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Abstract: Tobacco (Nicotiana tabacum L.) is an important agricultural crop plant for the
economy of many countries. Assessment of the genetic diversity of cultivated tobacco
varieties is of importance for long-term tobacco improvement. Microsatellite markers are
currently the marker system of choice for genetic analysis of allopolyploid plants. In this
study, we evaluated the use of 30 microsatellite markers for identification of 10 varieties of
cultivated tobacco in the Republic of Macedonia. We found 24 of the microsatellite
markers to be polymorphic and sufficient for identification of these varieties. Cluster
analysis showed that Macedonian tobacco varieties are classifiable into three
distinct groups.
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1. Introduction

Tobacco (Nicotiana tabacum L.) is the most important non-food crop in the world’s agriculture and
is cultivated in more than 100 countries on approximately 4.2 million hectares of crop land
(http://www.fao.org/docrep/006/y4956e/y4956e¢00.htm). Tobacco is an amphidiploid and one of the 64
species in the genus Nicotiana that carries 48 chromosomes in its somatic cells. Tobacco is considered
to be an interspecific hybrid between Nicotiana sylvestris (n = 12) and Nicotiana tomentosiformis
(n=12) [1,2]. Despite its high economic importance, tobacco is also considered to be one of the most
important model systems in plant biotechnology and highly promising for the production of
commercially important substances such as medical drugs and vaccines [3,4].

Tobacco is an important commercial crop in the Republic of Macedonia. Cultivated varieties in
Macedonia are highly polymorphic with a wide range of morphological types, and are mainly used in
cigarette manufacturing. There are three main groups of cultivated tobacco in the Republic of
Macedonia: oriental, semioriental and broad-leaf [5]. Oriental varieties are small leaf, highly aromatic
tobacco varieties that are divided into three sub-groups: Prilep, Yaka and Djebel. Prilep varieties are
derived from the local variety Djumaj-bale from Upper Djumaja (Republic of Bulgaria) and were
introduced in Macedonia in the 30 s of the last century. Yaka varieties originate from Xanthian Yaka
(Xanthy, Greece), which was derived from Cuban large-leaf local variety. They were introduced in
Macedonia in the first half of the last century. Djebel varieties descend from cultivated Xanthian Yaka
in the Djebel region, in the Republic of Bulgaria. Semioriental varieties are represented by Otlia
varieties, descending from local Greek varieties, and are grown in the northern parts of the country, in
much smaller quantities that other tobacco varieties. Broad-leaf varieties are represented by Virginia
and Burley varieties that descend from America and were brought to Macedonia at the end of 1960.

The determination of the genetic diversity in tobacco has a high potential use for variety
identification and in breeding programs. Prior to the availability of DNA markers, variety
identification of tobacco was based only on morphological markers. Restriction fragment length
polymorphism (RFLP) markers were among the first molecular markers applied in tobacco research
and were used to study the function of particular cloned genes [6]. PCR based random amplified
polymorphic DNA (RAPD) markers have been applied to identify tobacco chromosome regions
carrying disease resistance genes [7,8] and for variety identification purposes [9-12]. Amplified
fragment length polymorphism (AFLP) markers were also used to distinguish among related varieties
of cultivated tobacco [13,10]. The use of microsatellite markers in identification of tobacco varieties
was first reported by Bindler et al. [14]. Microsatellites, also known as simple sequence repeats
(SSRs), have several advantages over the other molecular markers, because of their high variability,
linkage to traits and linkage maps to specific chromosomes. Bindler et al. [14] reported 637 functional
microsatellite markers in tobacco, of which 282 were highly polymorphic and useful for identification
of closely related varieties of tobacco.

Until now, only limited information has been available on the relationship between morphological
variability and genetic diversity in cultured tobacco. However, attempts are made to examine the
degree of relatedness among tobacco cultivars at the genetic level. RAPD and AFLP markers analysis
was used to assess the polymorphism, similarities and relationships among flue-cure tobacco cultivars
in China [15]. Genetic diversity and genotyping of Indian FCV and burley tobacco cultivars was also
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investigated using RAPD technique [12]. AFLP analysis was used to determine genetic variation in 54
varieties of cultivated tobacco in India [16]. Molecular diversity of cultivated tobacco from USA, as
well as its changes over decades of cultivar development, was determined by microsatellite markers
analysis [17]. Comparative studies on the genetic relatedness of cultivated tobacco varieties from
USA, Central and South America were also done by microsatellite markers analysis [18].

