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Abstract. Two inbred cultivars of Nicotiana tabacum 
(tobacco), 'Samsun' and 'Xanthi', were transformed 
with the plasmid pBI 121 using Bin 19 in Agrobac- 
terium tumefaciens. The plasmid carries the nptlI gene 
conferring kanamycin resistance and the uidA gene 
encoding fl-glucuronidase (GUS). Progeny carrying 
the genes in the homozygous condition were identified 
and selfed over several generations. One line homo- 
zygous for the introduced genes and one untrans- 
formed control from each cultivar were then selected 
and crossed reciprocally to give four families per cul- 
tivar. Seeds from each family were grown in a rep- 
licated field trial and all plants scored for a range of 
morphological and agronomic characters. In addition, 
leaf samples were taken and GUS activity measured. In 
the 'Samsun' material, which contained one copy of the 
introduced gene at a single locus and showed high 
levels of GUS expression, the transformed homozygote 
showed twice the level of GUS activity as the hemi- 
zygotes, wheareas in the 'Xanthi' line, which had a 
lower level of GUS, the hemizygotes showed the same 
level of GUS activity as the transformed homozygote. 
The agronomic data showed differences between the 
families, but the source of such differences could not be 
ascribed unambiguously. The results are discussed in 
the light of related information on gene expression and 
field performance from other transgenie material. 
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Introduction 

Within the last few years, the production of transgenic 
plants has become commonplace, and their value in 
fundamental (Lain 1990) and applied studies (Dunwell 
and Paul 1990; Lycett and Grierson 1990) has been 
described in numerous reports. However, before such 
plants are accepted as having commercial value (Knauf 
1991) the stability and expression of the introduced 
gene(s) must be confirmed over several generations and 
preferably in a range of genetic backgrounds. Moreover, 
such studies need to be conducted under field condi- 
tions, and the agronomic performance of the material 
confirmed in relevant trials (Jefferson 1990; McHughen 
and Holm 1991; McHughen and Rowland 1991). 

Because of its high level of responsiveness in tissue 
culture, Nicotiana tabacum (tobacco) has been the spe- 
cies of choice in many transformation experiments, and 
an extensive series of data has been produced on the 
genetic analysis of transformants produced either by 
the use ofAgrobacterium tumefaciens (Otten et al. 1981; 
Budar et al. 1986; Heberle-Bors et al. 1988; Vyskot 
et al. 1989) or by direct gene transfer techniques (Pot- 
rykus et al. 1985; Bellini et al. 1989; Tomes et al. 1990). 
Several of these studies show that non-Mendelian as 
well as Mendelian segregation may occur amongst the 
progeny of the initial transformant and that, in addi- 
tion, the level of expression of the selectable marker 
gene may vary considerably amongst different trans- 
formants. It has also been demonstrated with doubly 
transformed tobacco plants that the first introduced 
T-DNA may be inactivated by the introduction into 
the same genome of an unlinked second T-DNA, 
(Matzke and Matzke 1990, 1991). In a related study, 
notable for being the only one to include field data, 
Hobbs et al. (1990) described the relative expression of 
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the repor te r  gene uidA (encoding f i -glucuronidase,  
GUS)  in a range of t ransformants .  

In  the s tudy repor ted  here the selfed p rogeny  of two 
independen t  t rans formants  were selected and inter-  
crossed with non- t ransgen ic  p lants  in o rder  to s tudy 
bo th  the genetic aspects  of the repor te r  gene express ion 
as well as the relat ive ag ronomic  per formance  of t rans-  
genic and  non- t ransgen ic  mater ia l  under  field condi-  
tions. 

Materials  and methods 

Two inbred cultivars of Nicotiana tabacum (tobacco), 'Samsun' 
(ICI) and 'Xanthi' (BIOCEM), were transformed by leaf disc 
methods in the respective laboratories with the plasmid pBI 121 
using a Bin 19 vector in Agrobacterium tumefaciens. The plasmid 
carries the nptll gene conferring kanamycin resistance and the 
uidA gene encoding fl-glucuronidase (GUS). The regenerated 
plants were selfed, and progenies that were homozygous for 
kanamycin resistance and GUS expression were selected and 
selfed over four (ICI) or three (BIOCEM) generations. The 
transformed plants proved to have inserts only at a single site 
and with one, or at most two, copies at such a site. Alongside 
these plants were lines which had been through similar in vitro 
procedures but which had not been subject to transformation 
procedures; these were selfed for a similar number of generations. 
This gave rise to a series of lines from which was taken one 
transformed 'Samsun' line (S +) showing a high level of GUS 
expression, one untransformed 'Samsun' line (S), one trans- 
formed 'Xanthi' line (X +) showing a lower level of GUS expres- 
sion and one untransformed Xanthi line (X). 

