
3 cases (Fig. 5). Endocranial alterations accompanied by rib
lesions were detected in a single case.

Discussion

Regarding the results of the first phase of the investigation,
we could state that in the Zombor-RepiilGtér skeletal material
the characteristic, advanced-stage tuberculous alterations (e.
g. tuberculous spondylitis), on which diagnosis was mainly
based even some years ago, were present only in 2 cases.
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However, taking into consideration the atypical/early-stage
TB changes beside the classical alterations, the second phase
of the examination revealed additional 32 potential tubercu-
lous cases. Among all TB related cases, 33 showed at least
one type of early-stage TB lesions, even in the case where
an advanced-stage bone lesion was also present. The remark-
able difference between the prevalence in the two phases
of the investigation shows that the detection of diagnostic
criteria related to atypical/early-stage tuberculosis raises
the possibility of identifying TB cases. Therefore, it could
also be concluded that for a more appropriate estimation of
TB frequency, the application of new criteria and detection
methods is inevitable.

Although there are many evidences about the connection
of these atypical/early-stage lesions and tuberculosis, it is
important to note that these alterations are not always TB
specific. Thus, in the cases where the diagnosis was based
on these atypical lesions, the tuberculous origin is only
presumed, although the association of these changes raises
the probability of the diagnosis. However, in addition to
the frequent and simultaneous appearance of the supposed
tuberculous changes, biomolecular confirmation (i.e. DNA,
mycolic acid) of TB infection might justify the tuberculous
aetiology of the lesions.

The TB related atypical bone changes appeared in almost
all age groups (except for elderly individuals), particularly in
subadults and young adults. Moreover, a certain tendency can
be noted when considering the distribution of these lesions.
The endocranial alterations appeared especially in subadults
— this result corresponds with medical data from the pre-
antibiotic era, which reports that a relatively high number
of tuberculous children suffered and died from meningitis
(Datta and Swaminathan 2001). Superficial vertebral changes
were found mainly in young adults. These data might suggest
particular, age-specific skeletal responses to the infection.
However, in the case of rib lesions this tendency is not as clear
as in the case of other atypical changes: the active form was
observed in young (juvenile and young adults) individuals,
but the remodelled, probably healed form was found in similar
numbers, both in young adult and mature skeletons.

The activity of the tuberculous infection at the time of
death was also recognizable in most of the cases. Endocranial
lesions, superficial vertebral changes, as well as periosteal
appositions on the ribs are suggested to be signs of active
inflammation. These lesions were observed in 26 cases indi-
cating an active tuberculous process and a possible cause of
death. One of the individuals showing tuberculous spondylitis
(Grave no. 84) also revealed an active form of the inflamma-
tion. The remodelled bone formations found in the other case
of classical TB (Grave no. 51) and 6 cases with rib lesions
are suggested to be the result of recovery process. However,
a young adult female individual revealed both superficial
vertebral changes and remodelled rib lesions. This pheno-
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menon might be explained by the possibly faster recovery of
periosteal apposition on the ribs in comparison with the ver-
tebral changes or by assuming that there was no connection
between the healing of these lesions. We do not have any data
about the precise chronology of the healing process, therefore
the use of new technologies of medical imaging (e. g. micro
CT) in comparative examinations between skeletal material
and recent samples may be able to solve this question.

The association of the different tuberculous lesions as
well as stress indicators was recognized in a great number of
the cases. This association by itself raises the probability of
the diagnosis of tuberculosis. In addition, our results show
that the most common combination of these alterations is a
potential early-stage TB lesion accompanied by one of the
stress indicators. Furthermore, the co-occurrence of potential
early-stage TB lesions was also detected. These results sug-
gest a specific pattern in the occurrence of TB related lesions
and draw our attention to the importance of further examina-
tions regarding the association of these lesions. However, the
investigation of collections with known causes of death can
give us reliable data in this matter.

The palaeopathological investigation of TB also gave
us an insight into the life of the population of the Zombor-
RepiilGtér site. Our results showed that tuberculosis occurred
in high frequency there, which might indicate a poor state of
health in the examined population. This may have several
possible reasons. As we mentioned before, the population
of the Zombor-RepiilGtér site probably emigrated from the
Southern regions of Serbia or Montenegro, and the migration
in itself probably caused stress as that population had to adapt
to a new environment. In addition, as in the rest of Europe,
the climate of the Carpathian basin was becoming extremely
cold in the 16™-17" centuries (called “small ice-age™) and that
climate meant adverse conditions for agriculture (Rédcz 2001),
therefore famine was frequent during that period. The politi-
cal and military crisis due to the Turkish occupation could
also have contributed to the frequent starvation of the people
living in that region. All these conditions had negative effects
on this population, and could have resulted in their decreased
resistance against diseases.
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Evidence of surgical trephinations in infants from the 7*-
9th centuries AD burial site of Kiskundorozsma-Kettoshatar
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ABSTRACT The authors found 3 infant skulls with cranial lesions in the 7*"-9" centuries AD
(Avar Age) burial site of Szeged-Kiskundorozsma-Kettéshatar. The remains were examined with
standard macromorphological methods of bioarcheology. The most presumable diagnosis of the
lesions is surgical trephination. Infants and Avar Age findings were formerly underrepresented
in the otherwise abundant and internationally significant amount of paleopathological cases
with cranial interventions found in Hungary. Thus, these findings may alter the assumption we
formerly had of the cranial surgery of the Avars. During the search for trephined lesions, signs of
severe inflammation of the meninges were found in one case and slight hydrocephalus occurred
in another implying possible skeletal tuberculosis that put forward interesting questions in con-
nection with healing practices and believes of this era. Together with other Avar Age findings
formerly known from the nearby areas these results refine our knowledge of Avar Age medical
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practices and also the general picture of the medical history of the Carpathian Basin.
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Surgical trephination is a traditional curing and/or ritual cus-
tom of long history, during of which all three layers of the
cranial vault are intentionally removed in a certain area of the
human skull (Aufderheide and Rodriguez-Martin 1998; Ort-
ner 2003). First evidences had been found in Mesolithic layers
(Lillie 1998; Crubézy et al. 2001), but it was cultivated in all
historical periods and it is still being used in some areas of
the world. Though the signs of such lesions are scarce in the
bioarcheological material, a lot of trephined skulls had been
found in the today area of Hungary (Bartucz 1966; Nemeskéri
et al. 1965). Comprehensive data collection in the available
archeological (Grynaeus 1996; Tomka 2000) and biological
data (J6zsa and Féthi 2007a) have only been performed in
the recent past, but our picture of this custom is far from
complete. The majority of these cases are connected to adult
males among pagan and Christian Hungarians while children
and some ethnic groups (and historical periods) like the Avars
were underrepresented in these samples. The authors found 3
infant skulls with cranial lesions in the Avar Age (7"-9" cen-
turies AD) burial site of Szeged-Kiskundorozsma-KettGshatar,
where the most presumable diagnosis is surgical trephination.
The analysis of these lesions is extremely important and not
only on a national level. The international scientific audience
knows very little about the diverse spectrum of cranial inter-
ventions found in Hungary since only very little information
has been made accessible for non-Hungarian scholars so far
(Pélfi 1997; Aufderheide and Rodriguez-Martin 1998; Gry-
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naeus 1999; Arnott et al. 2003; Bereczki and Marcsik 2005;
Szathmdry and Marcsik 2006; J6zsa and Féthi 2007b).

Materials and Methods

The Avar Age cemeteries of Szeged-Kiskundorozsma-
Kettdshatdr were excavated in 2004 by archeologists Patricia
Mészaros, Tibor Paluch and Csaba Szalontai (Mészéros et
al. 2006) in a series of rescue excavations performed along
the construction site of highway MS, northwest of the city
of Szeged at the southern border of Hungary. The site is
dated to the 7™-9" centuries AD. In that time, the flat area
was divided by several smaller watercourses, temporary and
permanent lakes, and was regularly affected by the flood of
the river Tisza. The site is located on top of a slight, long
elevation. The cemetery of Kiskundorozsma-KettGshatar I
consisting of 298 burials is dated from the end of the 7" to
the beginning of the 9" century AD. Based on the chronol-
ogy and the archeological observations it is very likely that
the graveyard was used by the same population that used the
nearby Kiskundorozsma-Daruhalom II cemetery in the former
period. The graveyard is not completely excavated as some
parts of it are situated further away from the path of highway
MS35. Kiskundorozsma-KettGshatér 11 lies 60 m away from
the first cemetery, consists of 43 graves and was used at the
end of the 8" century AD. Though this cemetery is separated
from Kiskundorozsma-KettGshatdr I, it may have been used
by the same population. The site is fully excavated, most of
the graves were robbed presumably in a single occasion by
contemporary robbers, hardly any skeletons were recovered
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Figure 1. obj. 263, 8-11 years old child, skull.

Figure 2. obj. 263, 8-11 years old child, surgical trephination.

in anatomical position. The remaining grave goods refer to
an upper class burial site. The remains of altogether 360 indi-
viduals were recovered in the two cemeteries (121 subadults,
239 adults (130 males, 109 females)) (Marcsik et al. 2010).
Comprehensive bioarcheological investigation of the remains
is in progress at the Department of Biological Anthropology,
University of Szeged. Preliminary results of these analyses
have already been published (Molnar et al. 2006; Marcsik et
al. 2009; Marcsik et al. 2010). During the paleopathological
data collection in the Kiskundorozsma-KettGshatér I series
we came across 3 infant skulls with holes in the cranial vault
that seemed to have been created intra vitam. Age at death
was determined using standard macromorphological methods
(Schour and Massler 1941; Schinz et al. 1952; Stloukal and
Handkovd 1978; Knussmann 1988; Ubelaker 1989). The
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Figure 3. obj. 263, 8-11 years old child, patches of trabecular new bone
in the endocranial surface of the frontal bone.

skeletal material is housed in the Department of Biological
Anthropology, University of Szeged, Hungary.

Results
Obj. 263 (A. P. 562), 8-11 years old child

The post mortem moderately deformed skull (Fig. 1) and the
mandible are well-preserved, the postcranial elements are
mostly missing. The elongated lesion (Fig. 2) is located in the
left side of the coronal suture, 35 mm from the sphenofrontal
suture. The hole is kidney-shaped, 26 mm at the biggest and
11 mm at the smallest diameter. The edges are mostly vertical
and slightly rounded showing considerable healing. A second-
ary cortical bone layer is covering the exposed spongious part.
The mid section of the anterior rim is flat inclining towards the
center of the lesion with irregular edges. At the antero-inferior
part some remnants of the exposed spongious bone structures
are still visible. The inferior part is post mortem damaged.

The endocranial surface is strongly affected by different
forms of new bone formation. The frontal bone is the most
severely affected. The internal cortex of the upper half of the
squama is thickened, the surface is irregular. Approx. 2 cm
wide patches of trabecular new bone layer were formed in the
middle of the squama and in the proximity of bregma (Fig.
3). The patches include small blood vessel impressions too.
Similar but less severe lesions can be seen near the right side
of the coronal suture both on the frontal and the right parietal
bone. Near the bregma and the elongated aperture a few small
tuberculi also appear in the size of 2-4 mm. The most of the
parietals’ internal surface is covered by fine groups of thin
vessel impressions.

Some of the teeth show moderate signs of linear enamel
hypoplasia (LEH) referring to a chronic stress condition of
unknown origin possibly between the 3 and 5" years of
life.



Figure 4. Obj. 491, 2-3 years old child, skull.

Obj. 491 (A. P. 654), 2-3 years old child

The skull (Fig. 4) and the mandible is well-preserved, a lot
of postcranial elements are missing. A regular round hole
can be seen in the anterior part of the right parietal (Fig. 5)
17 mm from the coronal suture and 35 mm from the sagittal
suture. The external diameter is 11x9 mm, the internal is 7x6
mm, the aperture is getting wider towards the outer surface.
The lateral edge of the lesion is almost vertical, the medial
edge is somewhat less steep. Each possible section of the

rim shows plain edges, with only moderate remodelling of

the cortical layer, thus, the exposed spongious layer of the
bone is still visible.

The shape of the head is very unusual, extremely oblong
and slightly cubic. Other pathological signs are not present.

Obj. 537 (A. P. 694), 11-13 years old child

The remains of the skull (Fig. 6) are post mortem severely
deformed and moderately preserved. Postcranial elements
are present but the thorax and the distal parts of the upper
extremities are mostly missing. Despite the young age, the
bones show masculine characteristics, the remains may be
those of a boy.

Almost in the midline of the frontal squama, slightly to-
wards the right side, 30 mm above the right orbit a 22x16 mm
ovoid hole is found (Fig. 7). The otherwise vertical edges and
the surroundings of the lesion on both cortical surfaces are
heavily eroded, no sign of remodelling is visible. The aperture
widens towards the internal surface on the superior part.

Clear signs of a healed depressed fracture can be seen in
the upper medial corner of the left orbit (Fig. 8) on the fron-
tal sinus. The depression is 14x13 mm in size and slightly
almond shaped with an 8 mm irregular, partly healed-partly
damaged aperture in the middle. Most possibly connected to
this trauma, a rounded bony flake protrudes from the upper
medial wall of the left orbit that may have covered a blood

Surgical trephinations from the 7"-9" centuries AD

Figure 5. Obj. 491, 2-3 years old child, surgical trephination.

Figure 6. Obj. 537, 11-13 years old child, skull.

vessel.

Slight bilateral porotic cribra orbitalia and LEH is also
present in the skull referring to some unknown chronic stress
condition in earlier life. LEH dates back to approx. the 3%-5"
years of life.
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Figure 7. Obj. 537, 11-13 years old child, surgical trephination.

Discussion

Surgical trephinations of different state of preservation and
healing can be mistaken for different forms of trauma, tumor-
ous, infectious, inflammatory, etc. conditions, developmental
defects like meningioceles and even post mortem alterations
(Aufderheide and Rodriguez-Martin 1998; Ortner 2003; Ben-
nike 2003). In the case of obj. 263, the clearly defined edges
are mostly covered by secondary cortical bone that implies a
longer period of survival of the intervention and healing. De-
velopmental protrusion of soft tissue of any kind is not likely
when the edges of the lesion are so different from each other
as in this case. Meningioceles usually appear in former sites
of fontanelles (Bennike 2003) and along the midline sutures
(Khan et al. 2010) none of which applies for the current case.
In addition, despite the moderate healing the posterior rim still
shows the original plains of the cut. This hole is most prob-
ably a surgical trephination, the etiology of which becomes
clearer with the interpretation of other lesions of the skull.
The endocranial lesions refer to a severe, active patho-
logical condition that may have played a role in the death of
the infant. The paleopathological occurrence of blood vessel
impressions, irregular thickening and trabecular, fibrous new
bone layers can be indicatives of meningitis of various origin,
but lately these were observed to be frequently associated
with inflammatory processes induced by mycobacterial infec-
tion too (Hershkovitz et al. 2002; Palfi 2002; Maczel 2003).
The new bone structures of this skull may be results of severe
meningitis as a reaction to invasion of human pathogen myco-
bacteria (Mycobacterium tuberculosis-complex) developing
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Figure B. Obj. 537, 11-13 years old child, healed depressed fracture
at the left orbit.

symptoms of CNS TB (central nervous system tuberculosis)
which have currently been reported to appear also in contem-
porary patients (Khoo et al. 2003; Corr 2008; Di Carlo et al.
2008) based on radiological imaging results.

Surgical trephinations are usually induced by blunt trau-
ma, after which a need occurs for artificial smoothing of the
edges of the fracture site in order to facilitate faster healing
and closure of the wound (Szathmary 1982; Aufderheide and
Rodriguez-Martin 1998; Ortner 2003). In most of the cases
the healed lesions do not exhibit signs of the original trauma
as the damaged bony units are cut out in the course of the
trephination (Szathmary 1982; Jézsa and Foéthi 2007a). This
may be case for obj. 263 too. However, it is also possible that
the trephination and the endocranial lesions are connected.
Thick, remodelled endocranial lesions and the semi-healed
rims of the trephine also take several weeks to develop. The
hole may have been created within the duration of the inflam-
matory process because of a belief that otherwise successful
surgical interventions (normally applied to heal trauma) can
also help health problems that are not related to trauma.
This latter phenomenon was observed among contemporary
tribal populations too (Ella 1874; Bartucz 1966; Szathmdry
1982). The endocranial lesions though, may derive from a
posttraumatic infection too (either the primary trauma or the
correction trephination), or even a non-mycobacterial infec-
tion not connected to the trauma episode.

The aperture found on the skull of obj. 491 is the most
definite case of surgical trephination among the three. The
plains of the circular cut are clearly visible despite the early-
stage healing. On the other hand, the cause of intervention
here, however, is the least obvious among our findings. Ac-
cording to J6zsa and Féthi (2007a) some of the weapons used



in the Middle Ages had so thin pointed parts that may have
caused severe but very little traumatic lesions on skulls. These
wounds do not show signs of the inducing trauma after they
were treated with a correction trephination. In our case, how-
ever, the trephination itself is so small that such an inducing
trauma is unlikely. The shape of the head provides the only
possible clue, resembling hydrocephalus which again, can
be caused by many primary illnesses from inflammations of
infectious origin to metabolic deficiencies and developmental
anomalies (Aufderheide and Rodriguez-Martin 1998; Ort-
ner 2003; Corr 2008). This almost punctured surgery may
have been used to treat symptoms of this disease — either
by decreasing intracranial pressure that might have caused
headache because of the increased volume of subarachnoid
fluid, or only because of the believes mentioned in the inter-
pretation of obj. 263.

The most classical trauma etiology occurs in the case of
the lesions of obj. 537. The skull is moderately preserved,
and the hole on the frontal bone does not provide enough
information on its own because of the damaged surfaces of
the rim and the surrounding ecto- and endocranial areas. The
healed depressed fracture on the left side of the frontal sinus,
however, helps to shed light on the origins of the trephination.
The depressed fracture and the wound that required correction
(trephination) may have originated from the same episode
of trauma. There is also a probability that the trephined area
underwent a posttraumatic infection as some porosity pos-
sibly related to inflammatory hypervascularisation is clearly
visible in the nearby outer surface just like in the case of the
surgical trephination of Hédmezévaséarhely-Nagysziget grave
no. 55 mature female skull (Bereczki and Marcsik 2005).
Unfortunately, this porosity cannot be undoubtedly attrib-
uted to intra vitam processes, and other signs of a possible
septic inflammation can also not be detected because of the
post mortem changes of the area. Cribra orbitalia and LEH
observed in this case are, of course, not necessarily connected
to the trauma and the possible surgical intervention, as both
phenomena must started developing before the lesions of the
frontal bone.

All three trephinations may have been prepared with fine
cutting movements with sharp-bladed tools, as in most of the
cases of the 9"-11" century AD Hungarian material (Szath-
méry 1982). The method of operation, however, can only be
surely identified in the case of obj. 491, since healing (obj.
263) and diagenesis (obj. 537) obstructs the observation.

The description and analyses of trephined remains do
not follow a commonly accepted set of aspects and uniform
way of publication of the results in the Hungarian literature
as Jozsa and Féthi (2007a) pointed out. We still lack the
necessary amount of information to interpret the history of
cranial surgery in Hungary with accuracy. Furthermore, Avar
Age trephinations are rare in the records. Tomka (2000) only
cites 10 trephined skulls from the Avar Age, while J6zsa and

Surgical trephinations from the 7"-9" centuries AD

Fé6thi (2007a) mention 13 surgical interventions from this era
among 130 trephined skulls found in the Carpathian Basin.
10 of these Avar cases are adult males and 3 adult females.
According to our assumption, two of these cases are definitely
perimortem lesions (Kiskérds) possibly not performed for
medical but purely for ritual reasons. In the south-eastern
part of Hungary J6zsa and Féthi (2007a) only cite 5 Avar
Age skulls with surgical trephination (Szeged-Fehértd,
Szeged-Kundomb, Szdreg, Nagykamards, Vedreshdza) all
of which belonged to adult males. In their total sum of 130
skulls they only found 11 cases with unidentified sex. As no
differentiation is available between infants and adults with
undetermined age at death within this number, we can only
presume that currently there are less than 11 cases of surgi-
cal trephinations known in subadult subjects, and Avar Age
infants are definitely not part of the sample.

Thus, our findings considerably increase the number of
surgical trephinations from the Avar Age and they have no
parallels so far within this era in the sense of age at death of
the subject. In the case of obj. 491 the size of the lesion is also
unique. We can only compare our data to results of the nearby
Avar Age excavations in the north of Serbia. Czékus (2007)
found a lesion on the skull of Stara Moravica grave no. 90 (ap-
prox. 65 yrs male, moderate healing) similar in size (9 mm)
to that of obj. 491. Lovisz (personal communication) found
a trephined skull fragment belonging to an approx. 2.5 years
old child in grave no. 51 of Backi Sokolac (moderate healing).
Further Avar Age cases in the surroundings are found in the
Bélmegyer-Csomoki-domb cemetery (grave no. 27, 40-50
yrs male, minor healing (J6zsa 1990) and in the Maroslele 24
site (KOH 38672) (grave no. 1, 18-22 yrs female, no healing
(Paja and Pépity personal communication). The number of
Avar Age surgical trephination has virtually doubled with the
new findings (five to ten) in the southeastern part of the Great
Hungarian Plain. Based on these data have to assume that the
Avar Age population of the area was more familiar with the
practice of surgical trephination than we thought it before. It
is possible that all the mentioned cases belong to the heritage
of a distinct local trepanning tradition.

In order to see how frequent surgically trephined remains
are in the Avar material we performed a basic inventory analy-
sis and compared the data of the Avars with that of the early
Hungarians. Our department has analyzed remains of 8109
Avar Age (6°-9" century AD) individuals and among them 10
trephined skulls were found (0.12%). Conquering Hungarians
(9*-10™ century AD) are represented with 1430 individuals
and 12 trephined skulls among them (0.84%). Arpéd Age
findings sum up to 3883 individuals where 11 trephined
skulls can be recorded (0.28%). The early Hungarians still
provide the overwhelming majority of the trephination cases
in the southeastern part of the Great Hungarian Plain as it was
already mentioned by other scholars (Grynaeus 1996; Tomka
2000; Jozsa and Féthi 2007a). With the new Avar findings
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the advantage of the Hungarian skulls is not bigger by one
order any more, especially when Avar data are compared to
the Arpad Age series.

Concluding we can say that the new findings consider-
able increased the number of known cases with surgical
trephination from the Avar Age both on the local and on the
national level. Young age at death for trephined individuals is
a formerly unknown phenomenon from this historical period.
The possible association of TB and other health damaging
conditions in these cases require further aDNA and biomarker
analyses. On the whole, the remains of these three deceased
children open a new window to the medical history of the
Avar people.
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ABSTRACT The aim of this study was to investigate the sustainability, stress tolerance and KEY WORDS
growth parameters of an ex situ Acorus calamus population as well as the availability of the Ao s

rhizome segments (ramets) for propagation. The main stress factors for semi aquatic plants, like
A. calamus are the competition from dicot weeds and the severe dry conditions. We compared
two experimental plots of different competition levels: low competition (moderate weeding)

stress tolerance
vegetative parameters
survival, competition

and high competition: without weeding. We noticed that there were differences between the
competition levels only in terms of the life span of the leaves and the length of the shoots
(aboveground parts). For the propagation we compared the ramets derived from the apical
and lateral parts of the rhizomes as vegetative propagules. Plants derived from both types of
rhizome parts showed dynamic development. We detected significantly higher leaf numbers in
plants grown from lateral rhizome segments. The newly propagated plant population was kept
free from weeds. However, its experimental plot was surrounded by a weedy lane. We found
that the leaf number is correlated with the spatial arrangement of the individuals, namely the
proximity of weeds decreased the leaf number of the plants in the periphery of the plot.

Acta Biol Szeged 54(2):99-101 (2010)

Characteristics of Acorus calamus

Acorus calamus (also known as sweet flag) belonging to the
family of Araceae is a perennial plant, living in marshlands
or other aquatic habitats, with 50-100 cm or even 1.5 m-
long leaves (Farkas 1999). It has a horizontal underground
rhizome, which is intensively branched, with a diameter of
1-3 cm and a length of 25-50 cm. The rhizome is articulated,
rich in intercellular cavities. On the top of the rhizome there
are the residues of the dead leaves, which are sickle-shaped.
This is an important characteristic with which to distinguish
Acorus calamus rhizomes from other rhizomes. The roots
originate from the lower surface of the rhizome, in one or
WO rows.

The leaves are in two rows, they are sword-shaped with
a red-pigmented base. Both surfaces of the leaves are a lon-
gitudinal rib, which divides the leaves into two asymmetric
sections. The mesophyll is spongy, with a special aromatic
odour.

Acorus calamus is native to Central-Asia, it came to
Europe in the 16th century, and nowadays it can be found on
the whole Northern hemisphere. In Central Europe it propa-
gates only asexually, with the fragmentation of the rhizomes
(Farkas 1999).

Since A. calamus is protected in Hungary, for the success-
ful ex situ conservation we have to know as much as possible
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about the growth parameters, the successful survival and
drought and competition tolerance.

Materials and Methods

In the experimental area of the Botanical Garden of the
University of Szeged, there was a formerly planted ex situ
population of Acorus calamus. Originally it developed in
monoculture, the individuals started to grow fast. Later on
several competitors proliferated in the field. Although the
competition level was high, there was a large calamus-density
in the plot.

In order to detect the competition tolerance we separated
two plots with different degrees of weed density (i.e.high
and low competition levels). We counted the number of the
leaves, and measured the length of the leaves and the shoots
(the length of the longest leaf) using 50-50 ramets.