Although approximately 25 tobacco varieties have been developed and cultivated in the last century
in the Republic of Macedonia, their classification until now was based only on morphological,
biological and technological characteristics such as selection based on pest resistance, morphological
traits and leaf quality parameters. In this study, we have evaluated the use of 30 microsatellite
markers [14] for the identification of 10 varieties of oriental and broad-leaf cultivated tobacco that are
currently grown in different tobacco growing areas in the Republic of Macedonia.

2. Results and Discussion

The application of the molecular marker technology to the cultivated tobacco, especially
microsatellite markers in the last few years, has provided fast and reliable methods for variety
identification. By our experience, the use of microsatellite markers in variety identification is highly
reproducible and is not affected by the quality of DNA or type of material used for DNA extraction
(green leafs, dry leafs or seeds). On the other hand, identification of cultivated tobacco varieties using
techniques such as AFLP and RAPD are reported to be highly affected by the quality of DNA and not
able to provide a clear distinction of the individual groups [10].

The size of amplified PCR products (ranging from 149—345 bp) using 30 SSR primer pairs is shown
in Table 2. Among microsatellite markers used, 24 were polymorphic (PT20021, PT20165, PT20172,
PT20176, PT20242, PT20388, PT20445, PT30005, PT30087, PT30096, PT30138, PT30144,
PT30150, PT30164, PT30274, PT30378, PT30480, PT30021, PT30077, PT30392, PT40021,
PT40035, PT30417, PT40015), which represents 80% of the selected markers.

A total of 90 alleles for 30 SSR loci were detected among 10 tobacco varieties (Table 1). The
number of alleles per locus ranged from one (PT1193, PT30160, PT30188, PT30321, PT30255 and
PT30463) to six (PT20172, PT30021 and PT40015) with an average of three alleles per locus
(Table 1). The highest polymorphic information content (PIC) showed dinucleotide and trinucleotide
markers, while markers with repeats consisting of more than three nucleotides were monomorphic.

An allele that was observed once in the 10 genotypes was considered rare. A total of 13 rare alleles
were observed at nine of the 30 SSR loci (Table 1). These rare alleles were present in only two tobacco
genotypes (Virginia MV-1 and Burley B-2/93), which can be attributed to the low number of broad
leaf varieties used in this study.

On average, 70% of the varieties shared a common allele. There was considerable range in highest
allele frequency, as illustrated by the fact that at PT20242 locus, the highest frequency allele was
present in only 30% of the genotypes, while PT1193, PT30160, PT30188, PT30231, PT30255 and
PT30463 loci were monomorphic.
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Table 1. Data on the number of alleles, number of rare alleles, allele size range, highest
frequency allele and polymorphic information content (PIC) found among 10 tobacco
varieties for 30 microsatellite markers.

Highest frequency allele
Marker No. of alleles No. of rare alleles Size range (bp) Size (bp) Frequency (%) PIC Value

PT 1193 1 0 228 228 100 0.00
PT 20021 2 0 342-345 342 90 0.18
PT 20165 2 1 202-205 202 95 0.10
PT 20172 6 2 196244 196 45 0.71
PT 20176 2 0 255-261 255,261 50 0.50
PT 20242 5 1 195-216 210,213 30 0.76
PT 20388 3 0 182-191 191 80 0.34
PT 20445 3 0 196-271 202, 271 40 0.64
PT 30005 4 2 227-254 251 75 0.41
PT 30021 6 2 222-251 241 40 0.73
PT 30077 3 1 205-213 205 65 0.49
PT 30087 2 0 177-180 180 90 0.18
PT 30096 4 0 229-241 238 40 0.70
PT 30138 3 1 216-222 216 85 0.27
PT 30144 4 0 262-286 262 70 0.48
PT 30150 2 0 186-189 189 65 0.46
PT 30160 1 0 181 181 100 0.00
PT 30164 2 0 152-155 152 80 0.32
PT 30188 1 0 155 155 100 0.00
PT 30231 1 0 180 180 100 0.00
PT 30255 1 0 225 225 100 0.00
PT 30274 5 2 193-208 202 45 0.67
PT 30378 3 0 219-228 219 60 0.56
PT 30392 5 1 253-271 253 35 0.70
PT 30417 2 0 182-191 182 90 0.18
PT 30463 1 0 149 149 100 0.00
PT 30480 4 0 153-171 159 60 0.58
PT 40015 6 0 156-172 168 40 0.76
PT 40021 4 0 151-182 154 50 0.64
PT 40035 2 0 196-199 199 80 0.32

Total 90 13

Mean 3 0.43 70.00 0.39
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Table 2. Size (bp) of PCR fragments from 30 microsatellite regions in 10 studied
tobacco varieties.

