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Abstrac t  The genet ica l  control  of  F 1 heterosis ,  observed  
in a c r o s s  of  des i rable  Nicotiana tabacum variet ies ,  was 
inves t iga ted  by  ana lys ing  the data  of  the bas ic  generat ions ,  
t r iple  test  c ross - fami l ies  and r andom samples  of  doubled  
haplo ids  (DH) and s ing le -seed  descent  (SSD) lines.  Anal -  
yses  of  the f i r s t -degree  stat ist ics revea led  a complex  con- 
trol  under ly ing  the genet ic  var ia t ion,  inc luding the pres-  
ence of  epis tasis ,  l inkage,  maternal  effects and their  inter-  
act ions,  in addi t ion  to the addi t ive  and dominance  effects 
of  the genes segregat ing  in the cross.  These  analyses  iden-  
t i f ied gene d ispers ion,  d i rec t ional  dominance ,  and dupl i -  
cate  epis tas is ,  as the main  causes  of  heterosis .  The t r iple  
tes t -cross  analys is  also conf i rmed  the presence  of  non-a l -  
le l ic  in teract ions  and ind ica ted  that the dominance  ratio,  
a l though inf la ted  by  epistasis ,  is consis tent ly  par t ia l  for all 
the traits. The extent  of  t ransgress ion in the recombinan t  
inbred l ines f inal ly  es tab l i shed  unequ ivoca l ly  that, as in 
numerous  other  crosses ,  gene d ispers ion  and unidi rec-  
t ional ,  but  part ial ,  dominance  are the true causes  of  heter-  
osis in this cross too. 
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Introduction 

Jinks (1983) out l ined  the genet ica l  basis  of  heterosis  and 
expounded  the theory  that gene d ispers ion  and direct ional ,  
but  part ial ,  dominance  are its main  causes.  Whi l e  his the- 
ory is genera l ly  accepted,  it has been app l ied  mos t ly  to 
those  crosses  that show heterosis  for one or two characters  
only  (e.g.,  Pooni  et al. 1978; Tapsel l  and Thomas  1983; 
Thomas  and Tapsel l  1983). Further,  such studies have en- 
deavoured  to demons t ra te  the app l icab i l i ty  of  both the the- 
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ory and the requis i te  b iomet r ica l  p rocedures  to specif ic  ex- 
per imenta l  s i tuat ions (e.g., J inks and Pooni  1976, 1980; 
Pooni  and Jinks 1978, 1981) and the approach  is rare ly  ap- 
p l ied  to expla in  the results  of  an entire b reed ing  pro-  
gramme.  In this paper,  we present  the results  of  a series of  
b iomet r i ca l  analyses  that have been appl ied  to study the 
genet ica l  basis  of  hybr id  v igour  in a h ighly  heterot ic  cross 
of  Nicotiana tabacum which  shows s ignif icant  heterosis  
for e ight  of  the f if teen characters  measured  on it, and test 
whether  J inks '  theory  of  gene d ispers ion/d i rec t iona l  dom-  
inance is as app l icab le  to this cross as it  was to others. 

Materials and methods 

The cross under investigation was ofN. tabacum lines SCR and $3. 
SCR is a German flue-cured variety which was derived from an old 
US variety called "Golden Harvest" while $3 is an air-cured Burley 
variety of Swiss origin (Coombs 1980). Seeds of both pure breeding 
lines were obtained from Carreras Rothmans Limited during the late 
seventies and the plants were crossed to obtain the F 1 seed. In con- 
secutive seasons, the SCR x $3 cross was selfed to obtain the F 2 seed 
and a random sample of 23 Fz plants were both individually selfed 
and crossed to each of the SCR, $3, and F 1 (SCR x $3) genotypes to 
produce the F 3, Lli, L2i and L3i sets of families respectively. These 
families/generations, supplemented with the parental and the recip- 
rocally produced F 1, F 2, B 1 and B 2 generations of the SCR x $3 cross, 
formed the material of the first experiment. 