We selected ramets derived from the apical and lateral
parts of the rhizomes (apical and lateral types) for the propa-
gation of a novel population. The ramets were planted in the
spring of 2008.

At planting we measured - the length of the rhizome of
the ramets, the number of the shoots and leaves and the length
of the leaves and that of the longest leaf (shoot length). We
repeated the measurements of the aboveground characteristics
in the autumn of 2008 and in the spring of 2009.

Statistical analyses of data were carried out using the
STATISTICA 7.0 software. Since our results showed non-
normal distribution, we used non-parametric ANOVA with
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Table 1. Effect of the weed competition levels. Mean values of
leaf number and shoot length per plant.

Weed-competition level
High competition Low competition

Leaf num- Shoot Leaf num- Shoot
ber length ber length (cm)
(cm)
2008 - - 2,07 35,7
2009 37 47,66 414 33,1

Table 2. Vegetative parameters of the transplanted population.
Mean values of leaf number, shoot number and shoot length
per plant.

2008 2009
Shoot number 1,937 5,255
Leaf number 4,35 12,987
Shoot length (cm) 43,865 23,11

Wilcoxon’s and Mann-Whitney post hoc tests. Data are given
in mean + standard deviation (SD).

Results
Effect of the weed competition

In autumn of 2008 we could not compare the vegetative
characters of the two A calamus groups with different com-
petition, because in the group of high competition the leaves
already disappeared, indicating that the high weed competi-
tion decreases the life span of the leaves, i.e., the length of

the vegetation period. Individuals in the group of low weed
competition had viable leaves, but numerous dead leaves
were also seen.

In spring of 2009 both the leaf number and shoot length
of the high competition level group were higher, than that in
the low competition group. Probably the plants compensated
for the shorter vegetation period with more and longer leaves
(Table 1.)

Transplanted population

Vegetative parameters and survival

For planting we selected ramets with the same rhizome
length. We registrated the data of the transplanted population
in the autumn of 2008 and in the spring of 2009, so there
were nearly one year (one vegetation period) between the
two registrations.

The shoot number , leaf number and shoot length of the
transplanted populations are summarized in the Table 2.

All the individuals of the transplanted population showed
considerable development in one year. With the exception
of the shoot length, all examined parameters were higher
(Table 2.)

In 2008 all individuals survived, so we could state that
the transplantation-time was ideal, and the used rhizome-
fragments were suitable to survive. In spring of 2009 all
ramets produced shoots except one, this means 98% survival
rate. In that case we could not rule out the possibility of
pest-predation.

There was a significant difference by the Mann-Whitney
U-test in the leaf-number between the apical and lateral
groups. (Fig. 1). The side-type rhizome, lateral rhinzome

35 4

Shoot number

Shoot length (cm)

Leaf number

Leaflength (cm)

| mLateral thizome m Apical thizome |

Figure 1. Comparison of the parameters of the transplanted group in spring 2009, by rhizome-type. Significant difference is marked with * at

p<0.05.
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Figure 2. Shoot number changes by position in the experimental plot
of competition-free population.

plants had substantially more leaves in the spring of 2009 than
the end-type rhizome, apical rhinzome plants. On the other
hand, there was no significant difference in the shoot- and
leaf lengths and the shoot numbers between the two groups
(Fig. 1).

When comparing the parameters of the individuals grown
from apical and lateral rhizomes, it became clear that the lat-
eral rhizome produced larger individuals, so for the vegetative
propagation this type seems to be more suitable.

Effect of the weedy environment

On three sides of the experimental plot of the transplanted
population there were weedy lanes, the plot itself was main-
tained without weeds. We detected that the plants near the
weedy edge of the plot were smaller in the second experi-
mental year. We compared the pattern of the shoot number
between the two years. It was observed that at the edges where
the individuals became closely contacted with weeds on one
side, the shoot numbers decreased in 2009 as compared to the
data of 2008. Individuals on the weed-free edge did not show
the above-mentioned negative-edge-influence.

Studies on established Acorus calamus populations

Inward to the centre of the plot the shoot numbers showed
a rising tendency, in the middle of the non-competition area
(where there were no competitors nearby) the shoot num-
bers increased dynamically, on one occasion we registered a
nine-fold increment. Figure 2 shows the arrangement of the
individuals in the plot. The numbers represent the individu-
als (Fig. 2).

Discussion

Our results show that Acorus calamus is able to tolerate the
dry conditions. The weed competition has little influence on
the growth characteristics of the older population, but the
young plants tolerate the weeds at a lower degree, as seen
on Figure 2.

For the vegetative propagation we recommend to use the
side type rhizomes.

Variation of shoot numbers depends on the localisation
in the experimental parcel in the case of the transplanted,
competition-free group. On the edge of the parcel we noticed
let-up or stagnancy in shoot numbers, while inward to the
middle of the parcel, the shoot numbers showed remarkable
growth.
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ABSTRACT Within inflorescences both temporal and spatial variations can be found in aspect of
either attractive traits or reproductive organs. Morphological parameters of a flower depend on
several factors like intra-plant position of the flower, other extrinsic and intrinsic factors, result-
ing in altered intra-inflorescence flower sizes or numbers, fruit set or seed set. In our study the
sexual reproductive characteristics of Siberian Iris (/ris sibirica L.) were investigated, with special
emphasis on how the floral morphological and reproductive traits vary spatially and temporally.
We found that stalks typically had 2 levels and 5 flowers, and significant differences were found
among individual flowers within the inflorescences. Flower diameter, sepaloid and petaloid tepal
length and length of the filament significantly decreased with blooming order but none of the
parameters showed significant correlation with the number of flowers per inflorescence. Pollen
viability was above 90%, and did not dicrease with flowering order, which suggests that pollen
production is independent of flower position. Parameters of female reproductive success such
as ovule number and seed set per fruit also declined with flowering order, which was probably
due to resource limitation within stalks or plants. Values of sex allocation (P/O ratios) refer to

KEY WORDS

Iris sibirica L.

cymose inflorescence
flowering order

pollen viability

female reproductive success
resource allocation

the type of breeding system of Iris sibirica.

Numerous researchers have already confirmed that flowers
vary in several morphological traits within inflorescences. In
both racemose and cymose inflorescences, in which flowers
often open sequentially, temporal and/or spatial variation can
be found with respect to either attractive traits like the size of
the perianth or to reproductive organs such as lenght of fila-
ments or anthers (Brunet and Eckert 1998; Kliber and Eckert
2004; Ishii and Morinaga 2005; Zeng et al. 2008). Blooming
order of racemose inflorescences generally go acropetally,
from the base up to the top, and not only the flower size but
also the number of pollen grains or ovules per flower, fruit
set or seed set seem to decrease toward the apex (Brunet and
Eckert 1998; Kudo and Molau 1999; Hiraga and Sakai 2007;
Zeng et al. 2008; Zhao et al. 2008). However, plants with
cymose inflorescences generally have the opposite order of
anthesis, from the top downward to the base (basipetally).
variation in flower size (diameter) occur to follow the same
tendency like those of racemose inflorescences, i. e. decrease
from early to late blooming flowers (Worley et al. 2000).
Thus, it seems that morphological parameters of a flower
depend not only on the intra-plant position of a flower, but
probably on other extrinsic and intrinsic factors, as well.
Intrinsic factors can be, e.g., resource allocation, competi-
tion among flowers or other architectural constraints, while
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pollen limitation, foliar and floral herbivory, climatic changes
exert their influence externally, and these effects are often
expressed as different flower sizes and numbers within an
inflorescence or later as altered fruit or seed set (Wolfe 1992;
Worley et al. 2000; Wesselingh and Arnold 2003; Harder and
Barrett 2006; Kostrakiewicz 2006).

Although large flowers are more attractive for pollinators,
higher floral display can be advantegous, too (Conner and
Rush 1996; Worley et al. 2000). At the same time, if many
flowers with smaller sizes are open at one time on a plant,
the possibility of autogamous selfing (self-pollination) via
geitonogamy increases which may reduce fitness of both
flowers, individuals and the offspring, especially in the case
of self-incompatible species (Eckert 2000; Worley et al.
2000; Ishii and Sakai 2001). Most of the studies conducted
up to now have investigated racemose inflorescences (Kudo
and Molau 1999; Mazer and Dawson 2001; Ishii and Sakai
2002; Hiraga and Sakai 2007; Zeng et al. 2008; Zhao et al.
2008), and we know relatively little about variations within
cymose inflorescences. Since Siberian Iris (Iris sibirica L.)
is protected in Hungary, and so there are not much data avail-
able about its sexual reproductive characteristics, we aimed to
examine that (1) how floral morphological and reproductive
traits of Iris sibirica L. vary among (inter-inflorescence level)
and within inflorescences (intra-inflorescence level) and (2)
what relationship occurs among floral traits and between these
traits and the flowering sequence.
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Figure 1. Schematic achitecture of a 2-level 5-flowered inflorescence (A) and a single flower (B) of Iris sibirica L. Roman numbers signify the
levels, arabic numbers refer to flowering order within the inflorescence (A). Main parts of a flower are sepaloid tepals (a), petaloid style (b),

petaloid tepals (c), ovary (d) and stamens (e).

Materials and Methods
Study species and study site

Iris sibirica L. or Siberian Iris belongs to the Iridaceae family
(subfamily Iridoideae, tribe Irideae, subgenus Limniris; Gold-
blatt et al. 1998; Goldblatt and Manning 2008) and is native
to central, eastern Europe and northern Asia. This perennial
plant whose shoots grow even to 120 cm bears long narrow
leaves and monochasial cymose inflorescences called rhip-
idium with 1-7 bluish lilac actinomorphic flowers (Goldblatt
et al. 1998; Goldblatt and Manning 2008). In Hungary it is
tipically found in moorlands and swamps (Molinio-Juncatea,
Simon 2000) and is capable of both generative and vegetative
reproduction. In its perfect flowers the tepals are arranged
in 2 whorls of 3 with only 3 stamens inserted at the base
of the outer tepals. The ovary is inferior positioned and is
composed of 3 carpels, the short style continues in 3 petaloid
style branches which are flattened and each has a rhomboid
stigmatic lobe for pollen reception (Fig. 1A-B).

This stigma surface is dry with unicellular papillae
(Heslop-Harrison and Shivanna 1977; Goldblatt et al. 1998) it
becomes receptive within 1-2 days after flower dehiscence but
only for pollen grains from other flowers. Stamens are shorter
at the beginnig of blooming and anthers open distally in the
buds before anthesis since the members of the /ris genus are
protandrous. Due to temporal (protandry) and spatial separa-
tion of the anthers and the stigmatic surface (herkogamy), and
having a strong self-incompatibility system, the possibility of
self-pollination is excluded (Goldblatt et al. 1998).
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Our investigations were carried out in an ex situ popula-
tion of about 200 individuals in the Botanical Garden of
University of Szeged, Hungary and 30 plants were randomly
selected representing the population. Observations of this
study group were conducted in May of 2005.

Observations on floral traits

We marked 2 flowering stalks with similar numbers and the
spatial arrangement of the flowers on each individual of the
30 selected plants. We recorded the position of each flower
within the inflorescence according to its blooming schedule
(flowering order). Various morphological traits were mea-
sured on freshly opened flowers of one of the inflorescences,
without removing them. We registered the following param-
eters: diameter of flowers, length and width of outer (sepaloid)
tepals, length and width of inner (petaloid) tepals, length of
filaments and anthers. In all, 122 flowers were involved in
the measurements.

Male reproductive success variation

In order to estimate the male reproductive success, the other
inflorescence was used to assess pollen yield and viability by
removing only one anther from each bud and putting it into
Eppendorf tubes filled with Alexander’s pollen stain (Alex-
ander 1969). Later, the anthers were chopped up within the
tubes using a dissecting needle and the samples were cooked
for 10 min in boiling water. Then number of aborted (green)
and mature (purple red) pollen grains was determined using
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Figure 2. Flower diameter (A), filament length (B), sepaloid (C) and petaloid (D) tepal length of flowers at various positions according to flow-
ering order within inflorescences of Iris sibirica L. Bars are mean values = SD. Different letters refer to significant differences among groups at

p<0.05.

a haemocytometer. We calculated pollen load (total pollen
number) per anther and pollen viability as follows:

Total pollen number per anther= mature pollen number +
aborted pollen number

Pollen viability (%) = mature pollen number / total pollen
number x 100.

Female reproductive success variation

In July, all fruits of inflorescence pairs of each marked plant
were collected to count the number of mature and aborted
seeds. Almost 150 mature but not opened capsules were
harvested. To represent the variation in female reproductive
success, the number of ovules per flower and seed set per each
fruit were calculated as follows:

Ovule number per flower = mature seed number + aborted
seed number

Seed set per fruit = mature seed number / ovule number.
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Variation in floral sex allocation

Intra-inflorescence variation of floral sex allocation was
quantified by calculating pollen/ovule (P/O) ratio. We used
the data (pollen load per anther and ovule number per flower)
from 103 flowers. Ovule number per flower was calculated
as written above.

Data analysis

Statistical analysis was carried out using STATISTICA 5.0.
and 8.0 softwares. One-way ANOVA was applied to test
variability of parameters, Newman-Keuls post hoc test was
used to evaluate the significance of differences. To determine
the relationship between flowering order and floral traits, and
between fruit set and flowering order or flower position (at
which level within inflorescence) a non-parametric analysis
of correlation (Spearman’s Rank Order Correlation) was
executed. Data are given in mean values =+ standard devia-

Figure 3. Sepaloid (A) and petaloid (B) tepal length of flowers at various positions according to flowering order within inflorescences of Iris
sibirica L. Bars are mean values = SD. Different letters refer to significant differences among groups at p<0.05.
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Table 1. Variability of floral morphological parameters of Iris
sibirica at inter- and intra-inflorescence levels.

Table 3. Variability of floral morphological parameters of Iris
sibirica among flower groups based on order of blooming.

Parameters F

Flower diameter F o os=4.863%*
Sepaloid tepal length F o 10e= 6.032%%*
Sepaloid tepal width F o= 1725
Petaloid tepal length F ™ 155437+
Petaloid tepal width F o 100= 1.568
Length of filament Fowa=56511000
Length of anther F o yo= 2-878*

Parameters Source of F Compo- Vari-
variance’ nents of ance
variance %
Flower diameter inter-infl  F,  =2.206** 0.141 23
intra-infi 0.466 77
Sepaloid tepal length inter-infl F =1715* 0.031 15
intra-infl 0.173 85
Sepaloid tepal width inter-infl  F =3.361*** 0.031 37
intra-infl 0.054 63
Petaloid tepal length  inter-infl  F = 1.462 0.026 10
intra-infl 0.230 90
Petaloid tepal width  inter-infl F =2987*** 0.022 33
intra-infl 0.044 67
Length of filament inter-infl  F _  =2.076** 0.008 21
intra-infl 0.029 79
Length of anther inter-infl  F =3641*** 0.006 40
intra-infl 0.010 60

*inter-infl = among inflorescences, intra-infl = within inflorescences
*p<0.05; **p<0.01; ***p<0.001

Table 2. Mean + SD, minimum and maximum values of various
floral morphological parameters.

Parameters N Mean + 5D Min. Max.
Flower diameter (cm) 115 7.98 £0.78 5.10 10.00
Sepaloid tepal

length (cm) 115 4.88 + 0.46 3.10 5.70

width (cm) 115 232+029 1.40 3.00
Petaloid tepal

length (cm) 115 4.58 £ 0.50 3.20 5.80
width (cm) 115 159023 0.80 2.10
Length of filament (cm) 114 1.31+0.19 0.90 1.80
Length of anther (cm) 114 1.10£0.13 0.90 1.60

tion (SD). Significant differences in ANOVA analysis were
established at p<0.05. Levels of significance were marked
with * p<0.05, ** p<0.01 and *** p<0.001.

Results

Variations in floral morphological and
reproductive traits at inter- and intra-
inflorescence levels

Individuals of Iris sibirica produced typically 10-15 flowering
shoots while two plants had extremely high number (nearly
60) of inflorescences. The inflorescences investigated bore 4-7
flowers but most of the stalks (65%) had 5 flowers (Fig. 1A).
Duration of flowering of the stalks took 4-12 days, and that
of 5-flowered stalks lasted for 9 days, on average.

The analysis of the results of morphological traits exhib-
ited significant differences among stalks in flower diameter,
length and width of sepaloid (outer) tepal, width of petaloid
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*p<0.05; **p<0.01; ***p<0.001

(inner) tepal, length of filament and anther (Fig. 1B; Table
1).

At the same time, 80-90% of total variance occured at
intra-inflorescence level in flower diamater, sepaloid and
petaloid tepal length, length of filament and anther, namely
the inflorescences were more similar to each other than the
flowers within the stalks. Therefore, we made groups ac-
cording to flowering order. Since there was nothing but a few
stalks that possessed 6 or 7 flowers, we took into account only
5-flowered inflorescences.

We took into account the data of almost 115 flowers,
mean + SD, minimum and maximum values are shown in
Table 2.

After further analysis of variance significant differences
were found among flowers within the stalks but only in flower
diameter, sepaloid and petaloid tepal length and filament
length (Table 3).

Multiple comparison of flower groups exhibited signifi-
cant differences (Fig. 2. A-D). The diameter of the flowers
that opened first was nealy 8 cm on average (Table 2), while
the 3rd, 4th and 5th flowers were significantly smaller (Fig.
2A). Analysis of correlation also confirmed that flower di-
ameter decreases with blooming order (r= -0.30, p<0.001;
Table 4). Moreover, significantly positive correlation was
found between flower diameter and the lengths of both tepals
or filament length. Neither the flower diameter nor any other
parameters showed significant correlation with flower number
per inflorescence (Table 4). Length of filament similarly at-
tenuated within stalks from early to late blooming flowers (r=
-0.39, p<0.001; Table 4), first flowers had remarkably longer
filaments than those opening later (Fig. 2B).

Both types of tepals that are considered to be the most
attractive parts of the flowers, decreased in size by blooming
schedule supported by the results of analysis of correlation
(Table 4). Generally, second and third flowers were similar
in size but there were significant differences, e.g., between
the Ist and the 5th flowers (Figs. 3A and 3B.)

Male reproductive success variation

In order to determine the male reproductive success, pollen
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Table 4. Relationships among various floral morphological parameters, flowering order and flower number per inflorescence. Data
shown are results of Spearman’s Rank Correlation, level of significance are *p<0.05; **p<0.01; ***p<0.001.

Parameters Flower diam-  Sepaloid tepal Sepaloid tepal Petaloid tepal Petaloid tepal Length of fila- Length of
eter length width length width ment anther
Flower diameter 0.56%** 0.14 0.52%** 0.20* 0.35%*+ 0.16
Sepaloid tepal length -0.02 0.532%* 0.26** e i 0.21*
Sepaloid tepal width -0.04 0.32%** -0.17 -0.10
Petaloid tepal length 0.36*** 0.52*** 0.36***
Petaloid tepal width 0.02 0.25**
Length of filament 0.37%%
Flowering order -0.30*** 03p44* 0.18 R -0.28** 0.39%*+ -0.27%*
Flower number per stalk -0.01 0.06 -0.06 -0.09 -0.16 0.02 0.16

yield and viability was assessed by collecting anthers of 141
flowers in all, namely 25-30 flowers at each position within
the stalks. We found high variability in the case of total pollen
load per anther (coefficient of variance, CV= 35-40%) but
there was no variation among the inflorescences (F ,, =
1.519; p= 0.063) or among the flowers within the stalks (F ,
116=0.211; p=0.932; Fig. 4). Total pollen load per anther was
17,262 + 6,005, and that of all flowers at various flowering
positions were above 16,000, on average.

Pollen viability showed low variability (CV= 9-12%),
pollen grains showed very high rate of longevity (91+9%),
which did not descrease with flowering order (Fig. 5). These
results suggest that polllen yield and pollen viability is not
influenced by the position of the flowers in the blooming
schedule, and that probably there was no pollen discount
during anthesis.

Female reproductive success variation

The inflorescences observed produced generally 3+1 capsules;
60% of the st flowers developed to fruits, while 65% and

g

B

total pollen number per anther

1 2 3 A 5
fowerng order

Figure 4. Total pollen number per anther at various positions within
inflorescences of Iris sibirica L. Bars are mean values = SD, ns= not
significant differences among groups.

70% of the 2nd and 3rd flowers of the investigated stalks set
fruit, respectively. Fruit to flower ratios (fruit set) of the 4th
and 5th flowers were quite low with 40%. To evaluate female
reproductive success nearly 150 capsules were collected and
the number of mature and aborted seeds was registered, then
ovule number and seed set per fruit were calculated. Remark-
able differences were seen among flowers by blooming order
with respect to the ovule number (F( o 103= 04315 p< 0.001).
Flowers that opened first had 98 + 27 ovules, that of the 2nd
and the 3rd flowers had nearly 90, while late-opening (the 4th
and the 5th) flowers had significantly lower values, namely
82 + 19 and 70 = 15, respectively (Fig. 6).

Capsules collected comprised of 55 + 18 mature seeds,
and mature seed/ovule ratio (seed set) was 60 + 13%, on av-
erage. In case of both seed number per fruit (F, = 7.267;

@, 142"

p< 0.001) and seed set (F, ., = 5.456; p< 0.001) we found
significant differences among flower groups. Fruits developed
from the 5th flowers had significantly fewer mature seeds
than those from flowers that opened earlier (Fig. 7A) and the

tendency was similar in seed set (Fig. 7B).
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Figure 5. Pollen viability at various positions within inflorescences of
Iris sibirica L. Bars are mean values = SD, ns= not significant differences
among groups.
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Figure 6. Ovule number per flower (mean = SD) in flowering sequence
within inflorescences of Iris sibirica L. Letters refer to significant dif-
ferences among groups at p< 0.05.

Both mature seed number per fruit, ovule number per
flower and seed set showed a significantly negative relation-
ship with flowering order (r= -0.36, r= -0.37 and r= -0.30;
p<0.001). At the same time, we found remarkably positive
correlation between ovule number and seed set (r= 0.65,

p<0.001).

Floral sex allocation

Mean values of floral sex allocation expressed as P/O ratio
ranged from 580 to 960 on average, and exhibited significant
differences only between the 2nd and 5th flowers (Fig. 8).
This parameter seemed to be strongly variable (CV ranged
from 28 to 72%) and slightly increased with blooming order
(r=0.25, p<0.05).

number of mature seeds per fruit

flowering order

Up to now most of the investigations have been conducted
on reproductive characteristics and the success of racemose
inflorescences, therefore, in this study we aimed to assess
variations in floral morphological and reproductive param-
eters among and within the cymous inflorescences of a
protected species, Iris sibirica. Since the results of ANOVA
analysis showed higher dissimilarities among the flowers
within the same inflorescence, we established flower groups
in accordance with flowering order, as was done in former
studies of species with racemose inflorescence (Ishii and
Sakai 2002; Hiraga and Sakai 2007; Zeng et al. 2008; Zhao
et al. 2008).

Variation in size of morphological and
reproductive organs

Flowers within stalks differed from each other in terms of
the diameter and length of both tepals and of the filament.
These parameters declined in blooming order (Figs. 2A-B and
3A-B, Table 4), from early-opening to late-opening flowers
like in the case of mass or height of perianth in acropetally
opening racemose Narthecium asiaticum (Ishii and Sakai
2002), Corydalis remota var. lineariloba (Zeng et al. 2008),
and Aconitum gynandrum (Zhao et al. 2008) or flower size in
basipetally blooming cymose Aquilegia caerulea (Brunet and
Eckert 1998) and Narcissus dubius (Worley et al. 2000). This
decline of the attractive floral parts mentioned is probably due
to resource limitation and/or competition within stalk and
not to the architecture effects of the inflorescence, namely
the distal flowers that opened first were significantly larger,
while the flowers opening later were closer to the resources
in photosynthetic leaves or rhizomes, but were much smaller
(Zeng et al. 2008). Moreover, larger size might be more at-
tractive and therefore an advantage for the first flowers when
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Figure 7. Mean values (+5D) of seed number per fruit (A) and seed set (B) within inflorescences of Iris sibirica L. in flowering order. Letters refer

to significant differences among groups at p< 0.05.
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Figure 8. Mean values (+SD) of pollen/ovule ratio (P/O ratio) within
inflorescences of Iris sibirica L. in flowering order. Different letters
indicate significant differences among groups at p< 0.05.

a relatively few pollinators visit the plants due to low display
size. Later on, when the floral display enhances and more
pollinators arrive, the likelihood of successful pollination of
the smaller flowers increases (Worley et al. 2000; Kennedy
and Elle 2008).

Male reproductive success

Although at high variability, pollen load per anther exhibited
abundance and stability during the blooming period with
>90% pollen viability regardless of the position of the flower
(on which level within a stalk) or of flowering order (Fig. 4
and 5), suggesting that neither pollen yield nor pollen viability
might be a limiting factor in successful fruit set and seed set.
Wesselingh and Arnold (2003) found that even if the amount
pollen grains deposited on stigma of Iris fulva flowers was
variable, pollen load did not affect seed production.

Variations in female reproductive success

We found a decline in fruit set according to blooming order,
which was probably due to resource limitation within stalks
or plants (Charlesworth and Morgan 1991; Stécklin 1997).
At the same time, Wesselingh and Arnold (2003) noticed that
fruit set of Iris fulva with similar blooming order depended
on flower position (i. e. at which level) rather than flowering
order. Similarly, Buide (2004) observed a reduction in fruit
set from the primary (firstly opened) flowers of cymose Silene
acutifolia to the later flowers at secondary or tertiary posi-
tions. Nonetheless, an earlier study of Brunet (1996) showed
that in the case of cymose Aquilegia caerulea both fruit and
seed set declined significantly from the early flowers to the
later ones.