The two lines (i.e. transformed and untransformed) from each 
cultivar were crossed, by BIOCEM, to give, including recipro- 
cals, four families per cultivar [i.e. 'Samsun' unmodified (S), 
'Samsun' modified (S +) and the reciprocal F~ crosses between 
them; and similarly 'Xanthi' unmodified (X), 'Xanthi' modified 
(X +) and the reciprocal F 1 crosses between them] (Table 1). 
Seeds from each of the eight families, along with the seeds from 
unmodified parents for use in guard rows, were sown three per 
pot, in Jiffy pots (35mm • 35mm) filled with J.I. No. 1 soil 
mixture and placed in a shaded glasshouse. These pots were laid 
out in the glasshouse in a randomized block design with 20 
blocks. Three weeks after sowing, excess plantlets were randomly 
thinned out, leaving the one nearest to the label, in order to 
obtain a single plant per pot. Plants were maintained for a 
further 2 weeks in the glasshouse before being transferred to the 
field. 

The experimental plots were laid out according to the ran- 
domized block design with 20 blocks (1 plant/family per block) 
with the plants in each block planted as two rows with a spacing 
of 1.0 m between the rows and 0.5 m within rows. These 20 blocks 
were surrounded by a guard row of plants (unmodified parents) 
established with the same spacing. An insecticide was sprayed to 
control insect damage, which started to appear 1 week after field 
planting, and the trial plots were regularly inspected and weeded. 

In order to assess activity of the reporter gene, two half- 
circles of leaves, without the midrib, were taken from the tip of 
the eighth and the ninth leaf of each plant (6 weeks after 
planting). The samples were immediately brought to the labora- 
tory. The protocol used for leaf extraction' and GUS assay 
(fluorogenic assay) was as previously described by Jefferson 
(1987). Enzyme activity was expressed as nanomoles of methyl 
umbelliferone/milligram of protein per hour (nmol MU/mg 
protein per hour). 

Plant height and length and width of the largest leaf were 
measured, and the number of leaves was counted 1 day before 
field planting and subsequently at 2 weeks, 4 weeks, 6 weeks and 
8 weeks after field planting. The date of flowering was recorded 
as the day on which the first open flower appeared in each plant. 
An arbitrary scale of 1-9, (9 being maximum fruit set) was later 
used to estimate the fertility on each plant. Five mature seed 
capsules on the main branch were randomly chosen from each of 
the plants, collected as separate capsules into envelopes and 
allowed to dry at room temperature. Subsequently, the seeds 
were extracted, and the seed weight of each capsule was recorded. 
The weight of 100 seeds was measured after mixing the seeds 
from the five capsules taken from the same plant. Thereafter, the 
number of seeds in each capsule was calculated from the total 
seed weight of the capsule and the average weight of 100 seeds. 

The characters recorded can therefore be summarized as: 

Character 

fl-glucuronidase activity 
Height (cm) at 2, 4, 6 and 8 weeks 

Number of leaves at 2, 4 and 6 weeks 

Width (cm) of largest leaf at 2, 4 
and 6 weeks 

Length (cm) of largest leaf at 2, 4 
and 6 weeks 

Days to first flower (from August 1 st 
Estimate fertility 
100 000 seed weight (g) 
Seed weight per capsule (g • 10) 

Abbreviation 

[GUS] 
[2HT, 4HT, 6HT and 

8HT] 
[2NLVS, 4NLVS, and 

6NLVS] 
[2WLVS, 4WLVS and 

6WLVS] 
[2LLVS, 4LLVS and 

6LLVS] 
IF. DATE] 
[FERT] 
[10 5 SWT] 
[-CSWT] 

Results 

GUS activity 

The results of assays for G U S  activity,  one of the 
specifically in t roduced  characters ,  are presented  in 
Table  1. As expected,  no apprec iab le  G U S  act ivi ty  was 
detected in the selfed, unmodif ied  'Xanth i '  (X) and 
'Samsun '  (S) families. In  the selfed, modif ied  'Xanth i '  
(X +) and  'Samsun '  (S +) families G U S  act ivi ty  was 
clearly present.  However ,  there was a cons iderable  
difference in act ivi ty  between the 'Xanth i '  (305) and 
'Samsun '  (2650) families, despi te  t r ans fo rma t ion  with 
the same construct .  G U S  activit ies in the two F 1 
families p roduced  f rom crosses between modif ied  and  
non-modi f ied  'Xanth i '  were s imilar  to those  of  the 
selfed 'Xanth i '  family in tha t  while nei ther  differed 
significantly f rom the selfed mean,  they differed signifi- 
cant ly  from each other. The results conf i rm tha t  the 
in t roduced  charac te r  was inher i ted and  tha t  there was 
a tendency for dominance  in the d i rec t ion  of high G U S  
expression.  In  cont ras t  to this, activit ies in the two F1 
families p roduced  from crosses between modif ied  and  
non-modi f ied  Samsun  were app rox ima te ly  half  those 
of the selfed 'Samsun '  family, suggesting an addit ive,  
gene dosage effect. 

