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Abstract

Tong Z., Xiao B., Chen X., Fang D., Zhang Y., Huang C., Li Y. (2018): Construction of a genetic linkage map of cigar to-
bacco (Nicotiana tabacum L.) based on SSR markers and comparative studies. Czech J. Genet. Plant Breed., 54: 115-122.

Genetic linkage maps representing the tobacco genome have been an important tool for breeding programs
because of the elucidation of polygenic traits. We constructed a genetic linkage map of cigar tobacco (Nico-
tiana tabacum L.) based on an inter-type backcross population of 213 individuals and performed a comparative
analysis with other published maps of dark tobacco and flue-cured tobacco. The map consisted of 562 SSR loci
distributed on 24 tentative linkage groups and spanned a total length of 1341.18 cM with an average distance of
2.39 cM between adjacent markers. The comparative analysis revealed a Spearman correlation index of 0.93 for
marker order conservation with the previously published maps constructed for different tobacco types. Ap-
proximately 91% of the SSR markers common to other inter-type maps were located in the same positions as in
previous maps. The three maps exhibit good synteny in terms of the shared markers, which suggests that there
might be no translocation variations between the genomes of the cigar, dark and flue-cured tobaccos. These
results indicate the feasibility of generating a unique genetic map of preferred traits in cigar tobacco and that
such mapping may be helpful for breeding programs because plants derived from different inter-type popula-
tions can be rapidly scanned using the markers associated with useful cigar traits.
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The genus Nicotiana is a member of the family
Solanaceae and has been divided into three subgen-
era containing over 64 recognized species (GooD-
SPEED 1954). The best-known species is Nicotiana
tabacum L., which is grown commercially in at least
100 countries around the world (GERSTEL et al. 1979,
1980). At present, seven types of tobacco are grown
commercially including flue-cured, burley, cigar,
oriental, sun/air-cured, dark, and other tobaccos,
which are defined to a large extent by the region
and/or area of production, method of curing, and
intended use in manufacturing, as well as by dis-
tinct morphological characteristics and chemical
differences (WERNSMAN 1987). Furthermore, cigar
tobacco is one of the most important commercial

types used for tobacco production in the world, and
genetic research on cigar tobacco cultivars such as
linkage map construction and comparative studies,
is important not only for the mapping of important
traits but also for genomics-based breeding purposes.

The development of linkage maps covering the whole
tobacco genome has provided new opportunities for
the elucidation of complex polygenic traits, enabling
tobacco geneticists to identify and manipulate the
genetic information necessary to obtain superior
genotypes in breeding programs. With the rapid
development of next-generation sequencing tech-
nologies, tobacco genome sequences have become
available to the public through two independent
research groups (BOMBARELY et al. 2012; SIERRO et
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al.2013,2014; EDWARDS et al. 2017). Recently, based
on this genome information, many inter- and intra-
type tobacco genetic maps have been reported using
molecular markers such as DArT (Lu et at. 2013), SSR
(BINDLER et al. 2007, 2011; TONG et al. 2012, 2016),
and SNP (GONG et al. 2016). In particular, because
of their ubiquitous presence in the genome, highly
polymorphic nature, and co-dominant inheritance,
SSR markers are among the most popular markers of
choice for constructing genetic linkage maps in many
tobacco types including dark tobacco (BINDLER et al.
2007, 2011), flue-cured tobacco (TONG et al. 2012,
2016), and burley tobacco (Ca1 et al. 2009). However,
in cigar tobacco, only one report of the development
of a genetic map was created to identify QTLs for
black shank (Phytophthora nicotianae) resistance in
an inter-type cross (VONTIMITTA & LEwIs 2012).