Further results suggested that ovule number declined form
early-opening to late-opening flowers in cymose inflorescenc-

Intra-inflorescence variations of Iris sibirica L.

es of Iris sibirica similarly to racemose inflorescences such
as Clarkia unguiculata (Mazer and Dawson 2001), Lobelia
sessiliflora (Hiraga and Sakai 2007) or Corydalis remota
var. lineariloba (Zeng et al. 2008). Moreover, Guitidn et al.
(2004) found in racemose Polygonatum odoratum that both
ovule number and pollen load per flower significantly varied
with the position, i. e. decline of these parameters from the
bottom to the top was observed. In the case of Iris sibirica,
female function in biomass sex allocation probably depended
on flower position in accordance with blooming order, while
the mean number of pollen grains was constant and therefore
seemed to be independent of flower position. Namely, within
the stalks during anthesis plants allocated relatively fewer
resources to female function in late-blooming flowers than
in those opening earlier, as it had been observed in numerous
protandrous but mainly racemose species, e.g. Lobelia ses-
siliflora (Hiraga and Sakai 2007), and many studies confirmed
that one of the most common causes of either fruit or seed
abortion might be resource limitation within plants (Charles-
worth and Morgan 1991; Stécklin 1997).

Both the mean number of seeds and seed set (mean seed/
ovule ratio) also decreased with flowering sequence like in
the case of protandrous and racemose Aconitum gymnan-
drum (Zhao et al. 2008), Lobelia sessiliflora (Hiraga and
Sakai 2007) and Corydalis ambigua (Kudo et al. 2001), as
well as those of cymose Aquilegia canadensis (Kliber and
Eckert 2004). Three main hypotheses have been put forward
to explain these intra-inflorescence variations: pollen limita-
tion, resource limitation and architectural effect (Zeng et
al. 2008). Since pollen production was abundant and pollen
viability was nearly 100%, the pollen limitation hypothesis
can be excluded. Nevertheless, declines of the flower size
(diameter, tepals), ovule and mature seed number accross the
flowering sequence suggest that female reproductive success
if Iris sibirica L. might be limited by resources available and/
or structure of the inflorescence, as it was observed in both
racemous and cymose species mentioned above.

Floral sex allocation

Relatively high values of sex allocation (about 700, regardless
of the flower position) refer to the type of breeding system of
Iris sibirica, namely facultative xenogamy or obligate xeno-
gamy, while Wang et al. (2004) reported lower P/O ratios for
obligate xenogamy (betweeen 184 and 540) in various species
of Zingiberaceae; therefore we may expect higher P/O ratio
compared to autogamous species (Cruden 1977, Queller1984,
Vasek and Weng 1988).

We found a moderate increase in P/O by flowering order
due to nearly constant level of pollen yield but decreasing
tendency in ovule number, which was similar to Corydalis
remota var. lineariloba (Zeng et al. 2008) where flowers
opened first showed lower P/O ratio compared to later ones.
Mazer and Dawson (2001) also detected increasing P/O
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ratios from the basal to the top flowers within racemose
inflorescences of Clarkia unguiculata, which seemed to be
significantly affected by the flower position. Moreover, in
the case of the racemose Narthecium asiaticum the P/O ratio
significantly increased from lower to upper flowers due to
the approximately constant level of pollen production but a
decrease in the ovule number in the order of blooming (Ishii
and Sakai 2002).

At the same time, within cymose and protandrous inflo-
rescences of Aquilegia caerulea the P/O ratio also increased
according to flowering sequence because the ovule number
per flower declined but pollen yield remained constant (Bru-
net 1996, revised by Zhao et al. 2008).

Conclusions

We have a relatively few data on the reproductive character-
istics of Iridaceae species, especially the protected Siberian
Iris. Our results show that variations in floral morphological
traits and female reproductive success are probably due to
intra-inflorescence rescource allocation and/or limitation. In
order to find out whether other structural parameters within
inflorescence (e.g. number of levels), and phenological traits
such as number of opened flowers per plant affect the re-
productive success of Iris sibirica, further investigations are
needed.
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ABSTRACT The present study reports the chromosome numbers of 18 Silene L. species subspe-
cies and varieties from the sect. Auriculatae for the first time. S. commelinifolia var. isophylla,
S. commelinifoilia var. ovatifolia, S. araratica, S. meyeri ssp. persica, S. nizvana, S. oligophylla, S.
persica and S. rhynchocarpa showed 2n = 2x = 24 chromosome number, S. pseudoaucheriana,
S. gynodioica, S. erysimifolia, S. guntensis, S. goniocaula, S. lucida S. microphylla showed 2n=
4x= 48 and S. hirticalyx had 2n=6x=72 chromosome number. The size of the chromosomes var-
ied from 1.53 pm in Ahvan population of S. commelinifolia var. commelinifolia to 4.97 pm in
S. oligophylla. The chromosomes were metacentric {m) and sub-metacentric (sm). The species
studied differed significantly in total size of the chromosomes, size of the short arms and the
long arms indicating the role of quantitative changes of chromosomes in species diversification.
The Silene species differed in karyotype formulae and symmetry indicating qualitative changes
in the chromosomes possibly due to the occurrence of structural changes. Different clustering
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and ordination methods showed karyotype distinctness of the species studied.
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Silene L. is the largest genus of Caryophyllaceae with about
700 species distributed throughout the northern hemisphere;
Europe, Asia and northern Africa (Greuter 1995). Silene in-
cludes several important weeds, very beautiful horticultural
plants and some medicinal species (Swank 1932). About
110 Silene species grow in Iran out of which about 35 spe-
cies are endemic with very limited geographical distribution
(Melzheimer 1988). Silene species have been placed the in
44 sections (Chowdhuri 1957), but recent molecular studies
do not support such sectional classifications particularly for
the endemic North American taxa (Oxelman and Lidén 1995;
Liden and Berglund 1997; Oxelman et al. 2001; Burleigh and
Holtsford 2003). The available literature from the other parts
of the world dealing with cytogenetics of Silene indicates the
importance of such studies (Heaslip 1951; Bari 1973; Mel-
zheimer 1978; 1980; Markova et al. 2006), while similar data
is lacking for the species growing in Iran and only recently
karyotype details of few Silene species has been reported
(Sheidai et al. 2009; Gholipour and Sheidai 2010).

The basic chromosome number of Silene is x = (10) 12,
most of the species are diploid (2n = 2x = 24), some are
tetraploid (2n = 4x = 48) and hexaploid (2n = 6x = 72). Few
species show higher polyploidy levels for e.g. 2n = c. 96, 120
and 192 (Bari 1973), while 2n = 3x = 30 is reported for S.
fortunei (Heaslip 1951).
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The section Auriculatae (Boiss.) Schischkin is the larg-
est section of the genus containing about 35 species in Iran,
out of which 21 species are endemic with very restricted
distribution in mountainous areas such as Elburz, Zagros and
Azarbayejan (Melzheimer 1988). The members of this section
are caespitose plants with large flowers placed at the end of
short stems. Their inflorescence is unifloral or dichsial. Calyx
is cylindrical—clavate, pubescent or glandular—pubescent.
The petals have conspicuous auricule at the end of claw. The
present study reports the chromosome number of 18 Silene
species from the sect. Auriculatae growing in Iran and also
provides karyotype details of 16 diploid populations of 8
Silene species for the first time.

Materials and Methods
Plant material

Chromosome numbers were determined in 24 populations
of 18 Silene species, subspecies and varieties from the sect.
Auriculatae L. growing in Iran. The species studied are: 1- .
commelinifolia Boiss. var. commelinifolia, 2- S. commalinifo-
lia var. isophylla Bornm., 3- S. commelinifolia var. ovatifolia
Melzh., 4- S. aucheriana Boiss., 5- S. nizvana Melzh., 6- S.
oligophylla Melzh., 7- §. meyeri Fenzl ex Boiss. ssp. persica
Melzh, 8- S. rhynchocarpa Melzh., 9- §. persica Boiss.,
10- S. araratica Schisck., 11- S. pseudoaucheriana Melzh.,
12- S. gynodioica Ghazanfar; 13- S. lucida Chowdhuri; 14- S.
erysimifolia Stapf., 15- S. guntensis B. Fedtsch. 16- §. gonio-
caula Boiss., 17- S. hirticalyx Boiss.; and 18- S. microphylla
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Figure 1. Representative somatic metaphase cells in Silene species
studied. A= Metaphase cell showing 2n = 24 in §. araratica, B = Meta-
phase cell showing 2n = 48 in Bozghosh population of §. aucheriana,
C = Metaphase cell showing 2n = 24 in Darake population of S. com-
melinifolia var. ovatifolia, D = Metaphase cell showing 2n=24in 5.
gynodioica, E = Metaphase cell showing 2n = 24 in 5. commelinifolia
var. commelinifolia, F = Metaphase cell showing 2n = 24 in . oligo-
phylla, G = Metaphase cell showing 2n = 24 in 5. meyeri ssp. Persica, H
= Metaphase cell showing 2n = 24 in Polor population of S. persica, | =
Metaphase cell showing 2n = 24 in 5. pseudoaucheriana, | = Metaphase
cell showing 2n = 24 in S. nizvana, K = Metaphase cell showing 2n =
24 in 5. commelinifolia var. isophylla, L = Metaphase cell showing 2n
= 48 in Neor population of §. Jucida. Scale bar = 10 ym.

Boiss. The voucher specimens are deposited in Herbarium of
Shahid Beheshti University (HSBU).

Cytological studies

For karyotypic studies freshly grown root tips were collected
from the seeds of at least ten randomly selected plants in
each species, pretreated with 0.002 mol 8-hydroxyquinolin
(1-2 hrs.) and fixed in ethanol: acetic acid (3:1) for 24 hrs.
The fixed tips were then washed thoroughly in distilled wa-
ter and macerated in 60°C IN HCI for about 5 min. Squash
technique was used for cytological studies with 2% aqueous
aceo-orcein as the stain. The somatic chromosome number
and karyotype details were studied in at least 5 well-prepared
metaphase plates. The chromosomes were photographed
by digital camera and measured by Image Tools3 software
(Sheidai and Rashid 2007).

The chromosomes were identified according to Levan et
al. (1964), karyotype symmetry was determined according to
Stebbins (1971), while other karyotype parameters like total
form percentage (TF %), coefficient of variation (CV) of the
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chromosome size as well as Al and A2 indices of Romero-
Zarco (1986) were determined (Sheidai and Jalilian 2008).

Statistical analyses

In order to reveal significant difference, the analysis of vari-
ance (ANOVA) followed by the least significant difference
test (LSD) were performed on the size of chromosomes, size
of the long arms and size of the short arms as well as arms
ratio among the species and populations studied (Sheidai
and Jalilian 2008). Moreover, principal components analysis
(PCA) was performed to identify the most variable karyotypic
characters. SPSS ver. 9 (1998), NTSYS ver. 2.1 (1998) and
DARwin ver. 5. (2008) was used for statistical analysis.

In order to group the species studied based on similarity
in their karyotypic features, UPGMA (Unweighted Paired
Group with Arithmetic Average) and Neighbor Joining (NJ)
clustering methods as well as ordination based on principal
components analysis (PCA) and principal coordinate analysis
(PCO) were performed. NTSYS Ver. 2.02 (1998) was used for
clustering and PCO analyses. Standardized karyotypic data
(mean = 0, variance = 1) were used to determine taxonomic
distance among the species which were used in clustering
(Sheidai and Jalilian 2008). Cophenetic correlation was esti-
mated to determine the goodness of fit of the clusters to the
original data (Sheidai and Jalilian 2008).

Results

The somatic chromosome number and details of karyotypes
of the Silene species studied are presented in Figsures 1-4.
Nine species, subspecies and varieties studied showed 2n =
2x = 24 chromosome number, while the other species showed
2n = 4x =48 and 2n = 6x = 72 chromosome number.

The size of the longest chromosome varied from 2.97 pm
in Damavand population of S. aucherianai to 4.97 ym in S.
oligophylla, while the size of shortest chromosomes varied
from 1.53 pm in Ahvan population of S. commelinifolia var.
commelinifolia to 2.75 pm in S. oligophylla. The chromo-
somes were mainly metacentric (m) and sub-metacentric
(sm; Fig. 2).

The highest haploid total and mean chromosome length
occurred in S. oligophylla (45.67 & 3.8 um respesctively),
while the lowest values of the same parameters occurred in
Damavand population of S. aucheriana (28.95 & 2.41 pym,
Table 1). The highest value of the ratio of longest to shortest
chromosome occurred in Ahvan population of S. commelini-
folia var. commelinifolia (2.16) while the lowest value of the
same occurred in §. nizvana (1.53).

The highest value of coefficient of variation (CV) (33.00)
for the size of chromosomes occured in Damavand population
of 8. aucheriana indicating the highest degree of size varia-
tion among its chromosomes, while the least CV value (16.00)
occured in §. rhynchocarpa. Total form percentage value
(TF%) varied from 41 in S. commelinifolia var. isophylla



Figure 2. Representative idiograms of Silene species studied.
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relatively more symmetrical karyotype. The species studied
also differ in their karyotype formula.

The Silene species were placed in 1A and 1B classes of

Stebbins 1971 karyotype classification which are considered
relatively primitive in this system. Ahvan population of S.
commelinifolia var. commelinifolia shows the highest asym-
metric karyotype among the species studied as it stands in 1B
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class of Stebbins: classification. Among the species placed
in 1A class, Damavand population of S. aucheriana shows
a higher value of Romero-Zarco Al index (0.33) and has
relatively a more asymmetrical karyotype.

Different clustering methods and PCO ordination of the
Silene species based on karyotypic data produced similar
results (Figs. 2 and 3). UPGMA dendrogram showed the
highest cophenetic correlation (r>0.80). In general two major
clusters were formed; the first major cluster is comprised of
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Figure 3. UPGMA clustering of Silene species based on karyotypic data. Species code: com1-5 = S. commelinifolia Ahvan population, Shahrood
population, Solok population, Touchal population and Darake population respectively, auch1-4 = Shahrood population, Neor population,
Damavand population and Anguran population of S. aucheriana respectively, mpers = S. meyeri ssp. persica, rhyn = S. rhynchocarpa, nizvan =

5. nizvana, oligo = S. oligophylla, persica = 5. persica, ara = §. araratica.
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| ™ LA 2
- auchl |,
- mpers
=
rhya
two sub-clusters. Three populations of S. commelinifolia var.  Discussion

commelinifolia (com1, com3 and com4 in Fig. 2), show more
similarity and are grouped together in the first sub-cluster,
while populations of S. commelinifolia var. isophylla and S.
commelinifolia var. ovatifolia (com2 & comS5 in Fig. 2) are
placed in the second sub-cluster. Similarly three populations
of 8. aucheriana (auch 1, auch 2 & auch 4 in Fig. 2) show
more similarity and are placed together, while Damavand
population of S. aucheriana (auch3 in Fig. 2) differs in its
karyotype features and is placed in another sub-cluster.

§. persica, §. nizvana and S. oligophylla form the second
major cluster showing more differences from the other spe-
cies studied. PCA and PCO ordination (Fig. 3) support the
clustering results.
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The results obtained support the earlier report on S. araratica
(Nersesian and Goukasian 1995), while the chromosome
numbers of S. commelinifolia var. isophylla, S. commelini-
foilia var. ovatifolia, S. meyeri ssp. persica, S. aucheriana,
S. nizvana, S. oligophylla, S. persica, S. rhynchocarpa, S.
pseudoaucheriana, S. gynodioica, S. erysimifolia, S. gunten-
sis, S. goniocaula, S. lucida, S. microphylla and S. hirticalyx
are new to science. S. aucheriana showed both 2n = 2x = 24
and 2n = 4x = 48 chromosome numbers.

Polyploidy is of limited occurrence in the genus Silene
reported in some of arctic and subarctic species and in some
species endemic to North America (Oxelman et al. 2000;



Popp and Oxelman 2007). The present study shows that about
30% of the species in the section Auriculatae growing in Iran
are polyploid.

ANOVA and LSD tests showed significant differences (p
<0.01) for total size of the chromosomes, size of the short
arms and the long arms among the species; subspecies and
varieties studied, indicating the role of quantitative genomic
changes in the Silene species diversification.

Pearson correlation determined among the karyotypic
features showed a positive significant correlation between
the mean chromosomes length and the size of the short and
long arms of the chromosomes (r >0.70, p<0.01). Therefore
the significant quantitative change in the chromosomes has
been occurred in the size of both chromosomes arms during
the species diversification.

Difference of the species in TF%, karyotype formulae and
symmetry of karyotype indicate the occurrence of structural
changes in their chromosomes which is also supported by
PCA analysis given bellow.

PCA analysis (data not given) showed that the first 3
components comprise about 81% of the total variation. In the
first component with about 66% of total variance, the mean
chromosome length, size of the short arms and long arms as
well as total length of the chromosomes are the most vari-
able characters (r >0. 80), supporting the results of ANOVA
stated earlier.

In the second factor with about 9% of total variance, the
ratio of the long arm to the short arm of the chromosomes pair
number 4, 7, 8 and 9 are most variable characters (r >0. 65),
supporting our earlier suggestion about the role of qualitative
changes in the Silene species diversification. In the third factor
with about 5% of total variance, the ratio of the long arm to
the short arm of the chromosomes pair numbers 1, 11 and 12
are most variable characters (r >0. 60). Clustering and PCO
ordination of the Silene species indicate karyotypic distinct-
ness of the Silene species studied.

Morphological studies performed on the section, supports
karyotype analysis (Sheidaei et al. 2010). Separation of the
S. oligophylla, S. persica and S. nizvana from the other spe-
cies studied are supported by morphological analysis. Close
affinity of S. oligophylla and S. nizvana has also been shown
by both karyotype and morphological analyses. Close affin-
ity between S. araratica and S. commelinifolia var. comme-
linifolia and S. commelinifolia var. ovatifolia due to shared
morphological characters like reticulate calyx veins, large
conspicuous auricle, claw placed in calyx, is also observed
in both karyotype and morphological analyses. Therefore,

Cytotaxonomy of Silene

karyotype features can be used in both species delimitation
and illustrating species relationships in the genus Silene.
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ABSTRACT  Previous research has made it clear that the intrinsic taxonomy encountered dif-
ficulties in identifying speciesin the genus Typha. Therefore, in the present study we have triedto
investigate the micromorphological characteristics of pollens, achenes and leaves as well as their
systematic utility. Four Typha species identified from the Iranian flora i.e. Typha minima Funk in
Hoppe, Typha lugdunensis Chab., Typha azerbaijanensis Hamdi & Assadi and Typha laxmannii
Lepechin were taken into consideration. Three of them are easily distinguishable with their
closest relative i.e. T. laxmannii Lepechin. Scanning electron microscopy was used to examine
pollens, achenes and leaves of the four taxa of the proposed Typha from Iran. A part of these
micromorphological studies attempted to investigate achenes, pollens and leaf characteristics
of these species under SEM. Interestingly, Typha martini Jordan is also considered as a synonym
of T. lugdunensis. The study does not only discuss relationships between close species but it also
clarifies their geographical patterns. Finally, a diagnostic key is provided for the distribution of
the four Typha species in Iran. The results show that the ornamentation characters of pollens,
achenes and leaf cells prove to be very helpful. Ornamentation of pollens and achenes could
be used to distinguish between the four morphological types. Micromorphological studies on
achenes, pollens and leaves of Typha were found useful with respect to taxa differentiation,
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hence it provides a key to make distinctions between species or groups of species.
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Typha, a monotypic genus, is distributed widely throughout
the world, the Mediterranean region is considered to be the
most diversified center. Typhais a genus with approximately
24 species, 50% of which are present in Iran. Twelve Typha
species were recorded by Hamdi and Assadi (2003), after the
floristic contributions of others (Kronfeld 1888; Komarov
1934; Townsend and Guest 1968; Riedl 1970; Hegi 1981;
Davis 1984; Nassir 1987; Fedorov 2001; Takhtajan 2001;
Mavrodiev 2002; and Changkyun et al. 2003). The genus
Tyvpha is divided into Typha and Bracteolate sections. In the
section Typha, there are no bracteolate female flowers like in
T. laxmannii and T. azerbaijanensis. The section Beracteatae
consists of bracteolate female flowers, such as in T. minima
and T. lugdunensis. Some previous research has shown
difficulties in identifying species belonging to the genus
Typhaceae. Among these, we can name the palinology carried
out by Moore et al. (1991); Moar (1993), and the biomolecular
studies by Kuehn-Marcinko and White (1999). However, the
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intrinsic taxonomic difficulties of the genus Typhaceae are
increased further because important differential characters
are observed only with difficulty and not at all on dried speci-
mens. Withregard to pollens and achenes, several studies have
been carried out, each analyzing different aspect with scan-
ning electron microscopy (SEM; e.g. Panich-pat et al. 2005).
Interestingly, SEM allows observing structures that could be
observed with difficult by other means. Some authors have
highlighted the importance of this technique while studying
achene coat, leaf surface and pollen ornamentation, especially
for those families whose identification is complicated, particu-
larly Typhaceae for hybridizing between species (Smith 1967,
Kuehn-Marcinko et al. 1999), where morphological features
of pollens, achenes and leaves were used widely in order to
distinguish between different taxa or to find similarities be-
tween them. As mentioned earlier, the aim of the present study
is to illustrate the role of pollens, achenes and leaf features to
identify four species of Typhaceae in Iran as well as to help
relate those characters to a systematic group. The present
paper discusses four species i.e. T. minima, T. lugdunensis,
T. azerbaijanensis and T. laxmannii. Here, T. laxmannni and
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Table 1. Macromorphological characteristic features of four species representing Iranian Typha.

T. azerbaijanensis T. laxmannii T. lugdunensis T. minima
Vouchers Hamdi 81266 TARI Mozaffarian 47032 TARI Mozaffarian & al. 58975 TARI Hamdi 80846 TARI
Rhizome (mm) 3 2-4 34 2-3
Stem (cm) 75-90 80-140 50-130 45-65
Largest of leaf long (cm) 75 80 110 25
Largest of leaf wide 8-9 6-9 24 2-3
Male inflorescence (cm) 9-15 10-32 45-7 1.5-5
Female inflorescence (cm) 7-10 4-1 245 2545
Female inflorescence color reddish- brown brown brown-light brown brown
Rate of female inflorescence to male 0.7 0.7 0.7 1
inflorescence
Gap of female inflorescence to male 15-50 5-30 5-25 2-8
inflorescence (mm)
Scale of female flower (mm) = - 256 5-6
Number of hairs in female flower 35-40 25-35 10-15 12-25
Gynophores (mm) 3-7 4-5 1.5-4 3545
Female flower (mm) 9-9.5 7-10 5-6 5.5-6
Stamen stalk (mm) 0.5-0.7 0.5-1 0.4-08 0.5
Stamen anther (mm) 1.5 1-2 1-1.5 1.2-1.7
Stamen number in male flowers 1-2 1-2 1 1-2

Table 2. Micromorphological features of pollen grains, achene and leaf in four species representing Iranian Typha.

T. azerbaijanensis T. laxmannii T. lugdunensis T. minima
Vouchers Hamdi 81266 TARI Mozaffarian 47032 Mozaffarian & al. Hamdi 80846 TARI
TARI 58975 TARI
Shape of leaf testa cells tetragonal tetragonal & pen- tetragonal & pen- Pentagonal
tagonal tagonal
Size of leaf testa cells 15-30x10-14 16-20x10-12 20-25x12-15 30-40x10-15
Shape of achene testa cell pantagonal pantagonal Tetragonal tetragonal & pentagona
Size of achene testa cells (um) 100-125x12-15 80-110x12-15 10-12x6-8 35-55x10-15
Lumina (um) 0.1-0.2 0.5-1.1 0.4-1.0 0.3-0.8
Length of large muri (um) 1.9-2.1 3.5-4.0 1.0-1.8 0.8-1.0
Distal face
Width of large muri (um) 0.3-0.6 0.6-0.9 0.2-04 0.3-0.4
Distal face
E (um) 26-27 28-30 25-27 20-22
P(um) 19-21 26-28 14-16 18-20
P/E ratio 0.73-0.77 0.92-0.93 0.56-0.59 0.90-0.91

T. minima are considered to be the most widespread species,
extending throughout the temperate Northern Hemisphere
(Smith 2000). T. lugdunensis is found in the Middle Eastern
and Central Asian region (Riedl 1970) and T. azerbaijanensis,
is restricted to northwestern Iran (Hamdi and Assadi 2003). At
the same time, the scanning electron microscopic studies of
leaves, achenes and pollens can be considered useful in sepa-
rating those species. During studying the above-mentioned
four species, botanists have been considerably attentive so far
as the pollen morphology of Typha is concerned as well as
the terminology for pollen ornamentation. The present study
has followed Moore et al. (1991), Punt et al. (1999, 2007) and
Panich-Pat et al. (2005) in order to test their results.
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Materials and Methods

Pollen, capsule and leaf micromorphology was studied in
four taxa of the Typha L. genus from Iran, using a scanning
electron microscope. For every taxon, samples were collected
from the populations within the study area. Mainly specimens
from TARI (acronyms according to Holmgren et al. 1990)
were used, although some of the samples acquired from a
collection of Iranian fields that, however, proved problem-
atic in finding pollens, achenes and leaves for the analysis.
The collectors of samples and their localities are shown in
the Appendix. The data represent the measurements done on
30-40 pollens, 10-15 achenes and selection of apex of middle



leaves per taxon, by means of direct visual observation under
optical microscopy. For scanning electron microscopy, the
pollen samples were examined and photographed using a
LEO-440I scanning electron microscope. However, dry pol-
lens, achenes and leaves were mounted directly on stubs using
dual-sided adhesive tape and were coated with gold/palladium
in a sputter coater. Morphological observations were made
using a TESCAN microscope from the Electronic Microscopy
Service of Razi Institute of Tehran. To describe the pollen or-
namentation, the current study has followed the terminologies
used by Moore et al. (1991) and Punt et al. (1999, 2007) and
achene ornamentation used by Steam (1993) and acronyms
of the herbariums follow Holmgren et al. (1990).