This experiment had two blocks which were raised at different 
U.K. sites some 17 miles apart; viz., the University of Birmingham 
(normal density) and Avoncroft near Bromsgrove (high density). In- 
dividual plant randomisation was applied in both blocks and the ex- 
periment was initiated in the glasshouse to avoid the problems of 
failed/slow germination during early summer. Further details of the 
experimental structure are given in Table 1. 

Parallel to the above breeding/assessment work, a single-seed de- 
scent programme was initiated from the F 2 of the SCR x $3 cross to 
extract a large sample of inbred lines as quickly as possible. The ma- 
terial was put through two cycles of selfing per year and a mixture 
of F 6, F 7 and F 8 families was produced 3 years later. In addition, 60 
doubled haploid (DH) lines were also produced from the F 1 genera- 
tion of the cross by the method of haploidy/diploidy (Chowdhury 
1984). These materials and the basic generations of the original cross 
were assessed in another experiment. Again the experiment was 
raised in two blocks, one at high density and the other at normal den- 
sity. 
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Table 1 Numbers of families and sibs raised per density in each of Table 3 Overall means of SCR, $3, FI(SCRxS3 ) and RF I(S3xSCR) 
the two assessment experiments families for the various traits 

Generation Fams Sibs Total per Total per Character SCR S3 FI R--F~ 
density experiment 

HI 18.31 7.39 18.84 15.66 
Experiment- 1 H2 66.00 30.68 77.44 66.18 
SCR, $3, F 1 and RF~ 4 40 160 320 LL 51.45 57.10 58.69 54.18 
F 2 1 160 160 320 LB 26.33 27.94 30.58 27.43 
F 1 • SCR and SCR • F 1 2 80 160 320 FT 44.17 76.69 34.30 42.04 
F I • $3 and $3 • F 1 2 80 160 320 HFT 203.81 172.98 221.43 208.11 
F? families 23 20 460 920 FH 212.99 187.69 240.53 224.15 
F 2 • SCR families 23 20 460 920 TY 1 108.02 803.35 1454.44 1 179.28 
F z x $3 families 23 20 460 920 SY 774.46 520.63 1020.38 792.34 
F 2 x F 1 families 23 20 460 920 LN 18.61 21.28 18.49 18.42 

LY 339.20 355.64 442.55 386.95 
Total 2480 4960 INL 11.61 9.01 13.21 12.32 

LR 2.09 1.98 1.94 2.00 
Experiment-2 LSR 0.44 0.65 0.43 0.48 
SCR, $3, F 1 and RF 1 4 25 100 200 HAF 10.25 18,08 19.43 17.50 
F 2 4 25 100 200 
F l • SCR and SCR x F 1 4 25 100 200 

F~ • $3 and $3 x Fj 3 25 75 150 Table 4 Test of reciprocal effects between the F 1 families and the 
F 6 families 129 9 1 161 2322 significance of heterosis for the various traits 
Doubled haploids 60 9 540 1080 

Total 2076 4152 

Table 2 A list of characters scored on individual plants 

Character Description 

HI 
H2 
LL 

LW 

FT 
HFT 
FH 
TY 
SY 
LN 
LY 
INL 
LR 
LSR 
HAF 

Plant height (cm) at 12 weeks after sowing 
Plant height (cm) at 14 weeks after sowing 
Length (cm) of the largest leaf blade 15 weeks after 
sowing 
Breadth (cm) of the largest leaf blade 15 weeks after 
sowing 
Flowering time in days from sowing 
Height (cm) at the time of flowering 
Height (cm) at the end of the season 
Total plant weight (g) 
Stem weight (g) 
Number of leaves on the main stem of the plant 
Leaf weight (g), calculated as (TY - SY) 
Internode length (cm), calculated as FH/LN 
Leaf ratio, calculated as LL/LB 
Leaf stalk ratio, calculated as LY/SY 
Height (cm) gained after flowering, measured as 
FH-HFT 

Altogether l 5 characters were scored in both experiments, out of 
which ten were measured directly on the plants. A description of the 
characters is provided in Table 2. 

