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Abstract. A putative natural double-flowered hybrid in Lycoris Herb. was found on Mt.
Zhangjiajie in Hunan, China. The putative natural hybrid had a chromosome number
of 2n = 18 and was karyotypically formulated as 2n = 4m + 6st + 5t + 3T. The karyo-
type of the putative natural hybrid was classified as 2B type according to the degree of
asymmetry and Stebbins’ criteria. According to the gross morphology, phenology and
karyotype of the putative natural hybrid, it was suggested that this taxon was probably
from the natural hybridization between L. aurea and L. radiata.

Keywords. Karyotype, Lycoris Herb., natural hybrid.

INTRODUCTION

The genus Lycoris Herb., a small group of the family Amaryllidaceae,
comprises approximately 20 species, distributed in warm temperate and sub-
tropical zones of East Asia, with a few extending to northern Indochina and
Nepal (Liu and Hsu 1989; Hsu et al. 1994; Shi et al. 2006). The Lycoris spe-
cies are very popular bulb flowers characterized by their plentiful colors and
beautiful and varied shapes (Hsu et al. 1994; Zhou et al. 2007). The hybridi-
zation frequently happens in the genus Lycoris and causes a number of the
presently established hybrid taxa, such as L. houdyshelii Traub, L. stramin-
ea Lindl., L. squamigera Maxim., L. incarnata Comes ex C. Sprenger and
L. x hubeiensis K. Liu (Kurita 1987; Hsu et al. 1994; Shi et al. 2006; Meng
et al. 2018). During our field investigations of the wild populations of Lyco-
ris in Hunan Province, China, a mixed population of three taxa, namely L.
aurea (UHer.) Herb., L. radiata (UHer.) Herb., and a putative natural hybrid
was found. The putative natural double-flowered hybrids attracted our more
attention, which were discovered for the first time in Lycoris in the wild. To
illustrate the origin of the natural double-flowered hybrids, some bulbs were
successfully transplanted and cultivated in the experimental garden, together
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with their putative parents. The karyotypes of the three
Lycoris taxa were analyzed in this study, indicating that
the double-flowered taxon might be from the hybridiza-
tion between L. aurea and L. radiata.

MATERIALS AND METHODS

The plants were collected from Mt. Zhangjiajie,
Hunan, China (110°17’E, 29°19’N), and then transplant-
ed to the experimental garden of Anhui Normal Uni-
versity, Wuhu, China. The flowers of each taxon were
shown in Fig. 1. For chromosome observation, actively
growing root tips were pretreated in p-Dichlorobenzene
solution at 4 °C for 5 h before they were fixed in Carnoy
I (glacial acetic acid : absolute ethanol = 1:3) at 4 °C for
20 h. Then they were macerated in 1 mol L hydrochlo-
ric acid at 60 °C for 3 minutes, stained in Phenol-Fuch-
sin for 20 h, and squashed in 45% acetic acid.

The karyotype formula was based on the measure-
ments of metaphase chromosomes taken from photo-
graphs. For each taxon, measurements were taken from
at least five well-spread metaphase cells in no fewer
than three different individuals. For the description of
karyotypes, the symbols had been adapted according
to Levan et al. (1964): m for median-centromeric chro-
mosome with arm ratio of 1.01-1.70; st for subterminal-
centromeric chromosome with arm ratio of 3.01-7.00; t
for terminal-centromeric chromosome with arm ratio of
over 7.00; T for terminal-centromeric chromosome with
no short arm. Karyotypes were classified on the basis of
their degrees of asymmetry according to Stebbins (1971)
and Li and Chen (1985). The intrachromosomal asym-
metry index (A;) and interchromosomal asymmetry
index (A,) were calculated using Romero Zarco’ equa-
tions (1986).

RESULTS

1. The putative natural Lycoris double-flowered
hybrid (Table 1, 2; Figure 2A, 2D) - The chromosomes
were counted to be 2n = 18, consisting of 4 large medi-
an-centromeric (m), 6 subterminal-centromeric (st), 5
terminal-centromeric (t) and 3 Terminal-centromeric
(T). The karyotype was formulated as 2n = 4m + 6st +
5t + 3T. The average length of chromosome complement
was 122.3 pm. The ratio of the length of the largest chro-
mosome to that of the smallest was 3.39, and the pro-
portion of chromosomes with arm ratio >2:1 was 77.8%.
The karyotype was therefore of 2B type according to the
degree of asymmetry and the chromosomes ranged from

Jin-Xia Wang et al.

Fig 1. The flowers of the three taxa. A: the putative natural hybrid;
B: L. aurea; C: L. radiata.
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Table 1. Karyotype characteristics of the studied Lycoris taxa.

Species Karyotypic formula Stebbing’ A A, TCL

type (pm)
Hybrid 2n=4m + 6st+5t+3T 2B 072 050 1223
L. aurea 2n=8m + 6T 2B 0.47 044 1386
L. radiata 2n = 12st + 10t 4A 086 0.10 111.2

A,: intrachromosomal asymmetry index, A,: interchromosomal
asymmetry index, TCL: average length of total chromosome com-
plement.

Table 2. Measurements of somatic chromosomes of the putative
natural hybrid.

Relative length

No. Arm ratio Type
LL SL TL
1 5.71 5.67 11.38 1.01 m
2 5.81 5.38 11.19 1.08 m
3 6.11 4.65 10.76 1.31 m
4 4.39 4.09 8.48 1.07 m
5 4.63 0.37 5.00 12.51 t
6 4.63 0.33 4.96 14.03 t
7 3.97 0.65 4.62 6.11 st
8 4.53 0.00 4.53 oo T
9 4.49 0.00 4.49 oo T
10 3.90 0.46 4.36 8.48 t
11 4.34 0.00 4.34 oo T
12 3.47 0.54 4.01 6.43 st
13 3.61 0.31 3.92 11.65 t
14 3.39 0.49 3.88 6.92 st
15 3.22 0.46 3.68 7.00 st
16 2.99 0.60 3.59 4.98 st
17 2.99 0.46 3.45 6.50 st
18 3.03 0.33 3.36 9.18 t
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Fig 2. The metaphase chromosome morphology and karyotypes of
the putative natural hybrid, Lycoris aurea and L. radiata. A, D: the
putative natural hybrid; B, E: L. aurea; C, F: L. radiata. Scale bar =
10 pm.

Table 3. Measurements of somatic chromosomes of L. aurea.

Note: LL, relative length of long arm; SL, relative length of short
arm; TL, total relative length; LL + SL = TL. The same is below.

3.36~11.38 in relative length. The values of A and A,
were 0.72 and 0.50, respectively.

2. Lycoris aurea (Table 1, 3; Figure 2B, 2E) - The
chromosome number was 2n = 14, consisting of 8 large
median-centromeric (m) and 6 Terminal-centromeric
(T). The karyotype formula was 2n = 8m + 6T. The aver-
age length of chromosome complement was 138.6 um.
The ratio of the length of the largest chromosome to that
of the smallest was 3.32, and the proportion of chromo-
somes with arm ratio >2:1 was 42.9%. The karyotype
type was 2B. The relative lengths of all chromosomes
ranged from 3.49 to 11.59. The values of A; and A, were
0.47 and 0.44, respectively.

Relative length

No. Arm ratio Type
LL SL TL
1 5.81 5.76 11.57 1.01 m
2 5.56 5.38 10.94 1.03 m
3 5.52 5.34 10.86 1.03 m
4 5.47 4.93 10.40 1.11 m
5 4.75 4.13 8.88 L.15 m
6 4.39 4.26 8.65 1.03 m
7 4.13 3.90 8.03 1.06 m
8 3.99 341 7.40 1.17 m
9 4.93 0.00 4.93 oo T
10 3.81 0.00 3.81 oo T
11 3.77 0.00 3.77 oo T
12 3.68 0.00 3.68 oo T
13 3.59 0.00 3.59 oo T
14 3.49 0.00 3.49 oo T




Table 4. Measurements of somatic chromosomes of L. radiata.

Relative length

No. Arm ratio Type
LL SL TL
1 4.60 0.75 5.35 6.13 st
2 4.43 0.67 5.10 6.61 st
3 4.38 0.70 5.08 6.26 st
4 4.25 0.70 4.95 6.07 st
5 4.63 0.27 4.90 17.15 t
6 4.23 0.62 4.85 6.82 st
7 4.25 0.57 4.82 7.46 t
8 4.05 0.67 4.72 6.05 st
9 4.18 0.52 4.70 8.04 t
10 3.81 0.85 4.66 4.48 st
11 4.08 0.55 4.63 7.42 t
12 4.01 0.60 4.61 6.68 st
13 4.08 0.51 4.59 8.00 t
14 391 0.67 4.58 5.84 st
15 4.11 0.38 4.49 10.81 t
16 3.73 0.55 4.28 6.78 st
17 3.81 0.45 4.26 8.47 t
18 3.86 0.30 4.16 12.87 t
19 3.38 0.55 3.93 6.15 st
20 3.41 0.52 3.93 6.56 st
21 3.38 0.47 3.85 7.19 t
22 321 0.35 3.56 9.17 t

3. Lycoris radiata (Table 1, 4; Figure 2C, 2F) - The
chromosome number of this species was 2n = 22. It con-
sisted of 12 subterminal-centromeric (st) and 10 termi-
nal-centromeric (t). The karyotype was formulated as 2n
= 12st + 10t. The average length of chromosome comple-
ment was 111.2 pm. The ratio of the length of the larg-
est chromosome to that of the smallest was 1.43, and
the proportion of chromosomes with arm ratio >2:1 was
100%. The karyotype type was 4A. The relative lengths
of all chromosomes ranged from 3.56 to 5.10. The values
of A, and A, were 0.86 and 0.10, respectively.

DISCUSSION

The karyotype of the putative natural double-flow-
ered hybrid is formulated as 2n = 18 = 4m + 6st + 5t +
3T. Lycoris aurea in this study has a chromosome num-
ber of 2n = 14, in agreement with other reports (Liu and
Hsu 1989; Hsu et al. 1994). L. radiata has a chromo-
some number of 2n = 22, similar to some previous stud-
ies (Shao et al. 1994; Zhou et al. 2007; Liu et al. 2016).
Based on the values of the two indices, A; and A,, L.
radiata had the largest intrachromosomal asymmetry

Jin-Xia Wang et al.

and the smallest interchromosomal asymmetry among
the three taxa. Considering the sympatric distribution of
L. aurea and L. radiata, it was supposed that this puta-
tive natural hybrid might be a diploid between L. aurea,
which produced the gamete having 4m + 3T, and L.
radiata with a- reduced gamete having 6st + 5t. Accord-
ing to our observation, the leaf of this putative natural
hybrid emerged in September, the same as the putative
parents. The sizes of leaf blade and bulb of this putative
natural hybrid were intermediate between its two puta-
tive parents. So far, some Lycoris species were confirmed
to be hybrids by karyotype or molecular sequence anal-
ysis, such as L. houdyshelii, L. straminea, and L. incar-
nata (Hsu et al. 1994; Shi et al. 2006; Liu et al. 2011),
and these hybrids had the similar flower characteris-
tics with their putative parents. Here, a putative natural
double-flowered hybrid with no pistil and stamen was
discovered and its karyotype was described for the first
time. Based on the karyotype analysis, further molecu-
lar study was needed to uncover the origin of this natu-
ral hybrid and distinguish the paternal donor from the
maternal donor.

Judging from the absence of seed, pistil and stamen,
the putative natural hybrid could be sexually sterile. The
Lycoris species all had considerable ornamental value.
Compared with the normal Lycoris species, the double-
flowered hybrid had more ornamental value. Because of
the lack of seed, it was needed to propagate the double-
flowered hybrid for the large application in landscaping in
future by tissue culture and quick propagation technology.
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Abstract. Prunus africana is a multipurpose evergreen species endemic to Africa and
an endangered species because of overexploitation. The great importance of this spe-
cies resides particularly in the use of its bark against benign prostatic hyperplasia. As for
most tropical trees and generally woody species, cytogenetic studies are scarce. Standard
and molecular cytogenetic approaches have been implemented for the first time to study
P, africana from Cameroon. This is the tetraploid species with a chromosome number
of 2n=4x=32. Genome size estimated by flow cytometry was 2C=1.44 pg. Five loci (ten
signals) of 35S rRNA genes were observed after fluorescence in situ hybridization. Ten
G-C rich DNA regions were detected by chromomycin A3 fluorochrome banding. All
chromomycin positive bands were co-localized with 35 S rDNA signals. Prunus africa-
na, the only strict African representative of genus Prunus, is in need of the conservation
strategy and in situ management that we are also discussing in this work.

Keywords. Chromomycin fluorochrome banding, chromosome number and 2C DNA
value, fluorescent in situ hybridization (FISH), heterochromatin and rRNA
gene patterns.

INTRODUCTION

The genus Prunus s. I. comprise from 200 to 430 species according differ-
ent authors: over 200 (Rehder 1940), approximately 250 (Wen et al. 2008), 400
(Maghuly et al. 2010), and 430 (according Wielgorskaya 1995 and Niklas 1997).
Prunus africana (Hook. f.) Kalkman, (Syn. Pygeum africanum Hook.f.)
belonging to the Rosaceae family (subfamily Amygdaloideae), known as Afri-
can Cherry (Kalkman 1965), is the only species of the genus Prunus endemic
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Fig. 1. Global distribution of P. africana according Hall et al. (2000)
with geographic position of collection sites in Cameroon (box).

to Africa (Fig. 1). It belongs to subgenus Laurocerasus
which comprises all evergreen species of the genus Pru-
nus (Kalkman 1965; Bodeker et al. 2014). This species of
the Afromontane flora is present along the central and
southern part of Africa, as well as Madagascar and on
the islands of Bioko, Sdo-Tomé, and Grande Comore
(Kalkman 1965; Cunningham et al. 1997; White 1983;
Hall et al. 2000). The main habitats of this species are
fallow land, primary and secondary forests. It grows
in montane and sub montane forest at a relatively high
altitude, from 600 m to 3000 m in the Tropical Africa
according to Kalkman (1965) and Stewart (2003a, b).
The eastern limit of the distribution of the species is in
Cameroon, where Prunus africana is found on moun-
tain ranges called “volcanic line of Cameroon” which
includes the regions of Southwest, Northwest, West
and Adamaoua, and in some sites of the Central region
(Melle et al. 2016). This species has several vernacular
names in Cameroon (Cunningham and Mbenkum 1993)
but it is commonly called African pygeum which is the
name attributed to this plant during its first description
by Hooker (1864) as Pygeum africanum Hook.f. and later
was moved to the genus Prunus subg. Laurocerasus by
Kalkman (1965).

Prunus africana attains a height of 30 to 40 m
(Stewart 2003; Kadu et al. 2012). Its mature bark resem-
bles the skin of the crocodile and its wood is brown
and red. However, the morphology of the species varies
according to its habitat, especially concerning the diam-
eter and the height of the trees. The flowers of Prunus

africana are hermaphrodite (Hall et al. 2000) and the
flowering period coincides with low seasonal rainfall
and the lowest temperatures, including November to
February. Its fruiting is irregular, two to three months
intervening between flowering and fruit maturity, and
occurs every 2 to 3 years (Geldenhuys 1981). The first
flowering takes place when the tree is between 15 and 20
years old, when it is not exploited (Simons et al. 1998).
Seeds are recalcitrant (Schaefer, 1990) and lose their ger-
minative power after three weeks (Ondigui 2001). Both
self-pollination and insect cross-pollination (Were et al.
2001) occur in Prunus africana; however, cross-pollina-
tion is the preferential reproductive system of this spe-
cies (Tonye et al. 2000).

Prunus africana is used for multiple purposes,
including artisanal and medicinal uses (Cunningham et
al. 2002). The great importance given to this tree resides
particularly in the use of its bark against benign pros-
tatic hyperplasia, first discovered and patented by Debat
(1966) and since studied by several authors (Njamnshi
and Ekati 2008; Kadu et al. 2012). The Prunus leaves and
roots are also used in the traditional pharmacopoeia as
febrifuge for the treatment of upset stomach, pulmonary
infection (chest pain), malaria, fever, sexually transmit-
ted diseases and injuries (Carter 1992; Cunnigham and
Mbenkum 1993). Apart from this medicinal use, its
wood is used locally as firewood and for construction,
especially the construction of wagons (Stewart 2003a
and b). This plant gives important economic opportu-
nities to rural communities, and over the past decades
interest for P. africana has changed from traditional to
international commercial use. Since 1972, Cameroon has
been the major source of bark trade (Cunningham and
Mbenkum 1993). Despite the multiplicity of its uses, the
declining of P. africana populations has been observed
in many areas due to the overexploitation of its bark,
which threatens a gradual disappearance of the species
mainly by commercial harvesting (Cameroon, Equato-
rial Guinea, Kenya, DRC, Uganda, Madagascar) and by
habitat degradation and fragmentation accompanied
by invasive alien species which is the case in the south-
ern Africa (Jimu et al. 2011). This overexploitation led
the World Alliance for Nature to classify P. africana as
a vulnerable species which was listed in Appendix II of
the Convention on International Trade in Endangered
Species of Fauna and Flora (CITES) in 1994, becoming
effective in 1995 (Sunderland and Tako 1999). To ensure
sustainable utilization and management of P. africana
in many African countries where it grows, exportation
requires a permission.

Before other considerations, the conservation and in
situ management of P. africana requires a good knowledge
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of the genetic structure of this species with low potential of
colonization. For Prunus africana, many studies have been
carried out on genetic diversity (Barker et al. 1994; Daw-
son 1999; Avana et al. 2004; Muchugi et al. 2006; Atnafu
2007; Clair and Howe 2011; Kadu et al. 2013; Mihretie et
al. 2015, Nantongo et al. 2016), biochemical property (Tch-
ouakionie 2014; Nzweundji 2015) but cytogenetic studies
are still lacking, hence the present study.

The karyological studies in the genus Prunus were
principally limited on chromosome count. If we consid-
er, as Wen et al. (2008), that the genus Prunus comprises
about 250 species, the chromosome number is available
for more than 76 percent of species (191/250 according
to available chromosome databases). The genus presents
the basic chromosome number of x=8 (Darlington 1927,
1928) and at least three ploidy levels, diploid, tetraploid
and hexaploid (Oginuma 1987; Bennett and Leitch 1995;
Iwatsubo et al. 2002; Maghuly et al. 2010). However,
some species have been studied by molecular cytogenet-
ics as P. amygdalus Stokes (Corredor et al. 2004), P. per-
sica (L.) Batsch Peach (Yamamoto et al. 1999; Yamamoto
2012) and P. subhirtella Hook. (Maghuly et al. 2010).

Genome size is a fundamental parameter in many
genetic and molecular biological studies. Knowledge of
the genome size or the 2C value is important for basic
and applied studies involving genome organization, spe-
cies relationships, phylogeny and even taxonomy and
biodiversity (Bennett 1984; Bennett and Leitch 2005). At
present, flow cytometry is the main method for evalua-
tion of nuclear DNA content because it is both rapid and
precise, and reveals even the small differences in DNA
content (Marie and Brown 1993; Dolezel and Barto$
2005). However, till today, and according to available
databases the genome size of about only 25 species of
Prunus has been estimated (Arumuganathan and Earle
1991; Dickson et al. 1992; Baird et al. 1994; Bennett and
Leitch 1995; Loureiro et al. 2007; Siljak-Yakovlevet al.
2010; Gainza-Cortés 2014; Zabka et al. 2018), which pre-
sents 10% for the genus.

Despite the importance of genome size, to the best
of our knowledge there is no report on the DNA amount
of Prunus africana, which is the only species of Prunus
originating from Africa. It is the same case for cytoge-
netical characterization of this species, despite the fact
that for other species of this genus the banding tech-
niques and Fluorescent In Situ Hybridization (FISH) has
been developed in order to detect respectively the differ-
ence between morphologically similar chromosomes and
localization of useful genes (Soodan et al. 1988; Corre-
dor et al. 2004; Maghuly et al. 2010; Yamamoto 2012).

Therefore, we consider that it was necessary to char-
acterize the genome of P. africana: 1) by assessment of

DNA content using the flow cytometry technique; 2)
chromosome counting for determination of ploidy level
using the standard cytogenetic method; 3) distribu-
tion patterns of GC-rich heterochromatin using the
fluorochrome banding; 4) chromosome localization of
185-5.85-26S (35S) rRNA genes using a fluorescent in
situ hybridization. The results will be compared and dis-
cussed with those available for other species of the genus
Prunus.

MATERIALS AND METHODS
Origin and conditioning of plant material

The seed samples (50 seeds from two populations)
of Prunus africana were collected in Mont Oku at 2400
m and Mont Cameroon at 2500 m of altitude in Cam-
eroon (Fig. 1, box). The hard endocarps of seeds were
removed and seeds of uniform size (about 0.7 cm) were
used for germination. They were germinated directly in
glass dishes containing watered filter paper (Fig. 2C).
Cultures were visually checked daily and irrigated with
tap water when necessary under laboratory conditions at
about 24°C. After 6 weeks, the root meristems of germi-
nated seeds were used for cytogenetic studies. Germinat-
ed seeds were transferred to pots and after 4 weeks the
leaves were collected for flow cytometry (Fig. 2D).

Genome size assessment by flow cytometry

The total nuclear DNA content was determined by
flow cytometry according to Marie and Brown (1993).
Solanum lycopersicum, 2C= 1.99 pg (Lepers-Andrzews-
ki et al. 2011) was used as internal standard. Leaf tis-
sue of Prunus africana and Solanum lycopersicum was
placed in a plastic Petri dish and chopped together with
a razor blade in 600 pL of cold Gif Nuclear Buffer which
is slightly modified Galbraith’s buffer (Galbraith et al.
1983): 45 mM MgCl,, 30 mM sodium citrate, 60 mM
4-morpholinepropane sulfonate pH 7, 0.1 % (w/v) Tri-
ton X-100, 1% polyvinylpyrrolidone (~10,000M, Sigma
P6755), 5 mM sodium metabisulfite and 10 pg/ml RNase
(Sigma Aldrich, Saint Quentin, France). Nuclear suspen-
sions were filtered through nylon mesh (pore size 50
mm, Cell Trics, Partec) and stained with 50 mg ml'pro-
pidiumiodide (PI: Sigma-Aldrich, France). After 5 min
incubation on ice, nuclear suspensions were analyzed.
Five individuals per accessions were analyzed in order
to obtain the mean DNA content. At least 5000 to 10,
000 nuclei were analyzed for each sample using a Cyflow
SL3, Partec, 532-nm laser cytometer (Munster, Ger-
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Fig. 2. Prunus africana: A) 6-years-old tree; B) fruit - two-lobed drupe, with a seed in each lobe; C) germination of seeds in Petri dishes; D)
seedlings.

many). Nuclear DNA content was estimated using the
linear relationship between the fluorescent signals from
stained nuclei of P. africana specimens and the internal
standard (S. Iycopersicum) according to the following
equation:

2C DNA content/nucleus = [Sample 2C peak mean x
Standard 2C DNA] (pg)

Standard 2C peak mean

The symbol C corresponds to the holoploid nuclear
genome size (the whole chromosome complement with
chromosome number #), 1C and 2C being, respectively,
the DNA contents of the haploid (1) and diploid (2#) sets
of chromosomes, irrespective of ploidy level (Greilhuber
et al. 2005). The conversion from picograms (pg) to base
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pairs (bp) was done as follows: 1 pg DNA = 978 Mbp
(Dolezel et al. 2003).

Determination of chromosome number

Root tips, obtained from potted plants were pre-
treated with 0.002 M 8-hydroxyquinoline at 16°C for
3h. Fixation was performed in freshly prepared 3:1(v/v)
ethanol-acetic acid for at least 24h. Fixed root tips
were stored for a few days in the first fixative, or sev-
eral months in 70% ethanol at 4°C. For chromosome
counting the root tips were hydrolyzed in 1N HCI for
10 min at 60°C and stained in Schiff reagent following
the standard Feulgen method, or in an enzymatic mix-
ture for 45 min at 37°C. The squash was performed in
a drop of acetic carmine. The chromosome number was
also verified on slides prepared for fluorochrome band-
ing by chromomycin A; or for FISH for which they were
counterstained with DAPI (4, 6-diamidini-2-phenylin-
dole). Chromosome plates were observed under a Zeiss
Axiophot microscope. The chromosome number was
determined for at least 10 individuals, from several well-
spread metaphases per root tip.

Preparation of protoplasts for fluorochrome banding and
fluorescence in situ hybridization (FISH)

Fixed root tips were washed in 0.01 M citrate buffer
pH 4.6 for 15 min, then incubated in an enzymatic mix-
ture for 45 min at 37°C. This enzymatic mixture was
composed of 4% cellulase R10 (Onozuka Yakult Honsha
Co.), 1% pectolyase Y23 (Seishin Pharmaceutical, Co.,
Tokyo, Japan), and 4% hemicellulase (Sigma Chemical
Co.) in 0.01M citrate buffer at pH 4.6.

These digested meristems were squashed onto a drop
of freshly prepared 45% acetic acid and the prepara-
tions were observed at a phase contrast microscope. The
best slides were frozen at -80° C over night and then the
cover slips were removed and the slides were rinsed with
absolute ethanol and air-dried.

Fluorochrome banding

For detection of GC-rich DNA regions, the chromo-
somes were stained with chromomycin A; (CMAj;) fluo-
rochrome using Schweizer’s (1976) method, with slight
modifications, from Siljak-Yakovlev et al. (2002) con-
cerning the concentration of chromomycin (0.2 mg/ml)
and time of staining (60 min). After chromosome obser-
vation, the best slides were distained in 3 :1 ethanol-
acetic acid, dehydrated in a graded ethanol series (70%,

90%,100%), air-dried for at least 12h at room tempera-
ture, and then used for FISH experiment.

Florescence in situ hybridization

FISH was performed for the detection of 35S rDNA
loci. The 35S rDNA probe was a clone of 4-kb from
EcoRI fragment, including 18S-5.85-26S rDNA sequenc-
es from Arabidopsis thaliana (L.) Heynh. labelled with
the direct Cy3 fluorochrome (Amersham, Courtaboeuf,
France) by nick translation, according to the manu-
facturer’s protocol. In situ hybridization was carried
out following Heslop-Harrison et al. (1991) with some
minor modifications. Slides were counter-stained and
mounted in Vectashied medium (Vector Laboratories,
Peterborough, UK) with DAPI. Chromosome plates
were observed using an epifluorescence Zeiss Axiophot
microscope with different combinations of excitation
and emission filter sets (01, 07, 15 and triple filter set 25).
Hybridization signals were analyzed and the best meta-
phase plates were photographed using a highly sensitive
CCD camera (RETIGA 200R, Princeton Instruments,
Every, France) and image analyzer (Metavue, Every,
France).

RESULTS
Nuclear DNA content and chromosome number

In this study both the genome size and chromo-
some number of Prunus africana were determined for
the first time. Nuclear DNA content of P. africana was
2C=1.44 pg or 1408 Mbp (1pg DNA = 978 Mbp accord-
ing to Dolezel et al. 2003), ranking the taxon in the cat-
egory of very small genomes (2C < 2.8 pg, according to
Leitch et al. 1998). The chromosome number showed that
P. africana is a tetraploid species with 2n=4x=32 small (~
1 to 2 pm) chromosomes (Fig. 3) and basic chromosome
number x=8. This number, which showed a high stability,
has been verified with all used techniques: squash in ace-
tic acid after staining in carmine acetic (Fig. 3A); proto-
plast technique with chromosome speeded in acetic acid
without staining (Fig. 3B - phase contrast picture), after
fluorochrome bandings with DAPI staining (Fig. 3C) and
CMA; (Fig. 3D), and after FISH experiment (Fig. 3F).

rRNA genes and heterochromatin pattern

Fluorochrome banding revealed ten G-C rich het-
erochromatin regions (CMA* bands), which were always
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Fig. 3. A) Schiff stained metaphase plate showing 2n=32 chromo-
somes. B) Non-colored metaphase chromosome plate obtained after
enzymatic hydrolysis photographed under microscope with phase-
contrast. C) DAPI stained chromosomes without visible bands.
D) The same metaphase plate (D, E and F) after the fluorochrome
banding with chromomycin A; The CMA* bands corresponded
to DNA regions rich in G-C bases. E) DAPI stained chromosome
after FISH experiment showing DAPI negative bands (arrows) cor-
responding to A-T low DNA regions. F) FISH experiment revealed
ten 35 rDNA (red) signals which corresponded to ten CMA* bands
(see Fig. C). Bar scale = 10 pm.

associated with rDNA loci (Fig. 3D). The karyotype of P.
africana is characterized by five loci of 35S rDNA (vis-
ible as ten red hybridization signals), which were located
in terminal or subtelomeric positions. These strong red
signals appeared as weakly stained regions after DAPI
counterstaining which indicated their richness in G-C
bases (Fig. 3E, arrows). The number and the position of
35S rDNA loci are presented in Fig. 3F. Some centromer-
ic 35S signals were of weaker fluorescent intensity than
terminal signals and do not appear in all observed meta-
phase plates. DAPI stained chromosomes did not display
any visible bands (Fig. 3C).