Results

Scanning electron microscopic observations indicated that
two basic types of pollens could be found in Iranian Typha
species. These are related to pollen dispersal in Typha which
can be as tetragonal tetrads (Fig. 1) or monads (Fig. 2), (ac-
cording to Punt et al. 1999, 2007). As a matter of fact, while
tetrad pollens are found in two Iranian species: T. lugdunensis
and T. minima, whereas monad pollens are found in two oth-
ers: T. azerbaijanensis and T. laxmannii as listed in Table 2.
The scanning electron microscopic observation could indi-
cate three pollen types of Typha. Type 1: reticulate, Type 2:
vermiculate, Type 3: perforate. Table 2 summarizes the main
features of the investigated pollens. The study shows that
the exine sculpturing provided valuable characteristics for
separating species, sometimes even for closely related ones,
and delimitation of natural groups within the genus. The exine
of genus Typha, in most cases, is reticulated upon tectum. It
seems that the structure of the muri is solid, which is very
important in recognizing natural groups within the genus.
With regard to the exine sculpture in proximal face, three
basic types of pollen grains can be distinguished: perforate,
reticulate, and vermiculate (Table 2). The pollen grains are
partly medium in size. [Range: From 20-22_18-20 pm in T.
minima to 28-30_26-28 um in T. laxmanii P/E ratio ranges
from 1-1.2. The aperture is simple, distal-polar (ana-sulcate),
elongated, and reaches the proximal side of the pollen with
rounded or acute ends (Figs. | and 2). The exine is perforated
or rarely tectate-columellate upon tectum. The muri are solid
or compound, simpli-, dupli- or pluricolumellate (according
to Punt et al. 1999). Among the studied species, tectal per-
forations vary from 0.2 to 2.0 pm in diameter. Three main
pollen types recognized on the basis of the exine sculpturing
at proximal face are described below.

Type 1: Reticulate; this type occurs in T. laxmannii (Fig.
2). The largest pollen of all the species is classified under this
type and occurs in T. laxmannii [26-28_28-30 um in size].

Type 2: Vermiculate; occurs in two species: T. minima and
T. lugdunensis (Fig. 1). The smallest pollen grains are found
in T. minima [18-20_20-22 pm in size] and the largest in 7
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lugdunensis [18-20-_25-27 pm in size].

Type 3: Perforate; occurs in species T. azerbaijanensis
(Fig. 1).

The basic palynomorphological characters of Typha are
due to a shallow sulcus, a reticulate, microreticulate, vermicu-
late and perforate exine with solid or compound columellate
muri. The taxonomy of the genus Typha is difficult due to
emergence of several problems. Moreover, there are very
controversial views with respect to subgeneric grouping
within the genus. In the most recent published works, pollen
morphological characters provide valuable characteristics for
delimitation of the species in Typhaceae. This point of view
has also been confirmed by the present study. Some of these
groups are in congruence with the formerly supposed group-
ing within the genus. Of the micromorphological character-
istics, the current paper examines achenes, pollens and leaf
characters of species under SEM. Interestingly, here Tvpha
martini Jordan is considered as a synonym of T. lugdunensis.
The study discusses not only the relationship between close
/nearest species rather gives their geographical patterns, too.
Finally, a diagnostic key is provided to four Typha species
distribution in Iran.

Table 1 indicates morphological differences between four
taxa studied during the present research. Despite their overall
close morphology, the four taxa could be distinguished from
each other by a number of morphological traits. An identifica-
tion key to these taxa has been provided. These species differ
from T. laxmannii with respect to their female inflorescence
long, gap between male and female inflorescence, male in-
florescence long, female flower long, shape and size of leaf
and achene (Figs. 3, 4, Table 1 and 2).

Discussion

Morphological differentiation between four
taxa of Typha

Tables 1 and 2 present morphological differences among the
four taxa studied above. Despite the overall close morphology,
these taxa can be distinguished from each other by a number
of morphological traits. These species differ from others in
having long female and male inflorescences, a gap between
the male and female inflorescences, female flowers are long,
scale of female, number of hairs in female flower, shape and
size of leaves, pollens and achenes (Figs. 1, 2, 3 and 4). De-
tailed pollen morphological characteristics are given for these
species. Among the studied species, the newly described T.
lugdunensis, and T. minima possess the tetrad pollen grains
(Moar 1993) also, T. laxmannii and T. azerbaijanensis are
monad pollen grain (Hamdi and Assadi 2003). The study
shows that the sculpturing of pollen exine provides valuable
characteristics for separating the species (Moore et al. 1991;
Punt et al. 1999, 2007), sometimes even for closely related
ones, and delimitation of natural groups within the genus. Re-
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Figure 1. Micrographs of pollen grains in Typha (Typhaceae). Fig. a-¢, vermiculate tectum at the proximal face in T. minima pollen with vermicu-

late muri. Fig. e-f, vermiculate tectum at proximal face of pollen of T. lugdunensis with vermiculate muri. Scale bar = 1 ym; Figs c and f, scale
bar = 2 ym; Figs b and e, scale bar = 10 ym; Fig. a and d.

120



Micromorphological studies in Typha species

SEMMAC 2000k  DET SE Detector e -
HV 1500 W DATE 0202108 Tum Vega OTescan

DET SE Datector kb

DATE 0270208 N Vega OTescan
VAC HMVac Device VG208057 HR RAZI VAC HiVec Dwvice VO 208057 MR RAZ

SEMMAG B0.00Jx  DET. SE Detector —
HY. 1500 W DATE 0202000 1um Vegs @Tescan
VAC: HiVec Device V020805731 RAD

SEMMAD 8000  DET SE Dwlector
MY 1500 W DATE 020208 ! pm
VAL Hivac Device VOI0S047 I8 RAZ VAC HiVec Device VOT0B0S7 IR RAD

SEM MAD 20006x  DET. SE Detecior
HY. 15.00 W DATE 0202008

2um Vegs OTescan

Figure 2. Micrographs of pollen grains in Typha (Typhaceae). Fig. a-¢, Reticulate tectum at the proximal face in T. laxmanii pollen with perforate
muri. Fig e-f, perforate tectum at proximal face of pollen of T. azerbaijanensis with perforate muri. Scale bar = 1 ym; Figs c and f, scale bar = 2
um; Figs b and e, scale bar = 10 pm; Fig. a and d.
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Figure 3. Scanning electron micrographs of Typha (Typhaceae) - a-b: T. lugdunensis from 58975 Mozaffarian and Abouhamze (TARI), overview
of capsule (a) testa cells of capsule (b); -c-d: T. minima from 80846 Hamdi (TARI), testa cells of capsule (c, d); e-f: T. azerbaijanensis from 81266
Hamdi (TARI), overview of capsule (e) testa cells of capsule (f); - g-h: T. laxmannii from 61619 Assadi and Akhani (TARI), overview of capsule (g)
testa cells of capsule (h); - Scale bars: a = 500 pm, b = 20 pm, ¢ = 50 ym, d = 20 pm, e = 500 pym, f = 50 ym, g = 500 pm, h = 50 pm.
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Figure 4. Scanning electron micrographs of Typha (Typhaceae) - a-b: T lugdunensis from 58975 Mozaffarian and Abouhamze (TARI), testa cells
of leaf (a), stomata ornamentation surface (b); -c-d: T. minima from 80846 Hamdi (TARI), testa cells of leaf (e) stomata ornamentation surface
(d); e-f: T. azerbaijanensis from 81266 Hamdi (TARI), testa cells of leaf (e) stomata ornamentation surface (f); - g-h: T. laxmannii from 18559
Wendelboo and Assadi (TARI), testa cells of leaf (g) stomata ornamentation surface (h); - Scale bars: a = 50 pm, b = 10 ym, ¢ = 50 ym, d = 10
pm, e =50 pm, f =10 pm, g = 50 ym, h = 50 pm.
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garding exine sculpturing in proximal face, three basic types
of pollen grains can be distinguished: perforate, vermiculate
and reticulate. Perforate type occurs in: T. azerbaijanensis
(Figs. 2, 3 and 4) T. azerbaijanensis with lumina 0.1-0.2 pm,
length and width of large muri distal face 1.9-2.1x0.6-0.9 pm,
E 26-27 um, P 19-21 pm, P/E ratio 0.73-0.77. Reticulate type
occurs in T. laxmannii, with lumina 0.5-1.1 pm length and
width of large muri distal face 3.5-4.0 x 0.6-0.9 um, E 28-30
pm, P 26-28 pm, P/E ratio 0.92-0.93. (Fig. 2). Vermiculate
type occurs in T. minima and T. lugdunensis (Fig. 1). T.
minima, with lumina 0.3-0.8 pm length and width of large
muri distal face 0.8-1x0.3-0.4 um, E 20-22 pm, P 18-20 um,
P/E ratio 0.90-0.91 and T lugdunensis with lumina 0.4-1 pm,
length and width of large muri distal face 1.0-1.8-0.2-0.4 um,
E 25-27 um, P 14-16 pm, P/E ratio 0.56-0.59 (Table 2). Table
2 presents micromorphological achene character differences
between the four taxa. These differ in size, shape of testa
cells and size of testa cells. The acquired results confirm the
usefulness of pollen, achene and leaf surface characters for
identifying most of the studied species, and highlight their
division into three (i.e. reticulate, vermiculate and perforate),
as has been traditionally recognized (Komarov 1934; Davis
1984; Hamdi and Assadi 2003). The results of this studies
show that SEM can be considered useful in making separation
between the aforementioned species of this genus.
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Appendix
Localities of collections studied

Typha lugdunensis Cuas. IRAN. Azerbaijan province; Aras
Lake, between Pol-Dasht, 730 m, Izappanan and TAHERI
(TARI 68417). Khorasan province; Kalat, Archangan, 950
m, Hampi (TARI 80898); Kalat, 25 km to Kalat, near Soltan
Abad village, Assapi and Massoumi (TARI 55806). Tehran
province; Taleghan, Karaj, Sikaroud, 185 m, Amiv and Ba-
zarGAN (TARI 18580); Firouzkouh, margin of Nemroud,
MozarrariaN and AsouHamzed (TARI 58975).

Tvpha minima Funk in Hoppe. IRAN. Gorgan province;
Kourdkoy, protected area Jahan nema, 1800-2000 m, Mas-
soumi (TARI 55059). Azerbaijan province, Parsabad, 5 km to
Aslandouz, Hampi (TARI 80879). Tehran province, Tehran
toward Firouzkouh, Harandeh village, margin of river of
Nomroud, Hampi (TARI 80846).

124

Typha azerbaijanensis Hampi and Assapi. IRAN. Azer-
baijan province; Khoy, 5 km to Marand, margin of road, 1100
m, Hampi (TARI 81266).

Typha laxmannii LerecHin. IRAN. Gorgan; 15 km west
of Gorgan, ILka Coconen (TARI 7790); Kourdkoy, 5 km to
Bandare-Tourkemn, margin of road, Hampi (TARI 80854).
Mazandaran province; Pole-Sefid; 150 m, Akuani (TARI
65315). Guilan province; Bandare-Anzali, 25 m, MozAFFar-
1aN (TARI 66213): Rasht, 3 km to Bandare-Anzali, margin
of road, Hampi (TARI 80867). Azerbaijan province; Ardebil,
30 km to Naier, Yamchi Sofla village, Hampi (TARI 80881);
Parsabad, toward Aslandouz village, 5 km of Pirevatloo vil-
lage, Hampi (TARI 80875). Fars province; Stahbanat, south of
Bash mointain, 1700- 2200 m, Mozarrarian (TARI 47032).
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In vivo NAD(P)H fluorescence from the epidermal cells of
onion (Allium cepa) bulb scale leaves
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ABSTRACT /n vivo fluorescence measurements were carried out on intact layers of onion (Al- KEY WORDS
lium cepa) bulb scale leaf epidermal cells in order to study if the blue autofluorescence can be
used for monitoring the redox satate of NAD(P)H in these plant leaf cells and/or mitochondria
in vivo. When recording the fluorescence spectra (excited at 340 nm) of the intact cell layers, a
well-resolvable shoulder was always present at around 465-469 nm. An empirical formula ((F -
F..)/F.,,) was derived to normalize the differential fluorescence intensity of the shoulder at 467
nm (F,.,-F.,,) to that at 500 nm (F__ ). Treatment of the cell layers with 1 mM KCN, an inhibitor
of the mitochondrial electron transport chain at Complex IV led to an increase in the (F,,-F,)/
F.,, fluorescence emission ratio, leaving the fluorescence intensity of the untreated cell layers
unchanged. Qualitatively similar results were obtained using 1 mM rotenone, an inhibitor of
Complex | (NADH-oxidase) of the mitochondrial electron transport chain. These findings imply
that the fluorescence at 467 nm derives dominantly from mitochondrial NADH in the epidermal
cells of onion scale leaves. Moreover, it is concluded that the (F,.-F, )/F,  fluorescence emission

epidermal cells

in vivo fluorescence
NAD(P)H

Allium cepa

ratio can be used to observe changes in the redox state of the NAD pool in these cells.

Acta Biol Szeged 54(2):127-129 (2010)

Pyridine nucleotides (NAD*, NADP*) are the main H-carriers
in both plant and animal cells and play therefore important
roles in cellular bioenergetic processes. They serve as co-
enzymes for various enzymatic reactions and at the same
time they constitute one of the key determinants of cellular
redox regulation and provide reducing equivalents for vari-
ous biosynthetic processes. In addition, the roles of pyridine
nucleotides in various signaling processes (Berger et al. 2004)
and their connection to stress tolerance (Noctor et al. 2006)
have been receiving renewed attention. Being essential deter-
minants of cellular redox reactions, there have been various
attempts to quantify the absolute or relative amounts of the
oxidized or reduced forms of the various pyridine nucleotides
in living cells (Eggers et al. 1982; Eng et al. 1989; Lesko-
vac et al. 1995; Queval and Noctor 2007). Although these
methods are considered accurate in vitro, they suffer from
the major drawback of having to disrupt the cells during the
extraction procedure leading to the inevitable loss of cell vi-
ability. NAD(P)H fluorescence, however, may offer an easily
conducible yet reliable means to monitor the status of these
redox compounds in vive. Both NADH and NADPH absorb
ultraviolet light with a maximum at 340 nm and emit a blue
fluorescence centered at 465-470 nm while their oxidised
counterparts NAD* and NADP* neither absorb nor fluoresce
significantly at these wavelengths (Chance 1954; Galeotti et
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*Corresponding author. E-mail: glaskay @bio.u-szeged.hu

al. 1970). Monitoring the fluorescence of individual cells or
tissue slices at these wavelengths therefore offers a convenient
and reliable way to assess the redox state of the cells and/or
the metabolic state of the mitochondria in vivo. This method
has been successfully used in a wide range of studies with
animal cells, tissues and organs (Balaban and Blum 1982;
Mayevsky and Rogatsky 2007).

Epidermal cells of onion bulb scale leaves form natural
mono- or bicellular layers on both sides of every scale leaf.
They are valuable experimental objects as they are easy to
obtain and work with. In addition, they are devoid of chlo-
roplasts and therefore offer a convenient and appropriate
experimental means with which to study the interconnection
between mitochondrial functions and the redox state of the
cells. The objective of this communication is to report on the
successful application of NAD(P)H fluorescence in epidermal
cells of onion bulb scale leaves in vivo.

Materials and Methods
Plant material and treatment

Brown onion (Allium cepa L.) bulbs were obtained from a
local supplier. The same batch of onions were used throughout
the experiments. Before the measurements the outer brown
leaf scales of the onions were removed and the upper epi-
dermal layer from the inner (concave) surface of the tissue
between the 4th and 5th fleshy subleaves was excised care-
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Figure 1. Representative fluorescence spectrum of an intact onion bulb
epidermal cell layer excited at 340 nm. Fluorescence intensities at 467
and 500 nm (F,., and F,, respectively) are indicated by arrows.

fully using a pair of forceps and placed immediately into an
incubation solution containing 0.1 mM KCl, 0.05 mM CaCl,,
5 mM HEPES, pH 6.5. Typically, a section of approximately
10-15 mm x 10-15 mm was prepared for analysis using acom-
bination of razor and scalpel blades. The control and treated
samples were examined in parallel experiments carried out
on the same day, using leaf cell layers from the same bulb for
each experiment. The experiments were repeated at least 3
times on the same day using different bulbs of the same batch
for different parallel experiments. The samples were placed
in the incubation solution in the presence or absence of | mM

KCN, an inhibitor of Complex I (Cooper and Brown 2008) or
rotenone, an inhibitor of Complex I (Soole and Menz 1995)
of the mitochondrial electron transport chain.

Fluorescence measurements

For fluorescence measurements the cell layers were applied
to a manually shaped plastic plate of 0.8 x 0.3 cm, which was
then carefully immersed diagonally in a 1-cm quartz glass
cuvette containing the incubation solution. The cuvette was
placed in the sample holder of a Hitachi F-2500 recording
spectrofluorimeter. The plate was oriented at 45° with respect
to the excitation light beam and so the perpendicularly emitted
fluorescence was directed towards the detector. All experi-
ments were carried out at room temperature.

Data analysis and statistical treatments

For the quantitation of the fluorescence intensities at 467 and
500 nm, fluorescence spectra were recorded of the cell layers.
Every registered spectrum was converted into an Excel file
from which the fluorescence intensities were recorded. All
experiments were repeated 9 times (3 parallel experiments
on 3 different days) and the values are expressed as the mean
fluorescence intensity # SD (n=number of experiments).
Statistically significant differences (p<0.005) were assessed
by the use of Student’s r-test.

Results and Discussion

A representative fluorescence spectrum (excited at 340 nm)
of an intact onion bulb scale leaf epidermal layer in vivo is
shown in Figure 1. A shoulder at 465-469 nm can be resolved
in the spectrum. This shoulder lies exactly in the range of the
NAD(P)H fluorescence emission maximum measured both
in vitro and in vive (Chance 1954; Galeotti et al. 1970). An

80 120
Time (min)

Figure 2. Effect of 1 mM KCN (open circles) on the (F,-F_)/F_ fluorescence emission ratio in the epidermal cells of onion bulb scale leaves in
the function of time. Each point represents the mean = 5.D. from 9 independent experiments.
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Figure 3. Effect of 1 mM rotenone (open circles) on the (F,-F. )/F., fluorescence emission ratio in the epidermal cells of onion bulb scale leaves
in the function of time. Each point represents the mean = 5.D. from 9 independent experiments.

empirical formula (Fm-Fm)/Fm was derived to normalize
the differential fluorescence intensity at 467 nm (F,_-F, ) to
that of 500 nm (Fig. 1).

KCN, a commonly used inhibitor of the mitochondrial
electron transport chain at Complex IV (cytochrome ¢ oxi-
dase, Cooper and Brown 2008) was used at 1 mM concen-
tration to study if the observed fluorescence at 467 nm was
sensitive to the inhibition of the mitochondrial electron
transport. Treatment of epidermal cells of onion bulb scale
leaves with | mM KCN induced significant elevation in the
fluorescence intensity at 467 nm during the examination pe-
riod (0 to 2 hours), leaving the fluorescence intensity of the
untreated samples unchanged (Fig. 2). This finding indicates
that the in vivo fluorescence at 467 nm reflects the inability
of the mitochondrial electron transport to reoxidise NADH
and therefore it indicates that the fluorescence at 467 nm
originates mainly from the NADH in the mitochondria in the
epidermal cells of onion scale leaves.

Plant mitochondria exhibit an alternative electron trans-
port route mediated by the alternative oxidase bypassing
the KCN site (Maxwell et al. 1999). Therefore, the direct
inhibition of NADH oxidation was also studied using 1 mM
rotenone, a specific inhibitor of Complex I (NADH oxidase)
of the mitochondria (Soole and Menz 1995). Rotenone treat-
ment produced qualitatively similar results to those obtained
by the use of KCN, it induced significant elevation in the
fluorescence intensity at 467 nm during the examination
period (0 to 2 hours) leaving the fluorescence intensity of the
untreated samples unchanged (Fig. 2). This finding gives fur-
ther support that the 467-nm fluorescence originates mainly
from the NADH in the mitochondria in the epidermal cells of
onion scale leaves. Moreover, it is concluded that monitoring
the fluorescence intensity at 467 nm can be used to study the
redox state of the NAD pool in vivo.
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ABSTRACT

Effect of fresh and dried garlic, onion, thyme and oregano on the bacterial germ
count of minced pork stored at 5°C was evaluated. All spices were added in 1% concentration.
Furthermore, MIC (Minimal Inhibitory Concentration) values of marjoram and thyme essential
oils on Escherichia coli were determined in vitro, and their antibacterial effect was tested in
minced pork inoculated with E. coli. In general, fresh spices showed weak or no inhibition on
the total cell count of minced pork, or even caused increased microbe count. On the contrary,
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dried garlic and thyme decreased total cell count with 1 or two orders of magnitude. MIC values
for marjoram and thyme essential oils were 0.5 pl/ml and 2 pl/ml, respectively. The essential oils
decreased E. coli cell number in minced pork with 1 log cfu after 24 h storage at 5°C.

Acta Biol Szeged 54(2):131-134 (2010)

Herbs and spices are used for flavoring foods but also, since
ancient times, as medicines against a variety of diseases. Gar-
lic (Allium sativum) and onion (Allium cepa) possess many
biological activities including antimicrobial, antioxidant, an-
ticarcinogenic, immunomodulatory and prebiotic action. The
biological and medical effects of garlic and onion are mainly
due to their high content of organo-sulphur compounds,
such as alliin and allicin and their breakdown products. Fla-
vonoids, abundant in onion but practically absent in garlic,
are also responsible for a great part of the health benefits of
both vegetables (Corzo-Martinez et al. 2007). In vitro and in
vivo studies have shown a great effectiveness of garlic and
onion against a broad spectrum of fungi and yeasts, including
certain Candida, Torulopsis, Cryptococcus and Aspergillus
species. Garlic has been proven to inhibit the growth of gram
positive and gram-negative bacteria including strains of, e.g.
Pseudomonas, Proteus, Escherichia,, Staphylococcus, Salmo-
nella (Iwalokun et al. 2004; Uhart et al. 2006). Onion, how-
ever, unlike garlic, was not effective against gram-negative
bacteria (Corzo-Martinez et al. 2007).

Essential oils in aromatic plants are among the most
important active constituents of herbs and spices. Their ef-
ficiency against a wide range of microorganisms is well docu-
mented. Thymus species are used as medicinal and aromatic
plants, as well as in cosmetics and perfumery. The essential
oil of Thymus vulgaris contains various levels of thymol
and/or carvacrol, phenolic derivatives with strong and wide-
spectrum antimicrobial activity (Nevas et al. 2004).
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Origanum vulgare has been applied in traditional medi-
cine, as well as in agriculture, pharmaceutical and cosmetic
industry. Antimicrobial activity of Origanum vulgare essential
oil (with carvacrol as the main compound) against bacteria
and fungi has been reported (Nevas et al. 2004; Carvo et al.
2008). Origanum majorana also possesses substantial anti-
microbial effects (Tserennadmid et al. 2010).

There is a growing interest in using natural compounds in
food protection instead of chemical preservatives (Burt 2004;
Abdel-Hammiad et al. 2009). Minced meat is one of the most
perishable foods. Several strategies have been investigated to
extend the shelf life of fresh meat products; one is the use of
natural antioxidants and antibacterials of plant origin, alone
or in combination with other preservation techniques (Busatta
et al. 2008; Del Nobile et al. 2009).

We studied the germ count reducing effect of fresh and
dried garlic, onion, thyme and oregano in 1% concentration in
minced pork stored at 5°C. We supposed that fresh spices con-
tain bioactive ingredients in higher concentrations than dried
ones, which probably lose part of the drug during drying. An-
tibacterial effect of thyme and marjoram essential oils against
E. coli in inoculated minced pork was also evaluated.

Materials and Methods

Bacterium and growth conditions

Escherichia coli SZMC 0582 (Szeged Microbiological
Collection) was grown on Luria-Bertani medium (LB; 1%
tryptone, 0.5% yeast extract, 1% NaCl) and was incubated
at 37°C.
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Table 1. Effect of onion and garlic on the MPN of minced pork stored at 5°C. (Onion was added in 2% and garlic in 1%.).

Time (h) Onion Garlic

Control Dried Fresh Control Dried Fresh
0 23x10° 23 x 107 23x107 23 x10¢ 23 x 107 23x10°
24 24x10° 24x10° 6.6 x 10 6.6 x 10° 6.6 x 10° 6.6 x 10*
48 2.4 x10* 6.6 x 10* 24 x10° 24 x10° 6.6 x 10 24x10°
72 1x10% 24 x10° 24x10° 7x10 7x10* 24 x10°

Table 2. Effect of thyme and oregano on the MPN of minced pork stored at 5°C. (The herbs were added in 1%.).