No.  Marker  Djebel P12- P23 Jb- Jk-48  P-80pt  P-66- NS-72  B-2/93 V

2/1 125/3 917 MV1

1 PT1193 228 228 228 228 228 228 228 228 228 228
2 PT20021 345 342 342 342 342 342 342 342 342 342
3 PT20165 202 202 202 202 202 202 202 202 202/205 202
4 PT20172 220 196 196 226 220 196 196 196/220  190/223 244
5 PT20176 255 261 261 261 261 255 255 261 255 255
6 PT20242 210 213 213 216 216 213 210 210 195/204 195
7 PT20388 191 191 191 191 191 191 191 191 185 182
8 PT20445 271 202 202 271 271 202 202 271 196 196
9 PT30005 254 251 251 251 251 251 251 251 227/254  230/251
10 PT30021 231 241 241 231 231 241 243 241 225/251 222
11 PT30077 205 205 205 205/207  205/207 205 205 207 205/213 207
12 PT30087 180 180 180 180 180 180 180 180 180 177
13 PT30096 232 238 238 232 232 238 241 238 229 229
14 PT30138 216 216 216 216 216 216 216 216 216/222  219/222
15 PT30144 262 262 262 262 262 266 262 262 286 270
16 PT30150 186 189 189 186 186 189 189 189 186/189 189
17 PT30160 181 181 181 181 181 181 181 181 181 181
18 PT30164 152 152 152 152 152 155 155 152 152 152
19 PT30188 155 155 155 155 155 155 155 155 155 155
20 PT30231 180 180 180 180 180 180 180 180 180 180
21 PT30255 225 225 225 225 225 225 225 225 225 225
22 PT30274 208 202 202 208 208 202 202 202/208  196/199 193
23 PT30378 219 219 219 228 228 219 222 222 219 219
24 PT30392 271 256 256 253 253 256 256 253 253/259 265
25 PT30417 182 182 182 182 182 182 182 182 182 191
26 PT30463 149 149 149 149 149 149 149 149 149 149
27 PT30480 171 153 159 159 159 153 162 159 159 159
28 PT40015 158 168 168 156 156 168 168 170 172 160
29 PT40021 154 151 151 154 154 151 154 154 182 179
30  PT40035 199 199 199 199 199 199 199 199 196 196

The level of polymorphism of the studied microsatellite loci was evaluated by calculating PIC
values for each of the 30 SSR loci (Table 1). PIC values varied widely among loci and ranged from 0.0
(PT1193, PT30160, PT30188, PT30231, PT30255 and PT30463) to 0.76 (PT20242 and PT40015),
with an average value of 0.39 per locus.
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We identified several microsatellite markers (PT20172, PT20242, PT20388, PT20445, PT30005,
PT30021, PT30096, PT30138, PT30144, PT30274, PT30392, PT40015 and PT40021) that could
readily distinguish the broad-leaf varieties from oriental varieties (Table 2). Even more specifically, 14
markers (PT20021, PT20172, PT20176, PT20242, PT20445, PT30005, PT30021, PT30096, PT30150,
PT30274, PT30392, PT30480, PT40015 and PT40021) can distinguish between Djebel and Prilep
varieties. In addition, we identified one marker (PT30480) that distinguishes between very closely
related Prilep varieties (P 12-2/1 and P 23). These SSRs can be used to prepare a DNA fingerprint
database of the existing and newly developed tobacco varieties in the Republic of Macedonia or in the
region, which can be used for varietal registration and protection of plant breeders’ rights.

The genetic distances among the 10 tobacco varieties were calculated with two different software
(see Experimental Section) and the obtained data was indicated as similarity coefficients according to
Edwards [19], Nei [20,21] and Rogers [22]. Genetic similarity coefficients obtained with different
programs and methods showed the same genetic distances, resulting in the same phylogenetic tree
(Figure 1). Here we present only the genetic distance coefficients according to Nei (Table 3).