DISCUSSION
Phylogenetic context

The subfamily Amygdaloideae comprises nine tribes
and for several of them the relationships were uncer-
tain in previous phylogenetic study (Potter et al. 2007).
In recent work of Xiang et al. (2016) the tribe Neillieae
is supported as the basal lineage of Amygdaloideae,
followed by the tribe Spiraeeae. The only species of
Lyonothamneae, previously placed as the basal lineage,
becomes the sister to Amygdaleae. This phylogenetic
context is also very well supported by the basic chromo-
some number. The two basal clades have x = 9, which is
also the ancestral basic number of Rosaceae (Vilanova
et al. 2008), and two tribes Lyonothamneae and Amyg-
daleae, formed the only clade with x = 8 in subfamily
Amygdaloideae. It is, at the same time, the only events
of decreasing dysploidy in this subfamily while in the
subfamily Rosoideae this phenomenon occurred several
times because x = 7 is the most frequent base number.
The closest genera of Prunus, Maddenia and Pygeum
also have x = 8.

In the phylogenetic frame Prunus africana is always
in the same clade especially with the Asian tropical spe-
cies of the genus Pygeum which shows that they are very
close (Wel et al. 2008).

Chromosome number and nuclear DNA content

To verify the genome size and chromosome number
data for the genus Prunus and to attribute the status of
novelty for investigated species, we used updated data-
bases: Kew plant DNA C-values database (http://data.
kew.org/cvalues), FLOWer, a plant DNA flow cytometry
database (http://botany.natur.cuni.cz/flower/index.php),
Index to Plant Chromosome Numbers (IPCN) - Tropi-
cos (http://www.tropicos.org/Project/IPCN) and The
Chromosome Counts Database (CCDB), (http://ccdb.tau.
ac.il/search/).

In the genus Prunus, which has been highly stud-
ied from many viewpoints, the number of species with
available genome size information is very low, only
about 25 (10 %) species have genome size records to date,
whereas chromosome numbers have been reported for at
least 76 % of the taxa. It is a very good report knowing
that chromosome number has been determined to date
for about only 25% of angiosperms taxa (Stuessy 2009)
or for only 20% according to Rice (2015).

The basic chromosome number of Prunus genus is
x=8 (Darlington 1927, 1928) and their ploidy level rang-
es from diploid (2n=2x=16) to tetraploid (2n=4x=32)
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Table 1. Prunus species for which some molecular cytogenetic data are available. Comparison with our results of P. africana.

2n (ploidy 2C DNA

35S rDNA signals

CMA*/DAPI

Species Jevel) in pg nurTll')er bands number References
(position)
, 10 (terminal,
P, africana (Hook. f.) Kalkman 32 (4x) 1.44 . 10 Present work
satellite)
P. amygdalus Stokes 16 (2x) 0.66 6 (tern.nnal Corredor et al. 2004
satellite)
P armeniaca L. 16 (2x) 0.60 6 Yamamoto 2012; Arumuganathan and Earle 1991

P, incisa x serrula 32 (4x) 1.22

satellite)
P. mume (Siebold) Siebold & Zucc 16 (éf;))’ 32 _
6 (terminal,
P, persica (L.) Batsch Peach 16 (2x) 0.55 satellite,
proximal)
P, salicina Lindl. 16 (2x) -
P. subhirtella Hook. prolz;l})(l)y 16 0.61 6 (terminal)

12 (terminal

Maghuly et al. 2010

5to 8 Yamamoto 2012
6 Yamamoto et al. 1999, Yamamoto 2012
6 Yamamoto 2012

Corredor et al. (2004); Maghuly et al. 2010

and hexaploid (2n=6x=48) (Bennett and Leitch 1995;
Maghuly et al. 2010; Siljak-Yakovlev et al. 2010). Pru-
nus africana is a tetraploid species (2n=32) with genome
size 2C=1.44 pg. Based on available bibliographic data
genome size for diploid Prunus species ranges from 0.55
to 1.00 pg (Dickson et al. 1992) and for tetraploids from
1.14 to 1.30 (Arumuganathan and Earle 1991; Siljak-
Yakovlev et al., 2010). The 2C values of P. africana (1.44
pg) was slightly bigger that in other tetraploids. The only
hexaploid species measured until now is P. domestica L.
(Darlington and Wylie 1955) with 2C=1.85 pg (Arumu-
ganathan and Earle 1991; Bennett and Leitch 1995). Hor-
jales et al. (2003) reported 2C=2.35 pg for P. padus L.
and Zonneveld et al. (2005) 7.30 pg for P. laurocerasus L.
which indicated the existence of higher ploidy levels that
6x in this genus.

Heterochromatin and 358 rDNA pattern recorded

In this study the data concerning heterochroma-
tin and rRNA genes patterns for Prunus africana were
reported for the first time. In Table 1 we presente avail-
able molecular cytogenetics data for some species of the
genus Prunus and compare with the results obtained
in this work. We observed 10 G-C rich DNA regions in
all the samples used for this experiment. Previous stud-
ies performed for Prunus persica (Yamamoto et al. 1999;
Yamamoto 2012), P. salicina Lindl. (Yamamoto 2012)
and P. armeniaca L. (Yamamoto 2012; Arumuganathan
and Earle 1991) revealed six and in P. mume five to eight
G-C rich DNA regions (Yamamoto 2012). The GC-rich

heterochromatin was always co-localized with 35S rDNA
loci. The same observation has been reported by Yama-
moto et al. (1999) and Yamamoto (2012) for Prunus per-
sica. The co-localization of GC-rich heterochromatin
and ribosomal genes has been frequently reported; e.g.
in Retama (Benmiloud-Mahieddine et al. 2011); Fraxinus
(Siljak-Yakovlev et al. 2014); Tanacetum L. (Olanj et al.
2015); Eucalyptus (Riberio et al. 2016); Sclerocaria (Batio-
no-Kando et al. 2016). Other rDNA patterns have been
described in several Prunus species. This is the case of
5S and 18S-5.85-25S ribosomal RNA genes which have
been located in Prunus persica (Yamamoto et al. 1999),
in P. amygdalus Batsch (Corredor et al. 2004) and in two
others species of Cherry rootstock; P. subhirtella Miq.
(Corredor et al. (2004); Maghuly et al. 2010) and P. inci-
sa x serrula (Maghuly et al. 2010). In these last studies
the diploid P. subhirtella presented six 35S rDNA signals
as in the majority of diploid Prunus species (Yamamoto
2012), while the recent tetraploid hybrid P. incisa x ser-
rula presented namely the double (12 signals). The dip-
loid ancestor of P. africana probably had three loci of
35S rDNA whose numbers decrease from six to five loci
during the chromosomal restructuring after polyploidi-
sation.

CONCLUSION

The present paper has focused on the cytogenetic
characterization of Prunus africana, contributing to
the better knowledge of this useful African tree. How-
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ever, future studies from populations collected in other
regions would provide more information for the sustain-
able management of this endangered species. Currently,
P. africana is on the IUCN Red List and has been classi-
fied as a priority for conservation by FAO. In Cameroon
and at the international level, provisions have been made
and laws have been drawn up to ensure the rational
exploitation of this species. These investigations will
make possible to identify the priority areas for the con-
servation of this species but also to establish a best man-
agement plans for the sustainability of genetic resources
of Prunus africana.
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Abstract. The mutagenicity and cytotoxicity of Demond EC25, a synthetic pyrethroid
insecticide, was assessed using two standard genotoxicity assays of the Salmonella
typhimurium mutagenicity assay (Ames test) and Allium cepa test. Cytogenetic effects
of Demond EC25 were evaluated in the root meristem cells of Allium cepa. The test
concentrations of compounds were selected by determining ECs, of the Allium root
growth and onion seeds were exposed to Demond EC25 (50, 100, and 200 ppm) for
24, 48, and 72 hours. The concentrations Demond EC25 was compared with the value
for the negative control using Dunnet-t test, 2 sided. The results indicated that mitot-
ic index was clearly decreased with increasing the concentration of Demond EC25 in
each treatment group as compared to the controls. Demond EC25 was tested for muta-
genicity in bacterial reversion assay systems with two strains (TA98 and TA100) of Sal-
monella typhimurium absence and presence of S9 fraction. The doses of Demond EC25
were 50, 100, 200, 400, 800 pg/plate and test materials were dissolved in DMSO. Our
results show that Demond EC25 was found to be mutagenic in 800 and 400 ug/plate
doses of TA98 in the without S9 mix and 800 pg/plate in the with S9 mix. In TA100,
Demond EC25 was found to be mutagenic only 800 pg/plate doses without S9 mix.
The other doses of this insecticide was not found to be mutagenic in both test strains.

Keywords. Allium test, Ames test, cytotoxicity, Demond EC25, mutagenicity, pesti-
cide.

INDRODUCTION

Pyrethroids are among the most commonly used insecticides in agricul-
ture; they are also widely used indoors in pet shampoo, lice treatment, and
even insect repellent (Saillenfait et al. 2015). They are therefore frequently
present in food, air and dust of dwellings and thus can lead to both dietary
and non-dietary exposure (Morgan 2012). Pyrethroids are botanical insecti-
cides which are synthetic derivatives of pyrethrins and have been used for
many years. However, most of pyrethroids are defined as moderately hazard-
ous (Class II) by the World Health Organization (WHO 2009) (Jensen et al.
2011). The residues of pyrethroids have been detected in fruits, vegetables,
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tea, pasteurized milk and porcine muscle (Nakamuraet
al. 1993). Wider use of pyrethroids posed a serious risk
to environment and human. Therefore, it may be an
urgent need to evaluate the possible adverse effects of
their use (Miao et al. 2017)

Pyrethroid pesticides disrupt the nervous system of
insects and, to a lesser degree, of mammals, and thus
raise human health concerns. (Oulhote and Bouchard
2013; Viel et al. 2015). Pyrethroid residual insecticides
exert their toxic effects by targeting the nervous system
of insects. Pyrethroids interfere with sodium channels
in nerve fiber membrane and organophosphates bind
to inhibit the activity of AChE found in the synaptic
junction. Both actions result in continued nerve signal-
ing and over-stimulation of nerve cells. Poisoned insect
exhibits tremors and convulsions, eventually leading
to death (ATSDR 2003; Valles and Koehler 2003). It is
essential to carefully study and analyze the hazards of
pyrethroids on human health including their genotoxic
and cytotoxic properties. Hereby, it can be take adequate
measures to prevent humans from potential mutagenic
and carcinogenic effects. (Nagy et al. 2014).

Deltamethrin is a synthetic pyrethroid insecticide,
sold by Safa Tarim Limited with trade names Demond
EC 25 in local market. To our knowledge, there is no
study mutagenicity of Demond EC 25 except in the pre-
sent paper. The aim of this experiment was to evalu-
ate both the mutagenic and cytotoxic effects of different
doses of Demond EC 25 by the bacterial reverse mutation
assay in S. typhimurium TA98 and TA100 strains with or
without S9 mix and Allium cepa test, respectively.

MATERIAL METHOD
Chemicals

The test substance Demond EC25 was purchased
from a local market in Afyonkarahisar/Turkey and dis-
solved in sterille distilled water. Allium cepa onion
bulbs, 25-30 mm diameter, were obtained from a local
market without any treatments. The other chemicals
were obtained from Merck and Riedel.

Test strains

The LT-2 TA98 and TA100 histidine demanding
auxotrophs of S. typhimurium were kindly obtained
from Prof. B.N. Ames (University of California, Berke-
ley). These strains were incubated for 16h in liquid nutri-
ent broth and kept at -80°C. Their genetic markers and
other properties, such as the numbers of spontaneous
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revertants and responses to positive controls, were con-
trolled as described by Maron and Ames (1983).

Allium Test
EC;, determination and mitotic index analysis

The procedure of the root inhibition test as
described by Fiskesjo (1985) was followed with some
modifications. The Allium root inhibition test was car-
ried out to determine suitable concentrations for the
genotoxicity assay. The outer scales of the bulbs and the
dry bottom plate were removed without destroying the
root primordia. The onions were grown in freshly dis-
tilled water for the first 24h and afterwards exposed for
96h to the Demond EC25 solutions (12.5, 25, 50, 100,
and 200 ppm, respectively). In order to determine the
EC;, values, the roots from each bundle were cut off on
the fifth day and the length of each root was measured
from both the Demond EC25 exposed bulbs and the
control group. The EC;, value was considered as the con-
centration which retards the growth of the root 50% less
when compared to the control group.

The EC,, value for Demond EC25 was approxi-
mately 100 ppm. In order to demonstrate possible con-
centration-dependent effects of this pesticide, the root
tips were treated with 50 ppm (ECs/2), 100 ppm (ECs),
200 ppm (ECs¢x2) concentrations of Demond EC25, and
all application groups were tested 24, 48, and 72h treat-
ment periods. Additionally we also used positive control
group by using methyl methanesulfonate (MMS). After
the treatment, the roots were washed in distilled water
and fixed in 3:1 ethanol: glacial acetic acid for 24h and
then the roots were transferred into 70% alcohol and
stored at +4°C. The root tip cells were stained with Feul-
gen and five slides were prepared for each test group.

Ames Salmonella/Microsome Assay

The mutagenicity of the Demond EC25 was deter-
mined using the standard plate incorporation assay.
Salmonella typhimurium strains TA98 and TA100 were
used with or without S9 mix in this test (Ames et al.
1975; Maron and Ames 1983). The tester strains were
tested for the presence of the strain-specific markers
as described by Maron and Ames (1983). The cytotoxic
doses of the Demond EC25 (800, 400, 200, 100, 50 pg/
plate) were determined by the method of Dean et al.
(1985). The stock solutions of the test materials were dis-
solved in sterile distilled water and stored at 4°C. The S.
typhimurium strains were incubated in nutrient broth
at 37°C for 16h with shaking. The positive controls were
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4-nitro-o-phenylenediamine (NPD) for the TA 98 and
sodium azide (SA) for the TA100, used without meta-
bolic activation, and 2-aminofluorene (AF) for TA 98
and 2-aminoanthracene (2AA) for the TA 100 used with
metabolic activation.

The test plates for the assays without the S9 mix
were prepared by adding 0.1 ml of the test suspension
for each concentration, 0.1 ml bacterial suspension from
an overnight culture, and 0.5 ml phosphate buffer to 2
ml top agar (kept in 45°C water bath). The mixture was
shaken for 3 s using a vortex mixer and then poured
into the minimal agar. The test plates with the S9 mix
were prepared by adding 0.5 ml of S9 mix instead of
the phosphate buffer. All the test plates were incubated
for 72h at 37°C, and then the revertant colonies on each
plate were counted. The experiments were run in tripli-
cate for each concentration and all the results from the
two independent parallel experiments were used for the
statistical analysis.

Statistical analysis

The data obtained for the root length, MI, and
mitotic phases were expressed as percentages. The levels
of difference in the treatment groups were analyzed sta-
tistically by using the SPSS 15.0 version for Windows. In
the analyses, the Dunnett-t test (2 sided) was performed
on both the Allium and Ames tests.

Table 1. Allium root growth inhibition test.

Concentrations Mean of root

Test Substance
(ppm) length+SD
Negative Control - 3.57+0.24
Positive Control - 1.03+0.15*
Demond EC25 12.5 3.12+0.42*
25 2.02+0.15*
50 1.68+0.41*
100 1.45+0.23*
200 1.12+0.22*

*Significantly different from negative control (p<0.05 Dunnet-t test,
2-sided), SD: Standart deviation.

RESULTS

Allium root growth test results are summarized in
Table 1 and Table 2 gives the effect of Demond EC25
on MI and mitotic phase in the root meristematic cells
of A. cepa treated for 24, 48 and 72h. The effective con-
centration (ECsy) was determined as 100 ppm in Allium
test. At all concentrations treated in the incubations
of root decreased MI compared to negative control at
all exposure time. The reduced of MI results (p<0.05)
were found statistically significant with all concentra-
tions and all treatment time. All doses of Demond EC25
applied in the experiment caused changes in the per-
centage of particular phases’ distribution in comparison
to the control.

Table 2. The effects of Demond EC25 on MI and mitotic phases in the root cells of A. cepa.

Mitotic Phases (%) + SD

Concentration . Counted Cell ~ Mitotic Index
Treatment Time

(ppm ) Number +SD Prophase Metaphase Anaphase Telophase
Negative control 24 hour 4965 82.45+6.71 79.124£9.42 1.80+0.32 1.12+0.32 0.92+0.57
Positive control 5001 68.78+5.46* 34.24+4.62% 0.48+0.70* 0.49+0.54* 0.52+0.81
50 4889 51.48+4.09* 34.05+2.17* 1.00+0.72* 0.79+0.21* 1.10£0.62

100 4963 46.25+4.74* 32.54+4.20* 0.94+0.42* 0.68+0.34* 1.03+£0.42

200 5013 45.21+2.69* 30.21£2.54* 0.82+0.40* 0.52+0.21* 0.59+0.74
Negative control 48 hour 5007 67.28+3.47 70.11+6.74 1.62+0.21 1.27+0.24 1.21+0.26
Positive control 4997 63.11+3.14* 31.75+3.45* 0.45+0.31* 0.52+0.16* 0.65+0.13
50 5101 52.25+3.45* 30.26+3.35* 0.71+£0.92* 0.62+0.21* 1.19+0.21

100 5051 42.42+3.65% 28.45+2.70% 0.68+0.40* 0.54+0.02* 1.06+0.32

200 5113 36.20+1.25* 24.45+2.92* 0.52+0.32* 0.45+0.18* 0.89+0.14
Negative control 72 hour 5142 38.21+2.65* 57.52+3.41 1.43+0.41 1.21+0.21 1.09++0.52
Positive control 5123 26.36+3.02* 29.04+2.28* 0.31+0.43* 0.60+0.42* 0.68+0.32
50 5263 19.23+1.75% 25.45+3.85* 0.58+0.23* 0.52+0.45* 0.49+0.41

100 5047 14.12+2.42% 21.42+2.56* 0.49+0.41* 0.46+0.71* 0.50+0.72

200 4985 13.21+2.21* 16.47+2.31* 0.34+0.42* 0.39+0.43* 0.56x0.61

* Significantly different from negative control (p< 0.05 Dunnet-t test. 2-sided) SD: Standart deviation.
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Table 3.The mutagenicity assay results of Demond EC25 for S. tyhimurium TA98 and TA100 strains

No of His+ revertants/plate, mean+SD

Concentration (pg/

Test Substance TA98 TA100
plate)
-89 + S9 -89 + 89
Demond EC25 800 95.32+5.41* 116.4245.52* 206.45+9.44* 215.52+12.85
400 88.04+4.13* 102.21£3.96 178.42+7.45 203.12+£10.25
200 68.12+4.63 92.54+4.25 142.45+6.74 184.32+9.54
100 52.09+3.86 78.09+4.52 121.22+6.61 168.35+8.65
50 47.31+3.38 56.24+4.45 102.10+5.08 123.09+6.85
Neg. Control 100 36.07+3.36 49.14+3.70 90.10+13.42 114.23+7.38
SA 10 2965.56+56.35*
2AA 5 2628.42+60.41*
2AF 200 1002.40+16.65*
NPD 200 1575.50+24.56*

*Mean statistically significant at p<0.05 (Dunnett t-test), SA:Sodium azide, NPD: 4-nitro-o-phenylendiamine, 2AF: 2-aminofluorene, 2AA:
2-aminoanthracene, SD: Standard deviation, Negative control: distilled water.

The results of the Ames test are shown in Table 3.
In this experiment, first, the cytotoxic doses of Demond
EC25 were determined. As seen in Table 3, spontane-
ous revertants were within the normal values in all the
strains examined. All of the doses with and without S9
mix in TA98 and TA100 slightly increased when com-
pared to the negative control. On the other hand, the
plates containing positive control mutagens displayed
very significant increases in the spontaneous mutation
rate in two strains tested. Most of the results, whether
increasing or decreasing relative to the negative control
group, were not statistically significant at P<0.05 (Dun-
nett-t test, 2 sided) in the examined strains, except for
in the 800 and 400 pg/plate doses of the Demond EC25
in the TA98 without S9 mix and 800 pg/plate doses with
S9 mix. Additionally it was obtained mutagenic in the
TA100 without S9 mix 800 ug/plate doses.

DISCUSSION

Pyrethroid insecticides are commonly used in agri-
culture, veterinary medicine, and to control insect pests
in human dwellings because of their high selective toxic-
ity for insects and relatively low acute toxicity to mam-
mals (Casida and Quistad 1998). These insecticides are
favored because of their effective role and have replaced
organophosphorus pesticides in many areas of applica-
tions (Ministry of the Environment in Japanese 2011).

Because of their advantages, pyrethroid insecticides
including Demond EC25 are becoming widespread and,
therefore, studies on the biological effects of these pes-

ticides are of immediate concern. Numerous studies on
their toxicity, both in insects and mammals, have been
reported in the literature. Although pyrethroid insecti-
cides have consistently shown negative results in micro-
bial genotoxicity tests, the outcome of other assays has
been variable and it has not been possible to draw defi-
nite conclusions about the genotoxicity of this group of
pesticides (Grossman 2007; Surralles et al. 1995).

In determining mutagenicity of chemicals, the
Ames test has shown a variety of chemicals to be either
mutagenic or anti-mutagenic, and has been shown to
be over 90% accurate in predicting genotoxicity (Weis-
burger 2001). In the Ames test, S. typhimurium strains
that have a mutation in the his-operon are used to detect
the mutagenicity of chemicals (Maron and Ames 1983).
In the present study, Demond EC25 was studied for its
mutagenic activity with the Ames test and results can be
concluded that Demond EC25 induced mutations in the
800 and 400 pg/plate doses of the TA98 without S9 mix
and 800 pg/plate doses with S9 mix and in the TA100
without S9 mix.

Under our experimental conditions, Demond EC25
showed to produce point mutations in the Ames test,
both in the absence and presence of the S9 metabolic
activation system in high concentrations of both test
strains. In order to characterize the possible mechanism
of mutagenicity, the important bacterial strains, sensitive
to different mutational events due to their specific geno-
types, were used.

Particularly, S. typhimurium TA98 is characterized
by the -1 frameshift deletion hisD3052, which affects the
reading frame of a nearby repetitive ~-C-G- sequence
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and can be reverted by frameshift mutagens. TA100 con-
tains the marker hisG46, which results from a base-pair
substitution of a leucine (GAG/CTC) by a proline (GGG/
CCCQC): this mutation is reverted by mutagens caus-
ing base substitutions at G-C base pairs (Di Sotto et al.
2008). Taking into account these bacterial features, our
results highlighted that the Demond EC25 mutagenic-
ity, in the absence and presence of S9 in TA98, was likely
due to frameshift mutations, and in the absence S9 in
TA100 due to base-change mechanisms.

The data reported on the genotoxicity of synthetic
pyrethroids are rather controversial, depending on the
genetic system used (Akintonwa et al. 2008; Saleem et
al. 2014). Studies have shown an important relationship
between a substance’s chemical structure and its biologi-
cal activity (Oztas, 2005) chlor. Several factors, includ-
ing rings, the functional groups, and the positions of
binding locations in the chemical structure may affect a
chemical’s binding ability.

Mitotic index proved to be a useful parameter that
allows one to detect the frequency of the cellular divi-
sion (Marcano et al. 2004). The estimation of the poten-
tial cytotoxicity of the compounds is generally related
to the inhibition of the mitotic activities (Smaka-Kincl
et al. 1996). In this study, the used concentrations of
Demond EC25 also caused significant inhibition of the
mitotic index. The significant decline in the mitotic
index could be due to the inhibition of the DNA syn-
thesis or the blocking of the Gl suppressing the DNA
synthesis or effecting the test compound at the G2 phase
of the cell cycle (Sudhakar et al. 2001; Majewska et al.
2003). When a pesticide penetrates the cells and reaches
a critical concentration, it could be in an active form,
causing lesions during several following cellular cycles
(Marcano et al. 2004). The decrease of the mitotic index
in our study can be related to this.

In this study, all the concentrations of Demond
EC25 caused the changes in the percentage of the par-
ticular phases’ distribution when compared to the con-
trol group. Pesticides accumulate in the cell due to this
substance not being able to emerge out of the cell easily
after once penetrating the cell and it may be highly toxic
in the cell (Antunes-Madeira and Madeira 1979).

Deltamethrin, the active ingredient in Demond
EC25 has immunosuppressive (Lukowicz and Krech-
niak, 1992), reproductive effects on sperm cells (Bhu-
nya and Pati 1990; Carrera et al. 1996) and developmen-
tal toxicity (Martin 1990). Deltamethrin is reported to
cause chromosomal damage in Allium cepa (Chauhan
et al. 1986), chromosomal aberrations and micronucleus
formation in bone marrow cells of mice exposed in vivo
(Chauhan et al. 1997; Gandhi et al. 1995). Saxena et al.

(2009) evaluated of cytogenetic effects of deltamethrin
in root meristem cells of Allium sativum and Allium
cepa and cells analyzed immediately after the exposure
showed a significant, concentration-dependent inhibi-
tion of mitotic index (MI) and induction of mitotic and
chromosomal aberrations in both the test systems. Addi-
tionally, in vitro exposure of Deltamethrin is reported to
cause DNA damage in Comet assay in human periph-
eral blood leukocytes (Villarini et al. 1998). In the pre-
sent study with Allium cepa root tip meristem cells how-
ever, the three concentrations of Demond EC25 tested
induced genotoxicity thus corroborating the findings of
these studies.

In contrast to our results, no genotoxic response
of Deltamethrin was observed in Salmonella typhimu-
rium and V79 Chinese hamster ovary cells (Pluijmen et
al. 1984). Data on the genotoxicity and carcinogenicity
of Deltamethrin are rather controversial, depending on
the genetic system or the assay used (Shukla and Taneja,
2000).

The safety evaluation of a fragrance material
includes a broad range of toxicological information,
both for the compound itself and for structurally related
chemicals belonging to the same chemical group (Bick-
ers et al,, 2003). Among toxicological information, geno-
toxicity is a systemic consideration, as it can be related
to carcinogenicity (Di Sotto et al. 2008). Normally, to
evaluate a potential genotoxic risk due to a chemical
exposition, in vitro assays for detecting point mutations
(Ames test) and extended treatment (e.g., micronucleus
assay, Allium test, single cell gel electrophoresis assay
or comet assay) are used in the first instance (EMEA
2008; Di Sotto et al. 2013). If the results of these studies
are positive, in vivo studies, for example a mammalian
cytogenetic study, are performed (EFSA 2014).

The tested substances with different test systems
can be genotoxic or not genotoxic depending on a num-
ber of factors such as chemical structure and biological
activity, having rings in the structure and the positions
of the binding location (Kutlu et al. 2011). In addition
to these, it might be related to differences in test condi-
tions, such as exposure time, cell types, concentrations
of substances, the dispersal of the materials and physico-
chemical characteristics of the compounds (Ema et al.
2012).Therefore, it could be explained why some studies
find an increase of genetic damage while in others result
as negative.