Results 

Heterosis and reciprocal effects 

Table 3 shows the extent of variat ion displayed by the 
means of the parental  and the F 1 families for the various 
traits. These means are the averages of the two densities 

Character F1-RF 1 Heterosis (F1)  Heterosis (RF1) 

H1 3.18"** 0.53 - 
H2 11.26"** 11.44"** 0.18 
LL 4.51"** 1.59 - 
LB 3.15"** 2.64*** - 
FT -7.74** -9.87*** -2.13 
HFT 13.32"** 17.62"** 4.30 
FH 16.38"** 27.54*** 11.16"** 
TY 275.16"** 346.42*** 71.26 
SY 228.04*** 245.92*** 17.88 
LN 0.07 -0.12 -0.19 
LY 55.60* 86.91"* 31.31 
INL 0.89*** 1.60"** 0.71"* 
LR -0.06 -0.04 - 
LSR -0.05" -0.01 - 
HAF 1.93 1.35 - 

* 0.05_>P>0.01; ** 0.01 >P >0.001; *** P_<0.001 
-, No heterosis 

and, therefore, are equivalent  to the mean performance of 
each genotype in the terminology of Jinks and Pooni 
(1980). It is apparent from the table that SCR and $3 have 
contrast ing scores for malay traits. SCR is fast growing,  
early flowering,  tall, and high yielding,  while $3 has more 
and larger leaves and consequent ly  produces more leaf 
weight and achieves a better leaf/stalk ratio. When  tested 
against the appropriate standard errors, these differences 
are signif icant  for all the traits (except LY) suggesting that 
the parental  lines possess markedly diverse genotypes. 

The reciprocal FlS also show marked differences in per- 
formance,  indicat ing the presence of maternal  effects (Ta- 
ble 3). Clearly, the performance of the SCR x $3 cross is 
much better than that of  the reciprocal,  $3 x SCR, and the 
mean of the former is larger for 12 of the 15 traits under  
investigation.  These differences between the reciprocal 
crosses are highly signif icant  for all the characters except 
LN, LR and HAF (Table 4). Consequently,  the SCR x $3 
cross shows highly signif icant  heterosis for nine charac- 



Table 5 Summary of the best- 
fit models of the generation 
means and the corresponding 
Z a values 

Character Components in the model 

Additive/ Epistasis Linkage Maternal Genetic x mat. z2(dj) b 
dominance effects interaction a 
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H1 yes yes no yes no 11.64 (6) 
H2 yes yes no yes yes 9.15 (5) 
LL yes yes yes yes yes 3.82 (2) 
LB yes yes yes yes yes 2.62 (2) 
FT yes yes yes yes yes 5.39 (3) 
HFT yes yes no yes no 6.05 (8) 
FH yes yes yes yes no 4.78 (5) 
TY yes no no yes yes+[lm] c 14.18 (8) 
SY yes yes no yes yes 7.23 (6) 
LN yes yes no yes yes+[lm] 10.63 (5) 
LY yes yes yes yes yes 4.55 (4) 
INL yes yes yes yes yes 4.02 (3) 
LR yes yes no no no 9.95 (10) 
LSR yes yes yes yes no 1.05 (3) 
HAF yes yes yes yes no 2.52 (5) 

a d.dm etc., see Mather and Jinks (1982) for further details 
b ~2 is non-significant for each trait 
c [lm] is interaction of the hm a x hm b type 

ters while the reciprocal, $3 x SCR is heterotic for only 
two. 

The conclusive evidence that the cross is highly heter- 
otic, however, comes from the comparison of the averaged 
F 1 score with that of the better parent because the hybrid 
still shows significant heterosis for eight characters. The 
general level of heterosis is quite high too, both on the 
measured scale and as a percentage. For instance, as a pro- 
portion of the best-parent 's score, the F 1 performance is 
better by 23-32% for the yield characters (TY, SY and LY), 
by 22% for flowering time, and by between 9% and 17% 
for the remaining traits. 

