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Genetic Diversity and Heterosis in Nicotiana* 
I. Interspecif ic  Crosses 1 
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Summary. Two flue-cured varieties of N. tabacum were 
crossed to putative progenitor species and to distantly 
related species. Heterosis for yield, plant height, and 
number of leaves was largest for crosses to progenitor 
species, particularly to N. otophora and N. tomentosi- 
/ormis. The magnitude of this heterosis appeared to be 
greater than estimates pre~ented in the literature for 
crosses among varieties of N. tabacum. An additional 
study presented some evidence for the genomic basis of 
heterosis in crosses of N. tabacum with N. tomentosiformis 
and N, sylvestri~. 

Introduction 

A number  of studies have  been conduc ted  in 
Nicotiana to  obtain  est imates of heterosis in F 1 
hybrids.  This heterosis, when measured  as general 
vigor of the plant,  is similar to luxuriance described 
by  DOBZHANSKY (1952). Th roughou t  this paper,  the 
point  of reference will be the mean of bo th  parents,  
and heterosis will per ta in  to the deviat ion of F 1 f rom 
mid-parent .  

Ea r ly  reports  on results of hybr id iza t ion  in N.  
tabacum L. pointed out  the lack of heterosis in the 
varieties and strains which existed at  t h a t  t ime. 
DARWIN (1876) made  special note  of crosses among  
varieties of N. tabacum by  describing the  lack of 
vigor in crosses as a curious case. SETCHELL et al. 
(1922) summarized  results of in tervar ie ta l  crosses in 
N. tabacum as follows: " W h e n  we are dealing with 
complex differences, the F 1 is commonly  in termedia te  
in charac ter  expression between the two parents.  Not  
only is this t rue as respects the F 1 p lant  as a whole 
bu t  it is also t rue  for individual  characters" .  

I n  recent  years  there has been a large amoun t  of 
da t a  on heterosis presented with a wide va r ie ty  of 
strains of N. tabacum. Examples  of these studies are 
given by  RAVE (1934), OKA et al. (1959), MURTY et al. 
(1962), POVlLAITIS (1964), OKA and EGI:CHI (1965), 
MURTY (1965), CrlAeLIN (1966), MARANI and SACHS 
(1966), MATZlNGER et al. (196o), MATZlNGER and MANN 
(1962), MATZlNGER *t al. (1962), MANN et al. (1962), 
and AYCOCK et al. (1963). In  general, heterosis values 
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for various characters  ranged f rom no heterosis to 
only modes t  amounts .  However ,  in a few cases the 
F 1 hybr id  exceeded bo th  parents.  In  m a n y  of these 
studies, increased heterosis was a t t r ibu ted  to in- 
creased genetic diversity,  a l though m a n y  crosses of 
varieties with apparen t ly  diverse origin did not  exhi- 
bit  heterosis. 

Interspecif ic  hybr id iza t ion  within Nicotiana has 
been pract iced extensively,  however,  there is little 
informat ion on comparisons of the interspecific 
hybr ids  wi th  the parent  species for g rowth  charac-  
teristics in replicated trials. Results  of early obser- 
va t ions  on differences among crosses in interspecific 
hybr id iza t ion  are summarized  b y  KOSTO~F (1941 to  
1943). W h e n  crosses were made  between N. tabacum 
and other  species, the crosses to N. sylvestris Speg. 
and  Comes and N. rustica L. were ve ry  vigorous, 
whereas the  crosses to more d is tant ly  related 'N. 
sanderae' or N. alata Link and Ot to  produced dwarf  
hybrids.  A large number  of f lue-cured varieties of 
N. tabacum were compared  with their crosses to  
N. sylvestris by  MANN andWEYBREW (1958). Al though 
N. sylvestris was not  included in the test, the relative 
performance of the hybr ids  compared  with the flue- 
cured pa ten ts  indicated tha t  appreciable heterosis 
was being exhibited in the crosses. ASHTON (1946) 
summarized  reports  of heterosis in m a n y  of the self- 
poll inated crops, including tobacco.  His survey  in- 
dicated some evidence tha t  greater  heterosis was 
exhibited from interspecific crosses than  intraspecific 
crosses. 