In conclusion, Demond EC25 was found to be cyto-
toxic due to decreasing of MI in Allium test and showed
mutagenic activity at some doses in the Ames test.
Demond EC25 had clear cytotoxic effects and may pose
a genotoxic risk for humans. For this reason, further
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investigations are needed to determine the toxicity of
this compound using other in vivo and in vitro biological
test systems. A single test system is not enough to deter-
minate a compound whether it is toxic or non-toxic. In
this study we performed two different test methods. Fur-
ther investigations are needed to determine the toxicity
of this compound using multiple test systems.
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Abstract. Fulvic acid is a class of compounds of humic substances and is found in a
significant proportion of the substances in the environment. It has been used for many
years in industry, agriculture, and complementary medicine. In this study, cytogenetic
effects of fulvic acid purified from Mugla Milas Hiisamlar leonardite (TURKEY) on
Allium cepa root tip meristem cells were investigated using the Allium test. For this
purpose, 10 mg/ml stock solution of fulvic acid was prepared by dissolving in citric
acid and it was diluted with distilled water to 10, 20, 40, 80 and 100 pg/mL concentra-
tions. Onion bulbs were exposed to these concentrations of the fulvic acid for macro-
scopic and microscopic analysis. Tap water was used as a negative control, 40 ug/mL
citric acid was used as solvent control (fulvic acid solvent), and 0.02M Ethyl methane
sulfonate (EMS) (a mutagenic, teratogenic, and possibly carcinogenic organic com-
pound) was used as a positive control. There has been statistically significant stimu-
lation of root growth depending on fulvic acid concentration in comparison with the
control groups (p<0.05). Furthermore, in fulvic acid treatment groups, breaks, sticki-
ness and polar deviations appeared at very low rates, and total chromosome aberration
ratios were insignificant compared to the control groups. These results suggest that ful-
vic acid does not have cytotoxic and genotoxic effects on A. cepa.

Keywords. Allium test, Chromosome aberrations, Fulvic acid, Mitotic index.

1. INTRODUCTION

Fulvic acid is a class of compounds of humic substances, and it is a mix-
ture of polyphenolic compounds formed through the degradation of organic
substances such as plants, microbes and animals by chemical and biological
processes (Motojima et al. 2011). It is a type of humic acid. Compared to oth-
er humic acid types, the fulvic acid is soluble in both acid and alkaline solu-
tions, is lower in molecular weight, and has a greater biological activity (Ste-
venson, 1994; Bai et al. 2013; Yong 2001; Zhang et al. 2011). Piccolo (2002)
redefined fulvic acid as associations of small hydrophilic molecules in which
there are enough acid functional groups to keep the fulvic clusters dispersed
in solution at any pH. Because, while humic acids precipitate when the pH is
adjusted to 1-2, fulvic acids remain in solution after the alkaline extracts are
acidified (Canellas et al. 2015).
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Recently, it has been reported that fulvic acid has
nutraceutical, neuroprotective (Cornejo et al. 2011;
Guzmén-Martinez et al. 2013), antimicrobial, antioxi-
dant, and anti-inflammatory properties (Van Rensburg
et al. 2001; Yamada et al. 2007; Sherry et al. 2013). Fulvic
acid has also been used as a medicine by people in Chi-
na, Mexico, India, South America and Russia for centu-
ries. Fulvic acid has a large capacity to retain transition
metals, forming metalorganic complexes, which cause
these metals to be more or less available for plants which
include them into the food chain. The food industry also
uses it as an ion exchanger, because it holds heavy met-
als very well (Pena-Mendez et al. 2005).

Over these last decades, more than 200 short-term
bioassay utilizing plants, microorganisms, and insects
have been developed and used to evaluate the environ-
mental risks (Marcato-Romain et al. 2009). Plant assays
are highly sensitive, easy to use in an experiment, inex-
pensive, and good predictors of genotoxicity and carci-
nogenicity (Ennever et al. 1988). The Allium test has
been used by many researchers as a bioindicator of envi-
ronmental pollution (Bagatini et al. 2009; Leme and
Marin-Morales 2009) and genotoxicity of various agents
(Askin Celik and Aslantiirk 2007, 2009, 2010) for a long
time. With this test, mutagenic effects of substances may
be analyzed by monitoring macroscopic parameters, like
the appearance and growth of the roots or by genotox-
ic parameters, like type and frequency of chromosome
aberrations, and abnormal cell division. Another advan-
tage of this test is the presence of an oxidase enzyme
system, which is essential for promutagen evaluations
(Fiskesjo, 1985; Nielsen and Rank,1994 ). The Allium test
is important, since it is an excellent model in vivo, where
roots grow in direct contact with the test substance ena-
bling possible damage to DNA of eukaryotes to be pre-
dicted. Therefore, results from this test can be extrapo-
lated for all animal and plant biodiversity (Tedesco and
Laughinghouse IV 2012).

Although fulvic acid is found in a significant pro-
portion of the substances in the environment, and has
been used for many years in industry, agriculture and
complementary medicine, there is still minimal scien-
tific evidence of its biological properties. In this study,
cytogenetic effects of fulvic acid on Allium cepa root tip
meristem cells were investigated using the Allium test.

2. MATERIALS AND METHODS

2.1. Supply of Fulvic acid

Fulvic acid purified from Mugla Milas Hiisamlar
leonardite (TURKEY) in Chemical Engineering Labora-
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tory of Gazi University in Ankara (TURKEY) was used
in this research (S6nmez 2011). This study was conduct-
ed between March and December 2017.

2.2. Preparation of the Fulvic acid solution

The 10 mg/ml stock solution of fulvic acid was pre-
pared by dissolving in citric acid, as it has a structure,
which is soluble in weak acid. Stock fulvic acid solution
was diluted with distilled water to 10, 20, 40, 80 and 100
pug/mL concentrations. Fresh solution was prepared just
before the experiment.

2.3. Allium Test

Small bulbs (1.5-2.0 cm in diameter) of the common
onion, A. cepa, (2n = 16) were purchased at a local super-
market in Aydin, Turkey. Prior to initiating the test, the
outer scales of the bulbs and the dry bottom plate were
removed without damaging the root primordia.

For each treatment, seven onion bulbs were placed
on top of test tubes filled with tap water (pH 7.3) for 48
h. The test tubes were kept in an incubator at 22+1°C.
After 48 h, two unhealthy onions with the most poor-
ly growing roots were removed and the other healthy
onion bulbs in water were treated with 10, 20, 40, 80 and
100 pg/mL fulvic acid for 24 hours. 0,02M Ethyl meth-
ane sulfonate was used as positive control for 3 h, 40 pg/
mL citric acid was used as solvent control, and tap water
was used as negative control.

Citric acid is a weak organic acid that has the
chemical formula C¢HgO,. It occurs naturally in citrus
fruits. In biochemistry, it is an intermediate product in
the citric acid cycle, which occurs in the metabolism of
all aerobic organisms (Berovic and Legisa, 2007). Ethyl
methanesulfonate (EMS) used as positive control in
experiment is a mutagenic, teratogenic, and possibly car-
cinogenic organic compound and its chemical formula
C;HgSO;. EMS is often used in genetics as a muta-
gen. Mutations induced by EMS can then be studied
in genetic screens or other assays (Merck Index, 1989).

After the completion of treatment the roots were
counted and their lengths were measured for each
onion. To determine mean root length in a root bundle
for each bulb, root lengths of experimental and con-
trol bulbs were measured with ruler at the end of treat-
ment time. After then root tips were removed from the
bulbs, fixed in 3:1 (v/v) ethanol:glacial acetic acid and
stored overnight at 4°C. The next day they were placed
in 70% (v/v) aqueous alcohol and refrigerated until use.
An average of five slides was made for each bulb using
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five root tips which hydrolyzed in 1IN hydrochloric acid
(HCI) for 3 min, and microscope slides were prepared by
squashing the stained root tips in 2% (w/v) acetic orcein.
Each slide was examined using Olympus BX51 at a total
magnification of 40x10. Chromosomal aberrations were
determined by scoring cells with bridges, fragments,
sticky chromosomes, and polar deviations in 1000 cells
per slide. Also micronucleus formation was determined
in 1000 cells per slide. 5000 cells scored in total for each
bulb (Fiskesjo 1993, 1997; Pavlica et al. 2000).

2.4. Statistical Analysis

Statistical analyses were performed using the SPSS
20.0 software package program. Data on physicochemi-
cal parameters, root length, root number, and mitotic
index and chromosomal aberrations were compared
using analysis of variance (One Way ANOVA) to con-
firm the variability of the data and validity of results.
Post-hoc test was used to describe the magnitude of var-
iability. Differences between corresponding controls and
exposure treatments were considered statistically signifi-
cant at p <0 .05.

3. RESULTS
3.1. Morphological Analysis

The results of the morphological analysis (root num-
ber and root length) are presented in Table 1. These
results show that all tested concentrations of fulvic acid
caused increase in the root growth, and average root

Table 1. The average root numbers and root lengths in control and
treatment groups after 24h treatment (Analysis were carried by One
Way ANOVA).

Average root number Average root lengths

Concentrations +SD (cm + SD)
Negative control 19.2 £ 8.07 2.26 £ 1.07
Solvent control 20.2 + 8.87 1.36 + 0.24
EMS (positive control) 21.0 +7.81 1.40 + 0.40
FA10 37.2 £ 4.43* 3.36 £ 0.54
FA20 31.8 £ 4.56 4.10 £ 0.41*
FA40 37.6 + 5.92% 4.22 + 0.69*
FA80 39.2 +5.17% 3.98 + 1.29%
FA100 34.8 + 6.14* 3.68 £ 0.68

One Way ANOVA Analysis *p<0.05 is significant (EMS: 0.02M Ethyl
methane sulfonate; Solvent control: 40 pg/ml citric acid; FA10: 10
pg/ml fulvic acid; FA20: 20 pg/ml fulvic acid; FA40: 40 ug/ml fulvic
acid; FA80: 80 pg/ml fulvic acid; FA100: 100 pg/ml fulvic acid ).

number in comparison to negative control, positive con-
trol, and solvent control. The measured average root
length is 2.26+1.07 cm in negative control, 1.40+0.40 cm
in positive control, and 1.36 cm in solvent control. The
average root length after 20 and 40 pg/ml fulvic acid
treatment is found very high (4.10+0.41 and 4.22+0.69
cm, respectively) compared to controls (Table 1). The
number of roots also increased in fulvic acid treatment
groups compared to control groups. The highest root
number is found in group treated with 80 pg/ml fulvic
acid (Table 1). The root morphology in fulvic acid treat-
ed groups was thinner and more fragile compared to the
negative control group.

3.2. Cytogenetic Analysis

With the objective of investigating the possible
mechanism involved in root growth stimulation, cytoge-
netic analysis was performed. Fulvic acid was found to
stimulate mitotic index. A statistically significant differ-
ence in the mitotic index of root meristems was found
in negative, positive and solvent control. The increase
in the mitotic index was found to be positively correlat-
ed with the increase in concentration of the fulvic acid
(Table 2). In the positive and solvent control groups, the
mitotic index decreased significantly compared to the
control group, and the mitotic index value approached
zero in the solvent control group (Table 2).

Cytogenetic alterations were investigated, and the
results are described in Table 2 and Figure 1. Table 2
presents the percentage of the aberrant cells in dividing
cells. Very few cells with polar deviation were observed
in the negative control group. No chromosome aber-
ration was observed except for polar deviation. In this
group, total chromosome aberration was found very low
(0.07%). The chromosome aberration rate in the posi-
tive control group was found to be significantly higher
than the control group (36.09%). Especially the anaphase
bridge and stickiness have been observed to appear at
a very high rate (p<0.05). In addition, breaks and polar
deviations were observed in the positive control group.
No chromosome aberration was observed in the solvent
control group (citric acid), because there were only two
divided cells in total and the mitotic index value was
near zero in this group. The cell membrane and nucleus
were deformed (Fig. 1a).

In the groups treated with fulvic acid, breaks, sticki-
ness and polar deviations appeared at very low rates.
Total chromosome aberration percentages in these
groups were insignificant compared to control and sol-
vent control groups. The highest total chromosome aber-
ration percentage in fulvic acid treated groups was 20
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Table 2. Mitotic index values, percentage of chromosomal aberrations and thousandths of micronuclei in control and treatment groups after
24h treatment.

Total Mitotic Anaphase . Polar Total . .
. o . Breaks h Stickiness o aberrant  Micronuclei
Concentrations Total cells  dividing index (MI £ (% SD) bridge (% SD) deviation cells (%, + SD)
cells SD) (%= SD) (%= SD) (% SD)
Negative control 25000 1241 4.96 £ 0.31 0+0 0+0 0+0 0.07 £0.03 0.07 £ 0.03 0+0
Solvent control 25000 2 0.01 £0.17* 0x0 0+0 0+0 0x0 0x0 0+0
EMS (positive control) 25000 209 0.83 £0.11* 1.17£0.26 10.47 £ 9.59*20.05 £ 6.90* 4.39 + 6.03 36.09 + 548 00
FA10 25000 2893  11.57 £1.93* 0.04 £ 0.01 0+0 0£0 0.51 £0.61 0.52 +0.60 0.04 = 0.01
FA20 25000 3111 12.44 +0.51* 0x0 0+0 0.03 +£0.07 2.87 £0.53 2.90 = 0.52 0+0
FA40 25000 3559 14.23+ 0.41* 0+0 0+0 0+0 290 +£0.42 290+ 0.42 0+0
FA80 25000 3566  14.26 = 0.35* 0.03 + 0.06 0+0 0.03 £0.06 2.68 +0.51 2.73 +0.61 0+0
FA100 25000 2988  11.95 £ 0.54* 0.03 £ 0.08 0+0 0+0 2.38+0.17 241 +0.21 0+0

One Way ANOVA Analysis *p<0.05 is significant (EMS: 0.02M Ethyl methane sulfonate; Solvent control: 40 pg/ml citric acid; FA10: 10 pg/
ml fulvic acid; FA20: 20 pg/ml fulvic acid; FA40: 40 ug/ml fulvic acid; FA80: 80 pg/ml fulvic acid; FA100: 100 ug/ml fulvic acid. 25000 cells/
group were evaluated for MI and CA)

itive control group (EMS), chromosome aberration per-
centage has been found high, especially stickiness and
anaphase bridge.

Micronucleus formation results are also present in
Table 2. Micronucleus formation was found at a very
low level of 0.04 %o in 10 ug/ml fulvic acid treated group
only which was statistically not significant. No micronu-
cleus formation was found in other experimental groups
(including negative, positive and solvent controls).

As a result of this study, root length and mitotic
index results show that fulvic acid promotes root growth
by inducing division in Allium cepa root meristem cells.
Chromosome aberration and micronucleus results also
indicate that fulvic acid does not induce cytotoxic and
genotoxic effects in the root meristem cells.

4. DISCUSSION

In this study, cytogenetic effects of fulvic acid were
evaluated by analyzing root growth and root morphol-
ogy. Fulvic acid caused an increase in root growth and
Fig. 1. a: membrane and nucleus deformation in solvent control (cit-  pnumber, and there was a statistically significant differ-
r1c acid) group; b: stickiness; c: st.icl.dne?s and polar devifitmn. inpos-  once between fulvic acid and control groups (negative,
itive control group; d: polar deviation in 20 pg/ml fulvic acid treat- o .

o - e positive and solvent controls). Cyto- and genotoxic-

ment group; e: polar deviation 80 pg/ml fulvic acid treatment group. ! . . .
ity were estimated by observing cytological parameters,
such as the mitotic index and number of chromosome
abnormalities, including chromosome breaks, sticki-
ness, and polar deviations. The mitotic index (MI) of A.
cepa meristem cells treated with the EMS and citric acid
(solvent control) was significantly decreased (0.83% and
0.01%, respectively) in comparison to negative control.
Although EMS and citric acid significantly decreased the

and 40 pg/ml, respectively (Fig. 1d, e). This percentage is
statistically insignificant when compared to the control
and solvent control group. In addition, this percentage is
very low compared to the chromosome aberration value
obtained from the positive control group (EMS), and the
difference is statistically significant (p <0.05). In the pos-
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mitotic index, fulvic acid treatment increased the mitotic
index in A. cepa meristem cells at all concentrations sig-
nificantly (Table 2). The mitotic index is measure of the
mitotic activity of a cell population. It measures the pro-
portion of cells in the M-phase of the cell cycle (Rojas et
al. 1993). Therefore, the increase of MI in groups treat-
ed with fulvic acid, in comparison to negative control,
suggests that fulvic acid could have proliferative effect
on the meristem cells of A. cepa. The increased mitotic
index in A. cepa root tip cells treated with fulvic acid is
probably due to induction of DNA synthesis and pro-
motion of cell cycle. The MI results of fulvic acid treat-
ment groups are consistent with literature data. Previous
studies suggest that humic substances including fulvic
acid enhanced stimulation of seedling germination and
growth of plants (Kulikova et al. 2002; Pena-Méndez et
al. 2005; Van Rensburg 2015). Humic substances affect
the development of organisms. Being utilized as a sub-
strate (a source of organic carbon) or nutrient source
(N, P, trace elements and vitamins), humic substances
can serve as a moiety of the biosynthesis chains. On the
other hand, beneficial effects of humic substances on the
plants are often attributed to hormone-like activity of
these substances (Nardi, 1994; Nardi et al. 2002; Piccolo
et al. 1992; Kulikova et al. 2002). Since humic substances
originate from the chemical and biological decomposi-
tion of plant and animal residues, and from metabolic
activities of microorganisms, they might have character-
istics of hormones. It was shown that humic substances
enhanced plant growth by exhibiting auxin-like activ-
ity (Kulikova et al. 2002). Some researchers reported
that humic and, in particular, fulvic acids showed some
auxin, gibberellin or cytokinin-like activity (Phuong and
Tichy 1973; Nardi, 1994; Kulikova et al. 2002). Further-
more, fulvic acid, as a plant growth regulator, is involved
in plant response to several environmental stress fac-
tors, and is reported to affect growth and development
of plants (Heil 2005; Shahid et al. 2012).

There are also studies of growth promoting effects
of fulvic acid on plants as well as growth enhancing
effects on animals (Nardi et al. 2002; Heil 2005; Bai et
al. 2013), because of its antioxidant, antimicrobial and
anti-inflammatory properties (Yamada et al. 2007; Van
Rensburg et al. 2001; Sherry et al. 2013).

Gao et al. (2017) have shown that when fulvic acid is
used as food supplements for 60 days, it increases growth
performance of Paramisgurnus dabryanus (Sauvage) and
improves its intestinal health conditions (Gao et al., 2017).
Also, Bai et al. (2013) reported that supplementation of
diets with fulvic acid is an effective way to increase growth
performance, reduce backfat thickness, and improve meat
quality in growing-finishing pig (Bai et al. 2013).

Chromosome aberration and micronucleus results
of this study show that fulvic acid does not induce gen-
otoxic effects in the root meristem cells in comparison
with control groups. Although in the positive control
group (EMS), chromosome aberration rate (especially
stickiness and anaphase bridges) has been found high,
but in the fulvic acid treatment groups, breaks, sticki-
ness and polar deviations appeared at very low rates. The
total chromosome aberration percentages in fulvic acid
treatment groups were found insignificant compared to
control and solvent control groups (Table 3).

As a result of literature screening, different data on
cytotoxic, genotoxic and mutagenic effects of fulvic acid
have been reached. Qui et al. (2007) reported that fulvic
acid has protective effect against copper toxicity to the
polychaete Hydroidas elegans larvae, and such an effect
is caused by the reduction in labile copper due to Cu-
FA (copper-fulvic acid) complexation (Qui et al. 2007).
Also, it has been suggested that humic and fulvic acids
have desmutagenic effect (inactivation of mutagens out-
side the cell) on Vicia faba root tip cells treated with
maleic hydrazide, whereas they have no antimutagenic
effect (Ferrara et al. 2000). Ferrara et al. (2004) reported
anticlastogenic, antitoxic and sorption effects of humic
substances (soil humic acid, peat humic acid and peat
fulvic acid) on the maleic hydrazide tested in legumi-
nous plants, Vicia faba and Pisum sativum L (Ferrara
et al. 2004). However, no data has been found on the
direct cytogenetic effects of fulvic acid in the literature.
Therefore, the data obtained in this study is impor-
tant in terms of its contribution to the scientific litera-
ture in this regard. Furthermore, fulvic acid is currently
being used in planting and growing plants, especially
in agriculture, and as complementary in treatment of
human and animal health. Its use is becoming increas-
ingly widespread. Therefore, it is important to deter-
mine whether this substance is safe for the environment,
and animal and human health. The results of this study
suggest that fulvic acid stimulate the root growth in A.
cepa, and it does not have cytotoxic and genotoxic effects
on A. cepa root meristem cells. These results are impor-
tant, because it is a preliminary study on the safety of
using of fulvic acid. However, in order to be able to say
that the use of fulvic acid is safe, more detailed studies
have to be carried out using different test systems.
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Abstract. The present study aimed to evaluate the cytogenetic effects induced by heavy
metals nickel (Ni) and lead (Pb) to crop plants, using the Allium sativum (garlic) as
a test plant. For this purpose, were used solutions of nickel nitrate - Ni(NO;), - and
lead nitrate - Pb(NO;), - at concentrations of 50, 150 and 450 ppm for 72 hours, along
with an untreated control variant immersed in plain water. The biological material was
immersed from the beginning in the tested solutions. The results obtained showed a
strong inhibitory effect of these heavy metals on the process of rhizogenesis, as well as
a significant mitodepresive effect in the meristematic cells, both phenomena being cor-
related with increasing concentration of the tested solutions. At the same time, several
types of chromosomal aberrations (c-mitosis, vagrants, star-anaphase, star-telophase,
fragments, clumping, stickiness, bridges) have been recorded in all treatment variants.
The presence of these chromosomal aberrations in all treatment variants indicates the
aneugenic effects of nickel nitrate and lead nitrate in the meristematic cells of A. sati-
vum. The results suggest the ecotoxicity potential of nickel and lead on plants even at
low concentrations and confirm the suitability of A. sativum as a test plant for assess-
ing the cytotoxicity and genotoxicity of heavy metals to plants.

Keywords. Genotoxicity, chromosomal aberrations, lead, mitotic index, nickel.

INTRODUCTION

The concept of heavy metals has refers to any metallic chemical element
that has a relatively high density and is toxic or poisonous in low concen-
trations. As natural water pollutants, heavy metals are among the most toxic
pollutants due to their prolonged persistence in solutions and the difficulty
of being converted into insoluble compounds in surface waters (Bilal et al.
2014). The contamination of soil by heavy metals is also a major environ-
mental problem (Lassoued et al. 2014) and have a toxic action on the aquatic
organisms, meanwhile inhibiting the self-purification processes (Nemcsok
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et al. 2010). Heavy metals are dangerous because they
tend to bioaccumulate (Coroian et al. 2017; Hariri et al.
2018; Marinova et al. 2018). Bioaccumulation means the
increase in time in biological organisms of the concen-
tration of the substance in an amount compared to the
concentration of this substance in the environment.

The presence of heavy metals in soil, is one impor-
tant factor that can cause altered physiological and met-
abolic processes to plants or disturbing the metabolism
of essential elements (Dong et al. 2006; Mohanpuria et
al. 2007; Wojcik and Tukiendorf 2014; Petrescu et al.
2015; Sarac et al. 2015; Georgieva et al. 2018; Nikolova
and Georgieva 2018).

Symptoms of heavy metal toxicity are the result
of harmful effects of metals on physiological process-
es including: inhibiting respiration and photosynthe-
sis, altering the plant-water relationship that causes
stress, decreased plasma membrane permeability in the
root cells, adverse effects on the metabolic activities of
enzymes (Arduini 1994).

Lead (Pb) is one of the ubiquitously distributed most
abundant toxic elements in the soil. Pb inhibits the activity
of enzymes at cellular level by reacting with their sulthy-
dril groups (Yadav 2010). High lead exposure is harmful,
particularly for children; its effects include damage to the
nervous system, liver and kidney damage and develop-
mental delays. Also, the lead exposure is associated with
an increased risk of several cancers, in particular, menin-
gioma, brain cancer, and kidney cancer (Liao et al. 2016).

Nickel (Ni) is considered to be an essential micro-
nutrient for plants (Eskew et al. 1983) but at excess
concentrations this metal becomes toxic for major-
ity of plant species and triggers oxidative damage (Zor-
nova et al. 1999; Nakazawa et al. 2004; Gajewska et al.
2006; Sachan and Lal 2017). On the other hand, some
authors reported cytotoxic effects even at low doses (20
to 100puM) of nickel ions as well as antioxidative enzyme
changes in Allium cepa roots (Gantayat et al. 2017).
Concentrations of Ni could increase by human activi-
ties such as application of phosphate fertilizers and pes-
ticides (Gimeno-Garcia et al. 1996) or industrial and
agricultural wastewater discharges, domestic sewage dis-
charge and atmospheric deposition (Yan et al. 2018).

The vegetal meristematic tissues that are used for
testing the effects of chemicals on chromosomes should
be easy to obtain and less expensive. From this point of
view, the species A. sativum and A. cepa are well suited
to cytogenetic studies because the meristematic roots
appear lightly, have relatively large chromosomes in
small numbers and can be easily observed by optical
microscope (Doroftei et al. 2010; Bonciu 2012; Bonciu et
al. 2018).

Ioan Sarac et al.

MATERIALS AND METHODS
Plant material

The biological material consisted of garlic bulbs,
clean and without traces of pests or diseases that had
been spread in several bulbils. They were cleaned from
the dried leaves and formed by removing any roots
after which they were transferred to small glass bottles
containing the heavy metal solutions: nickel nitrate -
Ni(NQO,), and lead nitrate - Pb(NO;), in concentrations
of 50, 150 and 450 ppm for each of them.

Three treatment variants with 4 repetitions were
performed for each of the heavy metals experienced,
along with an untreated control immersed in plain
water. In each variant, four garlic bulbils were immersed
directly into the treatment solutions for 72 hours, time
required for the meristematic roots to be emitted.

Microscopic preparations

After sampling, the meristematic roots were fixed with
a mixture of absolute ethyl alcohol and glacial acetic acid
in a volume ratio of 3: 1 for 16 hours in the refrigerator,
followed by acid hydrolysis with 1 N HCI for 5 minutes
and HCI 50% consisting of equal parts of HCI and distilled
water for 16 min at room temperature. Roots’” staining was
performed by the Feulgen technique with Schiff’s reagent;
the staining time was 90 minutes, followed by the intensi-
fication of the coloration in plain water for 20 minutes.

Statistical analyses

After 72 hours, the meristematic roots were counted
and measured at each variant. The cytogenetic effects of
heavy metals were assessed by calculating the mitotic
index (MI) and analysing the chromosomal aberrations
observed in the various stages of mitosis. The micro-
scopic preparations have been studied using a micro-
scope with digital camera Kruss (Kruss manufacturer
Hamburg, Germany). Five preparations for each variant
and 500 cells were analysed for calculating the mitotic
index and the chromosome aberration frequency.

Statistical analysis was done using MS Excel 2007.
The obtained data were analysed statistically with one-
way analysis of variance (ANOVA). The differences
between treatment means were compared using the
LSD-test at a probability level of 0.05% subsequent to the
ANOVA analysis.

The mitotic index and chromosomal aberrations
were calculated using the following formulas:
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Mitotic index (MI%) = total number of cells in division /
total number of analysed cells x 100;

Chromosomal aberrations (CA%) = total number of
aberrant cells / total number of cells in division x 100.

RESULTS

The treatment of A. sativum bulbils with nickel and
lead depending on the concentration negatively influ-
enced the process of issuing meristematic roots.

The treated roots was smaller in size and they had
a smaller number than the control. Thus, their number
decreased as the concentration of the heavy metal solu-
tions tested in all variants increased: from 46 registered
roots to the control variant, to 14-28 roots to the variant
treated with Ni(NO;), respectively 5-18 roots to the vari-
ant treated with Pb(NO;), (Figure 1).

The results showed that both heavy metals treat-
ments caused a decrease in MI at all the treatment
groups (Table 1). Thus, the value of the MI decreased
with the increase concentration of heavy metal solutions.
The intensity of mitotic activity was decreasing in order
of treatment with lead nitrate to nickel nitrate treatment.
However, the strongest mitodepresive effect was seen in
the treatment of Pb(NO,), at the concentration of 450
ppm, when MI was 5.32%, ie with 46.4% lower mitotic
activity compared to the control variant.

Heavy metals tested induced a high number of CA
when compared with control. The increase of CA was
dependent on the increasing treatment concentrations
(Table 1). The types of CA identified in meristematic
cells of A. sativum were the following: C-Mitosis (Figure
2A); fragments and vagrants (Figure 2B); star-anaphase;
star-telophase (Figure 2C); clumping; stickiness (Figure
2D); bridges (Figure 2E).

500

450 450
450

400 —

350 —

300 —

PB(NO3)2
250 NI(NO3)2 (NO3)

200 —
150 150

150 —
100 Caontrol

46 50 50

50 28 —
0 21 4 18 9 s

Concentration (ppm) = Number of meristematic roots after 72 h

Fig. 1. The inhibitory effect of different concentrations of Ni(NO;),
and Pb(NO;), on the rhizogenesis to A. sativum.