The objective of this work was to construct a satu-
rated genetic linkage map of cigar tobacco based
exclusively on co-dominant SSR markers, and to com-
pare the current map with that of dark tobacco and
the previously published map of flue-cured tobacco.
Moreover, we tested the hypothesis that sufficient
significantly conserved linkage groups and marker
order arrangement exist between maps constructed
from inter-type crosses to allow the construction of
a unique BC,F, genetic map using a common cigar
donor parent in combination with different flue-
cured cultivars as recurrent parents.

MATERIAL AND METHODS

Plant materials. Flue-cured tobacco cultivar Y3,
cigar tobacco line Beinhart1000-1 and F, (Y3 x Bein-
hart1000-1) were used to detect polymorphisms of all
the SSR markers. Y3 is a landrace variety originating
from Zimbabwe with excellent quality and no resist-
ance to black shank (2. nicotianae) and brown spot
(Alternaria alternate), whereas Beinhart1000-1 is
a commercial cigar tobacco cultivar with excellent
agronomic traits and high resistance to black shank
(both race 0 and race 1 of P. nicotianae) and brown
spot. To improve the performance of Y3 via back-
crossing and marker-assisted selection, an inter-type
cross between these two materials was performed.
Subsequently, the BC F, population [(Y3 x Bein-
hart1000-1) x Y3] including 213 progenies was used
as the mapping population, which were later used to
construct an SSR-based cigar tobacco map.

Genotyping of BC,F, plants. Fresh young leaves
were collected from Y3, Beinhart1000-1, F, and indi-
vidual BC,F, plants. The total genomic DNA isolation
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and purification were conducted using a modified
CTAB method as described by ToNG et al. (2016).

During the map construction in this study, a total
of 19 042 SSR primer pairs were applied, including
13 645 newly published SSRs (TM-prefix SSRs; ToNG
et al. 2016) and 5397 other batches of SSR primers
(PT-prefixed SSRs; BINDLER et al. 2007, 2011), to
genotype the BC,F, plants.

Polymorphism detection of all the SSRs was per-
formed as previously described by TONG et al. (2016).
Subsequently, the whole population was genotyped
using polymorphic primers under the corresponding
conditions. The amplification products were sepa-
rated by electrophoresis on 5% (w/v) agarose gels
stained with ethidium bromide (0.1 pg/pl); for the
remnant monomorphic SSRs, single-strand conforma-
tion polymorphism (SSCP) analysis or electrophoresis
on 6% (w/v) denaturing acrylamide gels stained with
silver nitrate was performed for genotyping to detect
allele differences.

Map construction. The mapping data for each BC,F,
individual were scored according to the definition of
the JoinMap® Ver. 4.0 (VAN OOIJEN 2006). Markers
and genotypes with more than 10% missing data and
markers that displayed significant segregation distor-
tion (P < 0.01) according to Chi-square tests were
removed from the analysis. The linkage groups were
determined with a logarithm of odds (LOD) threshold
score = 3.0, and the Kosambi mapping function was
used to calculate genetic distances among loci. The
constructed map was drawn using the MapChart
Ver. 2.22 software (VooRrRrIpPs 2002).

Comparative analysis. Comparative mapping
analysis was carried out between the developed
linkage map (denoted as the YB map) in this study
and the previous map obtained for the Y3 x K326
intra-type cross (denoted as the YK map; TONG et al.
2016). A total of 318 SSR markers common to both
maps were evaluated for the conservation of linkage
groups and locus order arrangement. The conserva-
tion of the order of the markers was tested using a
Spearman correlation test in Excel. The difference
between recombination fractions of the two maps was
analysed using Mantel’s test for correlation between
matrices (MANTEL 1967). The pairwise comparison
was carried out with 9999 permutations using the
Ntsys Ver. 2.0 software (ROHLF 1989). In addition,
avisual comparative analysis was performed against
the dark tobacco reference map (denoted as the HR
map; BINDLER et al. 2011) using the comparative
map tools such as comparative map viewer, and the
reference map constructed for inter-type cross with
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the flue-cured and dark tobacco was also used for
comparative analysis.