The present s tudy  was designed to measure the 
heterot ic  response when flue-cured varieties of N. 
tabacum were crossed to species of Nicotiana with 
va ry ing  degrees of phylogenet ic  diversity.  N. tabacum 
(n = 24) is an amphidiploid of two 12-chromosome 
species. The probable  progeni tors  are N. sylvestris 
(genome designation, S'S') and a member  of the 
Tomentosae  section, either N. otophora Grisebach, 
favored b y  GOODSPEEB (1954), or N. tomentosiformis 
Goodspeed favored by  GERSTEL (1960). The genomic 
designation of the Tomentosae  section representat ive  
is T'T' .  The species representat ives  in the crosses 
were these three candidates  as progeni tors  of N. 
tabacum, and two more d is tan t ly  related diploid 
species, N. glauca Graham and N. glutinosa L. In  
addition, three varieties of N. tabacum were crossed 
to KOSTO~'s amphiploid  4 x (N. sylvesEris × N.  
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tomentosiformis) to obtain additional information o n  
genomic contribution to heterosis. 

M a t e r i a l s  a n d  M e t h o d s  

Two flue-cured varieties of N.  tabacum, SC58 and 
Coker 139, were each crossed with single accessions of 
N.  otophora v. La Quinta (UCBG 37-232), N. tomen- 
tosiJormis (UCBG 59-G-54), N.  sylvestris v. Catamarca  
(UCBG 49-G-87), and N.  glutinosa (Kehr 3) and two 
accessions of N.  glauca, a yellow flowered strain 
(Kehr 3) and v. lateritia, a purple flowered strain 
(UCBG 37-12). 

Each species representative and the F 1 hybrids 
were seeded individually in paper  cups in the green- 
house and t ransplanted to the field when the N. 
tabacum entries were approximate ly  six inches tall. 
The material  was evaluated in a randomized complete 
block design with three replications and 2o plants 
per plot at  Clayton, North  Carolina, in 1964. Cultural 
practices were those normally employed for flue-cured 
tobacco. 

Plants were topped at a point two leaves below the 
first floral branch o[ the inflorescence as they flow- 
ered. Days to flower were recorded as the number  of 
days from transplant ing to flower of 50 percent of the 
plants in the plot. The number  of leaves and plant 
height were recorded on ten competi t ive plants per 
plot and converted to plot means. As leaves of the 
flue-cured varieties matured  they were removed from 
the plants at weekly intervals and cured. Although 
normal ripening did not occur in the species other 
than N.  tabacum or in the hybrids, leaves were 
removed from stalk positions of the entries corre- 
sponding to the t ime of ripening in the flue-cured 
varieties. A simulated cure was obtained for these 
entries by  placing them in the curing barn with the 
flue-cured varieties. At the end of the season the 
leaves from each plot were weighed and converted to 
a yield per acre basis. 

In a separate  study, three varieties of N.  tabacum, 
viz. Hicks Broadleaf, NC 95, and Coker 316, were 
each crossed to KOSTOFF'S amphiploid 4 X (N. syl- 
vestris × N.  tomentosiJbrmis). This amphiploid was 
originally received by  R.E.  CLAUSEN from D. KOSTOFF 
and it has been maintained for several decades by  
selfing. The three N.  tabacum varieties, KOSTO~F's 
amphiploid, and the three F 1 hybrids were evaluated 
in four replications at  Whiteville, North  Carolina, in 
1966. The procedures of field experimentat ion were 
the same as those of the previous study. 

R e s u l t s  

The means for the species and interspecific hybrids 
are presented in Table 1. N .  otophora, N .  tormntosi- 
formis,  and the two selections of N. glauca had not 
flowered at the completion of harvest  of all of the 
leaves lO5 days after t ransplant ing the experiment 
to the field. Differences among the species were 
significant (P = .Ol) for all characters. The extreme 
range of performance of the species is indicated by  
a fifteen-fold difference in yield, an eight-fold differ- 
ence in final plant  height, a five-fold difference in 

2 University of California Botanical Garden accession 
number. 

3 Seed received from A. E. KEBR in 1949. 

Table 1. Per/ormance o[ Nicotiana 
hybrids. 