X

D.

Fig. 2. Some chromosomal aberrations identified in meristematic
cells of A. sativum exposed to Ni(NOj3), and Pb(NOs),: C-Mitosis
(A), fragments and vagrants (B), star-telophase (C), stickiness in
telophase (D), anaphase bridge (E).

As can be seen from the data of Table 1, the most
common types of CA were stickiness, C-Mitosis and
bridges, and the least frequent were vagrants chromo-
somes. Compared with the control variant, the total CA
rate recorded insignificant values for the variant treated
with 50 ppm Ni(NO,),, significant for the variant treated
with 150 ppm Ni(NO;), and distinctly significantly posi-
tive for the variant treated with 450 ppm Ni(NO;),. On
the other hand, in case of the Pb(NO,), treated variants
compared to the control variant, the total CA recorded
significantly positive values for the variant treated with
50 ppm Pb(NO;), and strongly positive for the variants
treated with 150 and 450 ppm Pb(NO;), respectively.

DISCUSSION

We chose to study the cytotoxic effects of Ni and Pb
heavy metals on A. sativum because, according to many
authors (Saxena et al. 2004; Gul et al. 2006; Unyayar et
al. 2006; Liu et al. 2009), the evaluation of CA in A. sati-
vum meristematic roots is a reliable biotest example that
can be applied to detect a wide range of genetic damage.

At a macroscopic level, heavy metals induced inhi-
bition of the growth of meristematic garlic roots. Gen-
erally, heavy metals are known to decreasing the plant
growth and ground cover (McGrath et al. 2001). Some
effects of lead on growth, physiology, metabolism and
yield attributes of plants are the following: inhibition in
seed germination, fresh and dry biomass, leaf area, chlo-
rophyll and growth to Helianthus annuus (Mahmood
et al. 2013); decline in growth, chlorophyll, carotenoids
and prolinecontent to Brassica juncea (John et al. 2009);
decrease in plant growth, root hair to Vigna unguiculata
(Kopittke et al. 2007), etc.

In our experiment, reducing the number of meris-
tematic root has been accentuated with increasing con-
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Table 1. Mitotic index, type and percentage of mitotic aberrations induced by some heavy metals on the meristematic roots to A. sativum.

0
Treatment / Conc.  MI +SD CA (%) Tota.l
Exposure time ( ) (%) aberrations
(hours) ppm 0 C-M A S-A S-T F CL S B (%)
Ct/72 0 11.4540.5  2.35 0 0 0 0 0 0 0 2.35
Ni(NO,),/ 72 50  10.66£0.4  1.61 0.65 0.42 0 0 0 3.62 231 8.61
150  8.13+03  1.90 0.83 1.81 0.83 0 1.23 5.11 3.22 14.93°
450  6.84+0.8  3.15 1.40 2.73 1.43 2.11 3.41 542 3.91 23.56™
Pb(NO,),/ 72 50 8.73£0.4  4.65 1.62 3.90 1.70 2.80 3.96 6.28 4.82 29.73"
150  6.51+0.8  6.23 2.11 431 2.82 3.70 4.20 6.50 531 35.18™
450 532405  7.51 2.64 485 4.20 421 6.52 7.40 6.10 43.43™

Ct = Control; Conc. = Concentration; MI = Mitotic index; SD = Standard deviation;
CA = Chromosomal aberrations; C-M = C-Mitosis; V = Vagrants; S-A = Star-Anaphase; S-T = Star-Telophase; F = Fragments; CL = Clump-

ing; S = Stickiness; B = Bridges;

The differences between treatment means were compared using the LSD-test at a probability level of 0.05%: *significant at P<0.05, **signifi-
cant at P<0.01, ***significant at P<0.001 as compared to the control variant.

centrations of test solutions (especially to treatments
with lead nitrate). Proportionately with increasing con-
centrations, intensity of the mitotic division has been
decreased to all variants, as an active protection reac-
tion of the plants exposed to heavy metals action. These
findings are in agreement with Doroftei et al. (2010) who
have tested the cytogenetic effects of lead nitrate to A.
cepa. The lead and nickel inhibited cell division to other
plants too, like Zea mays (Kozhevnikova et al. 2007).

The root growth is an integrative process depend-
ing on whole-organism signalling and individual growth
trajectories of cells (Beemster et al. 2003). The intensity
of the mitotic division is directly related to the growth
of plant roots; conceptually, mitotic division in the api-
cal root meristem provides cells during longitudinal
growth (Sanz et al. 2012). The number of dividing cells
in the root apical meristem generates a cell flux with
importance in modulating root growth (Baskin, 2013).
Studies of cell length profiles have shown that the prolif-
erative fraction of dividing cells in the apical root meris-
tem proliferation domain is indistinguishable from one,
even in response to moderate levels of stress (Ivanov and
Dubrovsky 2013).

The results of this study highlight the increasing of
CA frequencies to A. sativum dependent on different
concentrations of nickel nitrate and lead nitrate. Sticki-
ness, C-mitosis and bridges were most often identified
in all treatment variants but the highest frequency was
recorded to variants treated with lead nitrate. According
to some authors, sticky chromosomes might have result-
ed from increased chromosome contraction and conden-
sation or possibly from depolymerisation of DNA and
partial dissolution of nucleoproteins (Kuras et al. 2005;

Turkoglu 2013b). Asita and Mokhobo (2013) suggested
that the induction of Allium’s sticky chromosomes under
the influence of pesticides indicates abnormal DNA con-
densation, abnormal chromosomal wrapping, and inac-
tivation of the axes, and all these anomalies cell division
can have adverse effects on the environment. C-Mitosis
indicates a chemical-inhibited spindle formation similar
to the effect of colchicine and induction of these aberra-
tions suggests a turbogenic effect (Shahin and El-Amoo-
di 1991; Turkoglu 2013b). Regarding the anaphase bridg-
es, these chromosomal aberration cause structural chro-
mosome mutations and may lead to loss of genetic mate-
rial (George 2000; Pampalona et al. 2016). According to
Turkoglu (2013b), bridges could form due to dicentric
chromosome presence or due to the breakage and fusion
of chromosomes and chromatids.

In our experiment, the stickiness had a frequency
of 3.62-5.42% at the nickel nitrate treatment, while for
treatment with lead nitrate the frequency of these CA
was at the level of 6.28-7.40% at all concentrations (50,
150, 450 ppm). Sticky chromosomes can probably lead to
cell death (Singh 2015). These results suggest the strong
genotoxic effect of lead nitrate even at low concentra-
tions of 50 and 150 ppm. The current findings agreed
well with other reports which showed cytotoxicity and
genotoxicity of lead in plant cells (Choudhury and Pan-
da 2004; Arya et al. 2013).

Some nickel compounds have been established as
human carcinogens (Coogan et al. 1989), but at the same
time, some plant seeds, such as soybeans, can act as pro-
tectors when introduced into diet of treated mice, by
reducing the percentage of CA (Fahmy et al. 2014). Cer-
tain hormones can act as agents for inducing resistance
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of plants to heavy metal toxicity. Thus, some authors
have reported that Brassica juncea plants sprayed with
28-homobrassinolide hormone, showed improved resist-
ance against the some heavy metal toxicity (Hayat et al.
2007). Also, the organic acids (citrate and malate) have
been reported to have a role in the plant protection
against heavy metal stress (Haydon et al. 2007).

CA called C-mitosis had a frequency of 1.61-3.15%
at the nickel nitrate treatment, while for treatment with
lead nitrate the frequency of C-mitosis was at the level of
4.65-7.51%, these results demonstrating the high geno-
toxic potential of lead to plants. C-mitosis is the result of
damaged mitotic apparatus due to genotoxic substances
in the cells and is stimulated by many chemicals (Fiskes-
jo 1993; Firbas and Amon 2014).

Cytogenetic tests on A. sativum reveal a decrease
in the mitotic index following heavy metal treatments.
Mitosis analysis indicates the occurrence of a large num-
ber of CA identified at various stages of mitosis, the cell
division process being significantly affected. The most of
the CA identified indicates aneugenic effects, because of
in the mitotic spindle disorders (Sharma and Panneer-
selvan 1990; Fernandes et al. 2007).

The results obtained in this study reflect cytotoxic
and genotoxic potential of Ni and Pb to higher plant A.
sativum. Changes induced by the heavy metals analysed
in the genetic material can be much deeper but unno-
ticeable with our investigative means.
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Abstract. Human C3A cells were exposed to extremely low frequency (50 Hz) mag-
netic fields (ELF-MF’s) up to 500 puT. They were subjected to the micronucleus assay
using a Fluorescence In Situ Hybridization (FISH) technique with an in-house pan-
centromere probe. We found no increased frequency in micronucleated cells and no
change in the proportion of centromere positive over centromere negative micronuclei
compared to the unexposed control cells. These results are in accordance with some,
but in contradiction with other previously published investigations underlining that
effects of environmental ELF-EMF’s on cellular DNA may be very subtle and that small
changes or environmental influences may determine the outcome of a (geno)toxicity
study. Interestingly, a low-level (5uT) exposure resulted in less than the background
micronucleus frequency.

Keywords. 50 Hz magnetic fields, FISH staining, micronuclei, centromere staining,
genotoxicity.

INTRODUCTION

Overall, there is little experimental or theoretical evidence that extreme-
ly low frequency magnetic fields (ELF-MF’s) from power lines or other man
made sources in the environment can be genotoxic. Given the level of energy
involved, it is difficult to accept that they are able to directly interact with
genomic structures. The results of most in vitro and in vivo genetic toxicol-
ogy studies involving ELF-MF’s have been negative and therefore there is a
general consensus that they, especially at normal (moderate) exposure lev-
els, are not directly mutagenic (Bergqvist et al. 2003; Vijayalaxmi and Pri-
hoda 2009). Yet, some papers did report effects suggesting that ELF magnetic
fields may interact with DNA or, most often, with DNA-damaging agents,
hence being co-genotoxic (e.g., Tofani et. al. 1995; Lai and Singh 1997; Singh
and Lai 1998; Bergqvist et al. 2003; Cho and Chung 2003; Ding et al. 2003;
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Moretti et al. 2005; Vijayalaxmi and Obe 2005; Juuti-
lainen et al. 2006; EHC 2007; Ruiz-Gémez and Martin-
ez-Morillo 2009; Markkanen 2009; Udroiu et al. 2006).
According to some of these studies ELF-magnetic fields
are able to enhance, but not to start a mutagenic (DNA
damaging) effect. Some of the above mentioned papers
also indicate that EMF-MF’s exposure may, alone or in
conjunction with another agent, be able to promote the
occurrence of aneuploidy caused by an aneugen via a
mechanism involving the neuroendocrine system (Maes
et al. 2016a). Jin et al. (2015) however, provided evidence
that ELF-MF’s alone do not induce either G2/M arrest
or aneuploidy, even when administered in combination
with different stressors. Only a few papers reported so
far on possible aneugenic or co-aneugenic effects of elec-
tromagnetic fields (Udroiu et al. 2006; Maes and Ver-
schaeve 2012; Maes et al. 2016a). On previous investiga-
tions (Maes et al. 2016a,b) we reported increased levels
of especially nuclear buds and large micronuclei in cells
that were exposed to 50 Hz ELF-MF’s. This indicated
that the magnetic fields may, at least in particular cells,
situations and exposure levels induce gene amplifica-
tion (buds) and aneuploidy. In the present paper we fur-
ther explore this possibility by using fluorescence in situ
hybridisation (FISH) with a pan-centromeric probe. The
main objective was to verify our previous results and to
investigate whether potential ELF-MF’s induced micro-
nuclei (MN) were predominantly centromere-positive or
centromere-negative, respectively suggesting an aneu-
genic or clastogenic effect.

MATERIALS AND METHODS
ELF-MF exposure unit

The exposure unit was a cylindrical coil (380 turn
coil, 42 cm long, 20 cm inner diameter) which allowed
the exposure of cell cultures to a nearly constant mag-
netic field (with a tolerance of a few percent). With this
device, cell cultures could be exposed to different 50 Hz
magnetic field amplitudes ranging from 0 up to about
2500 uT. More details about the exposure unit can be
found elsewhere (Maes et al. 2000; Verheyen et al. 2003;
Mineur 2009). We exposed cell cultures to magnetic
fields of 5, 10, 50, 100 and 500 pT. The ambient magnetic
field was 0.02+0.01 mT.

Cell cultures and ELF-MF exposure

Human hepatic C3A cells (Brunschwig Chemie B.V,
Amsterdam, the Netherlands) were grown in 24 well

Luc Verschaeve et al.

plates in Dulbecco’s modified Eagle’s culture medium
supplemented with 10% foetal calf serum. The cell den-
sity was 200.000 cells/well. Plates were incubated at 37°C
and 5% CO,. Humidity was maintained using a water
bath containing milli-Q water inside the incubator. After
24 h of incubation, a magnetic field producing a deter-
mined magnetic flux density (5, 10, 50, 100, or 500 pT)
was applied for another 24 h. Following exposure to
the magnetic field, cells were blocked in their binucle-
ated (BN) telophase stage with cytochalasin B (4.5 pg/ml,
Merck). Another 24h later cells were fixed with metha-
nol/acetic acid (3/1) and spread onto well-cleaned micro-
scope slides. Magnetic flux densities were chosen based
on our previous experiments (Maes et al. 2000, 2016a,b;
Verheyen et al. 2003). Each exposure was accompanied
by its own unexposed (negative) control culture (0 pT).
Methyl methane sulfonate (MMS, 15ug/ml) was used as
a positive control. It was found to induce micronuclei as
expected (results not shown). Both control cultures were
incubated away from the coil at a distance where no ELF-
MEF, other than the ambient field could be measured.

Two independent investigations were conducted. In
the first experiment magnetic flux densities of 5, 10, 50,
100 and 500 pT were investigated. The second study was
conducted on new exposed cell cultures and fresh slides
using magnetic flux densities of 5, 50 and 500 pT.

Fluorescence In Situ Hybridization (FISH)

In the first set of experiments, FISH was performed
on the slides using an in-house pan-centromeric probe,
labelled with spectrum orange. For more details about
this probe and the FISH protocol we refer to Baeyens
et al. (2011) and Vral et al. (2016). In the repeat study,
FISH was performed using a FITC-labeled PNA (peptide
nucleic acid) probe, specific for centromeric sequences,
from Panagene (centFAM 5nmol, PN-CN001-005 Euro-
gentec, Belgium). The protocol, described in detail by
M’Kacher et al. (2014), for centromere staining of dicen-
tric chromosomes was followed. At the end of both FISH
procedures, the slides were counterstained and mounted
with DAPI-vectashield (H-1200, Labconsult, Belgium).

FISH-DAPI stained slides were analysed with the
Metafer 4 platform (MetaSystems GmbH, Altlussheim,
Germany) connected to a motorized Zeiss Axiolmager
M1 microscope (Zeiss, Oberkochen, Germany). Detailed
information regarding the MSearch slide scanning pro-
cedure, stage movement, focusing and image acquisi-
tion are detailed in Willems et al. (2010). For analyses of
micronuclei the MNScore module for Metafer MSearch
was used. This software allows automated MN scoring
in binucleated (BN) cells using a 10x objective. The auto-
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matically selected BN cells were then checked manually
(false BN cells and false positive or negative micronuclei
were removed) and only confirmed BN cells with micro-
nuclei were scanned via the Autocapt image acquisition
software using a 40x objective. The autocapt images were
then manually viewed for the presence of centromeres.
Bad/non-interpretable FISH images were rejected. For
more details about the MN-centromere analysis we refer
to Vral et al. (2016 ). The number of investigated cells
was set to 2.500 but the actual number of analysed cells
was sometimes less (see Table 1). Two slides (approxi-
mately 1.250 cells) were analysed per exposure.

RESULTS AND DISCUSSION

The results of the two independent investigations
are summarized in Table 1. The table data indicate that
micronucleus frequencies were not increased follow-
ing ELF-MF’s exposures up to 500 pT. According to this
analysis we observe no clear differences in number of
MN between the tested situations. No clear difference or
trend in the percentage of centromere-negative or cen-
tromere-positive MN can be observed as well. According
to these data 50 Hz ELF-MF’s do not change the propor-
tion of centromere-positive over centromere-negative
MN, neither do they induce elevated micronucleus fre-
quencies.

This does not coincide with our previous results
on the same cells that were exposed in the same way to
magnetic fields of the same magnetic flux densities. In
our previous investigation (Maes et al. 2016b) we also
performed two independent experiments but slides were
stained with Giemsa. Currently we used a fluorescence
in situ hybridisation procedure but there is no reason
why the different staining methods should influence the
results. Both investigations were also performed by the
same persons ruling out the possible variation in micro-
nucleus frequencies obtained by individual laboratories
and scorers (Fenech et al. 2003).

As mentioned before, the literature reveals the
presence of positive as well as negative results follow-
ing exposure of cells or organisms to (weak) ELF-MF’s.
We, for example, did not find increased micronucleus
frequencies in peripheral human white blood cells after
exposure to ELF-MF’s up to 800 pT using the same
experimental set up (Verheyen et al. 2003). Moreover,
Loberg et al. (2000) also did not find evidence for the
hypothesis that magnetic fields interact with genotoxic
agents to induce adverse biological effects in either nor-
mal or genetically susceptible human cells. The same
holds true for the investigation of Ding et al. (2003)

Table 1. Summary of two independent experiments on ELF-MF’s
exposed C3A cells following FISH-staining of micronuclei.

Number of
. MN/1000 % % MN+/
Binucleated cells MN+ MN- CM+ CM- MN-
cells

Experiment 1

5uT 2500 10 52 4.8 52 48 1.1
control 2500 19.2 14 5.2 72.1727.08 2.7
10 uT 2500 12 72 48 60 40 1.5
control 2500 14 8.8 52 62.8637.14 1.7
50 uT 2500 18 144 36 80 20 4
control 2500 13.6 11.2 2.4 82.3517.65 4.7
100 uT 2500 16.8 12.8 4 76.1923.81 3.2
control 2500 18.8 13.6 5.2 72.3427.66 2.6
500 uT 2500 12 8 4 74292571 2
control 2500 14 104 3.6 66.6733.33 29
Experiment 2

5uT 3432 20.69 15.15 5.54 73.2426.76 2.7
Control 3423 21.62 16.36 5.26 75.6824.32 3.1
50 uT 1629 22,71 14.12 2.46 89.1910.81 5.7
Control 1093 20.13 16.47 3.66 81.8218.18 4.5
500 uT 2193 22.8 15.04 7.75 66 34 1.9
control 3021 28.8 16.88 5.3 81.6118.39 3.2

where Chinese hamster ovary cells were exposed to a
60 Hz ELF-MF at 5 mT field strength. In this investiga-
tion, MN were evaluated by immunofluorescence stain-
ing using anti-kinetochore antibodies from the serum
of Scleroderma (CREST syndrome) patients. No statisti-
cally significant difference in the frequency of MN was
observed between sham exposed and 24 h ELF-MF’s
exposed cells. The number of spontaneous kinetochore-
positive and kinetochore-negative MN was, as in our
present investigation, not affected by exposure to an
ELF magnetic field alone. However, Kesari et al. (2016)
reported increased micronucleus frequencies at 10 and
30 uT in SH-SY5Y neuroblastoma cells using a flow
cytometry method. Other examples of positive and neg-
ative results on ELF-MF’s exposed cells and organisms
were presented by Heredia-Rojas et al. (2017).

Actually, the absence of independent replication
has been a consistent feature of experimental studies
searching for biological effects of weak ELF-(electro)
MF’s (ELF-EMF’s). As pointed out by Foster and Skufca
(2016) many scientific results can’t be replicated, leading
to serious questions about what’s true and false in the
world of research. Many reasons, especially involving
statistical inadequacies or different experimental factors



48

or errors of unknown nature, can be evoked. Effects of
environmental ELF-EMF’s on cellular DNA are believe
to be very subtle (Heredia-Rojas et al. 2018) and there-
fore small experimental changes or environmental influ-
ences may determine the outcome of a (geno)toxicity
study. Also, different cell types (e.g., healthy lympho-
cytes versus a cancer cell line), but especially the differ-
ent physiological state of the cells may account for dif-
ferent susceptibilities and consequently different results
(Fenech 1998). It was for example shown that cells from
aged donors and leukemic patients respond to ELF-
EMF’s exposure differently than ‘other’ (normal) cells
(Cadossi et al. 1992), and that DNA damage was found
in cells from Turner syndrome patients but not in cells
from healthy individuals (Scarfi et al. 1997a). The same
authors found that Turner syndrome subjects showed a
lower spontaneous and mitomycin C-induced micro-
nucleus frequency, in comparison with healthy subjects
(Scarfi et al. 1996). On the other hand, in another pub-
lication they did not report a different response between
normal cells and cells from Turner syndrome patients
(Scarfi et al. 1997b). The viability of goldfish that were
infected by a parasite increased substantially when the
fish were exposed to very low levels of ELF-MF’s (Cup-
pen et al. 2007) giving another example of possible dif-
ferent effects according to the health status of a cell or
organism. Some more cases are also reported in the lit-
erature.

We used HepG2/C3A cells mainly because they have
nitrogen metabolizing activity comparable to perfused
rat livers, which was an important asset in some of our
other studies. They are a clonal derivative of Hep G2
hepatocellular carcinoma cells, with an unstable chro-
mosome number of 45-60. Perhaps another batch and
cell passage may also be responsible for small physi-
ological changes that ultimately may influence the MN
frequency. Although cellular passaging was not found
to influence significantly hASCs’s secretome properties
(Serra et al., 2018), increased cell passage number was
found to alter P-glycoprotein expression in Caco2 cell
(Senarathna and Crowe, 2015). Previously, Gloy et al.
(1994) already reported that the response of membrane
voltage to ATP and angiotensin II in rat mesangial cells
was influenced by cell culture conditions and passage
number. Furthermore, Peiser et al. (1993) reported that
more micronuclei were always detected in cells of higher
passages than of lower passages showing that metabolic
and genetic characteristics of permanently growing cells
differ remarkably depending on the culture passage.
Unfortunately, we do not recall whether the cells used
in our independent investigations were from a different
batch and/or different cell passages. The different back-
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ground levels of MN found in our different investiga-
tions may yet show that there are some differences in
cell behaviour from one experiment to the other. In our
previous investigation (Maes et al., 2016b) we obtained
background MN yields of 5-9MN/1000 BN cells (Giemsa
stain; experiment done in 2014-2015), whereas we now
had background micronucleus frequencies of approxi-
mately 13-19MN/1000 BN cells in the first experiment
(2016) and 20-29MN/1000 BN cells (2018) in the second
experiment (FISH staining). Examples of micronucleated
C3A cells are given in Figure 1.

An important finding of our previous investiga-
tion (Maes et al. 2016b) was also that low-level ELF-MF
exposures resulted in micronucleus frequencies that were
lower than in the unexposed control cells. Actually, this
was also observed here. However, this was only substan-
tial (and statistically significant according to the bino-
mial test described by Kastenbaum and Bowman 1970)
in our first experiment. Here the micronucleus frequency
in cells exposed to 5 uT was 10MN/1000 BN cells com-
pared to almost the double (19.2MN/1000 BN cells) in the
controls. This may possibly indicate that low-level expo-
sures to ELF-MF’s, as environmental stimuli, can activate
DNA repair mechanisms which then result in the repair
of ‘spontaneous’ DNA damage which is not repaired in
unexposed cells. This may be more or less comparable
to the adaptive response which was already described in
earlier investigations. Adaptive response is a phenom-
enon in which cells that were pre-exposed to extremely
low and non-toxic doses of a toxic agent build-up a resist-
ance to the damage induced by subsequent exposure to a

Fig. 1. Examples of binucleated C3A cells with micronuclei follow-
ing FISH staining. Centromere positive cells are at the left.
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higher and toxic dose of the same, similar (in action) or
another toxic agent (Vijayalaxmi et al. 2014). There are
indications that ELF-EMF’s may also elicit such response
and therefore may even have beneficial instead of detri-
mental properties, at least after short exposure times.
Some previous research also proposed that low-frequency
magnetic fields might play a positive role in cardiac tissue
against ischemia reperfusion injury via regulating ROS
production and NO/ONOO- balance (Ma et al. 2013).
Although the present study was not able to associ-
ate ELF-MF’s with genotoxicity it is evident that there
is no consensus reached yet on the alleged association
between ELF-electromagnetic fields (and ELF-MF’s in
particular) and adverse health effects in humans. Yet,
this remains an important issue, especially in view
of the transition from nuclear and fossil to renewable
energy sources for power production which leads to the
necessity to optimize and expand the existing power
grid and to construct several high voltage AC and DC
power lines across the concerned countries (for the time
being this is for example the case in Germany where
nuclear power plants are all about to be dismantled).
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Abstract. Ferns are traditionally used by some nations to treat rheumatism, lungs, gyne-
cology, blood and digestion dysfunctions, and several others illnesses. The present study
evaluates the bioactivity of methanol and ethanol extracts from Polystichum setiferum
(Forssk.) Moore ex Woyn. in an Allium cepa test and disk diffusion test. In the Allium
cepa test the methanol and ethanol extracts induced a significant time-related increase
in the mitotic index. The tested extracts were non-mutagenic by used assay, with no
occurrence either the structural or numerical aberrations detected. The extracts were
also evaluated in terms of trace elements (by EDXRF) and qualitative composition (by
UV-VIS, FTIR and total phenolic content). In the disk diffusion test, methanol extracts
from leaves determined a small inhibition of bacterial growth for Enterobacter cloacae
and Citrobacter freundii strains relatively to control sample (methanol). The ethanol
extracts were more efficient, the diameter of inhibition growth zones measured from 7
to 10 mm, the most affected strain was Chryseobacterium meningosepticum.

Keywords. Polystichum, extracts, FTIR, EDXRE UV-VIS, cytogenotoxicity, antimicro-
bial activity.

INTRODUCTION

Appearance of antibiotic microbial resistance is present all over the
world and is an increasingly serious threat to global public health. From
the developing countries to the developed ones, bacterial antibiotic resist-
ance problem it is very serious because cases of infection are treated by the
lack of medicines or using them in excess (Mundy et al. 2016). Nosocomial
infections usually represent an infrequent phenomenon. If it most developed
countries this phenomenon is controlled, in many developing countries it is
not reported (Serban et al. 2012).

In order to obtain alternative ways to combat bacteria that cause infec-
tions, herbal medicine represents one of the most important fields of tradi-
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tional medicine all over the world, special attention has
being paid to natural extracts with potential antimicro-
bial biological active compounds (Chanda et al. 2011;
Jeyaseelan et al. 2012; Chanda et al. 2013; Fierascu et
al. 2015).

The natural products have been considered as a
source of potential medicines, specific for each region
or country (Dubey and Padhy 2013; Panahi et al. 2014;
Gyawali and Ibrahim 2014; Georgiev 2014; Schneken-
burger et al. 2014; Atanasov et al. 2015).

In this context the study of ferns can be beneficial
for this domain. Studies focused on some ferns used as
crude extracts, standardized extracts, purified substanc-
es or in the form of nanoparticles showed pharmacolog-
ical activity (Santos et al. 2010; Soare and Sutan 2018).
The total flavonoid contents, antioxidant and anticancer
activities, and acetylcholinesterase (AChE) inhibition
potential of fern extracts were investigated in detail (Xia
et al. 2014), but not the antimicrobial effect and cyto-
toxicity.