The genetic distance coefficient within the studied tobacco varieties ranged from the very low value
of 0.03 for the combination of Jk-48 and Jb-125/3 to a high value of 1.08 for the combination of
Virginia MB1 and Djebel 1, indicating that a wide range of genetic diversity was present in the
selected varieties (Table 3). A cluster analysis for the selected 10 tobacco varieties showed that there
are three distinct clusters (Figure 1). The first cluster is represented by broad-leaf varieties—Virginia
MBI1 and Burley-2/93. The second cluster is represented by Yaka and Djebel varieties (Djebel 1, Yaka
Jb-125/3, Yaka Jk-48, NS-72), while the third cluster is represented by Prilep varieties (Prilep P12-2/1,
Prilep
P-23, Prilep P66-9/7, Prilep P-80pt). These three clusters of tobacco are clearly genetically distinct.

Figure 1. Cluster analysis of the 10 tobacco varieties based on the data of 24 microsatellite
markers, using the genetic distance of Nei [20,21].

Virginija MV-1

Burley B-2/93
—Jk-48
L_Jb-125/3

NS-72

Djebel 1

I:F‘ 23
P 12-2/1

L P-80pt

P-66-9/7
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Table 3. Comparison of the similarity of the 10 studied tobacco varieties based on the data
for 24 polymorphic microsatellite markers, indicated as Nei genetic distance [20,21].

B-2/93 Djebel NS- 72 Jb 125/3 Jk 48 P 12-2/1 P23 P 66-9/7 P 80pt V MB1

B-2/93 0.00

Djebel 0.71 0.00

HC 72 0.73 0.49 0.00

Jb 125/3 0.72 0.37 0.28 0.00

Jk 48 0.72 0.32 0.26 0.03 0.00

P 12-2/1 0.75 0.63 0.34 0.53 0.53 0.00

P23 0.67 0.63 0.29 0.48 0.48 0.03 0.00

P 66-9/7 0.83 0.57 0.39 0.59 0.59 0.31 0.31 0.00

P 80pt 0.75 0.69 0.49 0.72 0.72 0.11 0.14 0.27 0.00

V MB1 0.54 1.08 0.84 0.98 0.98 0.94 0.86 1.03 0.94 0.00

The lowest similarity exists between the broad-leaf varieties (Virginia MV-1 and Burley B-2/93)
and the oriental tobacco varieties, where similarity coefficient ranged from 0.71 to 1.08. Within the
oriental cluster, there are two different subclusters: the subcluster of Prilep varieties and the subcluster
of Djebel and Yaka varieties. Djebel and Yaka varieties have the higher similarity to each other
(coefficient of 0.32-0.49) compared with the lowest similarity between Djebel and Prilep varieties
(genetic distance coefficient from 0.57 to 0.69). This can be explained by the fact that present
cultivated Djebel and Yaka varieties in the Republic of Macedonia originated from the same variety
(Xanthian Yaka), but from different geographical origin and therefore are more similar to each other
than with Prilep varieties, which descended from variety Djumaj-bale [5].

The position of Prilep P12-2/1 in our philogenetic tree regarding to other oriental (Djebel and Yaka)
and broad—Ieaf varieties (Burley B-2/93) is comparable to its position in the philogenetic tree of
Bindler et al. [14]. However, further studies including more oriental tobacco varieties from the broader
region, as well as varieties from other parts in the world, will help in providing a clearer picture on the
genetic relatedness of oriental varieties and their position in the genetic tree of cultivated tobacco in
the world.

3. Experimental Section
3.1. Plant Material and DNA Isolation

Green leaves and seeds from 10 tobacco varieties (Djebel 1, Prilep P12-2/1, Prilep P-23,
Prilep P66-9/7, Prilep P-80pt, Yaka Jb-125/3, Yaka Jk-48, NS-72, Virginia MV-1 and Burley B-2/93)
were provided by the Tobacco Institute, Prilep, R Macedonia. For each tobacco variety, 2 DNA
samples were isolated: one from seeds and one from leaves. Plant material was homogenized in
analytical mill Cole-Parmer 4301-02 (Cole-Parmer Instrument Co., USA). DNA was isolated from 100
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mg homogenized material with DNeasy Plant Mini Kit (QIAGEN GmbH, Hamburg, Germany)
according to the procedure. DNA was eluted in 100 pL of elution buffer (10 mM Tris-HCI, 0.5 mM
EDTA pH 9.0) and the quality was assessed by 1% TBE agarose gel electrophoresis. The
concentration of isolated DNA was determined spectrophotometrically and the stock DNA was diluted
to make a working solution of 50ng/uL for PCR analysis.