Yield 
Entries lbs./A. 

N. tabacum (C139) 
N. tabacum (SC58) 
N. otophora 
N. tomentosi/ormis 
N. sylveslris 
N. glauca (y) 
N. glauca (p) 
N. glutinosa 
C139 × N. otophora 

3384 
2318 
18oo 
1613 
1555 
690 
490 
230 

3781 b 
2898b SC58 × N. olophora 

C139 × N. tomentosi/ormis 
SC58 × N. tomentosi/ormis 
C139 × N. sylvestris 
SC58 x N. sylvestris 
C139 × N. glauca (y) 
SC58 × N. glauca (y) 
C139 X N. glauca (p) 
SC58 × N. glauca (p) 
C139 × N. glutinosa 
SC58 × N. glutinosa 
LSD ~o 5 

.O1 

3129 
273 lb 
2885 
2026 
2o14 
1364 
1786 
1 2 3 2  

1536 
1186 
260.o 
35o.1 

species and interspeci/ic 

Height Leaves Flower 
can. no. d a ~  

132 30 71 
123 23 56 
lO5 27 lO5 a 
171 42 lO5 a 
69 20 51 

z2o 6 4 1o5 a 
z43 60 lo5 a 
35 12 18 

zl6b 34 78 
too ° 28 74 
z25 ° 32 79 
Z a l 0  35 77 
t2o 21 55 
112 18  4 7  
ZOl 41 68 
193 4 ° 63 
zo2 37 67 
164 29 57 
65 12 36 
76 11 36 

20.5 4.5 4.9 
27. 5 6.0 6.6 

a Plants had not flowered at termination of experiment lo5 days following trans- 
planting. 
b Hybrid performance exceeds high parent at P = .ol. 

number  of leaves, and a six-fold difference in days to 
flower. 

Differences among the hybrids were also significant 
( P - - . O l )  for all characters. The 12 hybrids were 
arranged in a 2 × 6 table, with the two varieties of 
N.  tabacum against the other six species. Est imates  
of sources of variat ion were obtained for differences 
between the two N.  tabacum varieties measured in 
interspecific hybrids (1 df), differences among the 
species other than N.  tabacum measured in inter- 
specific hybrids with the two varieties of N.  tabacum 
(5 df), and interaction between N.  tabacum parents 
and the remaining species parents (5 df). 

Average performance of the two N. tabacum varie- 
ties in the interspecific hybrids was significantly 
different for all characters (Table 2) with the per- 
formance of the hybrids in the same direction as the 
N.  tabacum varieties per se (Table 1). However,  the 
differences were reduced in the hybrids for yield, 
number  of leaves, and days to flower, whereas the 
9 cm. difference of the two varieties for plant  height 
was maintained in the hybrids. 

Differences among the six other species measured 
in F 1 hybrids with N.  tabacum were also significant for 
all characters. There was some interaction of N. 
tabacum by  other species parents in hybrids. In the 
N.  tabacum × N.  tomentosiformis hybrid, plant  height 
and number  of leaves were less in the C 139 cross 
than  in the SC 58 cross, and in the N.  tabacum x N .  
glutinosa hybrid, plant height was less in the C 139 
cross than in the SC 58 cross. In  all other cases the 

Table 2. Per/ormance o/ the two N. tabacum varieties 
averaged in all inlerspecitic hybrids. 

Yield Height Leaves 
Entries lbs./A, cm. no. 

C139 Hybrids 2522 172 30 
SC58 Hybrids 19o6 162 27 
Difference 616"* lO* 3** 
* Difference significant at P = .05. 

** Differeneesignificant at P ~ .o1. 

Flower 
days 

64 
59 

5 * *  
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Table 3. Percent heterosis o[Flinterspecific 
mid-parent average. 

Entries 

C139 × N. otophora 
SC58 × N. otophora 
C139 × N. tomentosi/ormis 
SC58 × N. tomentosi/ormis 
C139 × N. sylvestris 
SC58 × N. sylvestris 
C139 × N. glauca (y) 
SC58 × N. glauca (y) 
C139 × N. glauca (p) 
SC58 × N. glauca (p) 
C139 × N. glutinosa 
SC58 × N. glutinosa 

Yield Height 
lbs.lA, cm. 