These da t a  conf i rm tha t  the in t roduced  gene was 
expressed in the f ie ld-grown mate r ia l  and  had  been 
t ransmi t t ed  to the F 1 families. However ,  no t  only  were 



the activity levels different in the two cultivars, but the 
gene action appeared to be different. In addition, the 
progeny from crosses with the modified line as the male 
parent tended to have a higher level of expression 
(though not significantly so in the case of 'Samsun') 
than the reciprocal in both cases (391.2 versus 250.8 
and 1450.8 versus 1398.7), suggesting the presence of 
factors modifying gene expression and/or enzyme 
activity. 

Table 1. G U S  express ion in leaves 6 weeks after field t ransplant -  
ing. Resul ts  are given as m e a n s  of the  20 plants  per family in nmo l  
methy l  umbel l i fe rone /mg protein  per  hou r  

Paren t  

Male  Female  

X + X 

X + 305.0 • 68.6 391.2 _ 55.7 
X 250.8 _+ 50.3 --2.0 _ 0.5 

S § S 

S + 2650.0 • 94.5 1450.8 +_ 66.8 
S 1398.7 • 69.3 - 0 . 6  ___ 0.6 
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Plant development 

The data were analysed to determine whether the 
plants exhibited any differences in development when 
the introduced genes were present. No effect was ex- 
pected as the introduced genes were markers and were 
not intended to affect plant development directly. The 
families obtained from crosses within each of the two 
cultivars will be considered separately. It is possible to 
apply orthogonal functions to the data in the analysis 
of variance to test whether, with respect to a particular 
character, there are significant differences between (a) 
modified and unmodified lines, (b) reciprocal F~'s and 
(c) mean of the F~'s and the mid-parental value. 

The results from 'Xanthi' will be considered first. 
There were 4 significant effects detected among the 51 
tests carried out. This is slightly more than would be 
expected by chance at the 5% probability level, but 
nevertheless the possibility of chance effects accounting 
for some of these apparent differences cannot be ignor- 
ed. In Table 2 the means are presented for the charac- 
ters that showed significant effects. The number of 
leaves at 2 weeks differed, but this was not maintained 
in later weeks, whereas length of the longest leaf 
showed more consistency with the difference and per- 
sisted into weeks 4 and 6. It is also interesting to note 
that for these characters the modified line tended to 

Table 2. M e a n s  and  levels of  significance for the  compar i sons  between the 'Xanth i '  families for the  characters  where  significant effects 
were detected 

Charac te r  M e a n s  Probabil i t ies 

X + X F I (X  x X +) FI(X+ x X) P1 V P2 F 1 v F 1 P 's  v FI ' s  

2NLVS 8.6 7.6 7.9 7.9 * ns ns 
4LLVS 32 30 31 31 * ns  ns  
6 L L V S  36 32 34 36 ** ns ns 
C S W T  1.0 0.9 0.6 0.7 ns ns  * 

�9 P < 0.05; ** P < 0.01; ns, no t  significant (P > 0.05) 

Table 3. M e a n s  and  levels of  significance for the  compa r i sons  between the ' Samsun '  fatuities for the  charac ters  where significant effects 
were detected 

Charac te r  M e a n s  Probabil i t ies  

S + S FI(S + x S) FI(S x S +) P~ v P2 F 1 v F 1 P's  v F l ' s  

6 H T  116 132 124 126 *** ns ns 
8 H T  140 153 146 144 *** ns  ns  
6 L L V S  34 37 36 33 ** ns  ns 
F. D A T E  20 18 19 19 ** n s  ns 
F E R T  6.2 7.6 6.4 6.3 *** ns  * 
105 S W T  1.2 1. i 1.4 1.1 ns  ns  * 
C S W T  1.3 1.5 0.9 0.7 ns  ns  * 

* P < 0 . 0 5 ;  ** P < 0 . 0 1 ;  *** P < 0 . 0 0 1 ;  ns, no t  significant (P>0 .05)  
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show the higher values, i.e. more leaves (which is 
actually the case in later weeks for this character 
although not formally significant) and longer leaves. 
The difference between the parents and the Fl'S was 
unexpected for seed weight per capsule and has no easy 
explanation, but is probably connected with our early 
harvesting of some of the capsules in order to terminate 
the whole experiment before any seed shedding occurred. 