RESULTS AND DISCUSSION

SSR marker polymorphism. Among the 13 645 TM-
prefixed SSRs, traditional genotyping analysis made
359 (2.63%) polymorphic primer pairs, generating 367
polymorphic loci, and SSCP analysis made 15 (0.11%)
polymorphic primer pairs generating 15 polymorphic
loci from the remnant monomorphic markers. In total,
374 (2.74%) TM-prefixed SSRs showed polymorphisms
and generated 382 polymorphic loci, with an average of
1.02 alleles. While after traditional genotyping analysis,
201 (3.72%) PT-prefixed SSRs showed polymorphisms
and generated 204 polymorphic loci. SSCP analy-
sis was conducted with the remnant monomorphic
markers. Subsequently, 11 (0.20%) PT-prefixed SSRs
showed polymorphisms and generated 11 polymorphic
loci. Taking the 5397 PT-prefixed SSRs as a whole,

212 (3.93%) primers were polymorphic, and generated
215 polymorphic loci, with an average of 1.01 alleles.
With regard to polymorphisms, the SSR primers were
less efficient than other PCR-based primers (RAPD,
SRAP, and ISSR). Polymorphisms were detected in as
little as 3.08% of the SSR primer pairs (586/19 042)
here. Such a low efficiency of generating polymorphic
markers by SSR has been observed in other studies
(ToNG et al. 2012, 2016), and the main reasons for
the low efficiency were the lower resolution of the
approach used to separate the PCR products and the
low polymorphism level between parental plants.
Linkage map construction. The linkage analysis
data set had a total of 597 polymorphic loci that were
used for map construction. After calculation, a linkage
map with 562 loci distributed over 24 tentative link-
age groups was constructed, and it was 1341.18 cM
in total length with an average marker distance of
2.39 ¢cM (Table 1 and Figure 1). The linkage group with
the most loci was YB07 and YB13 (49 loci), whereas

Table 1. Summary of the SSR-based genetic linkage map of cigar tobacco (Y3/Beinhart1000-1)

Linkage Loci No. Length Min interval Max interval Density
Groups total PT! ™ (cM) (cM/marker)
YBO1 17 6 (6) 11 60.13 0.33 7.96 3.54
YBO02 36 8 (6) 28 87.20 0.60 12.44 2.42
YBO03 16 9(9) 7 46.15 0.46 8.06 2.88
YB04 18 10 (9) 57.72 1.56 5.64 3.21
YBO05 15 8 (5) 48.67 0.28 7.14 3.24
YBO06 13 7 (6) 42.52 1.46 5.12 3.27
YBO7 49 11 (6) 38 68.31 0.00 5.45 1.39
YBO08 12 3(3) 9 40.10 0.00 7.33 3.34
YBO09 42 8 (5) 34 94.26 0.00 8.78 2.24
YB10 31 10 (6) 21 54.04 0.00 4.40 1.74
YBI11 33 14 (7) 19 99.26 0.00 8.90 3.00
YB12 30 6 (5) 24 95.96 0.24 8.63 3.20
YB13 49 14 (6) 35 66.53 0.08 5.28 1.36
YB14 21 7 (6) 14 48.06 0.00 4.43 2.29
YB15 14 6 (6) 8 35.01 0.60 5.95 2.50
YB16 13 7 (5) 24.89 0.30 3.86 1.91
YB17 39 9 (6) 30 60.60 0.15 7.81 1.55
YB18 14 8 (8) 6 35.27 0.81 7.36 2.52
YB19 23 12 (4) 11 43.66 0.28 8.50 1.90
YB20 11 7(7) 4 47.30 1.36 7.30 4.30
YB21 20 13 (11) 7 58.04 1.50 7.85 2.90
YB22 17 7 (4) 10 49.63 0.00 9.94 2.92
YB23 18 9(9) 9 47.30 1.28 6.54 2.63
YB24 11 6 (6) 5 30.57 1.12 8.29 2.78
Total 562 205 (151) 357 1341.18 0.00 12.44 2.39