46** 82** 
41.* 66** 
25** 48** 
39** 64** 
1 7 " *  1 9 "  

_ 51 16 
14"* 
1 2 ,  

8 
- 1 2  - 1 0 *  
-1~, -22, 

- 4  
* F1 deviates from midparent at P = .05. 

** F 1 deviates from midparent at P = .ol.  

hybrids above 

Leav es  
no. 

1 8 " *  
11 

-11" 
8 

- 1 6 "  
-18" 
- 1 2 " *  
- 8  

-17"* 
-3 °** 
-44** 
-36** 

Flower 
[ days 

- 1 1 " *  
- 8 * *  
- l O * *  

- 4  
- 1 0 " *  

-13"* 
-23** 
-21"* 
-24** 
- 2 9 " *  
- 1 8 " *  

- 3  

relative direction of performance of the hybrids was 
the same as for the N. tabacum varieties per se. 

Hybrids  of SC 58 and C 139 with N. otophora and 
N. tomentosiformis were taller than  the taller parent  
of the cross and except for C 139 × N.  tomentosiformis 
their yield exceeded the high yielding parent  (Table 2). 
The percent heterosis above mid-parent  for all 
hybrids is presented in Table 3. For yield and plant  
height, some hybrids were above mid-parent  and some 
were below. For number  of leaves, there was a re- 
duction in leaf number  for all hybrids except for the 
crosses to N. otophora and SC 58 × N.  tomentosi- 
formis. All of the hybrids flowered earlier than the 
mid-parent.  Although not all crosses exhibited hete- 
rosis, there was a definite trend for a reduction in 
heterosis for yield, plant  height and number  of leaves 
as one goes from the top to the bo t tom of Table 3. 

The 1966 results from crossing three varieties of 
N. tabacum to KOSTOI~F's amphiploid are presented in 
Table 4- The amphiploid yielded only one-fourth of 
the N. tabacum varieties, was shorter, had fewer 
leaves, and flowered earlier. Hybrids  between the 
amphiploid and the N. tabacum varieties had yields 
not different from the mid-parents,  were taller than 
the tallest parents,  and flowered similar to the early 
flowering amphiploid. Leaf number  of the hybrids 
was below mid-parent  except for the Hicks cross 
wh ichhad  the same leaf number  as the Hicks palent .  

Table 4. Comparative per]ormance o /N.  tabacum varieties, 
KOSTOFF'S amphiploid and hybrids between N. tabacum and 

the amphiploid. 

Entries 

4 X (N. syl. × N. tom.) 
Hicks 
NC95 
C316 
Hicks × 4 X 

(N. syl. × N. tom.) 
NC95 × 4 x 

(N. syl. × N. tom.) 
C316 × 4 x 

(N. syl. x N. tom.) 

LSD .05 
.O1 

Yield 
lbs.lA. 

537 
1832 
2154 
2187 

1168 

11288 

1388 

1 8 3 . 1  

244.2 

Height 
tin. 

1 0 8  
1 2 2  

127 
138 

14o 

142 

148 

6.6 
8.8 

Lea v es  
no. 

12  

14 
18 
17 

14 

13 

13 

2 . 2  

3 . 0  

Flower 
days 

49 
56 
6o 
64 

5 ° 

51 

56 

2 . 0  

2 . 7  

D i s c u s s i o n  

Since all crosses in the first s tudy were between 
diploid and amphidiploid forms, the hybrids were 

triploid. This led to comparisons among different 
levels of ploidy; however, all heterosis comparisons 
between hybrids were based on comparable levels. 
If  the genomic designation of N. tabacum is SSTT 
(absence of primes denotes the evolved form of the 
progenitor genomes), and the genome of the species 
to which N. tabacum was crossed is designated X, then 

S S T T  + X X  
S T X  -- 

2 
% heterosis = S S T T  + X X  X lOO. 

2 

Thus, the crosses of N. tabacum to progenitor species 
lead to vigor in excess of the high parent ,  whereas in 
more diverse crosses the hybrids may  be no bet ter  
than  the less vigorous parent  in the cross. 