Some ferns species were traditionally used for sca-
bies, eczema, jaundice including wounds and skin dis-
ease (Kirtikar and Basu 1999). Polystichum is one of the
most diverse genera of ferns with 360-400 species dis-
tributed worldwide (Morero et al. 2015). Polystichum
setiferum (Forssk.) Moore ex Woyn. is an evergreen
or semi-evergreen fern native to southern and west-
ern Europe. Of the four species of Polystichum present
in Romania, Polystichum setiferum (Forssk.) Moore ex
Woyn. is the most common species (Sarbu et al. 2013).
Totally, one hundred fern species have been described
for their ethnomedicinal applications and chemical
constituents in a fern ethnomedicinal plant database
(Thakar et al. 2015). Rhizomes of Polystichum setiferum
(Forssk.) Moore ex Woyn. tied around the neck of child
are used to cure dysentery during the primary teeth
development (Kumar et al. 2013), parts of Polystichum
pungens (Kaulf.) C. Presl are used for the treatment of
wounds (Grierson and Afolayan 1999), aerial parts of
Polystichum munitum (Kaulf.) C. Presl are used to stim-
ulate digestion (Lans et al. 2007), decoctions obtained
from the rhizomes of Polystichum pungens (Kaulf.) C.
Presl Roth are used to treat intestinal worms and as a
general anthelminthic, powdered dried fronds to heal
wounds, and fresh fronds as poultice (Lall and Kishore
2014), sporophyll extracts of Polystichum squarrosum
(D. Don) Fee and Polystichum moluscens (Bl.) T. Moore
are used as antibacterial agent (Singh 1999), decoction
obtained from fronds of Polystichum woronowii Fomin
is used as antiinflamatory and anti-hepatitis agent and
decoction obtained from leaf of Polystichum aculeatum
(L.) Schott as anthelminthic (Bahadori et al. 2015).
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The present study aims to comparative analyse
the chemical composition of the methanol and etha-
nol extracts of Polystichum setiferum (Forssk.) Moore
ex Woyn., their antimicrobial effects on five bacterial
strains: Escherichia coli (ATCC 25922), Staphylococ-
cus aureus (ATCC 25923), Enterobacter cloacae and
Citrobacter freundii (both clinical strains) and Eliza-
bethkingia meningoseptica (formerly Chryseobacterium
meningosepticum, strain isolated from soil) and their
cytotoxic effects on meritematic root cells of Allium
cepa L. assay.

MATERIALS AND METHODS
Preparation of plant extracts

Leaves and rhizomes of Polystichum setiferum (For-
ssk.) Moore ex Woyn. were collected from Vilsan Val-
ley, Arges County, Romania from site N 45°25'40.2”, E
024°42°33.17, altitude 1062 m. Part of the plant mate-
rial is preserved (-18 °C) in Botanic Laboratory of the
Department of Natural Sciences, University of Pitesti
for future references. The voucher specimen is register at
the Botanical Collection of County Museum Arges with
number 11326/25.05.2016. The leaves and rhizomes with
scales were washed thoroughly and rinsed with bidis-
tilled water and preserved at -18 °C. Frozen leaves and
rhizomes were chopped at room temperature. Leaves
and rhizomes ethanol and methanol extracts (PEL -
leaves ethanol extract, PER - rhizomes ethanol extract,
PML - leaves methanol extract, PMR - rhizomes metha-
nol extract) were prepared by mixing 100 g of each type
of vegetable material in 1000 ml alcohol for 48 h at room
temperature (22°C). The obtained extracts were filtered
using Whatman filter paper no. 1.

The dried weight was obtained by shade drying to
constant mass the plant materials, in order to remove
excess moisture. The average dried masses for 15 sam-
ples were 29.01%+2.80 for rhizomes and, respectively,
32.25%+2.66 for leaves.

Evaluation of chemical composition of leaf and rhizome
extracts

For Fourier transform infrared spectroscopy
(FTIR), was used a Varian 3100 Excalibur spectrom-
eter equipped with a Harrick Praying Mantis diffuse
reflectance (DRIFT) accessory. The IR spectrum was
collected in the region 4000-500 cm-1 at a resolution of
2 cm-1. The spectrum was analysed with the program
Analyzer IR - KnowlItAll (Bio-Rad 2005).
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For UV-Vis evaluation was used an UV - VIS Unicam
Helios a Thermo Orion spectrometer from 200 to 900
nm, at the resolution of 1 nm, with 1 nm slit width and
automatic scan rate. The obtained results were processed
using specific data analysis software (Origin Pro 8.0).

For energy dispersive X-ray fluorescence determina-
tions was used a PW4025 — MiniPal - PANalytical ener-
gy dispersive XRF Spectrometer with rhodium anode.
The XRF determinations have been carried out in Heli-
um atmosphere, for a period of 300 seconds, without any
filter, at proper voltage and current intensity.

Determination of total phenolic contents

The concentration of total phenolic was measured by
colorimetric method with Folin- Ciocalteu reagent (Mer-
ck KGaA Germany), according with a method previously
presented (Fierascu et al. 2015). The method involves the
reduction of Folin-Ciocalteu reagent by phenolic com-
pounds, with formation of a blue complex; the absorb-
ance was read at 765 nm on the UV-VIS spectropho-
tometer. The measurements were compared to a stand-
ard curve prepared with gallic acid (99%, Merck KGaA
Germany) solutions at different concentrations (10-55
ug/mL). The total phenolic content was expressed as mil-
ligrams of gallic acid equivalents per 100 gram of dried
weight. The dried weight was obtained by shade drying
to constant mass the plant materials, in order to remove
excess moisture.

Antioxidant activity

Antioxidant activity of the extracts was determined
following the DPPH assay, following a protocol previ-
ously exhaustively described (Fierascu et al. 2015, Fieras-
cu et al. 2014). The absorbance was read at 517 nm after
an incubation period of 30 minutes. The antioxidant
activity (AA %) percentage was calculated using the for-
mula:

AA (%) = [(Acontrol-Asample)/A_control]x100,
where: A, is the absorbance of the DPPH solu-
tion without sample, A, is the absorbance of the
extract mixed with 0.02 mg/mL DPPH solution.

Evaluation of antimicrobial properties

Antibacterial effects of fern methanolic and ethanol-
ic extracts were tested by disk diffusion method on five

bacterial strains: Escherichia coli (ATCC 25922), Staphy-
lococcus aureus (ATCC 25923), Enterobacter cloacae and
Citrobacter freundii (both clinical strains) and Eliza-
bethkingia meningoseptica (formerly Chryseobacterium
meningosepticum, strain isolated from soil). Frequency
and rank of isolated bacteria, identified and tested by
antibiogram in microbiology laboratories within major
hospitals in Bucharest present these strains in the top of
the isolated germs that produce nosocomial infections
(Serban et al. 2012).

As positive control was used antibiotic (Ampicil-
lin 10pg per disc from Bioanalyse), while the negative
control was the solvent specific for each extract (ethanol
96% and methanol 99.8%).

An overnight (16 to 24 h) culture at 37°C of each
bacterial strain was used (bacterial suspension was pre-
pared by suspending one wire loop from the stock into 2
mL nutrient broth).

In disk diffusion method sterile filter paper discs
with 6 mm diameter were used. For diffusion method
was used nutrient agar in Petri dishes. Each bacterial
culture was homogeneous inoculated (in three direc-
tions) on the entire surface of nutrient agar in Petri
dishes.

The disc with Ampicillin (pre-warmed to room tem-
perature) was placed on the surface of inoculated solid
medium. Four discs of sterilized filter paper were put on
the nutrient agar; 5uL of each fern extract were used to
impregnate the discs using micropipette. For negative
control, two sterile discs of paper filter were used (5pL
ethanol, respectively 5uL methanol). The Petri dishes
were incubated inverted for 24 h at 37°C.

The antibacterial effects of fern extracts were esti-
mated by measuring the diameter of inhibition growth
zone (in millimeters), as a clear zones surrounding paper
filter discs. The experiment was repeated three times and
the results were in terms of average of measured values.

Evaluation of cytotoxic activity of leaf and rhizome extracts

Cytotoxic potential of leaf and rhizome extracts was
evaluated by changes in mitotic index (MI) and phase
indexes (prophase, metaphase, anaphase, telophase),
induced in root tips cells of Allium cepa L. (Sutan et al.
2016). Equal-sized onion bulbs, from a local variety, were
purchased from local market. The outer scales were care-
fully removed and the bottoms were scraped to expose
root primordia. Rhizogenesis and root growth were
induced on 30 ml jars filled with distilled water until to
0.5-1cm average length of the roots. After 48 hours, freshly
emerged roots were treated with leaf and rhizome extracts
for 6, 12 and 24 hours. Distilled water, ethanol and metha-
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nol were used as controls. Cytological analysis were per-
formed on squash slides prepared as follow: the root were
fixed in a mixture of ethanol + glacial acetic acid (3:1) for
12 hours at 4°C, than were transferred to a watch glass in
preheated IN HCI at 60°C for 14 minutes and subsequent-
ly were immersed in preheated aceto-orcein solution at
60°C for 14 minutes. The tips of the roots were cut on a
glass slide in a drop of 45% acetic acid, covered with cov-
erglass, and squashed by tapping with matchstick. About
3000 cells from 9 root tips were scored for each treatment.
The cells at different stages of mitosis were noticed.

Mitotic index (MI) was computed by determin-
ing the mitotic cell frequency (prophase, metaphase,
anaphase and telophase) by the total number of cells
observed and multiplying the result by 100 (Tedesco and
Laughinghouse IV 2012). The number of cells at vari-
ous mitosis stages (prophase, metaphase, anaphase, telo-
phase) was calculated as percentage to number of divid-
ing cells. Results are presented as the Mean * standard
error of more independent experiments. The data was
analysed for statistical significance using analysis of
variance (one way ANOVA) and Tukey test was used to
determine significant differences among means. Signifi-
cant differences were set at P<0.05.

RESULTS

Phytochemical analysis

The mineral content of the extracts was evaluated
using a non-destructive technique, X-ray fluorescence.
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The extracts contain traces (in the ppm concentration
range) of Mg, P, Ca, Cr, Mn, Fe, Ni and Cu. Also, PML
contains minor traces of K and the ethanol extracts
contains traces of Co, not observed for the methanol
extracts (Fig. 1A).

The FTIR spectra presented in Fig. 1B showed that
the plant have compounds such as aldehyde, ketone,
alcohol, carboxylic acid, amides, ethers and phenolic
compounds. The peaks in FTIR spectra in Figure 1B are
attributed to the following type of compounds, as previ-
ously reported (Sutan et al., 2016): hydroxy compounds
(OH stretching) - 3649 cm’!, carboxylic acid (OH
stretching - 2982 cm’!, 1406 cm™), carbonyl compounds
(C-H stretching - 2901 cm™, C=0O stretching - 1668
cm), water (2133 cm!), allenes (C=C=C bond -1923
cm), aromatic ring (1454 cm), alcohol (1323 cm’!, 1260
cm), aromatic hydrocarbons (880 cm™) and mineral
components (539 cm™). The peaks at 1067 cm™ and 1040
cm' are attributed to characteristic functional groups of
polyflavonoids and, respectively, —-C-O- groups of the
polyols such as flavones and terpenoids.

UV-VIS spectrum (Fig. 2) of the leaves extract (PML
and PEL) seems to be a complex mixture of pigments:
chlorophyll a - around 415 nm and 660-670 nm; chloro-
phyll b - 450 and 640 nm, and in less extent, carotenoids,
while the rhizomes extracts (PMR and PER) contains
traces of chlorophyll a and minor traces of chlorophyll b.

The total phenolic content and antioxidant activ-
ity of the extracts (Table 1) shows a direct correlation
between the phenolic content and the antioxidant poten-
tial.
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Fig. 1. EDXREF spectra (A) and FTIR spectra (B) of the ethanol and methanol extracts of Polystichum setiferum (Forssk.) Moore ex Woyn.



Phytochemical analysis and in vitro assessment of Polystichum setiferum extracts for their cytotoxic and antimicrobial activities 57

4 =
m-.“_' -
e,
1\._ PEL
N :
';“ 4
8
S
@ II.\
5 )
: |
0
2 \
1 )
N
0 I mory I
200 400 . ,

Wavelength (nm)

Fig. 2. UV-Vis spectra of the ethanol and methanol extracts of Poly-
stichum setiferum (Forssk.) Moore ex Woyn.

Table 1. Total phenolic content and antioxidant activity of the etha-
nol and methanol extracts of Polystichum setiferum (Forssk.) Moore
ex Woyn.

Total phenolic content

L. TN
Extract (mg GAE/100 g dry mass) Antioxidant activity (%)
PMR 187.25+£0.78 95.58+0.95
PML 44.64+0.16 74.3210.62
PER 161.24+0.65 92.55+0.68
PEL 23.57+0.12 90.38%0.55

Antimicrobial activity

Antimicrobial activity of fern extracts is illus-
trated in Table 2. Statistical analysis of experimental
data shows that the highest value for inhibition zone
(9.5+£0.28 mm) was determined for PEL against Eliza-
bethkingia meningoseptica. Except Citrobacter freundii,
the microorganisms being tested displayed significant
differences of <2 mm between inhibition zone induced
by PEL and corresponding concentration of ethanol. In
comparison, the smallest inhibition zone was noted for
the methanol extracts, irrespective of the part of the
plant material used in extraction or the type of microor-
ganisms tested.

Mitotic index variation

The effect of Polystichum setiferum (Forssk.) Moore
ex Woyn. extracts is relevant, but there is not data about
their effect on MI, so the MI of root tips cells to leaves
and rhizome extracts was evaluated (Fig. 3). The high-
est frequency of cells undergoing mitosis was noted in
control samples. The MI in meristematic root cells of
Allium cepa L. treated with Polystichum setiferum (For-
ssk.) Moore ex Woyn. methanol and ethanol extracts of
leaves follow similar trends: decreased at the minimum
of 6h treatment and rise progressively with increasing of
time exposure to 12 and 24h. The MI values ascertained
for PEL were slightly lower, when comparing with PML,
that may be the consequence of higher concentration of
metals in ethanol extracts, as EDXRF analysis demon-
strates.

Table 2. Antimicrobial activity of the extracts of leaves and rhizomes of Polystichum setiferum (Forssk.) Moore ex Woyn. (inhibition zone -

in mm).

Tested microorganisms

Escherichia coli

Staphylococcus aureus

Elizabethkingia

Extracts/ Control ATCC 25922 ATCC 25923 Enterobacter cloacae  Citrobacter freundii meningoseptica
1Z 1Z 1Z 1Z 1Z

PMR 7.00+0.28 fghi R 6.16+0.16 hi 6.16+0.16 hi R

PML 7.0020.00 fghi R 6.5+0.18 hi 6.83+0.16 ghi R

PER 8.00£0.00 f R 7.33+0.33 fgh 9.16+0.16 6.66+0.33 ghi

PEL 9.33+0.33 ¢ 8.00£0.00 f 7.66+0.33 fg 7.330.33 fgh 9.5+0.28

Ampicillin 14+0.00 d 25.66+0.33 ¢ 30.33+0.33 a 9.33+0.33 ¢ 29+1.00 b

Ethanol 7.33+0.33 fgh 6.1620.16 hi 6.66+0.33 hi 7.66+0.33 fg 7.33+0.88 fgh

Methanol 7.00+0.57 fghi 6+0.00 i 6.66+0.57 hi 6.33+0.57 hi 6.330.57 hi

*Means with the same letter are not significantly different from each other (Tukey test, P>0.05)

* R - resistant
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Fig. 3. The influence of the extracts of leaves and rhizomes of Poly-
stichum setiferum (Forssk.) Moore ex Woyn. on the mitotic index in
meristematic root cells of Allium cepa L. (*the interpretation of the
significance of the differences by means of the Tukey test, p<0.05).

Distribution of mitotic phases

Ethanol and methanol extracts affected the percentage
of mitotic phases for all tested times (Fig. 4). We showed
here that treatments with methanol extracts of leaves
and rizomes of Polystichum setiferum (Forssk.) Moore
ex Woyn., except PML-24h, had caused mitotic arrest in
meristematic root cells of Allium cepa L., accumulating
telophase cells. Prophase cells frequency decreased signifi-
cantly in these experimental conditions. In contrast, the
frequency of telophase cells decreased in root tips treated
with ethanol extracts, except PEL-12h and PEL-24h.

DISCUSSION

As a general remark, the ethanol seems to extract
with higher efficiency the metals from the samples, as
all the metals are in higher concentration in the ethanol
extracts, while P has the same concentration in all the
samples. It can be observed that the methanol extracts
have higher intensity of the absorbance bands, which
can be correlated with the results obtained for the total
phenolic content and with the UV-VIS analysis.

It can be noticed that all extracts presents strong
absorption bands corresponding to phenolic acids
(more intense for the rhizomes extracts). Also, even if
the methanol seems to be a more efficient solvent for
the extraction of the phenolic compounds, the ethanol
seems to be more efficient for the extraction of pigments.

Antioxidant activity has been noticed for other spe-
cies of Polystichum genera, such as Polystichum lepido-
caulon (Hooker) J. Smith, Polystichum polyblepharum
(Roem ex. Kunze) C. Presl (Shin 2010) and Polysti-
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Fig. 4. The influence of the alcoholic extract of the rhizome and
leaves of Polystichum setiferum (Forssk.) Moore ex Woyn. on the
distribution of the mitotic phases in the meristematic root cells of
Allium cepa L. (*interpretation of the significance of the differences,
by means of the Tukey test, p<0.05).
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chum semifertile (C.B. Clarke) Ching (Ding et al. 2008).
According to Shin (2010) the crude extracts obtained
from some ferns, such as those of the genera Davallia,
Hypolepis, Pteridium, Cyrtomium, Dryopteris, Polysti-
chum, Dicranopteris, Lycopodium, Osmunda, Adiantum,
Coniogramme, Polypodium, Pyrrosia, Pteris, Lygodium,
Selaginella, Thelypteris, Athyrium, Matteuccia, Onoclea si
Woodsia have strong antioxidant properties, sometimes
substantially more effective than other natural or syn-
thetic antioxidants.

Statistical analysis of experimental data indicates
that PEL had a significant antimicrobial activity against
gram negative bacteria, Escherichia coli and Elizabethk-
ingia meningoseptica; furthermore, PEL was solely
responsible for any antimicrobial activity noticed against
Staphylococcus aureus, as comparing with PER, PML
and PMR. Aerobic Gram-negative bacilli Citrobacter fre-
undii showed statistic significant sensitivity to PER.

The antimicrobial assay shows no correlation
between the phenolic content and the antimicrobial
potential. Thus, the antimicrobial effect observed might
be assigned to the other type of compounds identified by
FTIR, as well as to the metals identified by X-ray fluo-
rescence in higher concentration in the ethanol extracts.
Recent studies indicate that different metals cause vari-
ous types of injuries to microbial cells as a result of
generation of reactive oxygen species (ROS), membrane
damage, interruption of electron transport, protein dys-
function or DNA damage and inhibition of DNA repli-
cation (Lemire et al. 2013; Dizaj et al. 2014).

Antibacterial properties of extracts obtained from
leaves of a various fern species, such as Asplenium nidus,
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Blechnum orientale, Cibotium barometz, Dicranopt-
eris linearis var. linearis, against Gram positive bacteria
(e.g. Bacillus cereus, Micrococcus luteus, Staphylococcus
aureus, as well as Gram negative bacteria (e.g. Escheri-
chia coli, Pseudomonas aeruginosa, Salmonella enterica
(formely Salmonella choleraesuis), Enterobacter aero-
genes, Klebsiella pneumoniae) have been noticed by Lai
et al. (2009). These results justify and certify the use of
these species in traditional medicine.

The Allium root tip biossay was widely applied as
bioindicator of pesticides, fertilizers and heavy metals
cytogenotoxic effects, but is especially relevant for evalu-
ation of the bioactivity of plant extracts (Bonciu et al.,
2018).

Taking a comparative approach to the cytogenetic
effects of extracts of leaves and rhizome, respectivelly,
methanol and ethanol extracts of rhizome have had a
stronger mitodepressive effect over the meristematic root
cells. The decrease of MI in the root tips of A. cepa L.
has already been highlighted as indicator of the antipro-
liferative activity of different extracts, such as Frescura
et al. (2012) evaluating the Luehea divaricata extracts,
Kuhn et al. (2015) who studied the leaves and fruits of
Eugenia uniflora infusions, Sutan et al (2018) assessing
the Aconitum toxicum Reichenb. rhizome extracts. The
MI of samples that has been treated with PER for 12h
was significantly lower than in the control.

The higher values of MI determined in the root mer-
istems treated with methanol extracts may be directed
related to the higher content of phenolic acids (fig. 1B).
Due to their redox properties, which allow them to act
as reducing agents or hydrogen-atom donors (Amaro-
wicz et al. 2010), phenolic compounds exert protective
effect against damaged mediated by ROS.

As the oxidative stress exerts its effect on the cell
cycle shortly after the stress was imposed (Reichheld et
al. 1999, cited by West et al. 2014), this variation may be
the consequence of stress adaptation that prevents cell
death or constitute a radical route to cell death. Results
presented by West et al. (2014) regarding the response of
primary root of Arabidopsis to salt stress suggested that
plants have a general mechanism that rapidly blocks cell
cycle progression under stress conditions, presumably to
impede transition to a stage where the cells are suscep-
tible to damage (e.g. M-phase), simultaneously the cel-
lular defence system being activated. Stress-adapted cells
undergo cell cycle stages at default rates.

The root tips incubated in alcoholic extracts of leaves
and rhizome have revealed these variations of MI values,
without showing any chromosome breaking action.

Comparing to ethanol and methanol effects on
mitosis in onion root tips, mitotic inhibition induced by

extracts of leaves and rhizomes of Polystichum setiferum
(Forssk.) Moore ex Woyn. was more intense. Decreas-
ing and significant decreasing of mitotic index in root
meristems of Allium cepa L. suggest the mitodepres-
sive potential of alcoholic extracts of Polystichum set-
iferum (Forssk.) Moore ex Woyn., although mitotic delay
induced by low concentration of ethylic alcohol were
previously noticed by Ancara and Nuti Ronchi (1967).

Increased frequency of telophase cells may be the
consequence of high activity of Cdk/mitotic cyclin com-
plex which inhibits the pathway that promotes exit from
mitosis. Mitosis progress requires the ubiquitination of
proteins whose proteolysis is necessary for chromatid
separation and pre-replication complexes assembles, so
that the cell is ready to begin DNA replication at the next
S phase. When ubiquitination of proteins is inhibited, tel-
ophase arrest is induced (Searle and Sanchez 2007).

ROS interference with nuclear envelope dynamics
was evidenced by the delayed breakdown of the nuclear
envelope at late prophase and its delayed reconstitution
at telophase (Livanos et al. 2012), which lead to delayed
cell exit from telophase. This delay may be due to experi-
mental disturbance of ROS homeostasis, thus affecting
microtubule dynamics and organization (Livanos et al.
2012). It has also been suggested that arrested telophase
cells perish by apoptosis (Swe and Sit 1997). Mitotic and
chromosomal abnormalities were detected at insignifi-
cant levels comparing with controls.

CONCLUSION

The chemical analyses conducted showed a direct
correlation between the solvent used for extraction and
the total phenolic content. The rhizomes extracts showed
a good antioxidant potential, also in good correlation
with the total phenolic content.

The antibacterial effect of ethanol extract was
stronger against bacteria from soil than clinical bacterial
strains. Methanol extracts of fern demonstrated some
effects on tested bacterial strains, just clinical ones were
slight inhibited by these extracts.

Mitoinhibitory effect of leaves and rhizome extracts
of Polystichum setiferum (Forssk.) Moore ex Woyn. with-
out cytotoxic and clastogenic effects suggest its anti-
mitotic drugs potential. Although this is an important
advance in our understanding of extracts effects further
researches must be done. Questions like what concen-
tration of extract for what time of treatment repetition
should be used for an excellent cellular response, in
order to increase the apoptotic index and induce the cell
death remained unanswered.
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Abstract. Centromeres are generally embedded in heterochromatin, which is assumed
to have a negative impact on meiotic recombination in adjacent regions, a condition
required for the correct segregation of chromosomes at anaphase I. At difference, tel-
omeric and interstitial regions rarely harbour large heterochromatic fragments. We
observed the presence at the heterozygote status of heterochromatin in telomere region
of some chromosomes in 3 species of Coleoptera: Dorcadion olympicum; Stephanor-
rhina princeps and Macraspis tristis. This provided us with the opportunity to study the
relationship between heterochromatin, chiasma location and meiotic recombination
independently from the proximity of centromeres in this order of insects. In acrocen-
tric chromosomes, the presence of heterochromatin in telomere region of the long arm
displaces recombination near the centromere. In sub-metacentrics, recombination is
almost always restricted to the other arm. This at distance effect of heterochromatin
may deeply influence genetic drift.

Keywords. C-banded, telomeric heterochromatin, meiosis, recombination, Coleoptera.

INTRODUCTION

In almost all living organisms, centromeres are surrounded by hetero-
chromatin, which harbours repetitive DNA (Nakaseko et al. 1986), whose
function is not yet completely understood. In cells in mitotic growth, het-
erochromatin represses transcription and expression of genes located into
it (Grewal and Jia 2007). During meiosis of most living organisms, recom-
bination is necessary for the correct chromosome segregation at anaphase
I, but it does not occur in heterochromatin. Consequently, recombination is
repressed in centromeric regions, which harbour heterochromatin. In Schizo-
saccharomyces pombe, it was found to be approximately 200 times less in het-
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erochromatin than in the genome-wide average (Eller-
meier et al. 2010). A current interpretation is that recom-
bination, thus chiasma formation in centromeric region,
would lead to abnormal chromosome segregation (Lynn
et al. 2004). Thus, a function of centromeric heterochro-
matin would be to displace recombination far from the
centromeres and allow the correct chromosome segre-
gation. Large and variable amounts of heterochromatin
are present in the karyotype of many animals belonging
to various taxonomic groups, but their position is not at
random: frequently juxta-centromeric and rarely inter-
stitial or terminal. In mammals, a wellknown example
of terminal heterochromatin is that of the Hedgehog
(Insectivora) in the karyotype of which 2 to 4 chromo-
some pairs are involved. However, the heterochromatic
blocks are not strictly terminal because NORs (Nucleo-
lar Organizer Regions) are located at their extremity
(Mandhal 1979). It was noticed that no meiotic recom-
bination occurred in and at proximity of heterochroma-
tin (Natarajan and Gropp 1971). The same particularities
were observed in the Primate Cebus capucinus (Dutril-
laux 1979) but such examples remain rare. In insects,
terminal heterochromatin was observed in acrocentric
chromosomes of several species of grasshoppers (John
and King 1982, 1985, Torre et al. 1985). These authors
attributed the displacement of chiasmata to proximal
position to the presence of terminal heterochromatin. In
Coleoptera, large heterochromatic fragments are com-
monly seen in most families (Juan and Petitpierre, 1989,
Correa et al., 2008, Dutrillaux and Dutrillaux, 2016),
but almost always in the centromere region, as in other
taxonomic groups. This preferential location may result
from the amplification of DNA repeated sequence sur-
rounding centromeres, as shown for a satellite sequences
(Rudd et al. 2006, Shepelev et al. 2009). As it will be dis-
cussed, the correct segregation of chromosomes at meio-
sis may also depend on the embedding of centromeres in
heterochromatin. Displacement of heterochromatin from
centromere regions to intercalary or terminal regions
would necessitate secondary events, but terminal het-
erochromatin may have other origins. It will be also dis-
cussed that the presence of heterochromatin in telomeric
position may not confer a selective advantage, by impos-
ing meiotic constraints. Among hundreds of species of
Coleoptera we studied, karyotypes with large amounts
of heterochromatin in terminal position were rarely
observed. We confirm that heterochromatin terminally
located on the long arm of acrocentrics may not decrease
recombination, but simply displaces it near to the cen-
tromere, usually considered as a cold region (Mahtani
and Willard 1998). In addition, we show that in non-
acrocentric chromosomes, heterochromatin terminally
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located on one arm displaces recombination to the other
arm. Thus, heterochromatin can suppress recombination
on a whole arm and influence meiotic recombination at
much larger distance than it was generally thought.

MATERIAL AND METHODS

Three examples belonging to three different families
or sub-families were found among about 400 species of
Polyphagan beetles:

Dorcadion olympicum Ganglebauer 1882 (Ceram-
bycidae: Lamiinae: Dorcadionini). Two specimens were
captured in May 2014 in Eastern Greece, near Alexan-
droupolis (40° 50°57”N and 25°52’46”E).

Stephanorrhina princeps Oberthiir 1880 (Scarabaei-
dae: Cetoninae: Goliathini). Two specimens of African
origin (Malawi) were obtained in September2007 from a
private breeding.

Macraspis tristis Laporte 1840 (Scarabaeidae: Ruteli-
nae: Rutelini). Eight adult specimenswere obtained in
March 2008 from grubs captured in Guadeloupe (Basse-
Terre, near Deshayes 16°18’00”N and 61°47°00”W) in
December 2006.

