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ABSTRACT

The comparative studies of diploid Matricaria chamomilla L (2n=18) (Azulena and Sybirskaya
bisabololnaya varieties), Matricaria discoidea L. (2n=18) and Matricaria inodora L. (2n=18) were
carried out by DAPI/C-banding, FISH with 26S and 5S rDNA probes, the analysis of meiosis and
composition of essential oil. Based on DAPI/C banding and FISH with 26S and 5S rDNA probes,
all the chromosomes in karyotypes of the studied diploid chamomile species were identified, and
generalized idiograms of chromosomes with account of all possibilities of DAPI/C-banding
patterns as well as chromosomal localization of 26S and 5S rDNA sites were constructed. The
results of comparative analysis of DAPI/C-banding and localization of ribosomal genes in the
studied related chamomile species conformed to the hypothesis on monophyletic origin of their
genomes. In most cases, we observed the classical type of meiosis with formation of 9 baculiform
bivalents. Insignificant percentage of abnormalities suggested genetic stability of genomes of the
studied species. The analysis of essential oil composition confirmed that M. discoidea could be
used for medical purposes in common with M. chamomillа. The comparative analysis of
interspecific karyotype differences and also the qualitative composition of essential oil allowed us
to conclude that Md genome took an intermediate position between Mch and Mi genomes, and M.
discoidea was considerably closer to M. chamomillа than M. inodora.
Keywords C/DAPI-banding, fluorescence in situ hybridization, genome, Matricaria, meiosis.
I. INTRODUCTION
Herbal medicine is considered to be an effective alternative to chemical medicine, and in
recent years, scientific interest in the medicinal use of plants has been increased. Today, about forty
percent of medicines come from plants or comprise herbal active ingredients. For the last twenty
years, the demand for medicinal herbs went up by about twenty-five percent [1].
Wild medicinal plants are used as valuable natural products for obtaining a lot of effective
remedies. They are often brought under cultivation for creating sustainable raw materials source.
Chamomile (Matricaria chamomilla L., syn. Chamomilla recutita (L.) Rauschert., Matricaria
recutita L., 2n = 18) is a well-known ancient medicinal plant species from the aster family
(Compositae = Asteraceae) which is widely used in folk and traditional medicine [2, 3].
The flowers of M. chamomilla contain blue essential oil from 0.2 to 1.9% [4, 5]. In the oil,
the main component is chamazulene (2.3–10.9%) but there are also such sesquiterpenoids (up to 50
%) as cadinene, farnesene, bisabolol, monoterpenes, myrcene and others [6, 7].
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Now a search for producers of biologically active substances as well as donors of useful
genes is made within related species of valuable medicinal plants. Wild related species of M.
chamomilla used in folk medicine [7] include M. inodora L. (Tripleurospermum perforatum (Merat)
M. Lainz =Matricaria perforata Merat, Tripleurospermum inodorum (L.) Sch.Bip.) (2n = 18) and M.
discoidea L. (syn.=M. matricarioides (Less.) Porter ex Britt.) (2n = 18). The both species possess of
some medicinal properties but in a less degree than M. chamomilla [8]. In common with M.
chamomilla, flower heads without flower-bearing stems, gathered early in flowering, are used as
drug raw materials. The flower heads contain complexes of valuable biologically active substances
but the essential oil compositions in M. chamomilla, M. inodora and M. discoideais are different [9].
In addition, M. inodora is gathered for producing insecticides which are safe to use [7].
Reestablishment of natural populations of these valuable species and creation new high
yielding varieties by using modern approaches, which include a method of introgressive
hybridization, has nowadays become very important owing to strong reduction of wild-growing
chamomiles. It is necessary, therefore, to clarify the genomic relationships within chamomile species
as well as structural features of their karyotypes, to analyze the process of meiosis in the species and
selective forms, and also to determine the content of biologically active substances as they are
important main agronomic characters.
The cytogenetic analysis allowed to evaluate chromosome numbers 2n = 18 and 2n = 36 in
the species of the genera Matricaria [10-16]. The comparative karyotype analysis of cultivars and
wild species of chamomile carried out by C-banding allowed us to reveal their varietal and specious
particularities [17-20]. Chromosomal analysis of the 36-chromosomal species of chamomile by use
of modern techniques confirmed the tetraploid status of wild species M. inodora (2n=36) [18, 21]. In
addition, nuclear 1С DNA content in some chamomile species was estimated [22, 23].
At the same time, the karyotypes of chamomile species are poorly investigated and they still
need special attention. The application of modern molecular cytogenetic techniques for karyotype
analysis of the main medicinal diploid chamomile species will make possible to obtain the additional
information about structural and functional organization of their genomes and also clarify the
taxonomic and evolutionary relationships among different chamomile species. The most appreciable
varieties and forms of chamomile will be useful for selection process and creation of new varieties
with high content of biologically active substances.
The present paper examines karyotypes of diploid chamomile species M. chamomilla, M.
discoidea and M. inodora by DAPI/C-banding, fluorescent in situ hybridization (FISH) with rDNA
probes, analysis of meiosis and essential oil composition.