From this study, no information is available on the 
absolute magnitude of heterosis independent of level 
of ploidy. If  the triploid level is the op t imum level of 
polyploidy the heterosis values may  be inflated. 

By incorporating results from the second study, 
some information can be obtained on the joint effects 
of polyploidy and genomic constitution for N. tabacum 
and the proposed progenitors, N. sylvestris and N. 
tomentosiformis. Although the results from the two 
experiments were obtained in different years, and 
with different varieties of N. tabacum, an a t t empt  has 
been made to combine general results on heterosis 
through the N. tabacum included in each experiment.  
In  Table 5 the rank of the genomes is presented for 
N. tabacum (SSTT) ,  KOSTOFF'S amphiploid (S'S'T'T'),  
the hybrid between them (SS 'TT ' ) ,  and crosses of 
N. tabacum with N. sylvestris (SS'T) and with N. 
tamentosiformis (S TT') .  

Table 5. Rank o/various combinations o /N.  tabacum with 
progenitor genomes. 

Characters 
Rank  

Y i e l d  H e i g h t  Lea v es  Flower 

STT' 
SSTT 
SS'T 
SS'TT' 
S 'S 'T 'T '  

STT' 
SS'TT' 
SSTT 
SS'T 
S 'S 'T 'T '  

STT' 
SSTT 
SS'TT' 
SS'T 
S 'S 'T 'T '  

STT' 
SSTT 
SS'TT' 
S 'S 'T 'T '  
SS'T 

There does not seem to be a general association of 
increased heterosis with triploidy since, on the aver- 
age, the two triploids rank first and fourth. An 
interesting phenomenon then is the fact tha t  N. 
tabacum when crossed to N. tomentosiforrms exhibits 
such large heterosis, whereas the cross of N. tabacum 
to KOSTOF~'s amphiploid exhibits essentially none 
except for plant  height. I t  would appear  tha t  the 
combination of T from N. tabacum and T' from N. 
tomentosiforrnis exhibits increased vigor when in the 
presence of S from N. tabac~m, but  when the S' from 
N. sylvestris is added there is a decrease in perfor- 
mance. The genome, S', from N. sylvestris does not 
seem to contribute as much to the heterotic effect 
since, with one exception, the three combinations 
which contain an S' ~re at  the bo t tom of Table 5 for 
all characters, independent of level of polyploidy. 
The somewhat  reduced heterotic response when cross- 
ing N. tabacum to N. sylvestris may  indicate tha t  N. 
sylvestris is beyond the optimal diversity, since 
GERSTEL (1963) found tha t  some chromosomes of 
N. sylvestris are more differentiated from N. tabacum 
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t h a n  are  those  of a n y  of the  species of the  Tomen tosae  
sect ion (GERSTEL 1960 ). 

The  p h e n o m e n o n  of m a x i m u m  heteros is  a s soc ia t ed  
wi th  an op t ima l  level  of genet ic  d ive r s i t y  agrees  wi th  
o the r  r epo r t s  in t he  l i t e ra tu re .  MOLL et al. (1965) 
c o m p a r e d  h y b r i d s  of popu la t i ons  of ma ize  o b t a i n e d  
f rom var ious  geograph ica l  regions.  W h e n  the  h y b r i d s  
were r a n k e d  accord ing  to  ances t ra l  re la t ionsh ips ,  
he teros is  inc reased  wi th  inc reased  d ivergence  to  
a ce r ta in  level ,  t hen  decreased  as t he  re la t ionsh ip  
became  more  diverse.  T. MUKAI (personal  communi -  
cat ion)  r e l a t ed  he teros is  to the  n u m b e r  of he te rozyg-  
ous loci  ar is ing f rom spon taneous  m u t a t i o n s  in Dro- 
sophila. W i t h  a few loci  he te rozygous ,  the  he te ro-  
zygo te  was super io r  to  b o t h  homozygo tes ,  b u t  as 
more  and  more  loci were m a d e  he te rozygous  this  
he t e ro t i c  effect decreased.  