Chromosome preparations of cells at various stages
of meiosis were obtained as described (Dutrillaux and
Dutrillaux 2009, Dutrillaux et al. 2010). Proliferating
cells obtained from either eggs, testes or mid gut were
processed as described. Chromosomes were Giemsa
stained and further silver stained for localization of the
Nucleolus Organizer Region (NOR) and/or C-banded
for localization of heterochromatin. Image capture and
karyotyping were performed using IKAROS software
(Metasystems, Germany). Chromosome nomenclature:
to avoid ambiguous interpretations, we will call acro-
centric all chromosomes with a single euchromatic arm,
whatever the size of the heterochromatin (generally
C-banded) forming the other arm. Chromosomes with
euchromatin (not C-banded) on both arms are either
metacentric or sub-metacentric. We will focus on chro-
mosomes with large heterochromatic blocks distally
attached to euchromatic arms.

RESULTS
Dorcadion olympicum

The mitotic male karyotype is composed of 24 chro-
mosomes. Pairs 3 and 5 are sub-metacentric and all
other autosomes are acrocentric. The X chromosome is
sub-metacentric and the Y is punctiform (24,XY). In one
of the two specimens studied, the length of one chromo-
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Fig. 1. Chromosomes of Dorcadion olympicum : a) Giemsa-stained
karyotype and C-banded chromosomes 11 exhibiting additional
heterochromatin in one homologue. b) Giemsa stained (left) and
C-banded (right) spermatocyte I at diakinesis/metaphase with biva-
lent 11 carrying heterochromatin at one side (arrow). X and Y form a
parachute bivalent (Xyp). Barr= 10 mm, as in other figures. ¢) Group
of 3 spermatocytes II at metaphase, sequentially Giemsa stained (G)
and C-banded (c). As in most other metaphases II, centromeric het-
erochromatin is poorly C-banded and chromosome 11 is asymmetri-
cal, with compacted heterochromatin at the tip of a single chromatid
(arrows). d) 12,Y spermatocyte II in which the 2 heterochromatin
carrier chromatids of chromosome 11 remain cohesive, whereas all
other chromosomes have clearly non-cohesive chromatids.

some 11 is enlarged by the addition of a large amount of
C-banded heterochomatin at the telomeric region of the
long arm. (Fig. 1a). Following a simple Giemsa staining,
the chromatids of this fragment look hyper-cohesive,
thin and pale. Centromeric regions are faintly C-band-
ed, as it frequently occurs in the genus Dorcadion (per-
sonal data). At diakinesis/metaphase I of meiosis, the sex
bivalent has the parachute configuration, usually found
in Polyphagan Coleoptera. The compaction of the addi-
tional heterochromatin of bivalent 11 is much variable:
quite elongated at early diakinesis, it becomes highly
compacted at late metaphase I. Bivalent 11 remains eas-
ily identified by C-banding (Fig. 1b). The euchromatic
component of bivalent 11 has the same aspect in the 131
analysed metaphases I: a cross with very uneven branch-
es. The block of heterochromatin is always located at the
tip of the longest branch. This indicates that chiasmata
are systematically located near the centromere. In 90/95
spermatocytes II at metaphases, the heterochromatic
block is located on a single chromatid of chromosome
11, demonstrating that one crossing-over had occurred
in its long arm (Fig. 1c). In 5 instances only, the hetero-
chromatin is present on both chromatids, which may be
interpreted as either a lack of recombination in the long
arm or the result of a double recombination between the
centromere and the heterochromatin. Interestingly, in
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Fig. 2. Sequentially Giemsa stained (G) and C-banded (C) chromo-
somes of Stephanorrhina princeps a) Giemsa stained (center) and
C-banded karyotype of a spermatogonium exhibiting additional
heterochromatin on one chromosome of pairs 5, 6, 8 and on the X.
Only heterochromatin of chromosome 5 is clearly separated from
the centromere region. b) Diakinesis/metaphase I: heterochromatin
(arrows) remains opposite to chiasmata. ¢) Exceptionally, in each of
these 2 brother spermatocytes II, chromosome 5 is asymmetrically
carrier of heterochromatin. d) Spermatocyte I at pachynema: synap-
sis defect (SD) of the proximal (euchromatic) part of the short arm
of bivalent 5.

these chromosomes, the heterochromatin blocks remain
cohesive, while euchromatic arms are well separated, as
usual at this stage. This gives it a ring appearance (Fig.I
d). Finally, in 4 additional pairs of sister spermatocytes
IT (or diploid ones), the heterochromatin carrier chro-
mosomes remain close to each other suggesting hetero-
chromatin remained associated at anaphase, inducing
chromosome lagging.

Stephanorrhina princeps

The mitotic karyotype is composed of 18 meta- or
sub-metacentric autosomes, one large X, and one punc-
tiform Y (20, XY). Large and variable fragments of het-
erochromatin are C-banded on one chromosome of
pairs N°5, 6, 8 and on the X. In pair N°5, the hetero-
chromatin is distally located on the short arm (Fig. 2a).
We will focus on the meiotic behaviour of the heterozy-
gote chromosomes 5. As in the previous species, the
chromatids are hyper-cohesive in their heterochromatic
portion. At diakinesis/metaphase I, the heterochroma-
tin is fuzzy and hardly detectable without C-banding.
In 37/40 instances, the heterochromatin is located at one
extremity of bivalent 5, which looks asymmetrical after
C-banding (Fig. 2b). In 3 instances, heterochromatin
is in the centre of the bivalent, which has a symmetri-
cal appearance. Amongst 23 spermatocytes II at meta-
phase, chromosomes 5 have a C-band on either both
chromatids (12 times), or a single chromatid (twice, fig.
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Fig. 3. Giemsa (G) stained and C-banded (C) chromosomes of
Macraspis tristis. a) C-banded karyotype of a spermatogonium
exhibiting heterozygosity for heterochromatin of pairs 7 and 8 and
homozygosity for pairs 5 and 6. b) Sequentially Giemsa stained and
C-banded spermatocyte I at metaphase with asymmetric bivalents 7
and 8. Heterochromatin of bivalents 5, 6, 7 and 8 is always external,
opposite to chiasmata or terminal association. ¢) Spermatocyte II:
all heterochromatin fragments (arrows)are symmetrically distribut-
ed on both chromatids. d) Unique spermatocyte II with asymmetri-
cal chromosome 7.

2C), or had no C-band (9 times). Thus, recombination
rarely occurred in the heterochromatin carrier arm. At
pachynema, the bivalents with enlarged heterochromatin
tend to remain close to each other, in spite of the drastic
hypotonic shock to which they had been submitted. A
synapsis defect of the euchromatic fragment comprised
between the telomeric and centromeric heterochromatin
was recurrently observed (Fig. 2d).

Macraspis tristis

The karyotype, composed of 18 chromosomes, is
characterized by the frequent presence of large and vari-
able heterochromatic fragments at telomeric regions of
one arm of 3 pairs of sub-metacentrics (N°6, 7 and 8)
and on the X (Fig. 3a). In all diakineses/metaphases I
examined from all the specimens, the heterochromatin
carrier bivalents have the same configuration: chiasma
or terminal association in the euchromatic arms and
opposite position of the heterochromatin (Fig.3b). This
suggests that no recombination occurred in the hetero-
chromatin carrier arms. In the specimen considered
here, pairs N°7 and 8 were heterozygote for the pres-
ence or absence of a large heterochromatin fragment.
Among 11/12 spermatocytes II, all carrier chromosomes
had similarly heterochromatin in both chromatids (Fig.
3¢). In a single one, one chromosome was asymmetri-
cal, with heterochromatin on a single arm, indicating
that recombination took place between the centromere
and the heterochromatin (Fig. 3d). In a second speci-
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men, only pair N° 8 was heterozygote for the presence of
heterochromatin. No asymmetry was observed on chro-
mosomes from 28 spermatocytes II. Finally, in a third
specimen, both pairs N° 7 and 8 were heterozygote, and
no asymmetry was detected among 8 spermatocytes II.
Thus, in 65 analysed sub-metacentrics, recombination
was almost always suppressed between the distally locat-
ed heterochromatin and the centromere, and occurred
in the other arm (64/65 times). As in S. princeps, the
bivalents with enlarged heterochromatin tended to asso-
ciate at pachynema.

DISCUSSION
Recombination and heterochromatin

Only few data exist on meiotic recombination and
chromosome segregation in beetles, and most of them
were obtain before the heterochromatin detection was
possible (Smith and Virkki 1978). In both literature and
our own data, a general observation is that most biva-
lents exhibit a single chiasma in a fairly distal, if not
terminal, position at diakinesis/metaphase I. This is in
agreement with the findings, in other organisms, that
repression of recombination occurs not only in juxta-cen-
tromeric heterochromatin, but also in adjacent regions.
Thus, recombination hot spots are rarely located near to
the centromeres, but most frequently in intercalary and
near telomeric regions (Lichten and Goldman, 1995). The
presence of large heterochromatin fragments in chromo-
somes is not exceptional. They generally occur in centro-
meric regions, where recombination rarely occurs (Eller-
meier et al., 2010). Their more exceptional occurrence
at telomeric regions offers the possibility to look for the
possible influence of heterochromatin on meiotic recom-
bination and chromosome segregation, independently
from the proximity of the centromere and associated
repetitive DNA. Such analysis was already performed in
grasshoppers, in which some species have terminal het-
erochromatin in acrocentric chromosomes. It showed the
displacement of chiasmata to a proximal position in het-
erochromatin carrier, compared to other chromosomes
(John and King, 1982, 1985, de la Torre et al., 1986).

Our observations in D. olympicum confirm these
findings: at metaphase I, the heterochromatic block of
chromosome 11 is almost always at distance from the
chiasma. In addition, we could quantify recombination
through the analysis of 95 spermatocytes at metaphase II:
90/95 chromosomes 11 carry heterochromatin on a sin-
gle chromatid, which formally demonstrates an almost
systematic occurrence of crossing over between the cen-
tromere and the heterochromatic block. Thus, there was
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no crossing-over suppression but a displacement towards
proximal regions. The 5 metaphases II with symmetrical
chromosomes 11 cannot be interpreted univocally: either
2 or no crossing-over occurred or crossing-over occurred
in the short (heterochromatic) arm. As discussed below,
these few cells provide us with interesting information
about chromosome cohesion and segregation.

In M. tristis and S. princeps, all autosomes are sub-
metacentric, and the analysis of spermatocytes I at
metaphase indicates that most bivalents form a single
chiasma. For chromosomes with one heterochromatin
carrier arm, chiasmata are almost systematically located
on the other arm. This absence of recombination in the
heterochromatin carrier arm is confirmed by the analy-
sis of spermatocytes II in metaphase: at difference with
the acrocentric of Dorcadion, heterochromatin is almost
always either present or absent on both arms. This sug-
gests a “choice” between the two arms, by suppression
of recombination in the whole heterochromatin carrier
arm. As observed in a proportion of pachytene cells of S.
princeps, there is an asynapsis of the whole euchromatic
fragment located between centromeric and telomeric
heterochromatin, which may be related to the lack of
recombination. These 3 examples show that large telom-
eric heterochromatin fragments can drastically influence
meiotic recombination in euchromatin, with an effect at
a long distance. It may create a hot spot of recombina-
tion fairly close to the centromere, which is quite unusu-
al, as in D. olympicum. It may also generate a cold and a
hot arm, as in the two other species. This effect is prob-
ably not due to the heterozygote status, because when
both arms are carrier, they are generally not involved in
chiasmata at diakinesis. By altering meiotic recombina-
tion, these occasional heterochromatic fragments alter
the gene linkage between all the genes of the chromo-
some and influence genetic drift.

Cohesion, compaction and heterochromatin

At metaphase I, sister chromatids are maintained
together by cohesins, a ring-shaped protein complex
formed by 4 sub-units: Sccl (Rec8), Scc3, Smcl and
Smc3. At anaphase I, cohesins are cleaved by separase all
along chromatids, except in centromere regions where
the sub-unit Rec8 is protected from cleavage by the
protein complex Shugoshin/protein phosphatase PP2A,
which counteracts its phosphorylation (Riedel et al.
2006). This permits the resolution of chiasmata, which
occur in euchromatic fragments. At the following meta-
phase II, cohesins are no more efficient. Chromatids are
well separated and chromosome cohesion is maintained
at the centromere regions only. Finally, after inactivation

of PP2A, centromere cleavage occurs at anaphase II, ena-
bling the segregation of monochromatidic chromosomes.
Why and how Shugoshin/PP2A complex is located in
centromere regions remains unknown. Our observation
may provide some information. In spermatocytes II, all
chromosomes have well separated chromatid, with the
exception of chromosomes 11 of D. olympicum, which
are ring shaped when they are symmetrically carrier of
terminal heterochomatin. It means that cohesin was not
cleaved both at centromere and telomere, the two het-
erochromatic regions. Thus, Rec8 seems to be protected
from cleavage by heterochromatin. This protection, nec-
essary for the correct chromosome segregation at ana-
phase I, may be one of the reasons why centromeres are
systematically embedded in heterochromatin.

It is commonly observed that in metaphases of
mitotic cells also, heterochromatic fragments are more
cohesive than euchromatin. At the molecular level, the
search of a particular relationship between the protein
complexes involved in cohesion and heterochromatin
components could be of interest. The DNA methylation
status may play a role in this context. In human cells,
although juxta-centromeric heterochromatin of chromo-
somes 1, 9 and 16 is not G-C rich, it is strongly labelled
by antibodies to 5-MdC (5-methyldeocycytidine), indi-
cating its strong methylation status (Miller et al., 1974;
Montpellier et al., 1994). In mouse germ cells, large vari-
ations of DNA methylation were reported during the
progression of gametogenesis (Coffigny et al. 1999; Ber-
nardino-Sgherri et al. 2002; Marchal et al. 2004). Drastic
changes from hypo- to hyper-methylation occur in het-
erochromatin and euchromatin in an opposite way. For
example, in early spermatogonia, hypo-methylated and
elongated centromeric heterochromatin displays prema-
ture cleavage, while chromosomes remain cohesive at
hyper-methylated chromatids. On the opposite, euchro-
matic chromatids are cleaved in spermatocytes II, when
they are poorly methylated while chromosomes remain
cohesive at their methylated and compacted centromere
regions. Unfortunately, we could not study the methyla-
tion status of beetle chromosomes during gametogenesis,
but the high similitude of variations of chromosome
compaction and cohesion suggests they might correlate
with DNA methylation changes.

In conclusion, the presence of large fragments of
heterochromatin at telomere regions deeply alters mei-
otic recombination in beetles, as in other animals. Large
terminal heterochromatic fragments have a suppressive
effect on recombination, which seems to spreads to a
much larger distance than that of centromeric hetero-
chromatin and may depend on a different mechanism.
It should have some consequences on the transmission
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of genetic characters, by altering gene linkage. The vari-
ations of compaction/cohesion/recombination, oppo-
site in euchromatin and heterochromatin during meio-
sis progression, suggest that the activities of the protein
complexes involved are highly dependant on chromatid
structure and composition.
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Abstract. Long terminal repeat retrotransposons have a main role in shaping the struc-
ture of plant genomes. We used available genomic resources to study as several factors
affect the expression of long terminal repeat retrotransposons in Populus trichocarpa.
Such factors included redundancy of a retrotransposon in the genome, chromosomal
localization, “genotype” of the retrotransposon, and changes in the environment. Over-
all, we identified and annotated 828 full-length retrotransposons, and analyzed their
abundance in the genome. Then, we measured their expression in leaves of plants
subjected to several stresses (drought, cold, heat, and salt) as well as in control plants.
Our analyses showed that the expression of retrotransposons was generally low, espe-
cially that of abundant elements. The transcription of an element was found to be only
slightly dependent on its chromosomal localization, rather it depended on the super-
family and the lineage to which the retrotransposon belonged. Finally, some retrotrans-
posons were specifically activated by different environmental stresses.

Keywords. LTR-retrotransposons, retrotransposon expression, retrotransposon abun-
dance, lllumina ¢cDNA libraries, Populus trichocarpa.

INTRODUCTION

Transposable elements are mobile DNA sequences, which are abundant
and widespread in all eukaryotic genomes. They can change their position
on chromosomes by a mechanism, called transposition, driven by enzymes
encoded by the element itself. Transposable elements can be divided between
retrotransposons (REs, Class I) and DNA transposons (Class II), according
to their transposition mechanism (Wicker et al. 2007).

The transposition of REs occurs through a “copy and paste” replica-
tive mechanism that includes the transcription of an RNA intermediate fol-
lowed by its retro-transcription and insertion into the genome (Wicker et al.
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2007). This transposition mechanism has allowed REs to
become the largest portion of most eukaryotic genomes,
often represented by many thousands of copies (San-
Miguel et al. 1998; Vicient et al. 1999).

A retrotransposon can be classified as LTR- or
not LTR-RE, according to the presence of long termi-
nal repeats (LTRs) at its ends. As for the LTR-REs, the
promoter elements, the polyadenylation signals and
the expression enhancers are found in the LTRs. These
domains regulate the transcription of the element (Ben-
netzen 2000). In the coding portion of the LTR-REs, Gag
and Pol domains can be found. Gag encodes virus-like
particles, Pol encodes the enzymes necessary to produce
new cDNA molecules from the RE transcripts and to
integrate them into new sites in the host genome (Ben-
netzen 2000). Other structural features involved in the
RE replication process include a primer binding site and
a poly-purine tract (Bennetzen 2000).

The LTR-REs are essentially subdivided into two
superfamilies, Gypsy and Copia (Wicker et al. 2007),
according to the order of gene sequences within the Pol
domain. Superfamilies, in turn, are distinguished into
several lineages in relation to sequence conservation and
structure (Barghini et al. 2015a; Usai et al. 2017; Buti et
al. 2018; Mascagni et al. 2017; 2018a).

The replicative activity of LTR-REs can determine
large variations in the genome structureof eukaryotic
species (Springer et al. 2009; Vitte et al. 2014). Among
the effects of retrotransposition, besides determining
changes in genome size, RE-related structural variations
can modify the regulation patterns of protein-encoding
genes and, consequently, their activity, influencing the
phenotype (Slotkin and Martienssen 2007; Butelli et al.
2012; Falchi et al. 2013; Lisch 2013).

The first phase of retrotransposition is represented
by the transcription of the element. The RE transcripts
can be capped and polyadenylated or not. In the former
case, transcripts should be destined to be translated into
the enzymes for retrotransposition, in the latter case,
transcripts should be reverse-transcribed (Chang et al.
2013; Meignin et al. 2003).

Transcription of REs has been described in several
plant species (Grandbastien 2015). In some grass species
LTR-REs are poorly constitutively transcribed (Vicient
et al. 2001; Ishiguro et al. 2014). In other species, for
example in Populus x canadensis, certain LTR-REs are
expressed constitutively, without apparent induction
conditions (Giordani et al. 2016). Retrotransposition is
completed when a new copy of the element is inserted
into the genome. This has been reported for Tntl and
Ttol elements of Nicotiana and for Tos17 of rice, induced
by tissue culture (Grandbastien 1998). Complete retro-
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transposition of a Copia RE has been described also in
sunflower seedlings, grown under standard conditions
(Vukich et al. 2009).

Retrotransposition is generally limited by the host
genome due to its potentially mutagenic action. A major
mechanism to inactivate mobile elements involves the
methylation of histones and cytosine residues with con-
sequent silencing of chromatin (Dieguez et al. 1998).
Post-transcriptional silencing by RNA degradation also
plays an important role in the epigenetic control of RE
activity (Slotkin and Martienssen 2007; Lisch 2013; Ito
2013).

In recent years, many studies have been carried on
the LTR-REs of the genus Populus and in particular
on P. trichocarpa, which is considered a model species
for forest trees. The P. trichocarpa genome was the first
genome to have been sequenced for a forest species (Tus-
kan et al. 2006) and has been recently updated (Zeng et
al. 2017). This species has a relatively small genome (550
Mbp) and REs cover approximately 176 Mbp (32% of
the genome), with a prevalence of Gypsy over Copia RE
sequences (Tuskan et al. 2006). Populus trichocarpa REs
have been identified and annotated according to their
superfamily and lineage, and LTR-RE genomic abun-
dance and age of insertion were analyzed as well (Natali
et al. 2015; Mascagni et al. 2018b). P. trichocarpa LTR-
REs have been also used as a reference for several analy-
ses related to the repetitive component in other species
of the genus Populus (Giordani et al. 2016; Usai et al.
2017).

The transcription of REs is only the first step for ret-
rotransposition and insertion of new copies of the ele-
ment in the genome. For this reason, analyses on LTR-
RE activity should include searching for new insertion
events. However, an overall study of factors potentially
able to influence the transcription of these elements is
not yet available for poplar. We therefore decided to
perform a meta-analysis of LTR-RE expression by using
publicly available genomic DNA and ¢DNA libraries
obtained from leaves of plants cultivated under stand-
ard conditions or subjected to four types of abiotic
stress (cold, drought, heat, and salt). The objectives of
this work were to evaluate i) the expression level of REs
under standard and stress conditions; ii) the correlation
between abundance of REs and their expression level; iii)
the possibility that different LTR-REs are induced by dif-
ferent (and specific) stresses; iv) the possibility that the
expression of a RE is related to the “genotype” of the RE
itself, i.e., to the lineage to which it belongs; v) the pos-
sibility that the chromosomal localization of a RE can
influence its expression.
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METHODS
Isolation of full-length LTR-REs of P. trichocarpa

Putative full-length LTR-REs were isolated from the
GCA_000002775.3 version (Zeng et al. 2017) of the P.
trichocarpa genome sequence (Tuskan et al. 2006; Sla-
vov et al. 2012), deposited at the NCBI site (WGS pro-
ject number AARHO02, http://www.ncbi.nlm.nih.gov/
assembly/GCF_000002775.3). Full-length LTR-REs were
isolated by using: i) LTRharvest (Ellinghaus et al. 2008)
with the following parameters: minlenltr=100, maxlen-
1tr=6000, mindistltr=1500, maxdistltr=25000, mintsd=5,
maxtsd=>5, similar=85, vic=10, including the presence of
TG and CA dinucleotides at 5 and 3’-ends, respectively;
ii) LTR-FINDER (Xu et al. 2007), under default.

A random sample of putative LTR-REs (around 20%
of the isolated elements) were manually validated using
DOTTER (Sonnhammer and Durbin 1995) to verify the
occurrence of the two LTRs, of dinucleotides TG and
CA at the respective 5 and 3’ ends, and of the tandem
site duplications. All LTR-REs were annotated by using
BLASTN search against plant RE datasets (Barghini et
al. 2015b; Natali et al. 2015; Usai et al. 2017; Buti et al.
2018) and by using the Domain Search tool of RepeatEx-
plorer (Novak et al. 2013). Whenever possible, the full-
length LTR-REs were identified as belonging to Gypsy or
Copia superfamilies and to the respective lineages.

A multi-FASTA file with the sequences of identified
full-length LTR-REs is available at the sequence reposi-
tory site of the Department of Agriculture, Food and
Environment of the University of Pisa (http://pgagl.agr.
unipi.it/sequence-repository/).

Illumina cDNA libraries collection

The expression of LTR-REs was analyzed using Illu-
mina cDNA paired-end libraries publicly available at the
NCBI SRA (https://www.ncbi.nlm.nih.gov/sra/, BioPro-
ject accession PRJEB19784) (Filichkin et al. 2018). Such
cDNA libraries were obtained from RNAs from leaves
of P. trichocarpa (clone Nisqually 1) plants exposed to
different stresses, i.e., heat, cold, drought, and salt. All
cultivation conditions are described by Filichkin et al.
(2018). In brief, for heat stress, plants were treated at
39°C for 12 h (short treatment) or 7 days (prolonged
treatment). For cold stress, plants were exposed to cycles
of 4°C (night)/12°C (day) for 24 h (short treatment) or
7 days (prolonged treatment). For drought treatment,
watering was withheld until soil moisture reached 0.1
m?*/m?® and maintained at the level of 0.06 -0.1 m3/m?
for 5 days (short treatment) or for 12 days after water

withholding (prolonged treatment). For salt stress,
plants were irrigated with 100 mM NacCl solution for 24
h (short treatment) or for 7 days (prolonged treatment).
Three replicate libraries were downloaded for each stress
and control plants.

[lumina genomic DNA sequences of the same clone
of P. trichocarpa were retrieved from the NCBI Sequence
Read Archive (NCBI, Washington, USA, https://www.
ncbi.nlm.nih.gov/sra, SRA ID SRR1801106).

The quality of the cDNA and genomic DNA reads
was checked using FastQC (v. 0.11.3) (http://www.bio-
informatics.babraham.ac.uk/projects/fastqc/), and the
overall quality was improved by removing Illumina
adapters and trimming the reads using Trimmomatic
(v. 0.38) (Bolger et al., 2014) with different param-
eters for cDNA (ILLUMINACLIP:2:30:10, SLIDING-
WINDOW:4:20, CROP:96, HEADCROP:12 and MIN-
LEN:90) and genomic DNA (ILLUMINACLIP:2:30:10,
SLIDINGWINDOW:4:15, CROP:85, MINLEN:85).
Organellar sequences were removed from the Illumina
libraries by mapping against a database of chloroplast
genomes of poplar species (Usai et al. 2017) using CLC-
BIO GenomicWorkbench (v. 9.5.3, CLC-BIO, Aarhus,
Denmark) with the following parameters: mismatch
cost 2, insertion cost 3, deletion cost 3, length fraction
0.5, similarity fraction 0.8. All matching reads were
considered putatively belonging to organellar genomes
and removed.

Estimation of retrotransposon expression and abundance in
the genome

The expression of LTR-REs was measured map-
ping cDNA sequence reads of control and cold-,
drought-, heat-, or salt-exposed leaves onto the library
of P. trichocarpa full-length LTR-REs, using CLC-BIO
Genomic Workbench with the following parameters:
mismatch cost 1, deletion cost 1, insertion cost 1, simi-
larity 0.9 and length fraction 0.9. The expression level
of each sequence was calculated and converted both to
mapped reads per million (MRpM) and to RPKM (Mor-
tazavi et al. 2008). LTR-REs mapped by 1 to 10 reads per
million of reads in at least one sample were considered
as expressed (Lu et al. 2013), those mapped by at least 10
reads per million were considered as highly expressed.

Expression values were compared, using Baggerley’s
test (Baggerley et al. 2003), considering RPKM values in
the short and prolonged stage of each treatment in com-
parison to control leaves. The weighted proportion fold
changes between a treatment and controls were consid-
ered significant when the weight of a sample was at least
two-fold higher or lower than another, with a false dis-
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covery rate (FDR; Benjamini and Hochberg, 1995) cor-
rected p-value < 0.05.

In order to assess genomic abundance of REs,
genomic DNA reads of P. trichocarpa were mapped onto
reference retrotransposon domains library using CLC-
BIO Genomics Workbench with the same parameters
described above. For each LTR-RE the average coverage
was calculated. The average coverage is the sum of the
bases of the aligned parts of all the reads divided by the
length of the reference sequence.

Localization of expressed REs along the poplar genome

Each of the 19 linkage groups (LGs) of the cur-
rently available P. trichocarpa genome sequence (version
GCA_000002775.3, Zeng et al. 2017) were subdivided
into 3-Mbp-long genome regions. Then, in order to local-
ize LTR-RE sequences in the genome, the LTR-REs were
used for masking the 3-Mbp-long fragments of the pop-
lar genome using RepeatMasker (http://www.repeatmas-
ker.org) with the following parameters: s, no-is, no-low.
Masking was performed using i) all isolated full-length
elements; ii) all Chromovirus LTR-REs; iii) a putative
poplar centromeric sequence (Islam-Faridi et al. 2009;
Cossu et al. 2012); iv) all LTR-REs expressed in control
leaves (mapped by more than ten reads per million). The
number of masked bases was then counted for each of
the 3 Mbp fragment using an in-house perl script.

RESULTS

Identification of full-length LTR-REs of P. trichocarpa

The full-length LTR-REs used in this study were iso-
lated from the updated genome sequence of P. trichocar-
pa (Zeng et al. 2017), by performing a complete genome
scan with LTRharvest and LTRFinder. Besides using
these tools with stringent parameters, a sample of isolat-
ed elements were manually validated at structural level
and all were confirmed as LTR-REs.

The dataset includes 828 full-length LTR-REs. Table
1 reports the number of LTR-REs belonging to the Gyp-
sy and Copia superfamilies, subdivided according to
the lineage to which they belong, i.e. Athila, Ogre and
Chromovirus for Gypsy elements and Ale (distinguished
into Alel and Alell), Angela, Bianca, Ivana/Oryco, SIRE
and TAR/Tork for Copia elements. For each lineage the
mean average coverage is also reported, calculated after
mapping elements with Illumina gDNA reads, which
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represents the mean abundance of that lineage in the P.
trichocarpa genome.