II. MATERIALS AND METHODS
2.1. Plant material
The seeds of M. chamomilla (Azulena and Sybirskaya bisabololnaya varieties) (2n = 18), M.
inodora (2n = 18) and M. discoidea (2n = 18) were kindly provided by the Botanical Garden of the
All Russian Institute of Medicinal and Aromatic Plants of Russian Academy of Agricultural
Sciences, Moscow, Russian Federation. The varieties were obtained from wild-growing chamomile
populations by mass selection method [24, 25].
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2.2. Chromosome spreads
For FISH and DAPI-banding, chamomile root tips were incubated for 16-24 hours at 0℃ in 5
mМ solution of DNA intercalator 9-aminoacridine (9-АМА) to inhibit chromosome condensation
process and accumulate prometaphase chromosomes [26]. After that, the roots were fixed in 96%
ethanol:glacial acetic acid fixative (3:1) and then stored at -20℃. Squashed mitotic chromosome
preparations were made according to the technique described earlier with minor modifications [19].
For preparing meiotic chromosomes, young chamomile flower heads at the stage of initiation
of white ray flowers were used. Squashed meiotic chromosome preparations were made according to
the technique described previously [27]. Chromosome slides were counterstained with 0.125 µg/ml
DAPI (4',6-diamidino-2-phenylindole) (Serva, Germany) in Vectashield medium (Vector
laboratories, Peterborough, UK).

2.3. Fluorescence in situ hybridization (FISH)
FISH with 26S and 5S rDNA probes (isolated from L. usitatissimum) was conducted as
described previously [28]. Biotin labelled 26S rDNA probe was detected with FITC-conjugated
avidin (Vector laboratories, Peterborough, UK). Digoxigenin labelled 5S rDNA probe was visualized
with anti-digoxigenin-rhodamine Fab fragments (Roche Biochemicals, Sussex, UK).
2.4. DAPI-banding
After FISH, chromosome slides were stained with 0.125 µg/ml DAPI (4',6-diamidino-2phenylindole) (Serva, Heidelberg, Germany) in Vectashield medium (Vector laboratories,
Peterborough, UK) to obtain DAPI/C-banding.
2.5. Chromosomal analysis
The slides were examined using Olympus BX61 fluorescence microscope (Olympus, Tokyo,
Japan), and images were taken with monochrome CCD camera (Cool Snap, Roper Scientific, USA).
The obtained images were processed with Adobe Photoshop 12.1х32 (Adobe, Birmingham, USA).
At least fifteen metaphase plates were investigated for each studied chamomile sample.
Chromosomes in the karyotypes were identified by analyzing of DAPI-banding patterns with the
account of chromosome morphology according to the cytological classification developed early for
analyzing of monochrome-, C- and DAPI-banding patterns of M. chamomilla and M. inodora [17,
18, 21]. The analysis of meiosis was carried out at the stages of metaphase I and anaphase I.
2.6. Determination of essential oil content in the flower heads and chamazulene content in the
essential oil
The content of essential oil in the flower heads was determined according to the standard
procedure [29]. Chamazulene content in the essential oil was determined according to the State
Standard GOST 24027.2-80 “Methods for determination of moisture, ash content, extractive and
tannin materials, essential oil” (http://www.gosthelp.ru/gost/gost30604.html) [30].
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III. RESULTS
3.1. DAPI/C–banding analysis of karyotypes
The karyotypes of diploid species of M. chamomilla, M. discoidea and M. inodora mainly
consisted of metaphase chromosomes ranging from 3 to 5.8 μm. DAPI staining carried out after
FISH, which included DNA denaturation and renaturation, revealed C-band-like pattern (DAPI/C–
banding) on metaphase chromosomes of the species. (Fig. 1a, c, e).
Similarities in DAPI/C-banding patterns in the karyotypes of all the studied chamomile
species were revealed (Fig. 1a, c, e). At the same time, pericentromeric and intercalary bands of the
chromosomes in M. chamomillа karyotype were larger in size than telomere bands. In M. inodora
and M. discoidea karyotypes, pericentromeric DAPI/C-bands were smaller and telomere bands were
larger in size than it was observed in M. chamomillа karyotype.
We found that pericentromeric, intercalary and telomere DAPI/C-bands in the karyotypes of
all the studied species were rather polymorphic in size. Based on DAPI/C-banding patterns, we
identified all the chromosomes in the karyotypes of M. chamomilla and M. inodora and arranged
homologous chromosomes in pairs in M. discoidea karyotype according to the cytological
classification developed previously [17-19].
In our early studies we had denoted the genome of M. chamomillа as Mch genome and the
genome of M. inodora as Mi genome [17, 18]. Accordingly, we denoted the genome of M. discoidea
as Md genome.
Two pairs of satellite chromosomes (8 and 9) were revealed in karyotypes of M. chamomilla,
M. discoidea and M. inodora. The satellites on the chromosomes differed in size and were DAPIpositive. DAPI/C-bands on the satellites of both chromosomes were large in karyotype of M.
chamomilla (Fig. 1a, c, e) but they were small in M. inodora. In karyotype of M. chamomilla the
DAPI/C-band on the satellite of chromosome 9 was large, whereas it was small on chromosome 8.