The  re l a t ionsh ip  of gene t ic  d i v e r s i t y  to  heteros is  
in  th is  p a p e r  was l imi t ed  to  morpho log ica l  cha rac t e r s  
only.  Since all  of these  in terspec i f ic  h y b r i d s  are  
s ter i le ,  one could  no t  have  e x t e n d e d  the  crosses over  
such a wide range  if seed cha rac t e r s  were measured .  
I n  o the r  organisms ,  where  heteros is  m e a s u r e m e n t s  are  
r e l a t ed  to  r e p r o d u c t i v e  t r a i t s ,  s ter i le  crosses are  
b e y o n d  the  o p t i m a l  level  of d ive r s i ty .  S t e r i l i t y  of the  
F x h y b r i d s  is no t  t h o u g h t  to  have  af fec ted  the  mor-  
phologica l  cha rac t e r s  s ince flower heads  were r emoved  
f rom all  p l an t s  p r io r  to  seed fo rmat ion .  

The  fa i lure  of some of the  species to  f lower is due  
to  q u a l i t a t i v e  genes for pho tope r iod ic  response.  The  
r e l a t ionsh ips  in th is  p a p e r  r e la te  to  cu l tu ra l  p rac t ices  
of N .  tabacum and  to long days .  Somewha t  d i f fe ren t  
r e l a t ionsh ips  would  p r o b a b l y  be o b t a i n e d  if the  ex- 
p e r i m e n t  was c o n d u c t e d  wi th  shor t  days  and  wi th  
d i f ferent  cu l tu ra l  p rac t ices .  

F r o m  the  d a t a  in th is  p a p e r  c o m p a r e d  to  i n t r a -  
specif ic  crosses of N .  tabacum, i t  would  a p p e a r  t h a t  
the  o p t i m u m  level  of he teros is  in crosses invo]ving  
N .  tabacum m a y  be a t  or nea r  the  p rogen i to r  species 
level ,  p a r t i c u l a r l y  the  r e p r e s e n t a t i v e  of the  Tomen-  
tosae  sect ion.  I n  view of the  p r o n o u n c e d  he te ro t i c  
effect  f rom the  p r o b a b l e  p rogen i to r  genomes,  a proce-  
du re  has  been  p r e sen t ed  b y  WERNSMAN and  MATZIN- 
GER (1966) to  i nco rpo ra t e  th is  des i red  v igor  in to  N.  
tabacum. W h e t h e r  N .  tabacum has  mere ly  lost  genes 
w i th  a d d i t i v e  effects for these  cha rac t e r s  or whe the r  
t he  v igor  loss has  r e su l t ed  f rom loss of dominance  b y  
se l f - fer t i l iza t ion  is no t  known,  b u t  fu r the r  s tud ies  
shou ld  he lp  answer  th is  quest ion.  This  s t u d y  d id  
no t  po in t  ou t  a n y  complex  in t e rac t ions  invo lv ing  the  
N.  tabacum var ie t i es  C 139 and  SC 58 since the i r  
r e l a t ive  pe r fo rmance  in h y b r i d s  (Table 2) was s imi la r  
to  the i r  r e l a t ive  pe r fo rmance  per st.  

Z u s a m m e n f a s s u n g  

Zwei  ftir  R 6 h r e n t r o c k n u n g  gee ignete  Sor t en  von 
N .  tabacum wurden  mi t  v e r m u t l i c h e n  Ausgangs -  und  
m i t  e n t f e r n t  v e r w a n d t e n  A r t e n  gekreuz t .  Die  
He te ros i s  fi ir  E r t r a g ,  P f l anzenh6he  und  B l a t t a n z a h l  
war  a m  s t~ rks t en  be i  K r e u z u n g e n  m i t  den  Ausgangs -  
a r t en ,  besonder s  m i t  N .  otophora u n d  N .  tomentosi- 
formis .  Das AusmaB dieser  He te ros i s  schien die  in 
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der  L i t e r a t u r  b e r i c h t e t e n  Sch~tzungen  fiir K r e u z u n -  
gen zwischen Sor ten  von N .  tabacum zu t iber t ref fen .  
E ine  wei te re  U n t e r s u c h u n g  e r b r a c h t e  Hinweise  fiir  
d ie  genoma t i s che  Grund lage  der  He te ros i s  be i  Kreu -  
zungen  von N.  tabacum mi t  N .  tomentosiformis und  
N.  sylvestris. 
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