PT, TM — PT-/TM-series SSR primers; 'the number in parentheses indicates the shared markers in the same linkage groups

between the YB map and HR map constructed by BINDLER et al. (2011)

117



Original Paper Czech J. Genet. Plant Breed., 54, 2018 (3): 115—-122
https://doi.org/10.17221/121/2017-CJGPB
YBO01 YB02 YB03 YB04 YB05 YB06 YB08
000—A—PT61521  0.00——PT61575  0.00——TM50331  0.00—(—TMB4939  0.00—(\—PT54387  0.00 —— PT54444 0.00 —— TM51852
286~ TM61080  1.64— 1~ PT60894 _ .
38— TMSE79  gop T presosr 320 A NTM51363 518l pTet3ts o PTS0269" 384 ——PT61160
6.31- > TM50692  4.38 PT54790 781 — 1 TMB1427 6.55 —— TM57612 7.33 —-— TM53760
9.33 ——— TM51263 10.85~] |- TM51853 972 ——TM52679  9.33 ——— TM50776
1312~ |- PT61371 12 58 ——— PT53040 , .
1875+ | | /PT50679  15.79~] PT20286 1530 | TM51930 13.66 ——— TM55006 1331 prezrsr
1737~ | -TM62114 9y TMB4533 1616 PT50777* 16865 PTo0st o || e
on PT52008 5755\ /TM80682 1089/ I\ Thstozy 18:68—1—TM5088 171410\ Tmssoe2  17- 19.86 —— TM55000
2226 ——TM64123  29.95 PT52259 1745 PT30202 19.37 PTS4713 93 95 1 PT50951 »
30.98 TM61079 18547/ \\'PT51286  24.21——PT30167  20.81 A TM52240 2630 TM53313
31.95 TM51254 2361 TM50039  27.07 ——— TM52530  24.63 HS TM55290  27.06 ~_|- TM53958 s 2945 PT61234
30.21~[_L- TM52029* 32 40 PT50031  28.14-| [\ TM57320 3091 1| PT60647 27.50-7] [™~PT50946  30.21~ |~ PT50120 «  31.02~ ), TM56398
31.68 —— TM52037 3299 TM66327 3406~ | pTeosz2 3045 |- TM56686  31.68 ~— TM57692* 33.11~J ] PT30057
3304T|“PT54553 3326 \-PT64184 3362~ PTO0524 =2 P70 ihs, 3333~ PT53239  33.04 17~ PT53345 1 | T™e4857
3540 I TMG2038 3456 RN TMEASST 30 o0 || Tspo0 3043~ | - PTS26TI* 35407 [~ TMSS427 S Twsasos:
35497\ TM51444 38 N Doty 3856~ TMST578 3702 TM54554"
4252 —1—TM58413  36.35 Tm62207 4230 —1~TM58031  42.05—-—TM59672 4250 — ] PT53118 40.10 TM52946
45.05——PT51665 37217 11 | TM53168 His RN 45.26 ——— PT50037
3868 TM56509 ~ 46.15———PT30292  46.30 PT60424
4981~ |- TM51801 1480 PT30061 NN 48.67 —— PT53471
52.69~] | ~PT54449  47.74//\\ TM53852 S011 TM61488
53027 ~TM51128  50.967 | | \ TM53741 5313 —— PT20244
57.32——TMsdo31 8520 [ TMS3181 57.72 —— PT53681
60.13 —— PT50009 0368 TM56570
: 67.05 PT53316
70,06\ /7 TM50804
7135\ TM54862
73.26\ |/, TM58242
73.92 -\ TM65233
74.61 /- TM56994
TM63802
I TM62446
|- TM51960*
— TM51950*
85.19 /R~ TM57261
86.03 TM51951
87.20 TM60380
PT50841
YB10 YB11 YB12 YB14 YB15 YB16
PT61361  0.00——TM58464  0.00 ——PT54640  0.00 —— TM50829 TM59716  0.00—(—PT53687  0.00—(\—TM61347  0.00 TME6722
TMB1519 211 —T—TM60282  344~| |- TM61379*  102-] | TM62182 TM59718  1.81 ]~ TM53145 1.36 PT50334*