Time (h) Thyme Oregano

Control Dried Fresh Control Dried Fresh
1] 6.2x10 6.2 x 10" 6.2 x 10' 24 x10° 24 x10° 24 x10°
24 24 x10* 6.6 x 10° 2.4x10° 24 x10° 24 x10° 24x10°7
48 24 x10° 24x10° 24x 10 24x10° 6.2 x 10¢ 24 x10*
72 2.3x10 1.3x10° 6.2 x 10* 24 x10° 24x10* 24 x10*

Table 3. Combined effect of onion or garlic and 1% salt on the MPN of minced pork stored at 5°C. (Onion was added in 2% and

garlicin 1%.)
Time (h) Onion + salt Garlic + salt
Control Dried Fresh Control Dried Fresh
1] 24 x 107 24 x 107 24 x10° 6.2 x10' 6.2 x 10 6.2x 10"
24 2.4 x 10¢ 6.6 x 10* 6.6 x 10¢ 24 x 107 6.1 x 10 24 x107
48 5x10° 24 x10° 6.1 x 10° 24 x10° 24 x 107 6.6 x 10°
72 2.3x 10 6.1 x 10° 6.1 x 10* 2.4 x10° 2.4x10° 24 x10°

Herbs, spices and essential oils

All investigated materials were purchased in local shops in
Szeged (Hungary). The essential oils were purchased from
Aromax Natural Products (Budapest, Hungary).

The bulbs of Allium sativum (garlic) and Allium cepa
(onion) were peeled and crushed before use. The aerial parts
of Thymus vulgaris (thyme) and Origanum vulgare (oregano)
were washed, rinsed with sterile distilled water, and chopped
just before addition to the meat. All spices and essential oils
were stored at room temperature.

In vitro tests of antibacterial activity

Agar hole diffusion test was used to investigate the antibac-
terial activity of the fresh and dried spices on E. coli. Solid
culture media were overlaid with a suspension of 10° cells
in 1 ml of distilled water and were dried. One gram of the
crushed or chopped fresh herbs was mixed with 5 ml sterile
distilled water. After 30 min, samples were centrifuged and
the supernatant was used in the tests. Dried spices were
extracted with hot water (5 ml for 1 g), centrifuged and the
supernatants were used. Aliquots (100 pl) of the supernatants
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were filled into wells of 8 mm diameter; and sterile water
was used as negative control. The diameter of the inhibition
zones was measured after incubation at 37°C for 24 h. The
experiments were repeated three times.

Evaluation of MIC values for essential oils

The MIC values of the essential oils were determined by
macrodilution assays. The thyme and marjoram oils were
added directly to LB medium resulting in final concentra-
tions of from 0.0625 pl/ml to 2 pl/ml in twofold increments.
The tubes were inoculated with 10° CFU/ml E. coli and then
incubated at 37°C for 24 h. MICs were taken as the lowest
concentration at which no visible growth occurred.
Antibacterial activity in minced pork: Fresh and dried
herbs/spices alone or in combination, with and without 1%
salt, were mixed in 1% concentration to minced pork (100
g). The meat was stored at 5°C. Every day, total and coliform
MPN (Most Probably Number) was determined (Roberts and
Greenwood 2003) for 72 h. Essential oils of thyme and mar-
joram were added to the minced pork, previously inoculated
with 2 x 10° E. coli, in a concentration range from 0,125 to 1%
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Table 4. Combined effect of thyme or oregano with 1% salt on the MPN of minced pork stored at 5°C. (The herbs were added in

1%.)
Time (h) Thyme + salt Oregano + salt
Control Dried Fresh Control Dried Fresh
0 <10 <10 <10 6.2 x10° 6.2x 10’ 6.2x10'
24 24x 107 24x107 24x10° 24x10° 24 x10° 6.6 x 10°
48 2.4x10° 24x10° 6.1 x10* 6.6 x 10° 6.2x10° 24 x10¢
72 24 x10° 24x10° 7x10° 24 x10° 23x10¢ 6.2x10°

Table 5. Effect of mixed spices and salt on the germ count of minced pork after 72 h incubation at 5°C.

Onion + thyme + salt

Onion + garlic + salt

Onion + oregano + salt

Dried
7x10°

Control
2.3x10¢

Dried
2.4x10*

Fresh
1.3x10*

Control
2.4x10°

Table 6. Effect of spices and herbs on the MPN of coliforms in
minced pork after 72 h storage at 5°C.

Spice/herb Control Dried Fresh
Onion 6.6 x 107 6.6 x 10° 24 x10°
Onion + salt 6.2 x 107 <10 <10
Garlic 24x10° 24 x 10° 6.2 x 107
Garlic +salt 6.2x10 2.2x 10 6.2x10°
Thyme 6.0 x 10 23x10¢ 1.3x10°
Thyme + salt 23 x10 23x100 <10
Oregano 23x10 24 x10° 23x10
Oregano + salt 23x 10 <10 <10

Table 7. E. coli CFU count of minced pork treated with different
concentrations of essential oils. (Size of inoculum: 4 x 10° CFU/
mil).

Concentra-

tion 0 0.125 0.25 0.5 1.0

(% wiw)

Thyme 75x10° 7.5x10° 41x10° 22x10° 1.3x10°
Marjoram 65x10° 6.5x10° 40x10° 3.0x10° 7.5x10

(w/w). After 24 h incubation E. coli CFU (Colony Forming
Unit) was determined on VRBG agar (Merck).

Results and Discussion

Inhibition zones for water extracts of dried and fresh garlic
were 16.5 +£2.32 mm and 18.82 + 1.84 mm, respectively. No
inhibition zone was detected with the other herbs and spices.
Iwalokun et al. (2004) found an inhibition zone of 23.7 +
2.4 mm of aqueous garlic extract for E. coli. In their study,
garlic also exerted an excellent antibacterial and antifungal
effect against various multidrug-resistant bacterial isolates

Fresh
6.6x10°

Dried
2.4x10°

Fresh
24100

Control
6.6x10°

and certain Candida species. In general, fresh and dried
spices showed weak or no inhibition on the total cell count
of minced pork (Table 1 and 2). Furthermore, in some cases,
the microbe number increased. Supplementation with 1% salt
resulted in germ count reduction by dried onion and garlic,
and dried and fresh oregano (Table 3 and 4). The combination
of onion with the other spices plus salt had no reducing effect
on the germ count, MPN was the same or even greater than
that of the control (Table 5). These spices exerted more con-
siderable antimicrobial effect on coliform bacteria when salt
was added (Table 6). In general, it can be said, that the spices
mostly failed to exert considerable growth reducing effect in
fresh or in dried form. The number of germs was influenced
by the initial number of germs in minced meat. Our results
agreed well with the results of Uhart and coworkers (2004)
who found that spices (garlic, ginger and turmaric) inhibited
Salmonella Typhimurium DT 104 when they were in direct
contact. However, when the spices were added to a complex
food system such as ground beef, the inhibitory activity was
considerably decreased.

The MIC values of thyme and marjoram essential oils
were 0.5 and 2 pl/ml in LB medium. We were not able to
determine MIC values in minced pork, only the highest con-
centration (1%) of marjoram oil reduced the E. coli CFU/
ml with 1 log (Table 7). In the study by Busatta et al (2008),
MIC of marjoram essential oil against E. coli was 0.92 mg/ml.
They applied marjoram oil in fresh sausage inoculated with
E. coli, and after 25 days of incubation the MPN was reduced
by approximately 1 log. The main component in marjoram
EO having antibacterial activity is terpinene-4-ol, causing
changes in membrane permeability. The main component of
thyme essential oil, thymol was effective on coliforms and
Enterobacteriaceae in minced beef patties (Del Nobile et al.
2009). Thyme, oregano and savory essential oils showed
the broadest antibacterial activity in the study of Nevas et
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al. (2004). In our experiments, thyme EO had only a slight
CFU reduction effect which might be due to differences in
its composition.

Herbs, spices and essential oils in minced pork had vari-
able and moderate antibacterial effect in our study. Best
candidates for prolonging minced pork shelf life are garlic
and marjoram essential oil. Further experiments are needed to
evaluate the antibacterial effect of these substances combined
with other hurdle techniques.
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ABSTRACT Response surface methodology was employed for the optimization of different
nutritional and physical parameters for the production of protease by a soil isolated Bacillus
strain in submerged fermentation. Initial screening of production parameters as carbon (glu-
cose) and nitrogen source (soybean) were optimized together with four variables K,HPO,, NaCl,
Mg$0,.7H,0, CaCl,2H,0 and four physical parameters including agitation, inoculum size, pH
and time was performed using Plackett Burman design and the variables with statistically sig-
nificant effect on the protease production identified. These variables were selected for further
optimization studies using central composite design in RSM. The protease activity under unop-
timized conditions was 330 U/ml. Under the final optimized conditions, the predicted response
for protease production was 449 U/ml, and the observed validated experimental value was 577
U/ml. The statistical optimization by response surface methodology resulted in about two fold
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increase in the production of the enzyme by the selected bacterial strain

Acta Biol Szeged 54(2):135-141 (2010)

Proteases, also known as peptidyl-peptide hydrolases (EC
3.4.21-24 and 99) are industrially useful enzymes which cata-
lyze the hydrolysis of a peptide bond in a protein molecule.
Microbial proteases, especially from Bacillus sp. have tradi-
tionally held the predominant share of the industrial enzyme
market of the worldwide enzyme sales with major application
in food and feed, leather, detergent, pharmaceutical, silk, and
recovery of silver from photographic films (Anisworth 1994;
Outtrup et al. 1995; Inhs et al. 1999).

Protease production by microorganism is highly influ-
enced by media components as carbon, nitrogen ratio, pres-
ence of some easily metabolizable sugars such as glucose
(Gupta et al. 2002; Beg et al. 2002; Ferrero et al. 1996) and
metal ions (Varela et al. 1996). Besides this several other fac-
tors such as aeration, inoculums, density, pH, temperature and
incubation time also affect the amount of protease produced
(Nehete et al. 1985; Hameed et al. 1999). Process optimiza-
tion is a topic of central importance in industrial production
processes with particular regard to biotechnology (Reddy et
al. 2008). Optimization of medium by the classical method
involves changing one independent variable while maintain-
ing all others at a fixed level is extremely time consuming and
expensive when a large number of variables are evaluated. To
overcome this difficulty, experimental factorial design and
response surface methodology can be employed to optimize
the medium components.
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The Plackett-Burman factorial designs allow for the
screening of main factors from a large number of process
variables, and these designs are thus quite useful in prelimi-
nary studies in which the principal objective is to select vari-
ables that can be fixed or eliminated in further optimization
processes as response surface methodology (RSM). RSM
is a collection of statistical and mathematical techniques
useful for the modeling and analysis of problems in which a
response of interest is influenced by several variables, with
the objective being to optimize this response (Montgomery,
2001). Response surface methodology has eliminated the
drawbacks of classical methods and has proved to be power-
ful and useful for the optimization of the target metabolites
production (Deepak et al. 2008; Liu and Wang 2007; Sayyad
et al. 2007). Second-order models like Central Composite
Box—Behnken and Doehlert designs are widely used in RSM
as they can take on a wide variety of functional forms, and this
flexibility allows them to more closely approximate the true
response surface (Srinivas et al. 1994; Carvalho et al. 1997;
Adinarayan and Elliah 2002; Rahman and Gomes 2003; Li
et al. 2007; Xiao et al. 2007). Moreover, it is easy to estimate
the parameters in a second-order model using the method of
least squares. RSM has been recently used for the modelling
and optimization of several bioprocesses, including fermenta-
tions (Sen 1997) enzymatic reactions (Ferreira et al. 1998)
product recovery (Annadurai et al. 1996) and enzyme immo-
bilization techniques (Zhao et al. 2007; Chang et al. 2007).
The application of experimental design and response surface
methodology in fermentations process can result in improved
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Table 1. Design Placket Burman.

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7 Factor 8 Factor 9 Factor 10  Response

Std A: B: C: D: E: F: G: H: ) K: 1

Run  Glucose Soybean K,HPO, MgSsO, Nacl Cadl, Agitation  Inoculum  pH Time Protease
% % % % % % RPM % h Activity

U/ml

1 2 5 0.05 0.5 0.5 0.2 120 1 8 48 187.6

2 1 5 0.5 0.01 0.5 0.2 180 1 8 24 2184

3 2 2 0.5 05 0.05 0.2 180 3 8 24 228.2

4 1 5 0.05 0.5 0.5 0.01 180 3 10 24 234.4

5 1 2 0.5 0.01 0.5 0.2 120 3 10 48 200.2

6 1 2 0.05 0.5 0.05 0.2 180 1 10 48 238

7 2 2 0.05 0.01 0.5 0.01 180 3 8 48 330.2

8 2 5 0.05 0.01 0.05 0.2 120 3 10 24 166.6

9 2 5 0.5 0.01 0.05 0.01 180 1 10 48 231.2

10 1 5 0.5 0.5 0.05 0.01 120 3 8 48 240.8

1 2 2 05 05 05 0.01 120 1 10 24 35.2

12 1 2 0.05 0.01 0.05 0.01 120 1 8 24 134.2

product yields, reduced process variability and development
time and over all costs (Rao et al. 2000).

This paper aims to optimize the composition of the
production medium and the cultivation parameters of the
bioprocess for obtaining protease by Bacillus strain using the
response surface methodology

Materials and Methods

Isolation and screening of protease producing
strain

About 45 strains were isolated from soil collected from
various sites. Primary screening of the isolates for protease
production was done by milk agar plate method. The strain
exhibiting largest zone of hydrolysis was selected for further
experimentation. Stock culture of the organism was main-
tained at -20°C in 50% glycerol.

Protease production

Enzyme production was studied in media containing (g/1)
glucose 10.0, soybean 10.0, K,HPO, 5.0, MgSO, .7H,0
0.5, NaCl 0.5 and CaCl, 0.5. Batch mode shake flask experi-
ments were conducted at 37°C and 120 rpm for 24 h in100-
ml Erlenmeyer flasks containing 50 ml of the media. The
production media was inoculated with 1% of inoculums and
incubated in a shaking incubator. The fermentation broth was
then centrifuged at 10,000 g for 10 min in a centrifuge, and
the total protease activity in the cell-free supernatant was
determined.

Enzyme assay

Protease activity was measured using casein as substrate.
The enzyme extract suitably diluted, was mixed with 50 mM
glycine-NaOH buffer (pH 8) to make 1 ml volume. Iml of
1% casein was added and incubated for 10 min at 60°C. The
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reaction was stopped by addition of 0.5 ml TCA (20%, w/v).
The mixture was allowed to stand at room temperature for 30
min to 1 h and then filtered to remove the precipitate. 1 ml of
the filtrate was mixed with 5 ml of 0.5 M Na CO, solution. 0.5
ml of Folin Ciocalteu’s (phenol reagent) reagent was added
and the mixture was incubated in dark to develop the blue
colour. The blue coloured solution was then was estimated
spectrophotometrically at 660 nm. One unit of protease activ-
ity was defined as the amount of enzyme required to liberate
| pg tyrosine per millilitre in 1 min under the experimental
conditions used. The experiments were carried out in tripli-
cates and standard error was calculated.

Optimization of media

The optimization of media for enzyme production was car-
ried out using statistical design of experiments in two steps.
In the first step the screening of variables which was done
by Plackett- Burman design. The second step involved the
optimization of significant variables by RSM employing the
central composite design. Design Expert® 8.0.2.0 (Stat-Ease,
Inc., Minneapolis, MN, USA) was used to design and analyze
both the experiments.

Selection of significant variables by Plackett-
Burman design

Plackett-Burman design is an effective method for screening
for significant medium components that influence enzyme
production. It allows the evaluation of N variables in the
N+1 experiments; each variable is examined at two levels: 4
for a low level and +1 for a high level (Plackett and Burman
1946; Rama et al. 1999; Ghanem et al. 2000). In this part,
the selected carbon (glucose) and nitrogen source (soybean)
were optimized together with four variables: K,HPO,, NaCl,
MgS0,.7H,0, CaCl, 2H,0 and four physical parameters
including agitation, inoculum size, pH and time. These vari-
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Table 2 a. Ranking of the variables investigated in the Plackett-Burman design.

Variable Component M- M- E(x) Absolute Eix) Ranking
A Glucose 179 1266 -14.5 145 8
B Soyabean 1279 1166 18.8333 18.8333 7
C K,HPO, 1154 1291 -22.833 22833 5
D MgsO, 1164.2 1280.8 -19.433 19.433 6
E Nacl 1206 1239 -55 5.5 9
F Cadl, 1239 1206 55 55 10
G Agitation 1480.4 964.6 85.9667 85.9667 1
H Inoculum 1400.4 1044.6 59.3 59.3 4
| pH 905.4 13394 -72.333 72.333 2
J Time 1428 1017 68.5 68.5 3
Table 2 b. ANOVA for Placket Burman.
Source Sum of df Mean F p-value
Squares Square Value Prob > F

Model 55925.61 10 5592.561 373.751 0.0402 significant

A-Glucose 630.75 1 630.75 42.15304 0.0973

B-Soybean 1064.083 1 1064.083 71.11272 0.0751

C-K,HPO, 1564.083 1 1564.083 104.5277 0.0621

D-Mgs0, 1132.963 1 1132.963 75.71597 0.0728

E-NaCl 90.75 1 90.75 6.064825 0.2456

F-CaCl, 90.75 1 90.75 6.064825 0.2456

G-Agitation 22170.8 1 221708 1481.675 0.0165

H-Inoculum 10549.47 1 10549.47 705.0214 0.0240

J-pH 4555.203 1 4555.203 304,4244 0.0364

K-Time 14076.75 1 14076.75 940.7496 0.0207
Residual 14.96333 1 14.96333
Cor Total 55940.57 1"

std. Dev: 3.87; R-Squared: 0.9997; Adj R-Squared: 0.9971, Pred R-Squared: 0.9615; PRESS: 2154.72; Adeq Precision: 79.653.

ables screened with a twelve-run Plackett-Burman design are
shown in Table 1. The effect of each variable was determined
by the following equation: E(x ) =2(XM,*-M") /N (1) where
E(x)) is the concentration effect of the tested variable, M * and
M- are the total production from the trials where the measured
variable (x,) was present at high and low concentrations,
respectively; and N is the number of trials.

Central composite design

The next step in the optimization was to determine the op-
timum levels of significant variables screened by Placket
Burman design. For this purpose, RSM, using a central com-
posite design (CCD) was adopted. The CCD is a statistical
experimental design where each numeric factor is varied over
5 levels- alpha points (-1.682, +1.682), 1 factor (-1, +1) and
one centre point resulting in a total of 20 experiments. Three
significant variables (glucose, soybean K,HPO, ) were chosen
for the experiment. The 20 experiments were conducted in
duplicates. The design is shown in Table 3 (a and b).

Statistical analysis and Modelling

The statistical analysis of the data obtained from RSM for
protease production was subjected to analysis of variance
(ANOVA). A second order polynomial equation (1) can be
used to represent the function in the range of interest.

Y =‘30+BIXI+BZXZ+BBX3+ BIIxI2+B1'.'x2:+BHx3:+BIlx!x!+B
l3xlx3+ B'_‘Jx'.‘xj

Where Y is the measured response, 3, is the intercept term,
B,. B,. B, are linear coefficient, B, , B,,, B,, are quadratic coef-
ficient, B,,, B,,. B, are interaction coefficient and X , X, X,
are coded independent variables.

Results and Discussion

The selected isolate was a Bacillus strain as identified on the
basis of microscopic and biochemical analysis.
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Table 3 a. Design Summary CCD.

Study Type Response Surface Runs 20

Design Type Central Composite Blocks No Blocks

Design Model Quadratic Build Time (ms) 4.67898

Factor Name Units  Type Subtype  Minimum Maximum -1 Actual +1 Actual Mean  Std. Dewv.

A Glucose Numeric  Continu- 0.659104  2.340896 1 2 1.5 0.41317
ous

B Soybean Numeric  Continu-  0.977311  6.022689 2 5 35 1.239514
ous

(2 K,HPO, Numeric  Continu-  -0.20681 1.306807 0.1 1 0.55 0.371854
ous

Response Units Obs Analysis  Mini- Maxi- Mean Std. Dev. Ratio Trans Model

Name mum mum

Protease U/ml Polyno- 199.65 456.64 358.8005 92,7528  2.287203 None  Quadratic

Activity mial

Table 3 b. Central composite design matrix for the experimental design and predicted responses for protease activity.
Std Run Factor 1 Factor 2 Factor 3 Response 1
Protease Activity (U/ml)
A:Glucose B:Soybean CK,HPO, Actual Predicted Residual value Validation
% % % Value Value Value

1 1 2 0.1 2149 218.8342 -3.93 291.06

2 2 2 0.1 199.65 195.1977 4.452 148.5

3 1 5 0.1 309.17 306.0927 3.077 380.16

4 2 5 0.1 288.75 296.2112 -7.46 249.99

5 1 2 1 356.4 350.9927 5.407 406.89

6 2 2 1 298.65 303.7812 -5.13 317.81

7 1 5 1 440.87 447.3762 -6.51 482.24

8 2 5 1 4158 413.9197 1.88 4494

9 0.66 35 0.55 3729 372.7273 0.173 420.76

10 234 35 0.55 327.45 324718 2.732 361.12

1 1.5 0.98 0.55 216.98 218.4424 -1.46 252.66

12 1.5 6.02 0.55 388.8 384.4329 4.367 337.24

13 1.5 35 0.21 2186 217.2916 1.308 233.89

14 1.5 35 1.3 429 427.4038 1.596 500.48

15 15 35 0.55 448.45 449.7647 -1.31 577.67

16 15 35 0.55 456.64 4497647 6.875 577.67

17 1.5 35 0.55 448.23 449.7647 -1.53 577.67

18 1.5 35 0.55 44964 4497647 -0.12 577.67

19 1.5 315 0.55 442,68 449.7647 -7.08 577.67

20 p K7 35 0.55 452.45 449.7647 2.685 577.67

Screening of significant variables using
Plackett-Burman design

A total of ten variables were analyzed with regard to their ef-
fects on protease production using a Plackett—-Burman design.
The design matrix selected for the screening of significant
variables for protease production and the corresponding
responses are shown in Table 1. Table 2a represents the E(x))
value and ranking of the variables investigated in the Plackett—
Burman design. A large E(x) coefficient, either positive or
negative, indicates a large impact on response; while a coef-
ficient close to zero indicates little or no effect. Agitation,
inoculum size and time along with chemical factors soybean
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and CaCl, had a positive effect on the production, while pH,
glucose, K, HPO,, MgSO, and NaCl negatively affected the
production. The adequacy of the model was calculated, and
the variables evidencing statistically significant effects were
screened via Student’s t-test for ANOVA (Table 2b). The
Model F-value of 373.75 implies the model is significant.
There is only a 4.02% chance that a Model F-Value this large
could occur due to noise. Values of Prob > F less than 0.0500
indicated that the model terms are significant. In this case fac-
tors G, H, J and K are significant model terms. The Predicted
R-Squared of 0.9615 is in reasonable agreement with the
Adjusted R-Squared of 0.9971. Adequate Precision measures
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Figure 1. Contour plots of enzyme activity as a function of the interactions of two variables by keeping the other at centre level: interactions
of soybean and K,HPO, with glucose at 1.5% (a), interactions of glucose and K,HPO, with soybean at 3.5% (b), and interactions of glucose and

soybean with K,HPO, at 0.55% (c).

the signal to noise ratio. A ratio greater than 4 is desirable.
In our model the ratio of 79.653 indicates an adequate signal.
This model can be used to navigate the design space.

Optimization of significant variables using
response surface methodology

A quadratic model consisting of twenty trials experiments was
designed (Table 3a). The design matrix and the correspond-
ing results of RSM experiments to determine the effects of
three independent variables (glucose, soybean and K,HPO ),
along with the mean predicted values and the residual value
are shown in Table 3b.

The ANOVA analysis of the optimization study is given
in table 4. The Model F-value of 527.45 implies the model
is significant. There is only a 0.01% chance that a *Model
F-Value™ this large could occur due to noise. The model was
found to be highly significant and sufficient to represent the
actual relationship between the response and the significant
variables as indicated by the small model P-value (<0.0001),
large lack-of-fit P-value (0.2089). The “Lack of Fit F-value”
of 2.16 implies that it is non significant relative to the pure

error. Non-significant lack of fit is good.

Values of “Prob > F” less than 0.0500 indicate model
terms are significant.In this case A, B, C, AC, A2 B2, C2are
significant model terms.

The regression equation coefficients were calculated and
the data was fitted to a second-order polynomial equation.
Thus the response (Y). (in terms of coded factors) protease
production by the selected Bacillus sp. can be expressed in
terms of the following regression equation:

Protease Activity = +449.76 — 14.27A +49.35B + 62.47C +
3.44AB - 5.89AC +2.28BC - 35.72A%— 52.44B2 — 45.05C*

Where A is glucose, B is soybean and C is K,HPO,.

The regression equation obtained from the ANOVA showed
that the R? (multiple correlation coefficient) was 0.9979 (a
value >0.75 indicates fitness of the model). This is an estimate
of the fraction of overall variation in the data accounted by
the model, indicating that the model is capable of explaining
99.79% of the variation in response. The adjusted R? is 0.9960.
The pred R?of 0.9864 is in reasonable agreement with the ad-
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Table 4. Analysis of variance table (ANOVA for Response Surface Quadratic Model - CCD).