Figure 1 DAPI/С-banding patterns and FISH with 26S (green) and 5S (red) rDNA
probes: M. сhamomilla (2n = 2х=18) (a, b); M. inodora (2n = 2х=18) (c, d); M. discoidea
(2n = 2х=18) (e, f). Вar – 5mkm
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3.2. Fluorescence in situ hybridization with 26S and 5S rDNA probes
FISH analysis showed that in the karyotype of M. chamomilla co-localized 26S and 5S rDNA
sites were revealed in the secondary constriction regions of the satellite chromosomes 8 and 9.
Separate 26S rDNA sites were not observed. A separate 5S rDNA signal was detected in the
subtelomeric region of the short arm of chromosomes 7 (Fig. 1 b).
In the karyotype of M. inodora, we also found co-localized 26S and 5S rDNA sites in the
secondary constriction regions of both satellite chromosomes. However, separate 26S or 5S rDNA
sites were not revealed (Fig. 1d).
In the karyotype of M. discoidea, we observed large intense co-localized 26S and 5S rDNA
sites in the secondary constriction region of chromosome 9, but only a separate small 26S rDNA site
was revealed on the small satellite of chromosome 8. A separate 5S rDNA signal was detected in the
subtelomeric region of the short arm of submetacentric chromosome 7 (Fig. 1f).
Based on chromosome morphology, DAPI-bands localization and also the results of FISH
with 26S and 5S rDNA probes, generalized idiograms of chromosomes in Mch, Md and Mi genomes
of diploid chamomile species M. chamomilla, M. discoidea and M. inodora with account of all
possibilities of DAPI/C-banding patterns as well as 26S and 5S rDNA localization were constructed
(Fig. 2).