Components of means 

In the present study, the components of means were esti- 
mated by the weighted least squares method (see Mather 
and Jinks 1982 for the procedure) but only after the signif- 
icance of each source was established a priori by the scal- 
ing tests. These analyses were carried out by Pooni et al. 
(1987) and a summary is presented in Table 5 with the Z2S 
of goodness of fit which show that an adequate model was 
obtained for each trait. It is apparent that the inheritance 
of various characters is rather complex. With the excep- 
tion of total yield (TY), epistasis is detected for all the traits 
irrespective of the presence of heterosis. Similarly, link- 
age of interacting genes is detected for eight characters and 
maternal effects are significant for all the traits except leaf/ 
stalk ratio (LR). Furthermore, a large proportion of differ- 
ences between the parental varieties is accounted for by 
the additive maternal component [dm], while the domi- 
nance component [h], or the dominance and the dominance 
x dominance interaction components ([h]+[1]), always take 
a larger value than the additive component, [d], or the ad- 
ditive and the additive x additive interaction components 

([d]+[i]) (see Mather and Jinks 1982 for definitions). This 
indicates that either the genes are highly dispersed in the 
parents or that dominance and its interactions are more im- 
portant. 

Opposing signs of the [h] and [1] components reveal that 
the cross displays predominantly duplicate interaction for 
most of the traits under study. 

Analyses of the Lli, L2i and L3i sets of families 

The procedures of Kearsey and Jinks (1968) and Jinks and 
Perkins (1970) were employed to analyse these data. Vari- 
ation between the Lli , L2i and L3i sets of families was par- 
titioned into three components, viz., Lli+L2i-2L3i, 
Lli+L2i+L3i and L li-L2i, which provided independent tests 
of the epistatic, additive and dominance effects of the loci 
that were segregating in the cross. Each trait was analysed 
separately and the densities/site were treated as fixed ef- 
fects. 

Analysis of the Lli+L2i-2L3i values showed that epis- 
tasis is an important source of variation in this cross. The 
'between-sets '  mean squares were significant for eight 
traits showing that additive x dominance and dominance x 
dominance interactions were present for most of the height 
and leaf measurements (see Kearsey and Jinks 1968 for ex- 
pectations). The significance of the correction term for 
seven traits also pointed to the presence of additive x ad- 
ditive interaction. Clearly, these results are in broad agree- 
ment with those of the first-degree statistics described ear- 
lier. 

Analyses of Lli+L2i+L3i and Lli-L2i comparisons also 
showed that both the additive and dominance components 
of variance are highly significant for all but two traits, LR 
and HAF, for which the non-additive effects are statisti- 
cally non-existent. More important, however, is the rela- 
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Table 6 Estimates of the additive genetic (D) and dominance (H) 
components of variation and of the dominance ratio, obtained from 
the triple test-cross analysis 

Character D H ~/~I~ 

H1 17.99 12.90 0.85 
H2 182.00 115.12 0.80 
LL 15.67 5.12 0.57 
LB 3.87 2.52 0.81 
FT 229.01 73.68 0.57 
HFT 618.64 190.96 0.56 
FH 482.57 186.98 0.62 
TY 69 652.00 44 936.00 0.80 
SY 32943.00 26126.00 0.89 
LN 10.28 1.44 0.37 
LY 11780.00 3 622.00 0.55 
INL 2.03 0.52 0.51 
LR 0.028 - - 
LSR 0.008 0.002 0.50 
HAF 19.60 - - 

Table 8 Estimates of r a, the coefficient of gene association/disper- 
sion, calculated from the parental difference and the range of the ex- 
treme scores among the recombinant lines, and of narrow heritabili- 
ty (hZn), obtained from the recombinant inbred lines experiment, for 
the various characters 