TMS0744 571~ |-TM58765 636~ |- PT53845* 367 [ TM63198 PT53568"  3.84-] [“TMB0323 427~ PT55400 49 TM56799
TMB5862  7.04 —~PT53939* 703 ——~PT61647  6.93—TT~TMB0015 TM52608* 823~ |- TM51177  7.69~11-TM62119*  ggg PT61582
TM62731 832 [\NTM58724  8.06 TM60244  9.51 — T~ TM64911 TM66259 TM55308  9.36 ——PT60048 1008 TM66642*
TMB0307  10.66 ; _t TM59467  10.83 TMB1727  12.18 —— TM51520 TM56048 Y TM53159  11.33—TT~TMS5716 1258 PT30316*
TM58754* 13541 [N TM66144 12,07 //—\\ TM51563 TMB4762 PT54896 12.88 TM58875*
PT61650*  15.83-7E)\ TM58996 1457 775\ Tmese2s 16.35 ——— TM53408 PT30028 TM59841 1728~ 1~ Eggggi 13.99 PT52296*
TM55657 16107\ PT50761  16.00//E0\ TM51572 2033 TM53334 TM56052  17. TMs9840 1888 == e 1564 TM53385*
T™B0313  17.14 L[\ PT52285  17.35 /I |\ PT50433 PT54990  18.387/\ TMe2717* 19487} |~ e 1645 PT20196+
T™M51161  17.73 TM58997  18.06 TM64225 TM63991  20.56 / TMs1445 225770 {~ Prsoats 1948 TM59808
T™M51171 19244/ \\ TM52912  18.88 PT60975  27.46 —|-— PT50655 TM63322 2196/ PT51068 gg;j TN Tioess 2103 PT60882
PT50392  22.89//\' PT52781 19_88j PT53000 TM55978  26.39 TMsz2r0 28T ey 2489 PT53759
TM57227 TM60044  20.87 TM50883 39 95— TMS51007 TM58976  27.50 PT60379 - P 1e3000
TM62296 PT53889  26.827/| \\ PT54709 ’ TM55076  31.78 Tsazzs 3363747 FISS
PT54096 TM59670 3315 PT54501 TM50962 3363 TMs4055  35.01 52853
PT60614 TMB4070 TM55493  37.457] |\ PT52162
TM62568 TM52900 42,05 — - TM53883 ~ 41.59 ——— TM54118 TMB3IS . [\ TMB2007
TM51488 PT50232* T™e4826 41907 | | TPT54719
TM57889 TMB3663 40 00 | | praoons TM50959  45.34 ] | TM59087
TM53701 PT50459 49.95 - TMB4117 TM55494 48,06~ PT30053
TM58713 TM66243 PT53435
TM55659 PT53704 A TMB4421
PT30235 TMe3666 D00 TM53389 gg;i‘; NE mgggzg TM50988
TM54854 PT50708 5961 ———PT54697 6246 TM60848 TM55503
TM58483 TM59954 6351~/ TM51526 TMB4194
TM56658 TM64728 6375 1T TM51527 PT60275
TM57874 TM57187  67.92~] | TM53391 5/ prsoans TMS50965
TM57882 TM59950 6915~ TM53390  cc'o0 /| I\ praasta TM50963
TM55734 TM53041  69.56 TMB3923 g0 o /N Trs0253 TM64836
TM52388 PTs441s 7237 [NPT53140  70907/FN prsi05f PT51281
TM51297 76.83 —— TM53388 7921 PT54314* TM63618
PT60803 733 :\ TMe4aas TMB0878
TM51634 81.66 ~_| - TM56352 75.89 PT54631 PT50036
TM57493 8343 - TM54249 -2/ \\ TMs8450 TM61612
PT52176 86.24 7T~ TMEG383 o567/ ||\ T52769 PT51381
TM55852* 88.01 PT54748  ooa /T I\ TMB3741 TM61617
TM52394 | | 'PT50062 000 L1 TMso674 PT61401
TM53062 9240~ TMB3626 ool N Tme3002 PT53483
TM55592 9631 ——PT61544  g-"oc N 61846 TM50592
TM57500 99.26 —— TM60947 ’ TM50597