Transcription of LTR-REs

The expression of 828 full-length LTR-REs was
measured by mapping the elements with Illumina cDNA
reads obtained from leaves of plants of P. trichocarpa
cultivated in standard conditions (controls) and under
different stress (drought, heat, cold, or salt). In the con-
trol leaves, only 0.47% of the cDNA reads mapped the
library, hence, in general, LTR-REs are barely expressed
(Fig. 1).

The expression level of LTR-REs decreased with
stress, in the decreasing order drought-cold-heat-salt
(Fig. 1). No significant difference was observed between
short and prolonged treatments, with the exception of
cold treatment, where expression decreased reduced in
prolonged exposition.

According to Lu et al. (2013), we considered as
expressed those LTR-REs mapped by more than one
read per million. The number of expressed LTR-REs in
controls and in drought-, cold-, heat- and salt-exposed
leaves is reported in Fig. 2. The number of LTR-REs
expressed in drought-treated leaves is similar to that of
control leaves. On the contrary, this number is strongly
reduced after the other treatments (Fig. 2). However, the

Table 1. Number and mean average coverage of full-length
LTR-REs collected in the P trichocarpa genome (version
GCA_000002775.3) and separated according to their superfamily
and lineage.

Mean average

Super-family ~ Lineage Nr. of elements
coverage
Copia Alel 42 14.04
Alell 122 22.33
Angela 2 64.13
Bianca 1 28.24
Ivana/Oryco 104 19.06
SIRE 7 42.11
TAR/Tork 90 17.45
Total 368 19.89
Gypsy Athila 126 57.37
Chromovirus 174 40.20
Ogre 67 41.16
Unknown 50 13.46
Total 417 42.34
Unknown 43 22.65
Total 828 31.34
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Fig. 1. Total number of mapped reads (per million of reads) on the
828 full-length LTR-REs of P. trichocarpa, in leaves of control and
stress-exposed plants. Stresses included cold, drought, heat and salt
treatments, for short and prolonged times. The differences between
control and each treatment and between short and prolonged stress
treatments were significant at p<0.001 (***), p<0.01 (**), p<0.05 (*),
or not significant (n.s.) according to Tukey’s test.

number of expressed LTR-REs increased after prolonged
salt treatment.

The relationship between the abundance of a retrotranspo-
son in the genome and its expression

In another analysis we measured the relationship
between the abundance of a LTR-RE in the genome and
the corresponding expression level. Such data are report-
ed for control leaves in Fig. 3. It can be observed that
abundant LTR-REs (average coverage > 100) are lowly
expressed. Similar results were also found in leaves of
plants exposed to different stresses (not reported).

Since assessing the expression of a LTR-RE is based
on the occurrence of LTR-RE sequences in cDNA librar-
ies, one might ascribe such occurrence to genomic DNA
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Fig. 2. Number of expressed (MRpM > 1) LTR-REs in leaves of
control and stress-exposed plants. Stresses included cold, drought,
heat and salt treatments, for short and prolonged times.

contamination. Actually, since the most abundant LTR-
REs resulted slightly or even not expressed, contami-
nation by genomic DNA in the ¢cDNA libraries can be
largely ruled out.

Influence of chromosomal localization on retrotransposons
expression

In order to verify whether active LTR-REs were
localized at specific chromosomal sites, we aligned
LTR-RE sequences, highly expressed (MRpM > 10) in
the control leaves, to the genome of P. trichocarpa (Fig.
4). For comparison, we separately aligned the genome
with all the 828 LTR-REs; furthermore we determined
the putative position of the centromere on each linkage
group (LG) by aligning a tandemly repeated centromeric
sequence of P. trichocarpa (Islam-Faridi et al. 2009) and
Chromovirus elements (which preferentially localize at
centromeres, Neumann et al. 2011). The chromosomal
profiles of all the LTR-REs and highly expressed LTR-
REs were substantially similar (Fig. 4). In some cases,
minor peaks in the general LTR-REs profiles were appar-
ently absent in the expressed LTR-REs profiles, suggest-
ing that elements at those loci were generally inactive.
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Fig. 3. Relationship between average coverage and RPKM for each
of 828 full-length LTR-REs of P. trichocarpa.

Only two peaks (within LG I and LG XIX) were appar-
ently more evident in the expressed LTR-REs profiles,
indicating that REs at these loci were particularly active.
In general, it can be observed that peaks in putative
centromere positions were less evident in the expressed
LTR-RE profiles, suggesting that centromere LTR-REs
were less active than elements lying at other loci (Fig. 4).

Influence of the superfamily/lineage of the retrotransposon
on its expression

In order to assess whether the expression of LTR-
REs was related to the superfamily/lineage to which the
element belonged, LTR-REs were subdivided into line-
ages and separated among highly expressed (i.e., mapped
by more than 10 reads per million), expressed (1-10
mapped reads per million) and not expressed (less than
1 mapped read per million). Gypsy elements resulted
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Fig. 4. Percentage of aligned nucleotides along P. trichocarpa LGs
using all the full-length LTR-REs expressed in control leaves, all
isolated full-length LTR-REs, all isolated Chromovirus REs and a
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peaks which are especially evident in the expressed LTR-REs pro-
files or in the profiles of all LTR-REs.
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Fig. 5. Percentages of highly expressed (MRpM > 10), expressed
(MRpM ranging from 1 to 10) and unexpressed (MRpM < 1) LTR-
REs, distinguished among LTR-RE superfamilies and lineages.

more expressed than Copia, in fact 48 out of 417 Gypsy
REs (11.5%) were expressed, compared to 16 out of 368
Copia REs (4.4%). In general, most lineages showed low
percentages of highly expressed or expressed LTR-REs
(Fig. 5). However, for two Copia lineages (SIRE and
TAR/Tork) and one Gypsy lineage (Ogre) the majority of
LTR-REs resulted highly expressed or expressed (Fig. 5).
In particular, the Ogre lineage showed the highest per-
centage of expressed elements. Diffused LTR-RE expres-
sion was also observed for those elements belonging to
the Gypsy superfamily, but for which the lineage could
not be determined.
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Fig. 6. Venn diagram of expressed (MRpM > 1) LTR-REs in the
four stresses used in these experiments (D = drought; H = heat; C
= cold; S = salt). Results of short and prolonged treatments were
cumulated for each stress.

Stress-specific induction of retrotransposons expression

Most LTR-REs which were expressed in control
leaves were also expressed in leaves of stress exposed
plants. Of 313 LTR-REs expressed (MRpM > 1) in con-
trols and/or in different stresses, only 4 (1.3%) were
expressed only in controls and 81 (25.9%) were specifi-
cally activated by one or more stresses. Figure 6 reports
the number of LTR-REs expressed (i.e. with more than
one mapped read per million) after different stresses
(in both short and prolonged treatments). Of 264 LTR-
REs expressed during one or more stresses, 87 (33.0%)
were active under each stress. Fifty-six elements (21.2%)
were specifically active during drought treatments, 30
(11.4%) during salt treatments and 35 (13.3%) during
both drought and salt stresses, indicating that these
treatments were the most effective in inducing LTR-
RE expression. On the contrary, cold and heat stresses
induced only a limited number of LTR-REs (Fig. 6).

We also analysed differential expression of LTR-
REs during the different stresses compared to the con-
trols. Considering only the 72 highly expressed elements
(MRpM > 10), 70 showed differential expression (fold
change > 2, FDR-corrected p < 0.05) in at least one treat-
ment (Fig. 7). No elements were differentially expressed
along all treatments. In most cases, the same LTR-RE
was under-expressed (blue in Fig. 7) or unaftected (white
in Fig. 7) during the different stresses. Only 7 LTR-REs
were induced (red in Fig. 7) or unaffected. Thirteen ele-
ments were repressed by certain treatments, activated by
other, or unaffected (blue, red, or white in Fig. 7).

D
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Fig. 7. Differential expression (fold change > 2, FDR-corrected p <
0.05) of LTR-REs after short (S) or prolonged (P) treatments with
different stresses compared to controls. Blue cells refer to under-
expression, red cells to over-expression, white cells indicate no
effect of the treatment in comparison to control.

DISCUSSION

Availability of the updated sequence of the P.
trichocarpa genome and of genomic DNA and cDNA
libraries obtained from plants of the same genotype and
subjected to different treatments, allowed us to evalu-
ate several factors which can influence the expression of
LTR-RE:s in this species.

In general, our data confirmed that the expression
of retrotransposons is generally limited: only 72 out of
828 LTR-REs were mapped by more than ten reads per
million. The transcription of REs have been reported in
tissues and organs of many plant species (Grandbastien
2015), related to biotic and abiotic stresses or even with-
out apparent induction. In rice, sunflower, Citrus sin-
ensis, and even in poplars certain LTR-REs are actively
transcribed (Rico-Cabanas and Martinez-Izquierdo
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2007; Vukich et al. 2009; Gao et al. 2015; Giordani et
al. 2016). However, the majority of LTR-REs are barely
expressed (Vicient et al. 2001; Ishiguro et al. 2014; Van-
gelisti et al. 2019).

In some cases, specific LTR-RE sublineages
have been shown to be activated and possibly over-
expressed by different culture conditions, as tissue cul-
ture (Kashkush et al. 2003; Liu et al. 2004), wounding,
methyl jasmonate and fungal elicitors (Takeda et al.
1999), various phytohormones and cold stress (He et al.
2010, 2012), heat stress (Ito et al. 2013). Hormones, and
biotic/abiotic stresses induced a general LTR-RE activa-
tion in pine (Voronova et al. 2014; Fan et al. 2014) and in
sunflower (Vangelisti et al. 2019). In the present study, as
in all previous works, the same treatment up-regulated
certain LTR-REs and repressed or unaffected other ele-
ments.

In P. trichocarpa, the overall RE expression level
was higher in leaves of control plants than in those of
plants exposed to different stresses, suggesting that
plants responded to stresses increasing defence mecha-
nisms related to REs. This is different from what found
by Vangelisti et al (2019) in roots of sunflower: in this
species, the expression level of LTR-REs remained sub-
stantially very low but it slightly increased after differ-
ent stresses. Although the generally low level of LTR-REs
expression, more than 40 elements showed a significant
activity (more than 10 mapped reads x million), either in
controls and stressed plants, suggesting that they are not
silenced and hence may still have mutagenic potential,
if retrotranscription and insertion in new sites would
occur after expression.

The comparison, for each LTR-RE, of the abundance
in the genome and its expression in leaves of control or
stressed plants, showed that most expressed elements
are generally lowly abundant. Such lack of correlation
between LTR-RE abundance and transcription is not
surprising: other studies showed that the more an ele-
ment is repeated the more it is recognized by the RNA
silencing machinery (Meyers et al. 2001; Yamazaki et al.
2001; Lisch 2009).

Low levels of transcription of repeated sequences are
often attributed to DNA contamination of RNA samples.
The low expression level of most abundant LTR-REs sug-
gested also that the occurrence of retrotransposon-relat-
ed reads in the cDNA libraries was not due to DNA con-
tamination.

Genome localization of highly expressed (MRpM >
10) LTR-REs indicated that, in poplar, the expression of
an element is only slightly related to its chromosomal
localization, because the profiles of expressed LTR-REs
parallels those of all LTR-REs. However, we observed a
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few specific chromosome regions showing differences
between profiles of all the LTR-REs and expressed LTR-
REs, suggesting that some regions are specifically acti-
vated or repressed. In species with much larger genomes
than poplar, as the sunflower, LTR-RE expression was
observed in specific genomic regions, relatively distant
from putative centromeres, and preferentially located at
chromosome ends (Mascagni et al. 2019).

Concerning the relationship between expression and
superfamily/lineage of the elements, our results showed
that expression of Gypsy REs was higher than expres-
sion of Copia elements. At lineage level, Ogre LTR-REs
were by far the most transcribed elements. Among Copia
lineages, the most expressed were SIRE and TAR/Tork,
indicating that, besides chromosomal localization and
genome abundance, also the “genotype” of the LTR-RE
may play a role in its activation. Our results confirmed
what previously shown in other studies, since many of
the LTR-REs expressed in other species are actually of
the Copia superfamily (Ma et al. 2008). In the case of
tobacco, both Tntl and Ttol (which are induced by tis-
sue culture) belong to the TAR/Tork lineage (Neumann
et al. 2019). Gypsy LTR-RE induction was reported in
cotton (Hawkins et al. 2006), one of the families ana-
lyzed in that study belonged to the Ogre lineage. It can
be concluded that, probably, different LTR-RE lineages
are specifically activated in different species.

It can be assumed that young LTR-REs are more
prone to be expressed than older elements, prob-
ably because the host needs time to develop defence
mechanisms against new elements. Ogre and TAR/Tork
elements are the youngest LTR-REs in P. trichocar-
pa (Mascagni et al. 2018b): this could explain why
these two lineages showed the highest percentages of
expressed elements.

Although most LTR-REs were expressed at the same
level in plants subjected to different treatments, two
stresses (salt and drought) specifically induced a num-
ber of LTR-REs. No elements were always induced or
always repressed by every stress. In some cases, the same
element was up-regulated by one stress and repressed
by another, probably because of the occurrence, within
the LTRs, of cis-regulatory motifs recognized in specific
stresses, as those identified in the LTR of the HaCRE1
element of sunflower (Buti et al. 2009).

In conclusion, this study outlines a general picture
of LTR-RE activity in leaves of poplar plants treated with
different stresses. Results allowed us to have a global
insight on the features that affect LTR-RE expression.
Since LTR-RE expression is just the first stage of retro-
transposition, further studies are necessary to estimate
subsequent stages of retrotransposition, including the
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insertion of new elements in the genome, in order to
clarify the biological significance of retrotransposon
activity.
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Abstract. We characterized and categorized the C-band patterns of the house mouse
Mus musculus from four areas in Hokkaido and Honshu of the Japanese Islands as a
biparental marker. The C-band patterns are categorized as polymorphic, monomor-
phic, or intermediate, corresponding to those of the Korean mice, C57BL/6, and F1
hybrid mice bred from the Japanese mice and a laboratory mouse, respectively. The
C-band patterns mainly differ between mice from Hokkaido and Honshu. The poly-
morphic patterns are shown in mice in Honshu, while the intermediate patterns are
shown in mice in Hokkaido, with an exceptional case of a monomorphic pattern
found in one locality. In the other localities of Hokkaido and northeastern Honshu, the
C-band patterns are not congruent with an estimation by maternal element in our pre-
vious study, whereas the congruence is observed in other localities. It is suggested that
the characteristics of the Japanese house mice have been formed through complicated
processes by different expansions between biparental and maternal elements.

Keywords. C-band pattern, Mus musculus, the Japanese house mouse, hybridization,
replacement.

INTRODUCTION

The Japanese house mouse, Mus musculus (Mammalia, Rodentia), has
been colonized in the Japanese Islands through artificially complicated
processes by overseas mice based on the genetic and morphological analy-
ses (Myoshu and Iwasa 2018). According to previous studies of intraspecific
variations of mitochondrial DNA (mtDNA) haplotypes, the Japanese house
mice have been derived from two lineages as the MUS and CAS types, cor-
responding to the subspecific musculus and castaneus, respectively, that
currently occur in the Korean Peninsula and southern China (MUS-1c and
CAS-1a groups in Suzuki et al. 2013). In addition, the colonization history
of the Japanese house mice is estimated as following scenario: mice migrat-
ed primarily from southern China or southeastern Asia; secondarily, mice
migrated from the Korean Peninsula and replaced the distributions of the
former mice, considering the distribution patterns of mtDNA haplotypes
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(Yonekawa et al. 1988; Terashima et al. 2006; Nunome
et al. 2010, 2013; Suzuki et al. 2013; Kuwayama et al.
2017; Myoshu and Iwasa 2018). Nuclear genome analy-
sis has shown evidence of the introgression and replace-
ment (Kuwayama et al. 2017). Additionally, many stud-
ies suggest recent migrations by stowaway introduction
in several areas, including non-port areas (Miyashita et
al. 1985; Yonekawa et al. 2000; Tsuda et al. 2001, 2002;
Terashima et al. 2006; Nunome et al. 2010; Kodama et
al. 2015; Kuwayama et al. 2017; Myoshu and Iwasa 2018).
On the other hand, the distribution of nuclear DNA
types is not always congruent with that of mtDNA hap-
lotypes in the Japanese house mice. The sequence of the
musculus lineage is observed in all targeted regions of
the nuclear genome, or relatively short segments of the
castaneus lineage are observed in some targeted regions,
although its samples were obtained from a locality where
the CAS type is exclusively observed (Kuwayama et al.
2017). In addition, our previous study (Myoshu and
Iwasa 2018) shows that observed external characteristics
sometimes do not coincide with the subspecific char-
acteristics estimated by the mitochondrial haplotypes.
Thus, these incongruences between nuclear traits and
mtDNA traits suggest complicated hybridization and/
or replacement process, regarding different progress
between biparental and maternal elements. To elucidate
the process of replacement by the Korean mice, it is nec-
essary to comprehensively investigate the biparental ele-
ment by a marker distinguishing the Korean mice.
Cytogenetically, variations in the C-band patterns
have been well studied in wild house mice (Dev et al.
1973, 1975; Miller et al. 1976; Moriwaki and Minezawa
1976; Ikeuchi 1978; Moriwaki et al. 1985, 1986; Mori-
waki 2010; Yonekawa et al. 2012; Myoshu and Iwasa
2016). By evaluating the C-band patterns, we can con-
firm whether the Japanese house mice have experienced
hybridization and/or replacement with the mice that
introduced from northern China and the Korean Pen-
insula, or not. According to these previous studies, the
C-banding patterns of house mice can be roughly cat-
egorized into two patterns. The European, central and
southern Asiatic, and laboratory mice show a monomor-
phism of C-band sizes in a homologue; almost all chro-
mosomes carry smaller centromeric C-bands (hereinaf-
ter called a “monomorphic pattern”). On the other hand,
northern Chinese and/or Korean mice show a polymor-
phism of C-band sizes in a homologue; a few chromo-
somes carry larger centromeric C-bands, and most of
the residual chromosomes carry no C-band (hereinafter
called a “polymorphic pattern”). The C-banding pat-
terns of the Japanese house mice are visually categorized
as the latter (Dev et al. 1973, 1975; Moriwaki and Min-
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ezawa 1976; Ikeuchi 1978; Moriwaki et al. 1985, 1986,
2009; Moriwaki 2010; Yonekawa et al. 2012), polymor-
phic states of C-bands (Myoshu and Iwasa 2016). The
mice in southern China and/or southeastern Asia, which
primarily migrated to the Japanese Islands (Suzuki et al.
2013; Kuwayama et al. 2017), shows the former type of
C-band pattern (Moriwaki et al. 1986; Yonekawa et al.
2012). In addition, the C-band patterns of F1 offspring
reveal the inheritance states of the C-band size, because
the C-band size does not vary over a generation (Dev et
al. 1973, 1975; Miller et al. 1976). Thus, the C-band pat-
tern is a useful marker to comprehensively investigate
the biparental element.

In this study, we statistically characterized the
C-band patterns of house mice from four areas in Hok-
kaido and Honshu of the Japanese Islands that we previ-
ously analysed for mtDNA haplotypes and morphologi-
cal characteristics (Myoshu and Iwasa 2018). According
to results of previous mtDNA analysis and the present
analysis, we elucidated the migration, hybridization, and
replacement processes of maternal and biparental ele-
ments in the four areas.

MATERIALS AND METHODS
Mouse samples

Wild-caught mice of the Japanese Islands (Mus mus-
culus) were collected (n = 31; Table 1 and Figure 1) in
the Sorachi and Iburi areas of Hokkaido (n = 3; HKDI,
including BBI and HYK; Table 1, 1 and 2 in Figure 1(a)),
the Hidaka area of Hokkaido (n = 8; HKD2, includ-
ing MID, KB1, KB2, and NK2; Table 1, 3 to 6 in Fig-
ure 1(a)), Iwate and Miyagi Prefectures in Honshu (n =
3; HONI, including SYG, TNS, and FTK; Table 1, 7 to
9 in Figure 1(b)) and Kanagawa and Chiba Prefectures
in Honshu (n = 11; HON2, including KZK, KMN, OHB,
and CGS; Table 1, 10 to 12 in Figure 1(c)) using Sher-
man traps baited with oatmeal. We used the same divi-
sion names and abbreviations of areas and localities in
this study as in Myoshu and Iwasa (2018). In addition,
a wild-caught mouse (M. musculus) collected in Seong-
modo Island, neighboring the Korean Peninsula, was
used (n = 1; SMD in Table 1; 14 in Figure 1(d)). A labora-
tory mouse (C57BL/6, Japan SLC Inc.) was also used for
the analysis as a standard. Moreover, hybrid mice from
a cross experiment using a female wild-caught mouse
from Kanagawa Prefecture (specimen nos.:. MAI-1239,
1306 and 1308) and a male C57BL/6N were analyzed (n
= 3; Table 1) to confirm intermediate C-banding patterns
from their parents.
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Table 1. House mouse samples examined in this study.

Collecting locality (code*)

Specimen No. (sex)

Wild caught mice

Sorachi and Iburi areas, Hokkaido, Japan (HKD1)
Koshunai-cho, Bibai, Hokkaido (BBI, 1)
Hayakita-tomioka, Abira-cho, Yufursu-gun, Hokkaido (HYK, 2)
Hidaka area, Hokkaido Japan (HKD2)

Midorimachi, Hidaka-cho, Saru-gun, Hokkaido (MID,3)
Kabari, Hidaka-cho, Saru-gun, Hokkaido (KB1, 4)

Kabari, Hidaka-cho, Saru-gun, Hokkaido (KB2, 5)

Bansei, Niikappu-cho, Niikappu-gun, Hokaido (NK2, 6)
Northeastern Honshu area, Japan (HON1)

Shimoyahagi, Rikuzentakata, Iwate Pref., Honshu (SYG, 7)
Takinosato, Rikuzentakata, Iwate Pref., Honshu (TNS, 8)
Futaki, Sendai, Miyagi Pref., Honshu (FTK, 9)

Central Honshu area, Japan (HON2)

Kohzaki, Katori-gun, Chiba Pref., Honshu (KZK, 10)
Kameino, Fujisawa, Kanagawa Pref., Honshu (KMN, 11)
Ohba, Fujisawa, Kanagawa Pref., Honshu (OHB, 12)
Akabane, Chigasaki, Kanagawa Pref., Honshu (CGS, 13)
Korea

Seongmodo Is., Ganghwa-gun, Incheon-gwangyeoksi, Korea (SMD, 14)
Laboratory mouse C57BL/6N

Hybrid mice (wild caught mice x Laboratory mouse)
MAI-1239 x 1301

MAI-1306 x 1301

MAI-1308 x 1301

MAI-1919 (f)
MAI-1895 (f), 1915 (m)

MAI-1837 (m), 1840 (f)
MAI-1916 (m), 1917 (m)
MAI-1913 (m), 1918 (f)
MAI-2004 (£), 2016 (m)

MAI-1289 (m)
MAI-1293 (m)
MAI-1843 (m)

MAI-1991 (m), 1992 (f)
MAI-1114 (f), 1120 (f), 1443 (m), 1444 (f)
MAI-1239 (f), 1306 (f), 1308 (£), 1309 (m)

MAI-1548 (f)

HEG007-97 (m)
MAI-1301 (m)

MALI-1450 (f), MAI-1452 (f)
MAI-1379 (f)
MAI-1563 (m)

*Code numbers are corresponding to those in Figure 1.
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Fig. 1. Collection localities of the house mice examined in this
study. Locality code numbers correspond to those in Table 1.

30N

C-banding for somatic cells

Chromosome preparations were performed from
bone marrow cells. Bone marrow cells were cultured in
MEM including 15% calf serum containing colchicine
(final concentration: 0.025 pg/ml) at 37 °C for 40 min.
These cells were treated in 0.075 M KCI at 37 °C for 20
min as a hypotonic treatment. Subsequently, the cells
were fixed with modified Carnoy’s fixative (methanol :
acetic acid = 3 : 1) three times. Then air-dried cells were
primarily G-banded using the ASG technique (Sumner
et al. 1971) to identify each chromosome by Committee
of Standardized Genetic Nomenclature for Mice (1972)
and Cowell (1984). After destaining using Carnoy’s fixa-
tive, the cells were subsequently C-banded using the
BSG technique by Summer (1972).

Quantification of the C-band pattern

Photographs of somatic metaphases were obtained
using a digital camera under a microscope (Olym-
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Fig. 2. Typical C-banded karyotypes of a wild-caught mouse (a, MAI-1239), a hybrid mouse (b, MAI-1452), and a C57BL/6N mouse (c,
MAI-1301). Stars indicate chromosomes with null C-bands. Asterisks indicate crossing of chromosomes.

pus BX41). To correct errors caused by variations in
the extension condition of chromosomes among meta-
phase plates, we calculated the relative lengths of the
C-bands. Primarily, the boundary between negatively
and positively stained regions was identified at the prox-
imal region of the long arm in the No. 2 chromosomes
according to Myoshu and Iwasa (2016). Subsequently,
the distance from the distal end of the long arm to the
proximal boundary of the negatively stained region
was measured in one of the No. 2 chromosomes as a
control length for all relative lengths on its metaphase
using Adobe Illustrator CC. In addition, the lengths of
all of positively C-banded regions on all chromosomes
were measured by the same method. Finally, the relative
lengths of the C-bands on each chromosome were cal-
culated using following formula: the length of the posi-
tively stained C-band region of each chromosome / the
control length of the No. 2 chromosome in its metaphase
plate. When a positively stained C-band region was not
observed in a chromosome or when the entire chromo-
some was stained lightly, as seen in the Y chromosome
(Figure 2), we considered relative length of the chromo-
some to be zero. The relative lengths of C-bands for all
chromosomes were calculated in five or more metaphase
plates per individual.

All of the relative lengths of C-bands were catego-
rized as classes by 0.1. The mean number of chromo-
somes of each class in an individual was calculated
using following formula: the observed number of chro-
mosomes included in each class in an individual / the
number of observed metaphase plates in an individual.

Regarding the set of all mean numbers in each class for
an individual as the C-band pattern of the individual,
we performed a clustering analysis for the C-band pat-
terns of all individuals to estimate analogies among
them. We first calculated Euclidian distances using all
sets of the mean numbers for each class from all mouse
samples. Then we performed a clustering analysis using
the ward method based on these distances.

RESULTS

In the karyotypes of wild-caught mice, the hybrid
individuals and C57BL/6, typical examples of the
C-banded metaphases (samples prepared from wild-
caught mice in SMD, HON1, HON2, NK2, and HKD]I,
and from C57BL/6N and the hybrid mice) were shown
in Figure 3. These C-banding patterns showed the pres-
ence of chromosomes with null C-bands in the mouse
samples without C57BL/6N carrying the Y chromo-
some negatively stained by C-banding (Figures 2 and
3). The C-band patterns of the hybrid individual seemed
to be inherited from those of the parents (a wild-caught
mouse and C57BL/6N) as their intermediate type (Fig-
ure 2). In addition, size variations of C-bands seemed to
be confirmed in all of the mice excluding C57BL/6 (Fig-
ures 2 and 3).

The mean numbers of chromosomes with a C-band
and with a null C-band were classified into classes based
on the relative length; 0.01-0.10, 0.11-0.20, 0.21-0.30,
0.31-0.40, 0.41-0.50, and >0.51 as in Table 2, and the



Differences in C-band patterns between the Japanese house mice (Mus musculus) in Hokkaido and eastern Honshu 85

polymorphic

monomorphic

intermediate

Fig. 3. Typical examples of C-banded metaphase plates of poly-
morphic patterns: Seongmodo Is. (a, HEG007-97), Ohba (b, MAI-
1306), and Takinosato (c, MAI-1293); monomorphic patterns:
C57BL/6N (d, MAI-1301) and Niikappu-2 (e, MAI-2004); and
intermediate patterns: a hybrid mouse (f, MAI-1379) and Hayakita
(g, MAI-1839).

histograms of these mean numbers were indicated in
Figure 4. On the basis of our observation and calcu-
lation of C-bands on a metaphase plate of C57BL/6
(Table 2 and Figure 3(d), upper histogram in Figure 4),
we defined the C-bands (0.01-0.30 in relative length) as
“smaller C-bands”. In contrast, we defined the C-bands
that is never observed in C57BL/6 (> 0.31 in relative
length) as ‘larger C-bands’. Furthermore, the result of
clustering analysis showed clear discriminations with
three major clades consisting of the HON1/HON2 mice
and the SMD mouse, HKD1/HKD2 (without NK2)
mice and the hybrid mice, and HKD2 (NK2) mice and
C57BL/6 (Figure 5).