Sum of Mean F p-value
Source Squares Df Square Value Prob > F
Model 163114.9 9 18123.88 527.4532 < 0.0001 significant
A-Glucose 2782.246 1 2782.246 80.97074 < 0.0001
B-Soybean 33259.21 1 33259.21 967.9314 < 0.0001
C-K,HPO, 53290.33 1 53290.33 1550.89 < 0.0001
AB 94.60001 1 94.60001 2.753112 0.1281
AC 277.8903 1 277.8903 8.087346 0.0174
BC 41.63281 1 41.63281 1.211625 0.2968
Ar2 18391.5 1 18391.5 535.2416 < 0.0001
BA2 39632.7 1 39632.7 1153.417 < 0.0001
cA2 29246.1 1 29246.1 851.1393 < 0.0001
Residual 3436112 10 3436 112
Lack of Fit 234.8798 5 46.97595 2.160182 0.2089 not significant
Pure Error 108.7315 5 21.7463
Cor Total 163458.6 19

Std. Dev: 5.86; R-Squared: 0.9979; Adj R-Squared: 0.9960; Pred R-Squared: 0.9864; Adeq Precision: 61.416.

justed R* of 0.9960. For a good statistical model, the R? value
should be in the range of 0-1.0, and the values as obtained
in the data analysis indicates that the model is good. The
‘adequate precision value’ of the present model was 61.416
which indicates an adequate signal and that the model can be
used to navigate the design space.

The optimal levels of each variable for maximum pro-
tease production were determined by the three-dimensional
response surface plots which were constructed by plotting
the response (protease production) on the Z-axis against any
two independent variables, while maintaining other variables
at their optimal levels. As is shown in Fig. 1 A, a increase in
protease production was observed when the concentrations
of soybean and K,HPO, increased initially but a concomi-
tant decline was observed when concentration of both the
components were further increased at a constant level of
glucose. Similar results was observed when concentrations
of glucose and K ,HPO, (Fig. 1B) and glucose and soybean
(Fig.1C) were increased at a single concentration of soybean
and K,HPO, respectively. All the three figures show a fairly
strong degree of curvature of 3D surface where the optimum
can easily be determined.

Thus the maximum protease production was 452 U/ml af-
ter 48h when the levels of glucose, soybean and K,HPO, were
at their central value of 1.5, 3.5 and 0.55 % respectively

Validation of the model equation in shake flask
culture

The validation of the statistically optimized condition for the
production of protease by the selected Bacillus strain was
verified by carrying out shake flask fermentation at bench
scale in the laboratory. The model was verified for the three
variables within the design space. 15 production combinations
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were prepared and tested for the protease production (Table
7). The protease activity under unoptimized conditions was
330 U/ml. Under the final optimized conditions, the predicted
response for protease production was 449U/ml, and the ob-
served validated experimental value was 577U/ml. These
results confirmed the validity of the model, and the experi-
mental were found to be quite close to the predicted values.
The optimization of the media led to a two fold increase in
the production value.

Conclusion

The use of Plackett-Burman design and Central Composite
Design in Response Surface Methodolgy for determination
of optimal medium composition for protease production is
demonstrated in the present study. The optimization resulted
in about two fold increase in the production of the enzyme
by the selected bacterial strain. The results show the effect
of various factors on the enzyme production. The results of
ANOVA and regression of the second-order model showed
that the effects of glucose, soybean and K,HPO, and the
interactive effects of all variables are more significant for
protease production.
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ABSTRACT Small, “petite” colonies appeared with almost 1% frequency among the nor-
mally growing colonies in the astaxanthin-producing Phaffia rhodozyma (Xanthophyllomyces
dendrorhous) CBS 5905 strain. These colonies fermented glucose in the presence of oxygen,
were not able to grow on nonfermentable carbon sources and did not respond to inhibitors of
respiration. Besides spontaneous occurrence, petite mutation proved to be inducible almost to
100% by low levels of ethidium bromide treatment. Cell hybridization experiments revealed
that both the spontaneous and induced mutation was mitochondrially inherited. The RFLP pat-
tern of the mtDNAs isolated from purified mitochondria of the grand and petite strains were
similar. Consequently, unlike to the mtDNA of Saccharomyces cerevisiae, not large deletions were
the reason for petite mutant induction. The size of mtDNA in the grand cells was calculated
by restriction enzyme analysis and proved approximately 17.6 kb. In teleomorphic strains of P
rhodozyma (Xanthophyllomyces dendrorhous) spontaneous petite mutants did not arise and
the phenotype could not be induced either by ethidium bromide treatment. According to our
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results, Phaffia rhodozyma is the only known petite-positive basidiomycetous yeast.

Acta Biol Szeged 54(2):143-148 (2010)

Phaffia rhodozyma is an asexual, psychrophylic, fermenta-
tive yeast species which is represented by the single isolate,
strain CBS 5905. Its relation to basidiomycetous yeasts
was verified via cell wall ultrastructure, the mode of bud
formation and diazonium B test (Miller et al. 1976). The
teleomorphic form was described as Xanthophyllomyces
dendrorhous by Golubev in 1995, although comparison of
sequences of rTDNA on the IGS and ITS regions, suggested
that P. rhodozyma CBS 5905 may be a distinct species from
the other examined strains (Fell and Blatt 1999). Additional
results from the analysis of viral RNAs (Pfeiffer et al. 1996),
electrophoretic karyotyping (Nagy et al. 1994), RAPD
analysis (Paldgyi et al. 2004) and the detection of DNA
plasmids in the mitochodria of Xanthophyllomyces strains
(Wilber and Proffitt 1987; Kucsera et al. 2000; Santopietro
and Kula 2001) reinforced this further. The hypothesis that
P. rhodozyma and X. dendrorhous may represent the same
species is favoured again (Fell et al. 2007; Libkind et al.
2007). The microorganism is biotechnologically important,
as the cells produce high amount of astaxanthin. The well-
functioning respiratory system is an important requirement
both for biomass production and high amount of astaxanthin
production. Low aeration slows growth, consequently reduces
the yield of yeast cells and markedly reduces the red pigment

Accepted Oct 22, 2010
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yield (Lewis 1990). In this paper we report, that respiratory-
deficient petite mutants occurred spontaneously, or could be
induced by ethidium bromide (EtBr) treatment in the strain
Phaffia rhodozyma CBS 5905. Such mutant could not be
isolated either spontaneously or induced by EtBr treatment
in Xanthophyllomyces dendrorhous. RFLP pattern of mtDNA
from the wild-type and petite strains were compared in strain
CBS 5905. The size of the wild type mtDNA calculated on
the bases of restriction enzyme analysis proved about 17.6
kb, what is quite small genome size in yeast (Wolf and Del
Giudice 1988; Pramateftaki et al. 2006). According to our
results Phaffia rhodozyma CBS 5905 is a member of the petite
positive yeast group (Bulder 1964), which is the only known
case among the basidiomycetous yeasts.

Materials and Methods

Strains, media and growth conditions

The yeast strains used in this study are listed in Table 1. The
media used were 2xYPD: 1% yeast extract, 2% peptone,
2% glucose; YPEL: 0.05% yeast extract, 0.05% peptone, 2%
ethanol; for plating media contained 2% agar. Yeast cells were
grown under continuous shaking at 20°C.

Determination of spontaneous petite frequency

Yeast cells were grown in YPEt medium for 48 hr, then diluted
and plated onto 2xYPD plates. After 5 days of incubation at
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Table 1. Yeast strains used in this experiment.

Strains Markers Origin
Nuclear Mitochondrial
Ph. rhodozyma
CBS 5905 prototrophic p Kindly provided by BioColours Ltd
CBS 5905 pet1/1 prototrophic P Spontaneously arising petite isolates from CBS 5905
arg ben"2 arg, benomyl resistant p* Isolated after repeated mutagenesis from CBS 5905
arg ben"2 p"10 arg, benomyl resistant P Ethidium bromide induced petite mutant of arg ben"2
X. dendrorhous
CBS 5908 Kindly provided by BioColours Ltd
CBS 6938 Kindly provided by BioColours Ltd
ATCC 24203 Kindly provided by BioColours Ltd
ATCC 24229 Kindly provided by BioColours Ltd
ATCC 24261 Kindly provided by BioColours Ltd

Table 2. Frequencies of petite mutants after 10 pg/ml ethidium
bromide treatment.

Time of treatment (hour) Frequencies of petite colonies (%)

0 0.5
12 9.2
24 40.7
48 743

20°C, the small colonies were scored and tested for ability
to grow on YPEt.

Isolation of respiratory deficient mutants

The isolation of respiratory deficient mutants using ethidium
bromide has been described by Rickwood et al. (1988).

Respiration measurements

All respiration measurements were made using Clark type
oxygen electrode, at 20°C, according to the method published
by Rickwood et al. (1988).

Colony assay for cytochrome c oxidase activity

Five-day-old colonies were stained by tetramethyl-p-phe-
nylenediamine (TMPD) according to the method published
by McEwen et al. (1985).

Electron microscopy

Yeast cells from the stationary growth phase were fixed at
4°C for 24 h in 2% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4). After fixation, the cells were washed four times in
phosphate buffer, postfixed in 2% KMnO, for 2 h, dehydrated
in a graded series of ethanol, and embedded in Spurr resin.
Sections were cut with a Reichert-Jung ultramicrotome, and
stained with uranylacetate. Ultrathin sections were examined
under a JEM 1200EX electron microscope at 60 kV (Bozzola
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and Russel 1992).

Determination of extrachromosomal
inheritance in strain pet1/1

For hybridization of strain pet/I the protoplast fusion method
was used. Protoplasts were prepared from exponentially
growing cultures of arg ben®2, arg ben®2 p~10 and petl/]
essentially according to the method described by Mariz et
al. (1978) with the following modifications: cells of the fu-
sion partners were precultivated in 2xYPD liquid medium;
after pretreatment in 1% 2-mercaptoethanol, the cell wall was
digested with 1.5% snail enzyme and 0.1% NovoZym in 0.8
M KCl for 2 hours. Partners in protoplast fusion were: pet1/1
x argben®2 p™10 and petl/1 x argben®2; for hybrid selection
minimal medium supplemented with 1pg/ml benomyl and
0.8 M KClI was used.

Separation of nuclear and mitochondrial DNA

A modification of the procedure previously described for
Saccharomyces cerevisiae was applied. Protoplasts were
formed from cells of stationary phase (107 cells/ml). After
two hours incubation in the lysing enzyme the crude lysate of
5x10° protoplasts were applied to separate DNAs on isopycnic
CsCl/ bisbenzimide (Hoechst 33258) gradient according to
Williamson and Fennel (1974), in Sorvall Pro80 Ultraspeed
Centrifuge.

Isolation of mitochondria

Protoplasts from about 10° cells were broken by French press
at 4°C at 3000y. Mitochondria were isolated on sucrose gra-
dient according to Rickwood et al. (1988).

Restriction endonuclease digestion and
electrophoresis

Restriction endonucleases were obtained from Fermentas
(Vilnius, Lithuania) and the reactions were carried out ac-
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Figure 1. Effect of different concentration of ethidium bromide on
cell growth.

cording to the supplier’s directions.

Pulsed field gel electrophoresis (PFGE)

DNA samples from P. rhodozyma protoplasts were prepared
in agarose blocks and separated in a 1.0% (w/v) agarose gel
using a CHEF-DRTM 11 System (BIORAD) with switching
time 60s. All separations were performed in 0.5x TBE buf-
fer (45 mM Tris-borate, | mM EDTA pH 8.0) at 12°C for
14 hours.

Results and Discussion

The occurrence of spontaneous petite mutation
in Phaffia rhodozyma

During our preliminary study on P. rhedozyma CBS 5905
strain the occurrence of small colonies was revealed with
about 1% frequency on complete media (Kucsera et al. 1995).
Replicating colonies onto media containing nonfermentable
carbon source (ethanol) the small ones failed to grow. One
of these spontaneous petite mutant strains (pet//]) was iso-
lated for further experiments. No such mutants were found
in the X. dendrorhous strains when 10 cells were plated for
colonies.

Detection of the respiration rate in isolated
grand and petite mitochondria

The O, consumption of isolated mitochondria of the grand
and the petite strains was measured by ‘Clark-type’ oxygen
electrode. The grand mitochondria respired at a rate of 25 uM
O_/min/mg protein in the presence of succinate as substrate
and the respiration was almost totally blocked with Antimycin
A. Some residual respiration which can be due to the activity
of an alternative oxidase enzyme system was also detected
(An and Johnson 1990). The mitochondria of petite cells
neither respired nor responded to the addition of Antimycin
A in the presence of the substrate.

Petite mutants in Phaffia rhodozyma

Figure 2. TMPD staining of Phaffia rhodozyma wild type and petite
mutant colonies. A: colonies without TMPD, B: colonies with TMPD,
arrows show the respiratory competent wild type colonies.

Specific induction of petite mutation by
ethidium bromide

Ethidium bromide (EtBr) inhibits de nove synthesis of
mtDNA as well as stimulates destruction of the pre-existing
mtDNA molecules resulting in almost 100% conversion of
S. cerevisiae culture into a respiratory-deficient one. Cells
of P. rhodozyma were exposed to various concentrations of
EtBr for various periods of time in complete liquid medium
and the changes in the growth rate and survival rate were
determined. The inhibition of cell growth is illustrated on
Figure 1. Although the growth rate was gradually inhibited
at concentrations higher than 10 pg/ml, the yeast cells still
grew reasonable well in the presence of EtBr. Even at higher
concentration they remained viable (data not shown). This
behaviour of P. rhodozyma mtDNA suits the well-known
sensitivity of fungal mtDNAS to low levels of EtBr. The con-
version of cells to petite phenotype by EtBr treatment (10 pg/
ml) as a function of time was also determined (Table 2). Petite
mutants could be isolated almost in 80% after 48 hours treat-
ment. These results are also similar to those of S. cerevisiae,
where low concentration of EtBr could cause a 99% of petite
induction (Dujon 1981). Treatment with EtBr did not resulted
in petite mutation of the X. dendrorhous strains: 2500 surviv-
ing colonies of each strain were tested after 10-25-50 pg/ml
EtBr treatments of 48 hours and respiratory deficient isolates
could not be found.

Screening of cytochrome c oxidase activity in
ethidium bromide induced petite isolates

The activity of the respiratory-chain enzymes was checked
by cytochrome ¢ oxidase test, in more than 100 isolates of
the ethidium bromide induced mutants. Grand type colonies
showed purple coloration within two minutes due to inten-
sive oxidation while all of the petites remained pink when
stained by TMPD (Fig. 2). The result proved that cytochrome
¢ oxidase enzyme did not function, however other enzymatic
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Figure 3. Ultrathin section from Phaffia rhodozyma wild type (A) and pet1/1 petite cells (B).

(e. g. cytochrome b) deficiency prior to cytochrome ¢ oxidase
could not be excluded.

Electron microscopic structure of the grand and
petite cells

Studies on the morphology of mitochondria in grand cells
and cytoplasmic petite mutants of S. cerevisiae revealed that
in the later they are often smaller and spherical. The major
alteration is the loss of normal cristae, and very often the
mitochondria tend to aggregate in some cytoplasmic regions
(Stevens 1981).

In P. rhodozyma the wild-type cells had very well struc-
tured grand mitochondria with developed internal lamelles
(Fig. 3a). The mutant cells also contained recognizable mi-
tochondria (Fig. 3b). Its structure appeared normal we could
observe neither distinct morphological alteration nor irregular
distribution of the organelles in the cytoplasm.

Characterization of the mtDNA

Mitochondrial DNA of P. rhodozyma CBS 5905 migrates as a
“smear” during PFGE what is peculiar for circular mitochon-
drial genomes. Separation of nuclear and mtDNA in isopycnic
CsCl gradient showed that the buoyant density of DNA deriv-
ing from whole cell lysates was the same. Accordingly, for
further experiments the mtDNA was isolated from purified
mitochondria and analysed by restriction endonucleases.
Enzymes having six-base recognition site gave partial
digestion, therefore endonucleases with four-base recognition
sites were used to determine the size of the mitochondrial
DNA (Fig. 4.). The estimated molecular weight was 17.6
kb, however, this result can alter after refining the number of
the comigrated fragments. The mtDNA contained relatively
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Figure 4. RFLP patterns of mtDNA of P rhodozyma CBS 5905 strain.
Lane M: A-pUC Mix as molecular weight marker (Fermentas). Lanes 1-3:
Rsal-, Mspl-, and Haelll-digested mtDNA, respectively.

high number of restriction sites recognized by enzyme which
specifically cut in GC clusters. This is similar to the published



results by Piskur et al. (1996, 1998) in the Saccharomyces
sensu stricto complex where the members of the species
group showed variable RFLP pattern, when such enzymes
were used, although there were only slight differences when
enzymes specifically cutting in the coding regions were ap-
plied.

Characterization of the mtDNA of petite
mutants

The cytoplasmically inherited petite mutation in . cerevisiae
is due to smaller or larger deletions in mitochondrial DNA
(Dujon 1981). The deleted segments may derive from any
part and length of the mitochondrial genome or in extreme
cases the mtDNA may be completely lost (p° mutant). The
non-deleted sequences may be amplified, and its amphimeric
organization is thought to be general (Rayko and Goursot
1996a, b). In P. rhodozyma petite strain either induced by
EtBr or arised spontaneously the restriction enzyme pattern
of the mtDNA generated by Haelll and Rsal was the same as
in the wild type mtDNA. The mutants possibly arose by point
mutation or may be due to only very small deletions which
could not be detected by using these enzymes.

Inheritance of respiratory deficient mutation in
strain pet1/1

As RFLP pattern of the mtDNA in spontaneous petite and in
the grand strain was similar, we were wondering about the
origin of the mutation (viz. mitochondrial or nuclear). As
P. rhodozyma is not capable for sexual processes, unlike its
teleomorph form Xanthophyllomyces dendrorhous (Kucsera
et al. 1998), the protoplast fusion method was applied for
hybridization. The idea was, if the mutation of the spontane-
ous petite strain 1/1 is on nuclear DNA, hybrid cells obtained
from a fusion to arg ben*2 p~ ethidium bromide induced petite
should have a grand phenotype. The reason is the presence
of a normal complement of nuclear genes in strain arg ben*2
p~ (since EtBr has no effect on nuclear DNA) and of mito-
chondrion (in strain 1/1). On the other hand, if the mutation
is on mtDNA, the hybrid progeny resulting from the fusion
will exhibit the mutant phenotype, since the petite parent
(strain 1/1), having no functional mtDNA cannot supply the
wild-type copy of the mutated gene. In fusion experiment A
the 1/1 petite was fused to arg ben®2. After selection on mini-
mal medium containing benomyl, all of the twelve isolated
colonies were grand. In fusion experiment B, the strain 1/1
was fused to arg ben®2 p~ EtBr induced petite. After selection
ten fusion colonies were isolated and all of them were petites.
According to this result, the spontaneous petite mutation was
mitochondrially inherited in strain 1/1.

In conclusion the occurrence of small colonies during
the cultivation of Phaffia rhodozyma and the fact that they
are not able to use nonfermentable carbon sources revealed
that Phaffia rhodozyma is a petite-positive basidiomycetous

Petite mutants in Phaffia rhodozyma

species. This was confirmed by the following results: i. the
difference between the O, consumption of the grand and the
petite cells and their mitochondria suggested that the petite
cells do not contained functioning mitochondria; ii. ethidium
bromide proved to be an effective petite inducer; iii. the pe-
tite mutants might arise by point mutation or small deletion
even after ethidium bromide treatment as their RFLP profile
generated by Haelll or Rsal digestion proved the same as the
RFLP pattern of the wild type.
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ABSTRACT Production and arrangement of photosynthetic pigments into protein complexes KEY WORDS
were monitored by steady state and kinetic absorption and fluorescence methods in different
3 % . growth curves
phases of growth curve of photosynthetic purple bacterium Rhodobacter sphaeroides. The photosynthetic pigments

increase of the number of pigments (B800, B850 and B875) followed that of the cells and could
be described by the modified Gompertz equation. The newly synthesized chromophores were
imbedded immediately into the proteinous scaffold independently on the age of the cell (no free
pigments were observed). The assembly, however, showed age-dependent changes manifested
by slight (~5 nm) blue-shift of the absorption peak of B875 in LH1, by small increase (~10%) of
the variable fluorescence and by increased duration of the electrochromic shift detected at 525
nm. The observed changes of the organization of the bacteriochlorophylls in the photosynthetic
units upon aging the cell correspond to the tendency of more efficient capture and utilization

light harvesting systems
absorption spectra
fluorescence induction

of light energy.

The photosynthetic purple bacteria are among of the most
ancient and primitive organisms whose bioenergetics has
been thoroughly studied and serves as model of more complex
energy converting biological systems (Asztalos and Mar6ti
2009). The antenna pigment proteins in the intracytoplasmic
cell membrane (ICM) absorb solar light and transport the
energy to the bacterial reaction center (RC), where the light
energy is converted into chemical energy directly utilized by
the organism (Fig. 1). These antenna molecules are referred
to as light harvesting complex 1 (LH1) and light harvesting
complex 2 (LH2; Jungas et al. 1999). The LH1 core antenna,
a closely coupled pigment system, surrounds the bacterial
RC (Jamieson et al. 2002; Roszak et al. 2003). LHI is, in
many types of bacteria, connected to a peripheral antenna,
LH2 (Sundstrom et al. 1999). The elementary building block
of both LH1 and LH2 is a coupled pair of helical transmem-
brane polypeptides, the so-called o/} dimer. Both helices
bind a bacteriochlorophyll @ (BChl a) at a conserved histidine
position (Olsen et al. 1997, 2008), in the case of LH2 the B
polypeptide also binds a second Bchl a (Waltz et al. 1998).
The o/B dimers are arranged in ring like structures. In the
case of the LH1 complex of Rhodobacter (Rba.) sphaeroides
the BChls form two interconnected open rings of 28 dimers
in total, with each dimer proposed to have a gate for quinone
exchange formed by the PufX protein (Siebert et al. 2004;
Qian et al. 2008). In the case of LH2, there is a circular ar-
rangement of 9 dimers binding two concentric rings of 18
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B850 BChls and 9 B800 BChls, structurally and energeti-
cally connected by carotenoid molecules. While the major
interactions that stabilize LH1 are within the o/B subunits,
in LH2 the interactions of neighboring amino acids between
0/B—pairs are essential. These rings are named according to
their absorption maxima, B875 (LHI), B850 (LH2) and B80O
(LH2). The LH1 and LH2 have strong internal dipole cou-
pling, exhibit fast transfer between the elements of the ring (a
biphasic equilibration of exciton states with lifetimes of ~100
fs and ~400 fs is generally reported), have a big absorption
cross section and high structural stability. These properties
of the light harvesting system make good candidate to follow
structural and functional changes during the cell cycle of the
photosynthetic bacteria.

The facultative photoheterotroph purple bacterium Rhodo-
bacter (Rba.) sphaeroides is a member of the -3 subclass of
the Proteobacteria (Imhoff 1995) that provides an excellent
experimental system to study membrane biogenesis and as-
sembly (Koblizek et al. 2005). When grown under anaerobic
conditions in the light, Rba. sphaeroides forms a system of
intracytoplasmic membranes that house the photosynthetic
apparatus. It was shown that the photosynthetic units were as-
sembled in a sequential manner, where the appearance of the
LHI-RC cores was followed by the activation of functional
electron transfer, and finally by the accumulation of the LH2
complexes. The ICM formation is repressed in the presence
of oxygen. The invagination of the cytoplasmic membrane
(CM) and the synthesis and assembly of light-harvesting
and RC complexes are under the control of a global two-
component oxygen sensing, signal transduction system and
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Figure 1. Artistic visualization of the photosynthetic light harvesting
apparatus of Rba. sphaeroides 2.4.1. and migration and capture of the
excitation photon hv by the reaction center RC. LH1: light harvesting
complex 1, PufX: PufX protein, o and B: bacteriochlorophyll binding
proteins, B875, B850 and B800: bacteriochlorophylls of absorption
maxima at 875, 850 and 800 nm bound to o/} dimers, respectively,
LH2: light harvesting complex 2.

additional regulatory components (Takemoto and Lascelles
1973; Masuda et al. 2002).

Based on the time evaluation of the concentration of the
bacterial cells in the culture, the growth curve of Rba. spha-
eroides under constant illumination can be divided into lag,
exponential, intermediate and stationary phases (De Klerk
et al. 1969). We can pose the following simple but not yet
properly answered questions: 1) What is the rate of production
of the pigments and 2) how do they assemble to functional
units (e.g. to light harvesting system) in the different phases
of the growth? More frankly, are there any differences be-
tween young and old cells in composition and arrangement
of the pigments in the light harvesting complexes? We will
demonstrate in this paper, that the conventional steady-state
absorption spectra of the intact cells at room temperature can
hardly answer these questions. The fluorescence character-
istics of the pigments, however, will shed some light to and
reveal the complexity of this problem.

Methodologically, we can add some novelties to the
generally used instrumentation of similar types of physi-
ological studies. Despite the overwhelming use of different
chlorophyll fluorometers in functional studies of plants and
cyanobacteria (Papageorgiou and Govindjee 2004), the in-
duction of BChl fluorescence of photosynthetic bacteria has
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gained interestingly very restricted application (Maréti 2008;
Bina et al. 2009; Kocsis et al. 2010). The Kautsky-effect was
used to monitor the marine ecosystem (Hohmann-Marriott
and Blankenship 2007), the development of the functional
photosynthetic units during the growth (aging) of the bac-
terium cells (De Klerk et al. 1969; Koblizek et al. 2005)
and the influence of heavy metal contamination of cultures
of photosynthetic bacteria (Asztalos et al. 2010). Here, we
display the applicability of variable BChl a fluorescence tran-
sients for elucidating the assemble/dissemble processes of the
photosynthetic unit during aging of the bacteria. Beside the
conventional absorption techniques, the fluorescence kinet-
ics of intact cells opens new possibilities to reveal up to now
hidden aspects of aging.