118

TM63392

PT52814*
TM50596*
TM55490
PT50790
PT60739




Czech J. Genet. Plant Breed., 54, 2018 (3): 115—122 Original Paper
https://doi.org/10.17221/121/2017-CJGPB
YB18 YB19 YB20 YB21 YB22 YB23 YB24
0.00——PT52318  0.00——TM55800  0.00——PT50243  0.00—2—PT51085  0.00——PT54703  0.00—(}—TM64032  0.00 —— TM58684
136~ [N TM58755 297 ~| |- PT53596* 0.65//—\" PT53684 1590~ TM54302  1.65— [ PT54559
499 ——PT51719 625~ |- PT51961 231 TME5058* 502~ TMGO790 5 g1 //T\\TMB6226  4.98 ——— PT52059*
868~ |- TM51611  10.00 \| |/ TMesse9  7.31 TM51350  570/-\TM56475 7.3~~~ PT53474" 408 //m\\ PT50346 ¢ o, TM52662¢
10.08——PT60438 11,68\ PT54246 742 TM56325 867 [~TM57615 550 TM54318 4 TM57985*
1258 —1—PT50302  14.08~J ], TM55801 . 1056 PT30257 7.08 PT52156* .- PTS 1624+
13661 TM51638 1513~ TM61185 1385 — T PT30037 1492~ L-PT55067  g75/\ Tmes218 1 1 ?g \ prote2d:
15.31 PTS0006 1577 /ON-PT51246  17.09——PT54750* o 0 || prgpors 160277~ PT52358 1382 TM54319 g AN "
18,9511~ TM57799*  16.34 PT50755 - 1863 T~ TMS7772 4610 PT51922 1954 w:ggg
2038 PT30243  16.69/\ PT53482 2336 PT30160 18.88 TM54311 1974
22.86 TM55050  17.73 PT51813 2445 ——TMSes71 2820 7T~ oo 20537\ PT52353 2228 TMB0635
20.70 TM65217  26.66 — PT61002* 29'07 W PT54819 TM53489 2414 PT53308*
3022~ -PTE2S45 2189/ 1\ TMs5805 s b 2T 2861 “PT30380 30571 prsst0
31.03-T [~ TM60083 2945 TM56597 32,00 ———TMs7937* SO0 T T e 31.96— - TM54147 :
3527 —o—PT51191 31237 1~ TM6E018 e Provger  asgas | | prsorr T[T
’ 3527 /FN-PT53454 373 ——PT51219* 2030 . 1023\ |/ pT52070
36.82 )\ PT53273* 3894 1 TMS6319T oV Tmea03  40-00 ~{~ PT30077
3782\ TM53143 4232 —-—Tmsteo0 4102~ PT84212 - S0 N |/ o leogeo  40-84 - | TM54308
38.94 PT51919 44.60 —H— PT51054 2N 43,66 — T~ PT60193
4595~ |- PT52111 I | TM54152
39.22 TM63698 4730 pT50208  47-00 —1— TM50020  46.33 ] TM63302  47.30 —5— TM54314
40.88 TMe6456 49.07—T=PT30355 4050 /N 58517
iy Froes 52,91 —-— TM50307 49,63 PT53361