Character r d h2(ND) a h2(HD) a 

HI 0.44 0.21 0.16 
H2 0.50 0.17 0.13 
LL 0.18 0.22 0.18 
LB 0.17 0.15 0.15 
FT 0.36 0.26 0.25 
HFT 0.19 0.59 0.29 
FH 0.18 0.56 0.18 
TY 0.09 0.13 0.t2 
SY 0.25 0.11 0.08 
LN 0.08 0.39 0.23 
LY 0.19 0.15 0.15 
INL 0.12 0.15 0.15 
LR 0.02 0.29 0.56 
LSR 0.18 0.12 0.10 
HAF 0.19 0.38 0.12 

a ND=normal density, HD=high density 

Table 7 Frequencies of recombinant inbred lines that have means 
higher or lower than that of the F l and the degree of improvement 
achieved in a single cycle of inbreeding for each character 

Character >Fa < ]~ I  Plarge-Pl Psmall-Vl 
H1 78 I08 27.92 -17.94 
H2 44 142 23.39 -71.17 
LL 1 185 0.38 ns a -30.79 
LB 0 186 -0.58 ns -17.05 
FT 118 68 63.78 -33.61 
HFT 17 169 18.88 -108.07 
FH 10 176 12.02 -121.42 
TY 0 186 -13.40 ns -616.60 
SY 0 186 -2.60 ns -407.00 
LN 74 112 6.22 -9.39 
LY 1 185 1.40 ns -212.20 
INL 31 155 1.76 -3.92 
LR 163 23 0.77 -0.23 
LSR 101 85 0.35 -0.16 
HAF 40 145 32.67 -11.55 

a ns=non-significant, all others significant at P_<0.05 

t ionship  be tween  the addi t ive  genet ic  var iance  D and the 
dominance  var iance  H, because  it de te rmines  whether  
over-  or super -dominance  is the main  cause of  heterosis .  
In the present  exper iment ,  ~/H/D values  o f  be tween  0.0 and 
0.89 (Table 6) lend support  to the results  of  the f i rs t -de-  
gree stat ist ics and indicate  that heterosis  is caused jo in t ly  
by  the unid i rec t ional  dominance  and gene dispersion.  

Recombinan t  inbred  l ines 

Table 7 shows the magni tude  and rate of  t ransgress ion that 
is d i sp layed  by  the recombinan t  inbred lines. Clearly,  
super ior  l ines that surpass  the F 1 pe r fo rmance  by  a signif-  
icant  margin  are ob ta ined  f rom the cross for  all the traits 

except  LL, LB, TY and SY. For  LL, only one inbred had 
longer  leaves  than the F 1 but  the di f ference was not s ignif-  
icant. Similar ly ,  the scores of  the best  r ecombinan t  l ines 
fall  short  of  the F 1 score for LB, TY and SY but  only  by a 
non-s ign i f ican t  margin.  Thus, we can safely assume that 
r ecombina t ion  has y ie lded  novel  lines that ei ther surpassed 
the F 1 mean s igni f icant ly  or are as good  as the hybr id  for 
all the traits. 

Compar i sons  of  the SSD and DH lines,  on the other 
hand, revea led  no cri t ical  d i f ferences  be tween  the samples  
for most  of  the traits (see Jinks et al. 1985a). This sug- 
ges ted  that nei ther  are the doubled  haplo ids  less v igorous  
than the SSD lines nor is there any clear  ev idence  of  l ink-  
age d i sequ i l ib r ium in many  traits. 

The present  sample  o f  inbred l ines is also large enough 
to p rov ide  real is t ic  es t imates  of  the coeff ic ient  of  gene as- 
soc ia t ion /d ispers ion  (rd) for the parents,  which we es t imate  
as rd=(Pl-P2)/(Plarge-Psmall) assuming that the ext reme 
scor ing recombinan t  l ines are the most  associated ( rd=l)  
that are poss ib le  f rom the cross for each trait. However ,  
these es t imates  o f  r d must  be cons idered  as m a x i m u m  be-  
cause Plarge and Psmall may  not  be the most  extreme that are 
ext rac table  f rom the cross. 