Figure 2 Generalized chromosome idiograms with DAPI/C-banding patterns (black)
and localization of 26S (green) and 5S (red) rDNA sites: (a) M. сhamomilla; (b) M.
inodora; (c) M. discoidea.
3.3. Analysis of meiosis
A cytological study of meiosis was carried out at the stages of metaphase I and anaphase I. In
most cases, we observed the classical type of meiosis with formation of 9 baculiform bivalents which
mainly moved toward opposite poles of the cell. Chromosome associations (trivalents, quadrivalents)
were not detected (Fig. 3). In anaphase I, we observed either cells with normal chromosome
disjunction to the poles (9:9) or a few cells (1-2%) with different chromosome aberrations
(chromosome lagging, bridges, chromosomal fragments and others). In karyotypes of M. inodora and
M. discoidea, we observed few specific abnormalities (chromosomes agglutinated in a ring at
metaphase I or the presence of micronuclei in the tetrads), but the percentage of them was
insignificant (1-2%).
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Figure 3 Chromosome associations in meiosis: (a) – M. сhamomilla, metaphase I; (b) –
M. сhamomilla, prometaphase; (c) – M. inodora, anaphase I; (d) – M. discoidea, anaphase
I and a chromosome fragment.
3.4. Determination of essential oil content in flower heads and chamazulene content in the
essential oil
The results of determination of essential oil content in flower heads of the studied chamomile
species and also chamazulene content in the essential oil are listed in the table 1. Table 1 shows that
the content of essential oil and chamazulene content in the essential oil were higher in M.
chamomilla (0.72–0.89%; 5.85–8.04%, respectively) than in M. discoidea (0.54; 3.7%, respectively).
The content of essential oil in M. inodora (0.72%) was comparable to that of M. chamomilla, but
chamazulene was not detected in significant amounts in M. inodora (Table 1).
Table 1. The content of essential oil in flower heads and chamazulene content in the
essential oil observed in the studied chamomile species
Chamomile species