58.04 ——— PT60876

Figure 1. The genetic linkage map of cigar tobacco constructed from the BC F, population of Y3 x Beinhart1000-1; in

each linkage group, the names and positions (cM) of markers are shown on the right and left side, respectively; distorted

markers (P < 0.05) are indicated in bold and by asterisk

YB20 and YB24 had the fewest loci (11 loci), with
an average locus on each linkage group of 23.4. The
longest linkage group was YB11 (99.26 cM), whereas
the shortest was YB16 (24.89 cM), with an average
linkage group length of 55.88 cM. The largest average
distance between markers was on YBO1 (3.54 ¢cM), and
the shortest was on YB13 (1.36 cM). The largest gap
between markers was 12.44 ¢cM on YB02, which was
also the only gap > 10 cM on the whole linkage map.
Among the 597 polymorphic loci used for map
construction, 98 loci (16.42%) showed segregation
distortion (P < 0.05), and 63 distorted loci, account-
ing for 11.21% of the mapped loci, were unevenly
mapped on tobacco linkage groups, with 1-7 loci on
each linkage group (Figure 1). The most distorted
loci were on YB16 (7), YB20 (6), and YB24 (6), ac-
counting for 30.16% of the mapped distorted loci.
Segregation distortion is a common phenomenon
with all types of DNA markers. High segregation
distortion has been observed in other members
of the family Solanaceae, including eggplant (30%,
DOGANLAR et al. 2014), pepper (38.84%, ZHANG et
al. 2016), potato (45.13%, BOURKE et al. 2015), and
tomato (21.3%, SHIRASAWA et al. 2010). The reason
for segregation distortion remains unclear, although

it has been attributed to several selective factors
including aberrant pollination and fertilization, the
presence of lethal genes, gamete competition, abor-
tion of gametes and zygotes, and sampling error due
to a small population size (LyTTLE 1991). In the cur-
rent study, the use of an inter-type cross may have
led to high segregation distortion, as explained by
BRATTELER et al. (2006) and TADMOR et al. (1987).
Moreover, most markers (65%, 63/98) were skewed
toward the flue-cured parent, showing an overrep-
resentation of Y3 alleles in our study.

Comparative analysis. The current linkage map
(cigar tobacco) was compared with the HR map (dark
tobacco) and previously published YK map (flue-cured
tobacco) on the basis of common SSR markers (Table 2
and Figure S1 in Electronic Supplemetary Material).
The Spearman correlation analysis was performed us-
ing the common SSR primer sequences of the tobacco
genome on each two maps and revealed a mean cor-
relation index of 0.93, indicating high marker order
conservation. The Mantel test revealed an average
correlation index of 0.81 between recombination
fraction matrices. These results indicate that marker
distances and orders were well conserved between
each pair of maps with only slight differences.
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YB map versus HR map: One hundred fifty-two
SSR markers were shared by the YB map and the HR
map. The order of the SSR markers was completely
conserved, except for one PT-prefixed SSR marker
pair (PT51054 and PT54212 on linkage group 21).
The two markers were tightly linked in both maps,
but their order was reversed in our map.

YB map versus YK map: The common SSR markers
in both maps were connected with red and green
solid lines. Out of the total 318 SSR markers com-
mon to both maps, 277 (87.11%) maintained the same
order, 40 (12.58%) showed order inversions and only
one marker (PT54449) was mapped to a different
position on linkage group 1 (approximately 55 cM

https://doi.org/10.17221/121/2017-CJGPB

in YBO1, approximately 7 ¢cM in YKO1). In addition,
the common SSR markers were highly conserved
between the two maps, except for 20 marker pairs,
which were tightly linked in both maps but their
order was reversed in our study.