The HON1/HON2 mice and the SMD mouse in a
major clade (Figure 5) showed high frequencies of null
C-band chromosomes (the mean numbers ranged from
23.6 to 29.5 per metaphase plate, Table 2). In addition,
there were residual chromosomes carrying positively
stained C-bands showing variable sizes, including larg-
er C-bands with relative lengths of not only 0.31-0.50
but also > 0.51 (sums of the mean numbers of chromo-
somes with relative lengths of > 0.31 ranged from 1.4 to
7.0 per metaphase). On the other hand, the mean num-
bers of smaller C-bands were lower (sums of the mean
numbers of chromosomes with relative lengths of 0.01-

0.30 ranged from 5.2 to 14.4 per metaphase). Of these,
smaller C-bands with relative lengths of 0.21-0.30 were
observed much more than those with relative lengths of
0.11-0.20 in HON2; however, individuals from HON1
showed the highest number of C-bands with relative
lengths of 0.11-0.20 (Table 2 and Figure 4). Moreover,
the larger C-bands on the No.2 chromosomes, which
were usually observed in the HON1/HON2 mice (Fig-
ure 3(b) and 3(c), respectively) were not observed in the
SMD mouse (Figure 3(a)).

Furthermore, hybrid mice and the HKD1/HKD2
(without NK2) mice belonged to the other major clade
(Figure 5). The mean numbers of null C-bands were
apparently lower (the mean numbers ranged from 14.2
to 19.4 per metaphase, Table 2) than those from HON1/
HON2 and SMD (the mean numbers ranged from 23.6
to 29.5 per metaphase, Table 2) and higher than those
of C57BL/6N and NK2 of HKD2 (the mean numbers
ranged from 1.2 to 9.0 per metaphase, Table 2). Addi-
tionally, the mean numbers of the smaller C-bands
(sums of the mean numbers with relative lengths of
0.01-0.30 ranged from 17.8 to 23.8 per metaphase, Table
2) was also intermediate between those from HON1/
HON2 and SMD (5.2~14.4) and that from C57BL/6N
(38.8). Moreover, there was lower number of larger
C-bands, at least one chromosome per metaphase (sums
of the mean numbers with relative lengths of > 0.31
ranged from 0.4 to 1.0 per metaphase, Table 2).

The third major clade consisted of C57BL/6 and
mice from NK2 of HKD2 (Figure 5). C57BL/6 showed
smaller C-bands in all of the chromosomes (sum of the
mean numbers of chromosomes with relative lengths of
0.01-0.30 was 38.8 per metaphase, Table 2). In addition,
C57BL/6 showed no larger C-band with relative lengths
of > 0.31 and lower numbers of null C-bands (the mean
number was 1.2 per metaphase, Table 2). Meanwhile,
individuals from NK2 of HKD2 (specimen nos. MAI-
2004 and MAI-2016) carried a pattern similar to that
of C57BL/6, especially in terms of the higher number
of appearances of smaller C-bands (sums of the mean
numbers of chromosomes with relative lengths of 0.01-
0.30 were 36.2 and 30.0 per metaphase in MAI-2004 and
MAI-2016, respectively, Table 2). Moreover, they car-
ried no more than a chromosome with a larger C-band
(sums of the mean numbers of chromosomes with rela-
tive lengths of > 0.31 were 0.2 and 1.0 per metaphase in
MAI-2004 and MAI-2016, respectively, Table 2) and sev-
eral chromosomes with null C-bands (the mean num-
bers were 3.6 and 9.0 per cell in MAI-2004 and MAI-
2016, respectively).
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Table 2. Mean numbers of chromosomes with null C-band and C-band classified into each class of relative length.

Classification
Specimen Null Smaller C-band .Larger C-band
C-band Relative length of C-band Relative length of C-band
0.01~0.10 0.11~0.20 0.21~0.30 Total 0.31~0.40 0.41~0.50 >0.51 Total
HKD1
MAI-1919 19,0 0 10,4 7,6 18,0 2,8 0,2 0 3,0
MAI-1895 18,2 1,4 11,2 7,6 20,2 1,6 0 0 1,6
MAI-1915 18,2 0,2 10,6 7,8 18,6 3,0 0,2 0 3,2
HKD2
MAI-1837 15,8 1,2 13,4 5,6 20,2 2,4 1,4 0 3,8
MAI-1840 17,4 0 9,0 8,8 17,8 2,6 1,4 0 4,0
MAI-1916 19,4 0,8 13,0 5,6 19,4 1,2 0 0 1,2
MAI-1917 18,2 0,4 10,4 8,2 19,0 2,6 0,2 0 2,8
MAI-1913 16,6 0 13,3 7,9 21,2 1,9 0,3 0 2,2
MAI-1918 18,4 0,8 15,6 4,8 21,2 0,2 0,2 0 0,4
MAI-2004 3,6 1,2 31,4 3,6 36,2 0,2 0 0 0,2
MAI-2016 9,0 32 23,4 3,4 30,0 0,6 0,4 0 1,0
HON1
MAI-1289 25,0 0 7,4 5,2 12,6 2,0 0,4 0 2,4
MAI-1293 23,6 0,4 10,4 3,6 14,4 1,2 0,6 0,2 2,0
MAI-1843 27,6 0,6 2,8 4,4 7,8 2,6 2,0 0,0 4,6
HON2
MAI-1991 28,0 0 1,0 4,6 5,6 3,4 2,6 0,4 6,4
MAI-1992 27,3 0 3,0 5,0 8,0 3,3 0,9 0,6 4,7
MAI-1114 29,5 0 1,2 4,0 5,2 2,0 1,8 1,5 5,3
MAI-1120 29,2 0,2 0,8 4,2 5,2 3,2 1,5 1,0 5,7
MAI-1443 27,8 0 52 5,6 10,8 0,8 0,6 0 1,4
MAI-1444 29,2 0 0 38 3,8 2,8 2,6 1,6 7,0
MAI-1239 28,2 0,2 1,8 54 7,4 3,0 1,0 0,4 4,4
MAI-1306 24,8 1,3 6,2 3,1 10,7 2,4 1,9 0,2 4,6
MAI-1308 28,0 0,2 38 4,2 8,2 2,7 1,0 0,2 3,8
MAI-1309 28,0 0 2,4 3,6 6,0 2,5 2,2 1,3 6,0
MAI-1548 29,2 0 3,6 3,8 7,4 2,8 0,6 0 3,4
Korea
HEGO007-97 25,2 0,2 9,6 34 13,2 1,0 0,6 0 1,6
Labolatory mouse
MAI-1301 1,2 0,2 34,8 3,8 38,8 0 0 0 0
Hybrid mice
MAI-1450 14,4 0 16,6 7,2 23,8 0,8 0,6 0,4 1,8
MAI-1452 14,4 0,2 13,2 9,0 22,4 1,4 1,0 0,8 3,2
MAI-1379 15,8 1,4 16,2 4,0 21,6 0,8 1,6 0,2 2,6
MAI-1563 14,2 1,6 16,2 4,4 22,2 2,8 0,6 0,2 3,6
DISCUSSION groups (Figure 5), which include the SMD and hybrid

The polymorphic pattern in two areas geographical-
ly isolated in the Japanese Islands, HKD1/HKD2 (with-
out NK2) and HON1/HON?2, are categorized into two

mice, respectively. On the other hand, the monomor-
phic pattern consists of many smaller C-bands without
a null C-band and a larger C-band (Table 2 and Figure
4) and belongs to the cluster including C57BL/6N (Fig-
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Smaller C-band

Larger C-band

<< MA-1301 (G:5TBLIS)

- HE3007-87 (SMD)

~_____________a:Others

Mean numbers of chromosomes with C-bands (or null C-bands) per a metaphase

Null C-band 0.01-0.10 0.11 -0.20

0.21 -0.30

. b: HKD1/HKD2

0.31-0.40 0.41 - 0.50 > 0.51

Relative lengths of C-band

Fig. 4. Histograms showing mean numbers of chromosomes without C-bands or with C-bands per metaphase, classified into each class of
relative length with 0.01-0.10, 0.11-0.20, 0.21-0.30, 0.31-0.40, 0.41-0.50, and >0.51.

ure 5). Our previous study (Myoshu and Iwasa 2018)
indicates the occurrences of three Cytb haplotypes that
are confirmed in the same areas of the Japanese Islands,
as shown in Table 1. In the areas showing the polymor-
phic pattern similar to SMD, only the subspecific cas-
taneus (CAS) type and only the subspecific musculus
(MUS) type occur in HON1 and HON2, respectively.
Additionally, only the CAS type and multiple haplotypes
including the CAS, MUS, and the subspecific domes-

ticus (DOM) types occur in the area showing the poly-
morphic pattern similar to that of hybrid mice, HKDI,
and HKD2 without NK2, respectively. On the other
hand, not the MUS type but rather the CAS and DOM
types occur in NK2 showing the monomorphic pat-
tern. According to these results, a concordant combina-
tion between biparental C-band pattern and maternal
Cytb haplotype is shown in HON2 and HKD2 but is not
shown in HON1 and HKDI.
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Fig. 5. Cluster analysis considering the mean numbers of chromo-
somes without C-bands or with C-bands in each class. Top values
indicate Euclidian distances.

The present C-band results can agree with the find-
ing of Cytb properties in HON2/HKD2 and the poten-
tial founders, mice in northern China and/or the Korean
peninsula (Yonekawa et al. 1988; Terashima et al. 2006;
Nunome et al. 2010, 2013; Suzuki et al. 2013), carry
the polymorphic C-bands and the MUS type as in the
HON2 mice (Myoshu and Iwasa 2018; Figures 3, 4, 5).
On the basis of these results, it is a feasible explana-
tion from both viewpoints by chromosome and mtD-
NA traits (Myoshu and Iwasa 2018; Figures 3, 4, 5) that
the HON2 mice have maintained the traits of potential
founders. In HKD2, on the basis of a simple inherit-
ance of the C-band size (Dev et al. 1975; Figure 2), the
hybridization between mice carrying a combination of
the monomorphic pattern and the CAS or DOM type,
and mice carrying a combination of the polymorphic
pattern and the MUS type from northern China and/
or the Korean peninsula is concordantly estimated by
both viewpoints from these analyses (Myoshu and Iwasa
2018; Figures 3, 4, 5). The monomorphic pattern of NK2
is in accordance with our previous results showing not
only the occurrence of Cytb haplotypes (the CAS and
DOM types) but also their morphological character-
istics (external body dimensions and coat coloration)
(Myoshu and Iwasa 2018). There is a possibility that the
distribution in the Japanese Islands of the predominant
mice which were introduced from northern China and/
or the Korean Peninsula (Yonekawa et al. 1988; Terashi-
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ma et al. 2006; Nunome et al. 2010, 2013; Suzuki et al.
2013) has not yet expanded into NK2. However, putting
emphasis on their larger head and body length as the
subspecies M. musculus domesticus (Myoshu and Iwasa
2018) and the occurrence of the “intact” stowaway hap-
lotype of nuclear DNA (Nunome et al. 2010; Kodama et
al. 2015) and mtDNA (Yonekawa et al. 2000; Tsuda et al.
2001, 2002) in the Japan Islands, a more feasible expla-
nation is that a relatively recent introduction(s) has led
stowaway mice to this locality.

In the areas with exclusive occurrence of the CAS
type from southern China and/or southeastern Asia
(Suzuki et al. 2013; Kuwayama et al. 2017), HKD1 and
HONI, there are discordances between the both view-
points mentioned above (Myoshu and Iwasa 2018; Table
2; Figures 3, 4, 5). In contrast to the Cytb finding, the
C-band patterns of the HKDI mice and the HON1 mice
are estimated to have been affected by the introgression
from northern Chinese and/or Korean mice carrying
the polymorphic patterns (Yoshida and Kodama 1983;
Moriwaki et al. 1985, 1986; Moriwaki 2010; Yonekawa
et al. 2012). In addition, although the CAS type occurs
exclusively in both areas, the C-band patterns are not
categorized into the same groups (Figure 5). Specifical-
ly, the numbers of null C-bands (23.6-27.6) and small-
er C-bands (7.8-14.4) of the HONI1 mice are especially
more similar to those in the HON2 mice (24.8-29.5 null
C-bands; 3.8-10.8 smaller C-bands) than those in the
HKDI1 mice (18.0-20.2 null C-bands; 18.6-20.2 smaller
C-bands). Moreover, the sizes of the smaller C-bands
differ between HONI1 (more frequent relative length:
0.11-0.20, Table 2 and Figure 4) and HON2 (more fre-
quent relative length: 0.21-0.30, Table 2 and Figure 4).
These results suggest that the C-band patterns of HON1
and HKDI are not genetically identical.

Several studies using biparental markers, which are
the haplotypes on the haemoglobin bate chain (Hbb)
locus (Minezawa et al. 1979; Miyashita et al. 1985;
Kawashima et al. 1991, 1995; Ueda et al. 1999; Sato et
al. 2006, 2008; Yonekawa et al. 2012), eight (Nunome et
al. 2010) and seven (Kodama et al. 2015) linked nuclear
genes, would provide a suggestion for why the differ-
ence in the C-band pattern has been caused in the same
mtDNA occurrence areas. According to these previous
studies, the distributions of the polymorphic C-band
patterns (Moriwaki and Minezawa 1976; Moriwaki et
al. 1985, 1986; Yonekawa et al. 2012; Myoshu and Iwasa
2016; Table 1 and Figures 4, 5) overlap the distributions
of the p (Minezawa et al. 1979; Miyashita et al. 1985;
Kawashima et al. 1995; Ueda et al. 1999; Yonekawa et al.
2012) and the MUS-II haplotype groups (Nunome et al.
2010; Kodama et al. 2015) which are derived from the
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musculus lineage. The other hapolotype groups, which
are recognized as the d (Minezawa et al. 1979; Miyashita
et al. 1985; Kawashima et al. 1995; Yonekawa et al. 2012)
and the recombinant haplotype groups (Nunome et al.
2010; Kodama et al. 2015) mainly derived from the cas-
taneus lineage, have been observed in northern Honshu
and Hokkaido localities. However, a survey of the Hbb
allele reveals the difference in p frequency between the
northeastern area of Honshu (37.0% in Minezawa et al.
1979) and Hokkaido (7.9% in Minezawa et al. 1979).
Thus, the introgression of the lineage with MUS-II and
p haplotypes, which has been derived from Eurasian
mice carrying the polymorphic C-band patterns, has
strongly affected the HONI mice more than the HKD1
mice. In addition, since male mice have larger dispersal
areas than female mice (Pocock et al. 2005), expansions
of maternal genetic traits would be later than those of
the paternal and biparental genetic traits. On the basis
of this dispersal pattern, it is estimated that the poly-
morphic patterns as a biparental trait primarily expand
into populations including both male and female mice
with monomorphic patterns and the CAS type, by male
mice considering the larger dispersal potential. There-
fore, the polymorphic patterns from male mice have
less affected mice in HKD1 than in HON1, based on the
sign of hybridization in its C-band patterns is signifi-
cantly observed in HKD1. In HON1, where the C-band
patterns are similar to those in HON2 and SMD, the
mice may have been replaced completely by the male
mice carrying the polymorphic patterns. Otherwise,
the HON1 mice have hybridized and/or maintained the
traits of mice carrying a discordant combination, for
example the polymorphic pattern and the CAS type,
which may have been caused in other places as suggested
in Searle et al. (2009), Nunome et al. (2010), Kodama et
al. (2015) and Kuwayama et al. (2017).
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Abstract. Heterochromatic patterns in the genus Melipona vary among subgenera spe-
cies. Melikerria is the only subgenus that presents species with different content of
heterochromatin. Thus, the cytogenetic knowledge of other species of this subgenus is
important for the understanding of karyotype evolution in Melipona. Here, we describe
the karyotype of Melipona (Melikerria) interrupta based on the chromosomal hetero-
chromatic patterns, AT and GC richness, mapping sequences of rDNA, microsatellites
and telomeric regions. We observed 2n=18 chromosomes, with a high heterochromatin
content rich in AT and euchromatic regions rich in GC base pairs. The high GC con-
tent was observed at interstitial region near the junction of the stained euchromatin
and heterochromatin of the first chromosomal pair, the same region marked for the
rDNA 18S locus. Microsatellites hybridized only on euchromatin regions and the telo-
meric probe on terminal regions of all chromosomes. Melipona (Melikerria) interrupta
belongs to previous described heterochromatic Group II, suggesting there has been an
increase in heterochromatin content in Melikerria. The M. quinquefasciata, belonging
to the same subgenus as Melipona (Melikerria) interrupta, has low content of hetero-
chromatin and appears to be evolving independently. So, the differences in the content
heterochromatin, in the marker regions of CMA; and the rDNA 18S locus in species of
Melikerria is an important feature to be investigated further.

Keywords. Cytogenetics, Fluorescence in situ Hybridization (FISH), Heterochromatin,
Melikerria, Stingless bee.

1. INTRODUCTION

Bees of the genus Melipona Illiger, 1806, are eusocial insects belonging to
the Meliponini tribe and occur throughout the Neotropical region (Michener
2007; Camargo and Pedro 2013). This genus is represented by 73 species, 43
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of which can be found in Brazil (Camargo and Pedro
2013; Pedro 2014). Morphologically, the genus Melipona
is grouped into four subgenera: Eomelipona, Meliker-
ria, Melipona stricto sensu, and Michmelia (Camargo
and Pedro 2013). The Melikerria, Melipona stricto sensu,
and Michmelia subgenera are considered monophyl-
etic, whereas Eomelipona is polyphyletic according to
molecular phylogenies (Rasmussen and Cameron 2010;
Ramirez et al. 2010).

Cytogenetically, only 28 of all the Melipona species
have had their karyotypes described. These species are
characterized by a conserved diploid number of 2n = 18
chromosomes in females and n = 9 in males, except for
M. seminigra merrilae and M. seminigra pernigra, with
2n = 22 (Francini et al. 2011). In addition, the pattern
of heterochromatin distribution in some Melipona spe-
cies differs from that observed in the majority of spe-
cies in the Meliponini tribe (reviewed in Tavares et al.
2017; Cunha et al. 2018; Silva et al. 2018). The genus can
be divided into two groups based on the pattern of dis-
tribution and content of heterochromatin: Group I is
composed of species with low heterochromatin content
present only in the pericentromeric regions, similar to
that in the other Meliponini; and Group II comprised by
species with a high heterochromatin content that covers
large extensions of their chromosomes (Rocha and Pom-
polo 1998; Rocha et al. 2002).

From all the analyzed species, those belonging to
the Eomelipona and Melipona stricto sensu subgenera
present low levels of heterochromatin, whereas all those
of the subgenus Michmelia have high levels of hetero-
chromatin (Rocha and Pompolo 1998; Rocha et al. 2002;
Rocha et al. 2003; Lopes et al. 2011; Cunha et al. 2018).
However, Melikerria has only three species described
cytogenetically that present the two patterns: Melipona
fasciculata Smith, 1854 and Melipona grandis Guérin,
1844, with high content of heterochromatin and Melipo-
na quinquefasciata Lepeletier, 1836 with a low content
(Rocha et al. 2002; Rocha 2002; Lopes et al. 2011), mak-
ing heterochromatic evolution in this group difficult to
elucidate. Thus, cytogenetic studies with other species of
the subgenus Melikerria are needed since they may help
to elucidate the processes leading to the chromosomal
alterations in the genus.

The aim of this study was to characterize the kary-
otype of Melipona (Melikerria) interrupta based on the
heterochromatin distribution pattern and chromosomal
regions rich in Guanine-Cytosine (GC) and Adenine-
Thymine (AT) base pairs, as well as mapping the ribo-
somal 18S DNA sites, the microsatellites GA;5, GAG0),
CAA), and CGGyy) and the regions containing telom-
eric TTAGGg, sequences.

Natdlia Martins Travenzoli et al.

2. MATERIAL AND METHODS

Larvae of Melipona (Melikerria) interrupta were
collected from three colonies in Itacoatiara, Amazo-
nas, Brazil and kept in the Meliponary of the Instituto
Nacional de Pesquisas da Amazonia (INPA), Manaus,
Amazo0nia, Brazil. Mitotic chromosomes were obtained
from the larval brain ganglia at the last larval instar as
described by Imai et al. (1988), and stained with Giem-
sa. The heterochromatin regions were visualized by the
C-band technique (Sumner 1972) and the DAPI and
CMA,; fluorochromes were used according to Schweizer
(1980). Fifteen individuals were used, with 10 meta-
phases being analyzed on average for each slide. The
images were obtained with an Olympus BX60 epifluores-
cence microscope, using Olympus Q-Color3™ software
Olympus® images.

Fluorescent in situ Hybridization (FISH) was per-
formed according to Pinkel et al. (1986), with modifi-
cations: (metaphase chromosomes were denatured in
70%/2xSSC formamide at 75 °C for 5 min; the probes
were hybridized with chromosomes in 20 pL of hybridi-
zation mix and heated for 10 min at 85 ° C). The 18S
ribosomal DNA probe was labeled with digoxigenin-
11-dUTP (Roche Applied Science) and the signal was
detected with anti-digoxigenin-rhodamine (Roche
Applied Science). This probe was obtained by Poly-
merase Chain Reaction (PCR) amplification, using the
primers F1(5'-GTCATATGTTGTCTCAAAGA-3') and
18SR1.1 (3'-TCTAATTTTTTCAAAGTAAACGC-5")
designed for the species Melipona quinquefasciata
(Pereira 2006). The microsatellites GA(5, GAG ),
CAA(), CGGy), and TTAGG, were labeled directly
with Cy3 in the 5' regions (Sigma, St. Louis, MO, USA).
The metaphase images were obtained with an Olympus
BX53 microscope fitted with an Olympus DP73F cam-
era, using the CellSens Imaging software.

3. RESULTS AND DISCUSSION

The chromosome number observed in M. (Meliker-
ria) interrupta was 2n = 18 (Fig. la) similar the number
finding by Barbosa (2018), which does not differ from
that reported by Kerr (1969, 1972). The C-band revealed
a karyotype with high heterochromatin content (Fig. 1b),
making visualization of the centromere difficult. Thus,
we could not identify chromosome morphology to deter-
mine the karyotype of this species. Based on the hetero-
chromatic patterns, M. (Melikerria) interrupta can be
classified as belonging to the group composed of species
with more than 50% of heterochromatin in their chro-
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Fig. 1. Mitotic metaphase chromosomes of Melipona (Melikerria)
interrupta stained with Giemsa (a), C- banding (b), DAPI (c), and
CMA; (d). Scale bar = 5 pm.

mosomes, designated as Group II by Rocha and Pom-
polo et al. (1998). The species M. (Melikerria) fasciculata
and M. (Melikerria) grandis were classified as belonging
to this group (Lopes et al. 2011; Andrade-Souza et al.
2018) as well as M. (Melikerria) interrupta. Unlike, M.
(Melikerria) quinquefasciata has a low heterochroma-
tin content (Rocha et al. 2007), indicating that the kar-
yotype of M. quinquefasciata may be evolving indepen-
dently or have been the karyotype plesiomorphic within
the Melikerria. So, in this subgenus may have been an
increase in the levels of heterochromatin in the karyo-
type of the species. In fact, it has been, suggested that
independent amplification of heterochromatin or dif-
ferentiation in distinct Melipona subgenus (Piccoli et al.
2018).

Staining with the base-specific fluorophores, DAPI
and CMA;, indicated that the heterochromatic regions
were DAPI* (Fig. 1c) and the euchromatic regions were
CMA;*. Stronger labeling with CMA; was seen in the
interstitial region near the euchromatin and heterochro-
matin junction of the first chromosomal pair (Fig. 1d),
coincident with the hybridization site of the 18S rDNA
probe (Fig. 2a). Staining with DAPI has shown that het-
erochromatin in eusocial bees is generally AT-rich (Brito
et al. 2003; Rocha et al. 2003; Lopes et al. 2011; Godoy
et al. 2013). This characteristic seems to be shared by
Melipona species that contain either high or low levels of
heterochromatin.

Although the numbers of CMA;* and rDNA mark-
ers on a single pair of chromosomes are conserved traits
in the genus (Cunha et al. 2018; Andrade-Souza et al.
2018), the chromosomal positions differ among spe-
cies, even in those with a high heterochromatin content.
According to the results of CMA;* and rDNA probe,
species with a low heterochromatin content exhibit-
ed pericentromeric markings in the first chromosome

Fig. 2. Patterns obtained in metaphase chromosomes of Melipona
(Melikerria) interrupta with FISH using the following repetitive
DNA probes: 18S (a), GAs) (b), GAG(5 (c), CAA(y) (d), CGGyyy)
(e), and TTAGG; (f). In blue: chromosomes stained with DAPI. In
red: regions hybridized with probes. Scale bar = 5 um.

pair, while Group II species showed terminal markings
(reviewed in Cunha et al. 2018). Although M. (Meliker-
ria) interrupta is classified as belonging to Group II,
CMA;* and rDNA markings were observed in the inter-
stitial region of the first chromosomal pair. Melipo-
na (Melikerria) fasciculata and M. (Melikerria) gran-
dis, which belongs to the same subgenus, also showed
CMA;* markings in this region (Lopes et al. 2011;
Andrade-Souza et al. 2018), different to that observed
in the other species with high heterochromatin content
(reviewed in Cunha et al. 2018). These results suggest
that variation in the positions of GC rich regions and
18S rDNA sites may be results of divergent heterochro-
matin evolutionary pathways in the Melipona as sug-
gested by Cunha et al. (2018) and Picolli et al (2018). As
the markings in other species of Group II is at the chro-
mosome end, the occurrence of rearrangements, such as
inversion, would result in a portion of heterochromatin
at the ends of the chromosome. However, we did not
find heterochromatin in these regions suggesting that
the position of CMA; and rDNA no result of chromo-
some inversion events.

The microsatellite probes GA(;5, GAG 5, CAA )
and CGGy labeled only euchromatin regions (Fig.
2b-e), while the telomeric probe TTAGG(, showed
staining in the terminal regions of the chromosomes of
M. (Melikerria) interrupta (Fig. 2f). This staining pat-
tern in regions of euchromatin was also observed in the
chromosomal mapping of Melipona scutellaris Latreille,
1811 using different repetitive DNA sequences (CA(s),
GACyp), and TAA;p) (Piccoli et al. 2018). The TTAGG,
labeling on the terminal regions of the chromosomes
indicated the presence of the TTAGG sequence in the
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telomeric sites in the karyotype of M. (Melikerria) inter-
rupta. Studies have shown that TTAGG (Sahara et al.
1999) and TCAGG (Mravinac et al. 2011) were observed
in telomeres of several Hymenoptera species, including
Apidae (Apis mellifera) (Meyne et al. 1995; Sahara et al.
1999) and Formicidae (Tapinoma nigerrimum, Myrmecia
spp. and Acromyrmex striatus) (Meyne et al. 1995; Lorite
et al. 2002; Frydrychova et al. 2004; Pereira et al. 2018).
However, in many other Hymenoptera the TTAGG
sequence was not observed in the telomeres of the chro-
mosomes, suggesting that it has been lost and recovered
in Apidae and Formicidae or that multiple losses of this
region have occurred throughout the evolutionary histo-
ry of the groups (Menezes et al. 2017). In this study, we
report for the first time the telomeric sequence based on
the FISH technique on a bee species of Meliponini tribe.
This information added to the cytogenetic characteristics
of Melipona already described in the literature may con-
tribute to the understanding of karyotype evolution in
these bees.

We conclude that M. (Melikerria) interrupta is clas-
sified as belonging to Group II based on heterochromatic
patterns, which suggests an increase in the amount of
heterochromatin in the subgenus Melikerria. It further
suggests that karyotype the M. quinquefasciata be ple-
siomorphic or this may be evolving independently in
the group, and that the differences in the CMA; and 18S
marker regions interstitial, reported in the two species of
Melikerria subgenus with high heterochromatin content,
are an important feature to be further investigated.
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