Moisture,
%

Essential oil,
%

Chamazulene,
%

M. chamomilla, Azulena variety
M. chamomilla, Sybirskaya
bisabololnaya variety
M. discoidea
M. inodora

7.08
6.78

0.89
0.72

8.04
5.85

7.12
6.98

0.54
0.72

3.7
-

IV. DISCUSSION
We have previously shown by karyotypic analysis of C-banded chromosomes that
constitutive heterochromatin of M. chamomilla was mainly localized in the pericentromeric
chromosome regions. Besides, telomere and intercalary C-bands were also detected [17, 18].
However, only pericentromeric heterochromatin in M. chamomilla karyotype was described later
[31]. The application of the approach developed previously for analysis of small-sized chromosome
plants and based on the use of DNA intercalator 9-АМА, which slowed down the process of
chromosome condensation [26], allowed us to obtain longer chromosomes in the spreads (3.0–5.8
µm) and to reveal pericentromeric, telomere and intercalary C-bands on chromosomes of the studied
chamomile species [32].
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After FISH, chromosome staining with DAPI revealed C-band-like patterns (DAPI/C–
banding) (Fig. 1a, c, e) which were rather informative and allowed us to identify every chromosome
in the karyotypes of chamomile species according to the cytological classification developed
previously for C-banding [17-19]. The mechanisms of C-bandings and DNA-specific fluorochrome
staining are known to be different [33, 34]. C-banding reveals constitutive heterochromatin regions
(C-bands) whereas DAPI detects AT-rich chromosome regions (DAPI-bands) which are usually
localized inside constitutive heterochromatin regions in kyryotypes of many higher plants as DAPIbands mostly coincide with C-bands [35- 40].
The analysis of DAPI/C-banding patterns showed that heterochromatin in M. chamomillа
karyotype was mainly located in the pericentromeric and intercalary chromosome regions. In M.
inodora and M. discoidea karyotypes, pericentromeric DAPI/C–bands were smaller and telomere
bands were larger in size compared with M. chamomillа. In M. discoidea karyotype, heterochromatin
was distributed more regularly along the chromosomes and the pattern occurred an intermediate
position between DAPI/C- banding patterns of M. chamomillа and M. inodora. In karyotypes of the
studied chamomile species, the DAPI/C- bands localized similarly along the chromosomes
suggesting that their genomes might have a common origin. There is a strong possibility that
differentiation of these genomes was accompanied by redistribution of repetitive DNA and,
probably, amplification of its parts. This suggestion was confirmed by nuclear DNA content data. In
М. chamomilla, DNA content values for 1C nuclei were 2.75-3.87 pcg, whereas in M. discoidea and
M. inodora, it was 2.45 pcg and 2.31 pcg respectively [22, 23]. The results of comparative analysis
of DAPI/C-banding patterns in the studied related chamomile species (Mch, Mi and Md genomes)
conformed to the hypothesis on monophyletic origin of their genomes. Additionally, it was
confirmed by the results of chromosomal localization of ribosomal RNA genes obtained by FISH. In
every studied chamomile karyotype, we observed two satellite chromosomes and morphologically
similar chromosome pairs (Fig. 1b, d, f). However, FISH analysis with 26S and 5S rDNA probes
revealed differences in localization of rRNA genes in karyotypes of the species. In M. chamomilla
and M. discoidea, a separate 5S rDNA site was detected in the subtelomeric region of the short arm
of chromosome 7. A separate small 26S rDNA site on satellite chromosome 8 was revealed in M.
discoidea. But separate 5S or 26S rDNA sites were not found in M. inodora karyotype. Co-localized
26S and 5S rDNA sites were observed on two satellite chromosomes 8 and 9 in M. chamomilla and
M. indora and on satellite chromosome 8 in M. discoidea (Fig. 1b, d, f; Fig. 2).
It is known that 26S and 5S ribosomal RNA genes are arranged as tandem repeats on the
chromosomes of most plants. But FISH analysis revealed co-localized 26S and 5S rDNA sites in
some Asteraceae species, particularly, in Artemisia, Tagetes, Helichrysum and Tripleurospermum
[41, 42]. Several possible explanations of 26S and 5S rDNA site co-localization were early
described. One of them suggested that the co-localization was typical for inferior eukaryotes [43],
another one proposed that 5S rRNA genes were occasionally inserted into 26S rDNA [44]. Garcia et
al (2010) [42] considered that 26S and 5S rDNA co-localization had occurred during the evolution of
plants, especially, the aster family (Compositae = Asteraceae). Considering that we observed only
co-localized 26S and 5S rDNA sites in M. inodora karyotype, it might be assumed that M. inodora
had originated earlier than cultured chamomile (M. сhamomilla and M. discoidea).
The comparative analysis of С- and DAPI-banding patterns of tetraploid M. inodora
described previously [18, 21] and diploid M. inodora showed that the tetraploid karyotype was
formed by diploidization of a chromosome set of the same species [18]. The study of meiosis of
these two forms confirmed this point of view, as meiotic conjugation of tetraploid M. inodora mainly
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occurred in common with the conjugation of the diploid form. Furthermore, insignificant percentage
of abnormalities could not affect considerably the level of pollen fertility [21].
A cytological study of meiosis in the cells of diploid chamomile forms did not reveal
chromosome associations (trivalents, quadrivalents) (Fig. 3). But in anaphase I, we observed cells
(1–2%) having different chromosome aberrations: chromosome lagging, bridges, and others, which
led to chromosome loss and unequal distribution of genetic material in daughter cells. The
insignificant percentage of chromosomal abnormalities in meiosis was not critical in the studied
chamomile species, suggesting genetic stability of their genomes. Many such abnormalities were
eliminated at the stage of interkinesis (dyads, tetrads), and they had a minor effect on pollen vitality
[45]. All the studied chamomile species possessed high quality pollen, as evidenced by a high level
of pollen fertility (93–96%).
It is known that quantity and quality of accumulated essential oil depends on climatic and
growing conditions [46, 47]. The studied chamomile species were grown in Moscow region,
nevertheless, we found differences in the composition of their essential oil in flower heads (Table 1).
Table 1 shows that the content of essential oil in M. chamomilla was much the same as in M. inodora
whereas the content of essential oil in M. discoidea was less by almost a third. Additionally,
chamazulene content in the essential oil of M. chamomillа was almost twice the amount of that in M.
discoidea, and chamazulene in the essential oil of M. inodora was not detected in significant
amounts. Therefore, the analysis of the composition of essential oil in the studied chamomile species
allowed us to conclude that M. discoidea was considerably closer to M. chamomillа (which is an
important medicinal plant) than M. inodora. The analysis of qualitative composition of the essential
oil of M. discoidea showed that it could be used for medical purposes [29].
Thus, the comparative analysis of interspecific karyotype differences and also the qualitative
composition of essential oil allowed us to conclude that the Md genome took an intermediate position
between Mch and Mi genomes, and Md genome could be used as a source of useful (for hybridization)
genes during the development of new chamomile varieties with high content of biologically active
substances.
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