Materials and Methods

Cells of purple non-sulfur photosynthetic bacterium Rhodo-
bacter (Rba.) sphaeroides strain 2.4.1 were obtained from
the German Collection of Microorganisms and Cell Cultures
(DSM n. 160) and were cultivated anaerobically in Sistrom
medium (Sistrom 1962) under stirring in 1 liter screw top
flasks at 33°C. The cultures of the bacteria were deoxygenated
by bubbling N, gas for 15 minutes. Tungsten lamps (40 W)
whose spectrum is rich in red components, provided continu-
ous and homogeneous illumination of 13 W-m™ irradiance at
the surface of the vessel. The volume of the sample (= 1.5
ml) taken regularly was negligible compared to the total vol-
ume of the culture and therefore did not modify the growing
conditions. The concentration of the cells in the culture was
determined by visual counting the number of the sample cells
with calibrated Biirker chamber under light microscope.
The steady state spectra of absorption and fluorescence
of the cells were measured by Helios y spectrophotom-
eter (Thermo Electron Corporation) and spectrofluorometer
(Perkin Elmer MPF 4) with home-made red-extension of
the photodetection by replacing the photomultiplier (Hama-
matsu R-446F) by pin photodiode (10DI, UDT Sensors Inc),
respectively. The kinetics of light-induced absorption- and
fluorescence changes of the whole cells were detected by
home-constructed spectrophotometer (Maréti and Wraight
1988) and bacteriochlorophyll fluorometers (Maré6ti 2008;
Mar6ti and Wraight 2008; Kocsis et al. 2010), respectively.

Results

Steady state absorption and fluorescence
spectra

Even at room temperature, three bands with center wave-
lengths of about 800 nm (LH2), 850 nm (LH2) and 875 nm
(LHI1) can be recognized in the red part of the absorption
spectrum of the cells (Fig. 2). After approximation of the
baseline originating from intense light scattering by hyper-
bolic function and subtraction from the measured spectrum,
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Figure 2. Steady state absorption and fluorescence spectra of intact
cells of Rba. sphaeroides. The absorption spectrum is decomposed into
three Gaussian components of peaks at 800 (- - -), 850 (-- - -) and 875 nm
(- —-) and the fluorescence spectrum into two Gaussian components
of peaks at 850 nm (- - - - -~ ) and 895 nm (- - - -). The blue part of the
fluorescence spectrum is cut by a red filter (RG-850).
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Figure 3. Fluorescence induction (A) and kinetics of flash-induced ab-
sorption changes (B) of young and old cells of Rba. sphaeroides 2.4.1.
Panel A: Fluorescence induction kinetics upon stepwise dark-light
transition. F,, F, and F, are the dark, the variable and the maximum
levels of fluorescence, respectively. The variable fluorescence in young
cells is smaller than in old cells. Panel B: Electrochromic signals at 525
nm. (The trace taken at 0 hrs is multiplied by 10.) While the young
cells have fast decay kinetics after the small abrupt increase, the old
cells have a second and slower increase followed by a slow decay. (For
details see Table1.)
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the difference curve was decomposed into the sum of three
Gaussian components:

3 2-00-A,
(1) _v=§——w Ar_r;/.'l -ex;{— _(sz m):|

where A, w, and lc.i are the area, the bandwidth and the
central wavelength of the i-th component (i =1,2 and 3).
The Gaussian peeling reveals the dominant role of the core
complex (LH1) which cannot be expected from the visual
inspection of the spectrum (a shoulder is appearing at the
descending part of the spectrum). As the oscillator strength
of the component is proportional to the area of the band,
this parameter was used to characterize the (absolute and
relative) changes of the absorption bands during aging of
the bacteria.

The steady-state fluorescence spectrum of the intact cells
displays a main band at 895 nm and a satellite band centered
at 850 nm that can be also quantified by Gaussian decomposi-
tion of the observed spectrum according to Eq. (1).

Flash induced absorption and fluorescence
kinetics

Relatively large absorption change can be detected at 525
nm upon flash illumination in intact cells (Fig. 3). Similar
effects were reported in chromatophores of bacteria (Wraight
et al. 1978) and utilized widely in algal photosynthesis (Bail-
leul et al. 2010). The observed changes were attributed to
electrochromic shift of marker molecules (e.g. carotenoids)
in the membrane. The rise of the signal is due to the ener-
getization of the membrane and the decay is characteristics
of discharge of the membrane capacitor. Table 1 includes the
major kinetic parameters of the electrochromic signals in
young and old cells. Note the deceleration of dissipation of
the electric field across the membrane upon aging the cells
(10 ms — 42 ms).

The fluorescence of the cells was obtained by rectangular
shape of laser excitation (at 808 nm) and showed typical
transient as it increased from F level to F__level (Fig. 3).
As the variable fluorescence (F = F__ - F)) indicates the
photochemical trapping of the excitons in the pigment bed,
its ratio to the maximum fluorescence, F /F__characterizes
the capability of the bacterium to utilize the excitation (Bina

Table 1. (Bi)exponential fit of the flash induced electrochromic
kinetics of young and old cells (Fig.3, panel B).

rise decay
abrupt slow (AB) (B'C or BQ)
age of (OB’ or OA)
:::;:ells amplitude amplitude time amplitude  time
(mOD) (mOD) (ms) (mOD) (ms)
young (0) 1.8 - - 1.8 10
old (28) 27 54 23 81 42
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complex, respectively.

Table 2. Parameters of the growth curves (Fig. 4, panels A-C) fit-
ted by the Gompertz equation (Eq. (2)) using N, Nand N__ as
initial, actual and asympthotic values of the investigated physi-
cal quantity (cell number, fluorescence, absorption or electro-
chromism), respectively, . as maximum rate of doubling and
at, as lag time. The cultures used in rows 1 and 2 were different
from that used in rows 3 and 4.

initial fitting parameters
physical quanti- value as- maximum rate  at, (h)
ties ympthot-  of doubling u_,,

ic value (h")

cell number 5.5-10% 8.2-10° 0.4 1.9

cells/ml| cells/m|
fluorescence, 1.5 24 0.5 1.8
F,,, (rel. units)
absorption
(area, relative
units) 0.18 23 0.44 2.2
B800 0.18 19 0.42 24
B850 0.55 68 0.43 1.8
B875
electrochromism 1.8 81 mOD 0.7 29

mOD
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et al. 2009; Kocsis et al. 2010). The larger is this ratio (the
closer it is to 1), the more effective is the capture of excitation
for photochemical purposes.

Growth curves

The growth curves were obtained by plotting the natural
logarithm of the relative increase of the population, In (N(r)/
N,), against the time, r elapsed from the inoculation of the
cells in the culture medium (Fig. 4). The maximum of growth
rate (g__ ), the lag phase duration (Ar) and the asymptotic
population size (N__ ) were determined by fitting the modi-
fied Gompertz equation to the growth curves (Zwietering et

al. 1990):
N .exp{—exp[e;: (Ar, —1)+ I]}

where N(r) is the cell concentration at the time ¢, N, is the
initial cell concentration and e (the Euler’s number) is the
base of the natural logarithm. Similar fitting procedures were
carried out for the oscillatory strengths of the dipoles (the

lnmz
N,

(2)
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Figure 5. Fluorescence induction (A and B) and spectral changes (C)
during cultivation of Rba. sphaeroides 2.4.1. Panel A: The F JF__ ratio
shows abrupt rise upon cell division (W) and remains constant even in
old cells. Panel B: The photochemical rise time (®) increases in younger
cells, then levels off and decreases finally to the initial level in older
cells. Panel C: Wavelength shifts of the peaks of characteristic bands
during the growth of the bacterial culture. The main fluorescence
band F200 shows red shift, the absorption band B875 of LH1 has blue
shift and the B800 and B850 bands of LH2 have no changes during the
exponential phase of the growth.

band area) of the antenna pigments B800, B850 and B875,
for the maximum fluorescence levels after induction F__ and
for the magnitude of the electrochromic changes. The fitting
parameters are included in Table 2.

Photosynthetic pigments in aging bacteria

Discussion

The absorption and fluorescence properties of intact bacteria
were measured in different phases of the growth to reveal
what pigments and at what rate they are produced in the
biochemical factories of the organism and how they are as-
sembled into functional units essential to harvest the light and
to energize the membrane.

After inoculation of the cells in the culture, the bacteria
accommodate to the new conditions (large supply of light
and nutrients). All of the investigated parameters show a
lag phase of duration about 2 hours. After this transient, the
cells divide with high rate (exponential phase, the doubling
time is 3 hrs) and the population consists of young (mother
and daughter) cells. Upon graduate exhaustion of the food
supply, however, the rate of division progressively decreases
(intermediate phase) and finally gets zero, i.e. no (net) cell
division takes place (late stationary phase). These cells can
be aged and we call them as old cells. The primary purpose of
this study is the comparison of the young and old cells based
on spectroscopic characteristics to get easily accessible marks
for aging the cells.

Principally, the activity of pigment production and in-
corporation into protein complexes were in full accordance
with the rate of cell division (Fig. 4). We observed slight but
definite deviations from this general tendency in some cases
only (Fig. 5). 1) The dominance of the core light harvesting
complex LH1 compared to the peripheral complex LH2 was
stronger in old cells, than in young cells. 2) The fluorescence
maximum of the old cells showed red shift of about 5 nm and
similar size but blue spectral shift was observed for the B875
pigment. 3) The variable fluorescence was larger by 10% in
old bacteria than in young bacteria and the photochemical rise
time showed also slight variation indicating moderate changes
of the size or connectivity of the antenna system during aging.
4) The old cells performed more stable membrane potential
after flash excitation than the younger cells (Fig. 3). As the
kinetics of establishment and breakdown of the membrane
potential depends on movement of electric charges (electrons,
ions and protons) and the dielectric properties (sealing) of
the photosynthetic membrane (Bailleul et al. 2010), one can
conclude for more sophisticated (finely tuned) dielectrics in
old cells than in young cells.

These observations indicate that roughly the same pig-
ments are produced and incorporated into the same protein
complexes throughout the growth and no large deviations
from this tendency were experienced. That would shed some
light of critics on recent conclusions of sequential assembly
of photosynthetic units in Rhodobacter sphaeroides (Koblizek
et al. 2005). If the assembly was sequential i.e. the appearance
of LH1 was followed by the creation of LH2, then one would
expect large changes in the photochemical rate and/or variable
fluorescence. As we did not observe the predicted changes in
neither phases of the growth curve, the model of parallel pro-
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duction and assemble of complexes would be more adequate
to our observations. We expect more straightforward proof of
the parallel model by performing similar experiments not on
asynchronous (as in this study) but on synchronous culture
of bacteria under which conditions all cells are brought to the
same physiological state.
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ABSTRACT  Cylindrical, 7 pm in diameter carbon fiber (CF) microelectrodes were constructed
and tested for their responses to dopamine in constant potential amperometry or fast scan
cyclic voltammetry (FSCV). Amperometry was carried out in a miniature perfusion chamber
whereas background subtracted FSCV was performed both in vitro and in vivo. For calibration
performance of the microelectrodes, peak oxidation currents were determined using unmodified
carbon tips of varying lengths and plotted against the tip lengths. A very close linear correlation
(r = 0.997) was found between the two variables for tip lengths ranging from 25 to 300 pym.
Also, a very close linear correlation was found between the oxidation current at a given carbon
tip length in response to increasing dopamine concentrations measured by either amperometry
or FSCV. In vivo experiments were carried out in the visual cortex of the anaesthetized rat to
detect dopamine release in response to visual stimulation. Indeed, background subtracted cy-
clic voltammograms showed an increase in the current at 0.65 V which is the typical dopamine
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oxidation potential.

Carbon fiber (CF) microelectrodes have been used to extracel-
lularly record neuronal action potentials (Armstrong-James
and Millar 1979) and to detect electrochemical signals in vitro
and in vivo (Ponchon et al. 1979). They have been demon-
strated to be very suitable for detection of catecholamines
such as dopamine or norepinephrine and other oxidizable
biological species including nitric oxide (Malinski and Taha
1992). Since the early times in CF applications for biorecord-
ing, a variety of enzyme-modified CF microbiosensors has
been introduced for the in situ determination of biologically
important compounds. Recently, the immobilization of DNA
molecules or carbon nanotubes onto CF microelectrodes al-
lowed the construction microsensors for a great variety of
analytes. Another novel use of CF microelectrodes is sensing
tissue oxigen levels at a micrometer scale. For review, see
(Budai 2010).

The CF microelectrodes are graphite monofilaments and
are about 7 um in diameter. A basic CF microelectrode is an
elementary carbon filament built in a mechanically supportive
and electrically insulating borosilicate glass or plastic sheath-
ing. The uninsulated carbon tip protruding from the sheathing
by 10 pm to a few 100 um provides an electroactive surface
for picking up spikes from the near vicinity of neurons and/or
surface for electron transfer in electrochemical measurements
and microbiosensor applications. The chemically relatively
inert CF has outstanding mechanical and electrical properties
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and provides an excellent base electrode for electrophysi-
ological, electrochemical and biosensor applications on a
micrometer or perhaps even on a submicrometer scale.

Miniaturization, however, has its own limitations. At a giv-
en current density, for example, an overly small electroactive
surface may greatly diminish the electrode performance and
shows a poor signal-to-noise ratio. When the electrochemical
measurement is combined with single-unit recording a shorter
tip of 20 to 30 um is required, as longer carbon lengths give
rise to multiple-unit recording (Stamford et al. 1993). For
these reasons, and as longer carbon tip represents a greater
active surface, we studied the electrochemical responses of
CF microelectrodes as a function of the exposed carbon tip
length. Experiments were performed using constant potential
amperometry in a miniature perfusion chamber or employing
fast scan cyclic voltammetry (FSCV) in vitro or in vivo.

Materials and Methods
Manufacturing CF microelectrodes

Single-barrel CF microelectrodes were made from boro-
silicate glass capillary tubing (1.50 mm O.D., 0.84 mm LD.,
WPI, Sarasota, FL) containing a 7 pm in diameter carbon
fiber monofilament as previously described in details (Budai
and Molndr 2001). After pulling the blank, the excess length
of the CF protruding from the tip of the glass was cut with
a fine pair of scissors to about 5 mm. The exposed CF was
finally trimmed to lengths of 25, 50, 75, 100, 200 or 300 pm
using high voltage spark etching under a light microscope.
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Figure 1. A: View of a carbon carbon fiber microelectrode. The gold-
plated connector is galvanically connected to the 7 ym in diameter
carbon monofilament that provides the lead element in the borosilicate
glass micropipette. B: Light microscopic stucture of the tip. The carbon
fiber protrudes from the electrically insulating glass support and ends in
asharp, conical tip. The length of the exposed carbon tip were selected
between 25 pm (shown) and 300 ym in the present experiments.

The completed microelectrode is shown in Figure 1.

Electrochemical measurements

Constant potential amperometric experiments were carried
out at room temperature (25°C) using a *Micro C’ carbon
fiber potentiostat (WPI, Sarasota, FL). The oxidization cur-
rents were measured using various lengths of the carbon
tip as working electrodes that were kept at 0.65 V against
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a Ag/AgCl half cell in a miniature, 1 ml perfusion cham-
ber. Physiological saline was continuously perfused at a
rate of 2 ml/min from one of the syringes of a two-syringe
infusion pump. The other syringe contained dopamine hy-
drochloride (Sigma, Saint Louis, MO) dissolved in saline
at various concentrations and switchings between the two
syringes were made using 3-port manifold. Data acquisi-
tion was performed using a NI PCI16221 multifunction data
acquisition board placed in a desktop computer and pro-
grammed in LabView (National Instruments, Austin, TX).
Fast scan cyclic voltammetry (FSCV) were performed using
a custom-built analogue triangle waveform generator hard-
ware (System Kellényi, BioPot V4, 2009) controlled by a
LabVIEW driver developed in-house and the resulting signals
were acquired by a PCI-6025E data acqisition card (National
Instruments, Austin, TX). A CED 1401Plus data acquisition
system (CED, Cambridge, UK) was also used to synchronize
waveform application, data acquisition, and light stimulation
delivery for in vivo experiments. A scan rate of 300 V/s was
applied with a resting potential of -0.2 to -0.4 V. For refer-
ence Ag/AgCl electrode was used. In individual scans, the
anodic limit was set to 1.0 V, and the measurements were
typically repeated at 200 ms intervals. The collected raw data
signal was on line background subtracted, signal averaged,
and digitally filtered with a custom-built control software
in a LabView environment. Dopamine solutions of various
concentrations were measured to plot the calibration curves
of CF microelectrodes. Dopamine was dissolved in 100
mmol/l phosphate buffer solution (pH= 7.4). Voltammograms
obtained in phosphate buffer solution were subtracted from
the curves of dopamine solutions to eliminate the background
current (Howell et al. 1986). Maximum oxidation currents
were plotted against the concentration of dopamine to find
correlation between the two variables.

In vivo recordings

FSCV recordings were taken using 100 um-long, unmodified
CF microelectrodes in various areas of the visual neocortex
of anesthetized rats to test the involvement of V1/V2ML
cortical neurons in stimulation paradigm using light flash
stimuli to induce related activity. Experiments were carried
out in male Wistar rats (Charles River Laboratories, G6dillG,
Hungary) with the approval of the Animal Care Committee
of the University of Pécs, Hungary and in compliance with
international standards. Anaesthesia was induced with a
single intraperitoneal injection of ketamine (100 mg/kg, SBH,
Budapest, Hungary) and maintained with 20% of the initial
dose administered in approximately every 45 min thereafter
for a maximum of three times. Stereotaxic coordinates for
the targeted regions were selected according to the atlas of
Paxinos and Watson (1986) and were as follows: AP (from
bregma): -5.5 to -6.5 mm; L: 2 to 3 mm: V (from brain sur-
face): 0.5 to 3.0 mm.
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Figure 2. A: A representative constant potential amperometric re-
sponse of a 100 ym long carbon tip to 0.75 pmol/l dopamine at 0.65
V in a miniature perfusion chamber. B: Linear relationship between
the length of the carbon tip and the oxidation current at 0.65 V in
response to 1.0 umol/l dopamine. Data represent the mean = SD of
5 experiments.

Visual stimulation were performed using two bright green
LEDs (one on each side) served as whole field visual stimuli
and were lit for 200 to 500 ms from a distance of 7 cm to the
eyes of the subject. The frequency of visual stimulation was
set between 0.2 and 0.5 Hz and a typical block of trials con-
tained 20 to 50 trials to enable averaging of the electrochemi-
cal data. Extracellular multiple unit activity and micro-EEG
was recorded through the carbon fiber of the microelectrode
to ensure that the cortical area in the vicinity of the electrode
was responding to visual stimulation. Neuronal signal was
passed through a biological amplifier (BioAmp, Supertech
Ltd, Pécs, Hungary) and an analogue-digital converter in-
terface (Power 1401, CED, Cambridge, UK) and saved in a
desktop computer.

Carbon fiber electrochemistry
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Figure 3. Linear correlation between dopamine (DA) concentration
and the resulting oxidation current at a 100 pm-long carbon tip kept
at 0.65 V. Data represent the mean = 5.D. of 5 experiments.

Results and Discussion
Constant potential amperometry

In amperometric measurements, the CF microelectrode is
held at a constant potential (e.g., 0.65 V for catecholamines)
exceeding the redox potential of the substance of interest.
When molecules such as epinephrine or dopamine hit the
carbon surface, electrons are transferred and a current can
be measured. For reviews, see (Kawagoe et al. 1993; Wight-
man 2006). Constant potential amperometry offers the best
temporal resolution among the available techniques, however,
it suffers from poor selectivity: any molecule that can be oxi-
dized or reduced at the potential of the electrode is detected,
so there is no way to differentiate between molecules. As
expected, the surface area available for electron transfer will
significantly influence the sensitivity and, hence, the signal-
to-noise ratio in such electrochemical recordings (Kawagoe
et al. 1991; Armatore et al. 2009). In case of the 7 ym in di-
ameter CF microelectrodes the smallest possible electroactive
area is formed when a glass-encased carbon monofilament
is beveled to 90° or to other angles for studying dopamine
release from single cells (Armatore et al. 2009; Adams et al.
2011). On the other end, up to 250 pm of the exposed carbon
tip is usually left protruding from the sheathing when in vivo
electrochemical recordings are taken from the brain (Fig. 1B)
(Dugast et al. 2002; Clark et al. 2010). These larger cylindri-
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Figure 4. Fast scan cyclic voltammetry of dopamine (DA) in 0.1 mol/l
phosphate buffer (pH= 7.4) using CF microelectrodes. A: Background
subtracted voltammograms of dopamine plotted against the elec-
trode potential. Measurements were performed using a 50 pm-long
CF microelectrode. Only the oxidative phases of cycles are shown for
clarity. B: Linear correlation between peak oxidation currents shown
in panel A and the dopamine concentrations for CF microelectrodes
having 50 ym or 75 pm tip lengths. Data represent the mean = SD of
3 experiments.

cal microelectrodes are advantageous because the secreted
molecules come from multiple terminals near the electrode,
and the greater electroactive area leads to a larger signal that
emerges from the Johnson noise of the current amplifier
(Kovach et al. 1984). However, when the electrochemical
measurement is combined with single-unit recording a shorter
tip of 20 to 30 pm is required, as longer carbon lengths give
rise to multiple-unit recording (Stamford et al. 1993).

In the present set of experiments, we studied the constant
potential amperometric responses of cylindrical CF micro-
electrodes in a miniature perfusion cell to dopamine while
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Figure 5. Fast scan cyclic voltammetry in the V2ML region of the vi-
sual cortex of rat brain using CF microelectrodes. Comparison of the
background subtracted cyclic voltammograms obtained in dopamine
solutions and in the V2ZML region of the visual cortex in rat brain during
light stimulation. Each curve is the average of 10 scans. The background
signals to be subtracted were recorded in phosphate buffer solutions
(for in vitro experiments) or in the V2ML without stimulation (for in
vivo experiment). Oxidation peak currents for in vivo experiments
appeared at the same electrode potential as in typical measurements
of dopamine solutions in vitro.

the electrode potential was kept at 0.65 V (Fig. 2A). These
electrodes were “pristine’, that is untreated and unmodified
with any procedure, and their selected lengths were 25, 50, 75,
100, 200 or 300 pm. We found a linear relationship between
the exposed carbon tip length and the dopamine oxidation
current as shown in Figure 2B. For example, a 100 pm-long
carbon tip produced about 50 pA oxidation current under
these conditions. The linear regression analysis based on 5
measurements for each data point resulted in the equation of
y = 0.51x + 2.93 with a correlation coefficient of r = 0.997.
Also, a very close linear correlation was found between the
oxidation currents measured at a 100 pum-long carbon tip in
response to increasing dopamine concentrations (Fig. 3). The
relationship between the two variables was y = 67.41x - 4.60
with a correlation coefficient of r = 0.998, based on 5 mea-
surements for each data point.

Our primary goal was to find an exact relationship be-
tween dopamine oxidation current and the length of untreated
carbon tip or dopamine concentration. It should be noted,
however, that electrochemical pretreatment of the carbon tip
or modifying the electroactive surface with Nafion (Kuhr and
Wightman 1986, Brazell et al. 1987; Hashemi et al. 2009),
4-sulfobenzene (Hermans et al. 2006) or modified with an
over-oxidized polypyrrole film (Zhang et al. 1996) can greatly
enhance the selectivity and sensitivity of these CF microelec-
trodes. For review, see (Troyer et al. 2002).



Fast scan cyclic voltammetry

Fast scan cyclic voltammetry (FSCV) is performed by holding
the microelectrode at a constant potential versus a reference
electrode, followed by a rapid increase in potential and an
immediate return back to the holding potential. The voltage
limits are chosen so that the reduction and oxidation of the
analyte of interest lies within this potential window. FSCV
provides good chemical selectivity while retaining subsecond
temporal resolution. Each measurement consists of a cyclic
voltammogram that serves as a chemical identifier to provide
chemical selectivity. It has been shown to be very useful for
the detection of catecholamine fluctuations in vive because
of the high sensitivity and selectivity (Robinson et al. 2003,
2008).

CF microelectrodes are well-suited for use in FSCV
measurements for the detection of monoamines (Baur et al.
1988). In the present experiments, 7 pm in diameter and 50
or 75 pm-long CF microelectrodes were used to measure do-
pamine oxidation currents in FSCV carried out in 100 mmol/l
phosphate buffer (pH 7.4) at 300 V/s scan speed. As shown
in Figure 4A, increasing dopamine concentrations led to
increasing oxidation currents at a 50 um-long CF microelec-
trode. When the background subtracted peak currents were
plotted versus concentrations of dopamine, a close correlation
between the two variables was revealed (Fig. 4B). The linear
regression analyses based on 3 measurements for each data
point resulted in the respective equations of y = 0.17x + 0.31
(r=0991)and y = 0.18x + 0.52 (r = 0.992) for 50 and 75
um-long carbon tips.

In vivo measurements

Because fast scan cyclic voltammograms can be repeated
every 100 ms, changes in dopamine concentration can be
monitored with good chemical selectivity on the subsecond
time scale. These characteristics make FSCV well suited
for detecting phasic dopamine changes in the brain even in
the freely moving animal (Robinson et al. 2003, 2008). By
locating the potentials at which the maximum cathodic and
anodic currents occur, one can distinguish many different
neurotransmitters.