HR map versus YK map: Seventy-eight common
SSR markers were distributed on all 24 linkage groups,
except for linkage group 5, from which no shared SSR
markers were obtained, and the numbers between the
remaining 23 linkage groups ranged from 1 to 11. Out
of 78 common markers, 68 (87.2%) maintained the
same order, and 10 (13.8%) showed order inversions,
indicating that there was a high level of collinearity
between the maps.

Table 2. Statistics of the dark (HR), cigar (YB), and flue-cured (YK) tobacco comparative maps

Linkage No. of common SSR markers! Variations in common marker order and position?
Groups HR & YB YB & YK HR & YK HR & YB YB & YK HR & YK
1 6 (1) 9(1) 1(1) 0 3 0
2 6 (3) 18 (3) 3(3) 0 4 0
3 9 (3) 5(3) 6 (3) 0 0 0
4 9 (3) 6 (3) 3(3) 0 0 0
5 5 (0) 3(0) 0(0) 0 2 _3
6 6 (5) 6 (5) 6 (5) 0 2 2
7 7 (3) 37 (3) 3(3) 0 4 0
8 3 (1) 4(1) 1(1) 0 2 0
9 5(3) 29 (3) 3(3) 0 0 0
10 6 (1) 19 (1) 1(1) 0 0 0
11 7 (1) 13 (1) 1(1) 0 0 0
12 5 (4) 21 (4) 4(4) 0 2 0
13 6 (5) 40 (5) 5 (5) 0 2 0
14 6 (3) 13 (3) 3(3) 0 0 0
15 6 (3) 8 (3) 3(3) 0 4 0
16 5(2) 4(2) 3(2) 0 2 2
17 6 (2) 14 (2) 2(2) 0 2 0
18 8 (5) 7 (5) 5 (5) 0 2 2
19 4(2) 13 (2) 2(2) 0 2 0
20 7 (3) 5 (3) 3(3) 0 2 2
21 11 (11) 19 (11) 11 (11) 2 2 0
22 4(3) 9 (3) 4(3) 0 0 0
23 9 (4) 13 (4) 4(4) 0 4 2
24 6 (1) 3(1) 1(1) 0 0 0
Total 152 (72) 318 (72) 78 (72) 2 41 8

'HR — the map constructed by BINDLER et al. (2011) using Hicks Broadleaf and Red Russian tobacco; YB — short for the genetic

linkage map based on Y3 and Beinhart1000-1 in this study; YK — the map reported by ToNG et al. (2016) based on two flue-

-cured tobaccos Y3 and K326. The number in parentheses indicates the common markers in the three maps (HR & YB & YK);

Zindicates the number of differences in shared marker order and position between two maps; *indicates no shared markers in

group 5 between the HR and YK maps
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In conclusion, marker orders were well conserved
when comparing the present map with the other two
maps, demonstrating that tobacco SSR marker posi-
tions are well established and that anchor markers
can be selected for mapping studies using popula-
tions of different tobacco types for the purposes
of comparative studies. However, there are some
shared markers showing inconsistent orders in the
three maps. Many studies have shown that minor
variations of marker order and position are com-
mon among genetic maps constructed from different
mapping populations (RODER et al. 1998; XUE et al.
2008). Such minor variations might not be true for
chromosomes because they may result from sampling
errors or other causes. However, some large varia-
tions of marker order and position, such as the large
inversions in linkage groups 6, 16, 18, 20, 21 and 23
among the three maps, seem unlikely to be caused
by sampling errors. Nevertheless, it is important to
note that our comparative analysis was performed
at the macro level, with markers spaced at millions
of DNA base pairs in the genome. Thus, our analysis
does not provide precise information about genomic
regions related to traits of economic and quality
interest or whether the QTLs detected in different
populations will be present in the same regions con-
sidering different backgrounds and environmental
conditions under which the crosses are performed.
Furthermore, since our study established map dis-
tances, the utilization of the cigar-type tobacco can
be explored in a wide range of crosses with other
types of tobaccos at a lower cost and in less time.
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