3.2. Molecular Markers

A total of 30 SSR markers, out of 282 reported by Bindler et al. [14], were used in this study. The
markers were chosen on the basis of their chromosomal location and type of repeat (di-, tri- or more
repeat units). The name of the markers, type of repeat and approximate size of the amplified
fragment [14] is given in Table 4. Forward primers were labeled with different ABI dyes (FAM, HEX
or TET) for fragment analysis on an Applied Biosystems 310 Genetic Analyzer.

Table 4. Microsatellite markers used in the study.

Name Repeat Expected size (bp)
PT 1193 AC/AT 328
PT 20021 AAC 345
PT 20165 CT/CTT 208
PT 20172 CTT 203
PT 20176 CTT 258
PT 20242 AGG 200
PT 20388 AAG 185
PT 20445 AAG 193
PT 30005 TAA 230
PT 30021 TA 224
PT 30077 CA 210
PT 30087 CAA 177
PT 30096 GAA 234
PT 30138 GAA 222
PT 30144 TA 266
PT 30150 TA 229
PT 30160 TAAAAA 186
PT 30164 CAG 153
PT 30188 GA 159
PT 30231 CAT 184
PT 30255 GAAA 228
PT 30274 GGA 213

PT 30378 CGA 222
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Table 4. Cont.
PT 30392 TAA 270
PT 30417 CAA 193
PT 30463 TAAA 169
PT 30480 CAG 163
PT 40015 GA 170
PT 40021 CAG 153
PT 40035 CAT 199

3.3. PCR Conditions and Allele Detection

PCR was performed in 25 pL final volume containing 1xPCR buffer (10 mM Tris-HCI pH 8.3,
50 mM KCl, 1.5 mM MgCl,, 0.001% (w/v) gelatin), 0.2 mM dNTPs, 10 pmol of each forward and
reverse primers, 1U of AmpliTaq Gold (Applied Biosystems) and 50 ng of template DNA. For each
variety, two PCR assays were carried out with DNA isolated from seeds and leaves, respectively. The
PCR program consisted of initial denaturation at 94 °C for 10 min, followed by 35 amplification cycles
of denaturation at 94 °C for 10 s, primer annealing at 55 °C for 45 s and DNA extension at 72 °C for
1 min, followed by final extension step at 72 °C for 20 min. Incubation was carried out in a model
2720 thermal cycler (Applied Biosystems). Samples for capillary electrophoresis contained 0.5 pL
PCR product, 0.5 pL internal size standard and 20 pL formamide. Alleles were detected using the
GeneScan software package of Applied Biosystems.

3.4. Diversity Analysis

The polymorphic information content (PIC) value [23] was calculated for each microsatellite locus
as follows:
in n
— 2
PICl - 1 - Z Plj

j=1

Where PIC; is the polymorphic information content of a marker i; P;; is the frequency of the j™allele
for i marker, and the summation extends over n alleles.

The genetic clustering of the 10 tobacco varieties was done using the “R” software [24]. The
genetic distances were calculated with the “ade4” package [25,26], according to Edwards [19], Nei
[20,21] and Rogers [22], while the philogenetic tree was constructed with the “ape” package [27]. In
order to confirm these results, the genetic clustering was done also with GenoDrive software [28], and
the genetic distances were calculated using the methods of Nei [20,21] and Rogers [22].

4. Conclusions

Microsatellite marker analysis provides high resolution and can be used for fast and accurate variety
identification. Assessment of genetic diversity among varieties can be used in evaluation of purity and
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stability of genotypes entering into a breeding and seed multiplication program. The 24 microsatellite
markers used in this study allow identification of all 10 cultivated tobacco varieties in the Republic of
Macedonia. The obtained data could also be used for reducing duplicate collection of germplasm, and
therefore can be of great use in tobacco breeding programs in the Republic of Macedonia.

This study also provided additional information about N. tabacum population genetics and
expanded the knowledge about the genetic variation within diverse gene pools of cultivated tobacco.
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