In our present study, FSCV was carried out in visual cor-
tex of the rat to detect dopamine release in response to visual
stimulation. Indeed, background subtracted cyclic voltammo-
grams showed an increase in the current at 0.65 V which is the
typical dopamine oxidation potential (Fig. 5). The background
to be subtracted was recorded in the absence of light stimula-
tion so the raise in oxidation current was clearly due to the
visual stimulation afterward. It should also be noted, however,
that there may be other electroactive substances which show
oxidation peak at the potential similar to that of the dopamin.
Hence, the measured oxidation peak can represent not only
dopamine but other monoamines or dopamine metabolites.
Through electrical stimulation of midbrain areas containing

Carbon fiber electrochemistry

dopaminergic neurons (such as VTA) or local administration
of dopamine can further justify the measured electrochemical
signal (Phillips and Wightman 2003).
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ABSTRACT

Cortical spreading depression (CSD) is associated with changes in the caliber of
surface blood vessels; others have described it as a phenomenon which arises spontaneously
and repetitively following acute cortical injury in animals, including both focal ischemia and
trauma, while yet other researchers consider it to be an electrophysiological substrate of mi-
graine aura, which may trigger headache. Our group is involved in research into both migraine
and ischemia-induced pathophysiclogical states. It therefore appeared reasonable to include
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the study of CSD in the methodological repertoire utilized in our laboratory. We introduced
two models of CSD induction: CSD evoked during continuous topical KCl application and CSD
induced through a single KCl microinjection into the cortical tissue. This paper describes details

of these two methods and of basic parameters of CSDs.

Cortical spreading depression (CSD), discovered by Leao
in 1944, is a transient negative direct current (DC) potential
shift that slowly propagates throughout the cortex irrespective
of functional or vascular territories. The main event during
the generation and propagation of CSD is the depolarization
of a critical mass of brain tissue associated with a massive
increase in extracellular K* and neurotransmitters, water
influx into the cells and shrinkage of the extracellular space
volume (Kraig and Nicholson 1978; Gardner-Medwin 1981;
Somjen 2001).

Under experimental circumstances, various stimuli or
functional states can trigger CSD, e.g. electrical stimulation,
cortical trauma, high concentrations of excitatory amino acids
or K*. Different experimental models have been introduced,
such as the recording of CSDs evoked during continuous
topical KCl application (Ayata et al. 2006; Kudo et al. 2008),
or the microinjection of KCl into the brain tissue (Richter et
al. 2008, 2010).

In humans, CSD was for a long time mostly associated
with the pathogenesis of migraine aura (Lauritzen 1994;
Pietrobon and Striessnig 2003). Human imaging data have
revealed the occurrence of a CSD-like event during a migraine
attack (Woods et al. 1994; Hadjukhani et al. 2001). Recent
research, however, demonstrated the occurrence of CSD with
prolonged depression periods in the ECoG in patients with
brain injury, brain hemorrhage and ischemia (Dohmen et al.
2008; Hartings et al. 2009).
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In in vitro studies, it has been shown that oxygen and glu-
cose deprivation, for example, cause an anoxic depolarization
similar to CSD (Jarvis et al. 2001). The question arises as to
whether ischemia-related CSDs occur in the adult brain, and
whether this is a relevant pathological mechanism via which
to link hypoxia with a neuronal dysfunction.

During recent years, we have worked on the fields of both
migraine and ischemia-induced pathophysiological states
and the possibilities of neuroprotection (Robotka et al. 2008;
Sas et al. 2008, 2010; Vamos et al. 2010). It seemed reason-
able to introduce the study of CSD into the methodological
repertoire used in our laboratory for the investigation of the
pathomechanism of migraine and brain ischemia, and protec-
tion procedures.

We introduced two models of CSD induction: i) CSD
evoked during continuous topical KCI application, ii) CSD
induction through a KCl microinjection into the cortical tis-
sue. The aim of this study was to adopt these methods and a)
to quantify the basic parameters of the CSDs (the mean ampli-
tude and the duration of half the amplitude), b) to determine
the average CSD frequencies during continuous topical KCl
application, and c) to study the relation between the evoked
potentials (EPs) and CSDs.

Materials and methods
Animals

The experimental procedure used in this study adhered to the
protocol for animal care approved by the Hungarian Health
Committee (1998) and the European Communities Council
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Figure 1. Schematic drawing showing the configuration of the experi-
ment. 1: A hole above the occipital cortrex (-5;2 mm from the bregma)
for the administration of KCl. 2: An exposed area in the parietal part of
the skull beyond the somatosensory cortex (-3;5 mm fom the bregma)
for the recording of the CSDs and SEPs.

Directives (86/609/EEC). Male Wistar rats (230-250 g) were
used in the experiments. Every effort was made to minimize
the number of animals used and their suffering. The animals
were kept under 12-h light and 12-h dark conditions, with
lights on at 6 a.m., and were raised with free access to water
and food pellets. The room temperature was 22 + 1°C.

Surgical procedures

All surgical procedures were carried out under deep anesthe-
sia. During the experiments, the animals were anesthetized
with an intraperitoneal injection of urethane (1.3 g/kg, i.p.),
and their heads were then fixed in a stereotaxic head-holder
(David Kopf. Instr.). On the left side, above the occipital
cortex, a hole (diameter 1-2 mm) was made with a mini-drill.
On the parietal part of the skull (just above the primary so-
matosensory area), the cortex was also exposed via another
hole (diameter also 1-2 mm), with the same mini-drill (Fig.
1). The exposures were made under saline cooling. The dura
mater and the underlying archnoidea were removed. After
surgical preparation, the cortex was allowed to recover for
30 min under saline irrigation.

Recording of DC and evoked potentials

Ag/AgCl reference electrodes were fixed onto the skin of
the neck. Intracortical DC potentials were recorded through
use of a glass micropipette filled with 150 mM NaCl. This
microelectrode was inserted into the primary somatosensory
cortex to a depth of 1000-1200 pm corresponding to corti-
cal layer V. In parallel with the DC potentials, EPs induced
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by whisker pad stimulation (4-6 V, 0.2 ms, 0.1 Hz), were
recorded from the cortical surface with a ball-tipped silver
electrode. The details relating to the stimulation and cortical
recordings of EPs were published earlier (Farkas et al. 1999;
Nagy et al. 2010). The distance between the intracortical
(DC) and cortical surface electrodes was less than 1| mm. To
elicit CSD, either continuous KCI application was carried
out or | pl of KCI (3 M) was injected with a microinjector
(CMA/100) into the cortex. For continuous KCl application,
a cotton ball (2 mm in diameter) soaked with 3 M KCI was
placed on the pial surface and kept moist by the addition of 5
ul of KCl solution every 15 min. The number of KCl-induced
CSDs was counted for 2 h.

Data acquisition and evaluation

The amplified responses were fed into a computer via an
interface. All data were recorded on a PC by using custom
signal acquisition programs (Neurosys, Experimetria). As
concerns the EPs, each point in Figure 2B represents a single
somatosensory EP (SEP).

Results

In some experiments (6 rats), CSD was induced by a single
microinjection of KCI (3 M, 1 pl) into the frontal pole of
the occipital cortex (Fig. 1). This single injection induced
1-3 CSD waves, which were recorded in the primary soma-
tosensory cortex, 3.6 mm apart from the site of the injection.
The parameters of the CSD waves: the onset latency of the
first wave: 66 =12 s (n=6); maximum amplitude: 20+8 mV
(n=13); and duration at half-maximum amplitude: 39%15 s
(n=13) (Fig. 2A).

In parallel with the CSD, SEPs were recorded from the
pial surface of the primary somatosensory cortex. Whisker
pad stimulation evoked cortical responses with about 450-500
pV. The amplitudes of the evoked responses were stable for
a long period, except during the CSD waves. When a CSD
wave arrived, the amplitude of the SEP gradually decreased
and in parallel the amplitude of the CSD wave increased.
When a CSD wave was at its maximum, the amplitude of the
SEP was close to zero pV, and it virtually disappeared. As
the CSD amplitude decreased, the SEP amplitude increased
in parallel. Between two CSD waves, the SEPs were fully
recovered (Fig. 2A, B).

In another series of experiments, the continuous topi-
cal application of 3 M KClI evoked repetitive CSD in all
the animals studied (n=3). Under the given experimental
circumstances, the average CSD frequency was 36+3 CSD
waves/2 h (Fig. 3).

Discussion

Although CSD was discovered more than 60 years ago (Leao
1944), our knowledge of its mechanism, and particularly its



Cortical spreading depression and somatosensory evoked potentials
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Figure 2. Cortical spreading depression (C5D) waves and somatosensory evoked potentials (SEPs) were recorded in parallel in the primary
somatosensory cortex. A: CSD waves were induced with a single injection of KCI. The three characteristic parameters of the presented CSDs:
(1): the onset latency of the first CSD wave: 76 5, (2): the duration at half maximum amplitude of the CSD: 33 s, (3): the maximum amplitude of
the CSDs: 25 mV. B: Evoked potentials were recorded in parallel with the CSD waves. Each square in this graph represents single potentials. a,
b, c: SEPs before, during and between CSD waves, respectively. Calibration in insert: 50 ms, 250 pV.

relation to the different pathological conditions such as mi-
graine and ischemia, is rather limited. It is generally accepted
that a migraine aura reflects the migration of CSD over the
cortex. It has also been suggested that CSD may participate
in the generation of head pain in migraine (Moskowitz et al.
1993).

A short-lasting interruption of the cerebral blood supply
(up to 1 min) is known to cause a cessation of EEG activ-
ity, but this is usually not accompanied by a CSD wave. A
prolonged interruption of the blood supply, however, causes
a long-lasting negative DC shift in the cerebral cortex, which
undergoes recovery only after release of the arterial occlusion.
This phenomenon has been demonstrated both in the cortex
(Leao 1947) and in the brainstem (Richter et al. 2010).

The precise molecular mechanisms of CSD are not known,
but two pathological states, migraine aura and an ischemic
condition of the brain, seem to be related to this phenomenon.
Brain ischemia induces glutamate release from neurons and
astrocytes (Rossi et al. 2000). In CSD, glutamate is thought
to depolarize remote neurons and thereby cause propagation
of the depolarizing wave (Somjen 2001). However, glutamate
receptor blockers do not inhibit the onset and propagation of
anoxic depolarization (Jarvis et al. 2001). At the same time,
it has been suggested that the brainstem CSD induced by KCI
administration can be explained by glutamatergic mechanisms
(Richter et al. 2008).

These literature findings clearly demonstrate that CSD
is somehow involved in such pathological conditions of the

CNS as anoxic ischemia and migraine. During recent years,
our research activity has focused on the pathomechanisms
of migraine and ischemia-induced processes in the CNS,
and mainly on the possibilities of neuroprotection in these
conditions (Knyihdr-Csillik et al. 2007, 2008; Robotka et al.
2008; Sas et al. 2008; Vamos et al. 2009, 2010). Although
the symptoms, the progression and the outcome of stroke and
migraine differ, there are some common pathophysiological
mechanisms relating mainly to mitochondrial malfunctions
(Sas et al. 2010).

Our recent studies on migraine and on ischemia-induced
changes in the CNS increasingly require methodology involv-
ing excess glutamate, mass depolarization and glutamate

TV

Figure 3. Representative 45 min DC potential recording from the
primary somatosensory cortex during 2 h topical KC| application to
the frontal part of the occipital cortex. Calibration scales indicate 5
min and 5 mV.
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excitotoxiticy. CSD measurement appears to be the most
appropriate such method.

In the course of these experiments, we introduced a meth-
od of recording CSD and characterized the main parameters
of CSD waves (frequency, amplitude and duration). An extra
feature of our approach is that the CSD waves are recorded
in parallel with the evoked potentials.

In the near future, this combined method will be applied
in our research on the pathomechanisms of migraine and
glutamate excitotoxicity, and in the development of new
neuroprotective kynurenic acid analogs.
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ABSTRACT  In order to create an animal model of human inhalational exposure by industrial
metal fumes, nanoparticulate metal oxides (MnO,, CdO,, PbO) were synthesized and instilled
into the trachea of rats 5 times a week for 6 weeks (metal doses per kg b.w.: 2.63 and 5.26 mg
Mn; 0.04 and 0.4 mg Cd; 2 and 4 mg Pb). At the end, the rats’ body weight gain during the treat-
ment was determined, the animals had an open field session to investigate their spontaneous
motility, and finally spontaneous and stimulus-evoked cortical activity was recorded in urethane
anaesthesia. Mn caused decrease of open field ambulation and rearing, Cd had no effect,
whereas Pb caused decreased rearing and increased ambulation. Spontaneous cortical activity
was shifted to higher frequencies with each metal. Cortical evoked potentials had lengthened
latency, mainly with Mn and Cd; and increased frequency dependence with Cd and Pb but hardly
with Mn. The effects proved indirectly that the metal content of the nanoparticles had access
from the airways to the CNS. Our method seems suitable for modelling human nervous system

KEY WORDS

nanoparticle
neurotoxicity
manganese
cadmium
lead

rat

damage due to inhaled nanoparticles.

The nervous system is a target for various environmental
xenobiotics including the heavy metals manganese, lead
and cadmium (ATSDR, 1999a, 1999b, 2000). These metals,
as well as their alloys and compounds, have a number of
applications including a lot of industrial procedures which
emit metal, metal oxide etc. particles. Inhalation of airborne
metal dusts or fumes is a major way of occupational exposure,
causing acute and chronic diseases such as metal fume fever
and COPD. In inhalational exposure situations, the size of
the particles is crucial, whereby the importance of submi-
croscopic particles — also called nanoparticles (NPs) — has
been recognized only recently. Particles of <100 nm diameter,
found typically in metal fumes, have a huge surface area rela-
tive to their mass, and can penetrate across tissue boundaries
such as the alveolar wall and the blood-brain barrier, which
possibly results in direct access to the CNS (Obedérster et al.
2005; Oszlanczi et al. 2010).

Manganese-containing fumes are generated in welding
and other high-temperature industrial operations. Inhalation
of Mn fumes can cause manganism (a chronic neurological
syndrome resembling Parkinson’s disease: Bowler et al.
2006) and other neurological manifestations. Deposition of
Mn following chronic exposure in the human brain (Yamada
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et al. 1986) and the resulting damages to the dopaminergic
system (Shinotoh et al. 1997) have been reported.

Occupational exposure by cadmium metal fumes resulted
in reduced visuomotor performance, and difficulties of
concentration and postural balance (Viaene et al. 2000).
Exposed children showed straight relationship between hair
Cd levels and altered sensory evoked potential parameters
(Thatcher et al. 1984).

Lead processing and recycling, and the use of leaded petrol
in the past (but in certain countries also at present) have been
the main sources of airborne exposure by lead. Whatever the
physicochemical form of the absorbed lead is, it is deposited
in the central nervous system, first of all in the cortex and
hippocampus (Grandjean 1978). In lead-exposed workers,
sensory evoked potentials and nerve conduction velocity
were affected (Araki et al. 2000). There exists a well-known
relationship between blood or dental lead level and 1Q loss
or behavioural abnormalities in exposed children (Fergusson
et al. 1997; — whereby it is noteworthy that children’s lead
exposure also can come from scaling-off old lead paint in the
home environment: ATSDR, 1999b).

In this study, exposure by airborne NPs was modelled
by intratracheal instillation of a nanosuspension of MnO.,,
CdO, or PbO to rats, and the resulting behavioural and
electrophysiological alterations were investigated.
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Table 1. Treatment groups and doses of the metal oxide nano-
particles.

Dose
Group Code  Substance (mg metal /

kg b.w.)
Untreated control Con - -
Vehicle control w Distilled water -
Manganese low dose  LD-Mn MO, nanosuspension 2.63
Manganese high dose  HD-Mn 2 5.26
SIARRET i Ehong R o nanosuspension iy
Cadmium high dose HD-Cd * 0.4
Lead low dose LD-Pb T — 2
Lead high dose HD-Pb 4

Materials and Methods

Adult male Wistar rats (300-350 g body weight) were used.
The experiments with the three metal oxide NPs were car-
ried out separately. In each of them, there was an untreated
control group (Con), a vehicle control group (W), and a low
dose (LD) and a high dose (HD) group; with 10 rats each.
For doses and group coding, see Table 1. The rats were kept
under normal conditions in a GLP-certified animal house.
They were weighed weekly, and the weight gain during the
6 weeks was calculated.

The nanoparticulate metal oxides (mean diameter:
MnO,. 23.2+3.3 nm; CdO,, 20.1£5.7; PbO, 19.5£3.6 nm
— determined by X-ray diffraction) were synthesized at the
Department of Applied Chemistry, University of Szeged. The
NPs were made up in distilled water to a dilute suspension,
which was sonicated to prevent aggregation and was instilled
into the rats’ trachea 5 days a week for 6 weeks under brief
ether anesthesia, using a syringe and 1.2 mm OD plastic
tubing, inserted between the vocal chords (for details, see
Sarkozi et al. 2009).

One or two days after the last instillation, the animals
had a 10 min session in an open field (OF) box to investigate
spontaneous motility. The box was equipped with two arrays
of infrared beam gates at floor level and at 12 cm height
(Conducta 1.0 System, Experimetria Ltd., Budapest), for
automatic detection of the beam interruptions caused by the
moving animal during the 10 min session. The software of
the system computed these to data of counts, time and run
length of the basic activity forms (ambulation, local activity,
rearing, immobility).

The rats were finally anesthetized with urethane ip. (1000
mg/kg b.w. ip.), and the left hemisphere was exposed by
removing the most of the left parietal bone and the above lying
soft tissues. For recording cortical electrical activity, silver
electrodes were placed over the primary somatosensory (SS),
visual (VIS) and auditory (AUD) area, and electrocorticogram
(ECoG) was recorded for 6 min. From the records, the
relative spectral power of the frequency bands (delta, theta,
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Figure 1. Weight gain of the control and treated rats during the 6
weeks treatment period. The data (mean + SD, n=10) represent the
difference in the rats’' body weight measured on week 0 and week 6.
The metals and treatment groups are indicated on the abscissa and in
the insert, respectively (see Table 1 for explanation). **, ***: p<0.01,
0.001 vs. Con; *: p<0.01 vs. W.

alpha, betal, beta2, gamma; standard human EEG bands as
described in Kandel and Schwartz 1985) was calculated.
After recording ECoG, sensory stimulation was applied and
the cortical evoked potentials (EPs) were recorded from
the same points. The SS stimuli were square electric pulses
(3-4 V, 0.05 ms) delivered to the contralateral whisker pad
of the rat by means of a pair of needle electrodes at 1, 2 and
10 Hz frequency. The contralateral eye (for VIS EPs) was
stimulated by flashes of a white LED, and the ear with clicks
from a mini-speaker, at 1 Hz. After averaging the EPs, onset
latency was measured manually. All electrophysiological
recording and analysis was done by means of the Neurosys
1.11 software (Experimetria Ltd, Budapest, Hungary).

From the individual data, group means were calculated
and compared by means of one-way ANOVA using the SPSS
17.0 software. During the whole study, the principles of the
Ethical Committee for the Protection of Animals in Research
of the University were strictly followed.

Results

The rats” body weight gain during the 6 weeks of treatment
(Fig. 1) showed some difference between the untreated (Con)
and vehicle-treated (W) groups. This effect was, however,
mild and did not obscure the weight gain reducing effect of
the instilled NPs, indicating substantial general toxicity of
the instilled NPs.

The results of the OF tests demonstrated in contrast that
on the investigated central nervous functions the treatment
procedure itself (ether anesthesia and instillation of distilled
water) had no major effect. Figure 2 shows the time (in
seconds) spent by the rats in the various forms of motor
activity during the 600 s of the OF session. High dose Mn
caused significantly decreased ambulation and rearing. In
the HD-Pb group, increased ambulation and local activity
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Figure 2. Open field activity after 6 weeks treatment with Mn, Cd
and Pb containing nanoparticles (top, middle and bottom panel,
respectively). The data (mean + SD, n=10) represent the time spent
with the activity forms given on the abscissa. For control and treated
groups, see insert in the top panel. *, **: p<0.05, 0.01 vs. Con; *, *:
p<0.05, 0.01 vs. W.

was seen, while the applied doses of Cd had no noteworthy
effect.

The spontaneous cortical electrical activity, recorded in
urethane anaesthesia, was shifted to higher frequencies by
all three metal oxides. There was no qualitative difference
between the changes seen in the three cortical areas; hence,
only the activity spectra from the SS area are shown in Figure
3. The change was, similarly to that of the open field activity,
apparently dose-dependent; and the difference between the
Con and W groups was also here minimal.

The most typical change in the cortical EPs was latency
lengthening. The SS EPs had significantly longer latency in

Neuro-functional effects of metal oxide nanoparticles

Rel. power
1

:

Groups |

Bdelta Htheta Ealpha Ebetal Bbeta2 Mgamma

Con w LD HD

Groups

Figure 3. Band spectrum of the electrocorticogram recorded from the
somatosensory cortex of the rats after 6 weeks treatment with Mn, Cd
and Pb (top, middle and bottom panel, respectively). Abscissa: groups.
Ordinate: relative power of the ECoG bands (for the bar filling pattern
of the bands, see insert in the top panel). *, **: p<0.05, 0.01 vs. Con;
', *: p<0.05, 0.01 vs. W, always between identical bands.

the HD groups than in Con or W with each metal (Fig. 4).
With Mn, the effect of the low dose was also significant. The
dependence of latency on the frequency of stimulation was
also more pronounced in the treated rats, but the extra increase
of latency at faster (2 and 10 Hz) stimulation vs. 1 Hz was
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Figure 4. Latency of the somatosensory evoked potentials obtained
with stimulation frequency of 1, 2 and 10 Hz (see insert in the top panel)
in Mn, Cd and Pb treated rats. Ordinate: treatment groups. Mean +
SD, n=10. *, **, ***: p<0.05, 0.01, 0.001 vs. Con; *, *: p<0.05, 0.01 vs.
W; °: p<0.05 vs. 1 Hz stimulation within the same group.

significant only with Pb and Cd. The increase of latency of
the VIS and AUD EPs was also significant in all HD groups
(Fig. 5) The VIS EP latency was significantly longer also in
LD-Cd and LD-Pb.

Discussion

The similarity of the three metals” effects suggested some
common mechanism, oxidative stress being a likely candi-
date (Mn: McNeilly et al. 2004; Cd: Zhang et al. 2007; Pb:
Adonaylo and Oteiza, 1999). The reduced body weight gain
observed in the treated animals also might be due to this, more
exactly to the metabolic disturbance caused by the presence
of free radicals (Merry 2002). Systemic oxidative stress is
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Figure 5. Latency of the visual and auditory evoked potentials (see
insert in the top panel) in Mn, Cd and Pb treated rats. Ordinate: treat-
ment groups. Mean + 5D, n=10. *, ** ***: p<0.05, 0.01, 0.001 vs. Con;
‘" p<0.05, 0.01 vs. W.

present also in the brain (Mn: Zhang et al. 2009; Cd: Kumar
etal. 1996; Pb: Patra et al. 2001) resulting in membrane lipid
peroxidation (Mn: Avila et al. 2008; Cd and Pb: Zanchi et al.
2010; Pb: Ahamed and Siddiqui 2007). This in turn results in
altered neuronal membrane functions, and in a disturbance in
a number of events depending on that, including all receptor-
bound phenomena such as synaptic transmission.

In ionic form, each of the studied metals is known to affect
Ca homeostasis (Biisselberg 1995). Considering the role of Ca
influx in presynaptic transmitter release, interference by the
metals (Mn: Takeda 2003; Cd: Soliakov and Wonnacott 1996;
Pb: Sandhir and Gill 1993) can explain the lengthening of
EP latency (together with the membrane damage mentioned
above). Whether the applied metal was in fact present in the



rats’ brain after the 6 weeks of intratracheal NP exposure,
has been proven by us in case of Mn only (Oszldnczi et al.
2010) and that analysis did not discriminate among forms
of Mn. It may be generally true, however, that the surface
of the NPs, consisting of a normally water-insoluble metal
oxide, releases free metal ions in the acidic environment of
the phagolysosomes of alveolar macrophages (Lundborg
et al. 1985) which then escape and reach the brain via the
bloodstream. Alternatively, complete NPs can be transported
to the CNS (Elder et al. 2006; Wang et al. 2008) and can
themselves act on the neurons or can be phagocyted by the
microglia and release metals in a process mentioned above.

The increase of high-frequency cortical spontaneous
activity was probably due to increased reticular ascending
cholinergic activation in case of Cd and Pb (Carageorgiou
et al. 2004; Suszkiw et al. 1984). In case of Mn, effects on
the cholinergic system are also known (Finkelstein et al.
2007) but decreased inactivation of glutamate (inhibition of
astrocytic glutamin synthetase by Mn: Normandin and Hazell
2002) probably contributed to the more intense input into the
reticular ascending fibres.

The changes in the OF motor behaviour of the treated
rats are not sufficiently explained by the possible effects
of the metal NPs mentioned so far. Here, damages to the
dopaminergic influence on the cortex exerted by mid-
brain structures like the ventral tegmental area may be of
importance. Mn is well-known to damage dopaminergic
structures in the brain (Verity 1999; Takeda 2003), and
the decreased motility of rats can be set in analogy to the
symptoms observed in Mn-exposed welders. Decrease of
dopaminergic cortical receptors and hypermotility in rats was
reported also after Pb exposure in rats (Ma et al. 1999). In this
case an analogy may exist between the hypermotility seen in
rats and the “attention deficit hyperactivity disease” found
to be more frequent among children with elevated blood Pb
(Needleman and Gatsonis 1990).

Our results showed that metal oxide nanoparticles
can cause significant alterations in certain indicators of
the CNS activity in the treated rats. The changes of the
electrophysiological phenomena were similar to our earlier
results obtained by oral application of Mn, Cd and Pb in
water-soluble form (Nagymajtényi et al. 1997; Papp et al.
2003; Vezér et al. 2005) which indicated that the metal content
of the instilled nanoparticles most probably had access to the
brain. Experiments of the type presented here may constitute
a suitable model of the nervous system effects of nanoparticle
inhalation.
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