The r a values  given in Table 8 further show that the in- 
creas ing and decreas ing  al leles  are h igh ly  d i spersed  in the 
parents  for  all the traits, and in no case  is the coeff ic ient  
of  gene assoc ia t ion /d ispers ion  greater  than 0.50. When  
t ransla ted into percentages ,  this shows that the P1 possesses  
decreas ing  al leles  at 25% to 49% of  the loci  that are seg-  
regat ing  in the cross  for the var ious  traits. 

Final ly ,  the her i tabi l i ty  of  several  traits seems to be 
rather  low, both in the t r iple- tes t  cross exper iment  and the 
doubled  hap lo ids / s ing le - seed  descent  famil ies .  When  est i-  
mated  f rom the second exper iment  (for each densi ty)  as 

D/Variance(Fa) ,  the h 2 values  (Table 8) indicate  c lear ly  
at many  traits are h ighly  sensi t ive to the mic roenv i ron-  

mental  var ia t ion  encountered  in our exper imenta l  f ields.  A 



greater affinity of the h2n values across the densities also 
suggests that increased plant density generally has had lit- 
tle effect on the overall expression of genetic variability in 
the material for all the traits except HFT, FH and HAF. 

Discussion and conclusions 

It is apparent that the genetic control of variability in the 
SCR x $3 cross is very complex indeed. All the major 
sources that can affect the expression of genetic variation, 
e.g., additive, dominance, epistatic and maternal effects, 
are detected for most of the traits. Thus, it is only logical 
to assume that most, if not all, of  these sources are involved 
in the expression of heterosis too. 

Like many other cases, dominance plays an important 
role in the expression of heterosis in this cross. For most 
of  the traits, dominance is unidirectional and the domi- 
nance ratio is moderately high. Therefore, dominance is 
instrumental in shifting the F 1 mean away from the mid- 
parent. However, in no case is ~/H-TD greater than, or even 
equal to, unity which shows categorically that over- or su- 
per-dominance is not involved in the control of heterosis 
in any of the characters under investigation (Table 6). 

Presence of partial dominance for all the traits further 
indicates that, on its own, it is unlikely to generate even a 
modest level of heterosis for any trait. This clearly impli- 
cates gene dispersion, which then becomes essential for re- 
ducing the parental performance and making the parents 
look poorer than the F 1. This indirect evidence for gene 
dispersion, of  course, is supplemented by the experimen- 
tal data which come in the form of the modest to high rates 
of transgression that are observed among the SSD/DH de- 
rived lines for almost all the traits (Table 7). 

More evidence of  gene dispersion in the parents of  the 
SCR x $3 cross is provided by a comparison of the ~ / ~  
and the rd values. According to Pooni (1993), whenever 
gene dispersion is the main cause of heterosis, not only is 
the dominance ratio ( ~ )  expected to be less than one 
but it should also take a larger value than rd (the degree of 
allele association/dispersion in the parents). Further, the 
ratio ~/H/D +rd should be much larger for traits that show 
high levels of heterosis compared to those that either show 
little or no hybrid vigour. The results in Tables 6 and 8 
follow this pattern unequivocally and reveal that the 
",/HTD+rd ratio is comparatively much larger (average 
=6.02) for the five characters (LL, LB, TY, SY and LY) 
that show a markedly higher level of  heterosis than for the 
others (average of ratio=3.6). 

The role of  epistasis in the expression of heterosis, on 
the other hand, is not very clear. Apparently, there is a 
strong association between the presence of heterosis and 
that of epistasis and this usually implies that the latter is 
affecting the former in some way. The type (duplicate) of 
epistasis that we have observed for most of the traits, how- 
ever, restricts the fuller expression of the extreme geno- 
types and therefore is not expected to boost heterosis in 
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most cases ([h] and [1] take opposite signs, see Mather and 
Jinks 1982; Pooni and Treharne 1994). 

Finally, covariance analyses of the triple test-cross fam- 
ilies and the SSD/DH-derived lines have revealed that sev- 
eral traits are tightly linked and therefore show correlated 
expression, both for heterosis and transgression (see Jinks 
et al. 1985b). This is perhaps the main reason why the SCR 
x $3 cross shows significant heterosis for so many charac- 
ters. 
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