Results from the 'Samsun' families (Table 3) show 
that there were 8 significant comparisons out of 51, 5 of 
which were at a probability of less than 1%. It would 
seem that in this case the evidence for the existence of 
differences is more substantial. The first two significant 
comparisons reflect effects of height differences at 4 and 
6 weeks, with the modified line showing the shorter 
stature. The modified line had shorter leaves and flow- 
ered later than its unmodified counterpart, and it also 
had a lower fertility score. It should be noted that this 
was a visual assessment of the flowers and capsules 
present at a point just before the earliest capsules began 
to open, which was the latest stage the plants could be 
left intact before the requirements of the licence that 
ripe capsules should be removed to avoid any seed 
shedding. The two characters related to seed output, 
namely weight of of 100 000 seeds and the weight of 
seed per capsule showed significant effects, but again 
relate to differences between parents and Fl's. 

Discussion 

There are two major conclusions to be drawn from this 
study. The first relates to the levels of GUS expression 
observed in the various F 1 combinations. Whereas the 
'Samsun' transformants showed a level of GUS in the 
homozygous transformed parent that was almost twice 
that found in the hemizygous Fl's, the 'Xanthi' ma- 
terial showed levels in the F l'S that were approximately 
equal to those in the homozygous transformed parent. 
This finding is closely related to that made by Hobbs 
et al. (1990) who studied ten tobacco (cv 'Xanthi') 
transformants produced by Agrobacterium co-cultiva- 
tion using the same vector as that used in present study, 
namely pBI 121. Seven of these Ro transformants were 
shown by progeny analysis to have inserts at single 
sites (as in the present study), and these seven could be 
divided into two groups on the basis of levels of 
GUS expression. Four of the group showed high GUS 
levels (384-516nmol/mg protein per hour) in the 
homozygous R 1 plants and three showed low levels 
(66-144 nmol/mg protein per hour). The notable fea- 
ture is that hemizygous R 1 plants of the high category 
showed GUS expression that was half the homozygote 
value, whereas hemizygous plants of the low category 
showed values equal to that of the homozygotes. Mo- 
lecular characterization demonstrated that the highly 

expressing material had only a single gene inserted at 
the integration site, whereas the material with lower 
levels of expression had double insertions at the single 
site. To date, there is no obvious explanation of the 
apparent contradiction that two allelic copies of T- 
DNA gave double expression in the high group where- 
as two non-allelic copies gave a lower level of expres- 
sion and that hemizygotes and homozygotes show this 
same low level. 

There is a limited amount of relevant information 
from other studies. For example, Czernilofsky et al. 
(1986) studied relative NPT II activity in a small num- 
ber of hemizygous and homozygous progeny from a 
single transformant and found the latter values were 
higher than the former. In a second, more recent, study, 
Dean et al. (1988) examined the levels of expression 
of petunia rbcS gene in tobacco and found that 
homozygous progeny had twice the value of the 
hemizygotes. 

The second major conclusion relates to the agro- 
nomic data. It can be seen that there were several 
differences in whole plant characters between modified 
and unmodified lines and that the two cultivars were 
not affected in the same way or to the same extent. The 
changes in 'Xanthi' were less extensive and had only 
one character in common with those of 'Samsun'. In 
addition, while the changes in 'Xanthi' tended to favour 
the modified line (more and longer leaves), those in 
'Samsun' tended to favour the unmodified line (the 
modified line being shorter in height and having 
horter leaves, later flowering and reduced fertility) 
although in some contexts these may be agronomically 
advantageous. These effects may be due to: 

1) 'Carry-over' effects from the treatments applied; 
2) Variation present in the original inbreds; 
3) The direct effect of the inserted genes (pleiotropy); 
4) Somaclonal variation; 
5) Insertional mutagenesis. 

'Carry-over' effects cannot completely be dismissed 
but after three to four rounds of selfing before crossing 
these seem unlikely. Such effects seem even less likely 
when it is remembered that the controls were subject to 
the same in vitro treatments. With respect to the 
second explanation, the original cultivars were inbred 
and appeared to be true-breeding, but we cannot 
ignore the possibility of variation in the original lines. 
As to the remaining three possibilities, we cannot 
distinguish these in our present experiment, and it will 
require further investigations to do so, but each of these 
may have contributed. 

These results can be viewed alongside those of the 
only other detailed reports of field performance of 
transgenic material, namely those on flax (McHughen 
and Holm 1991; McHughen and Rowlands 1991), 
which both show no confirmed detrimental effect of the 
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introduced T-DNA.  Clearly, examinat ion of a larger 
number  of examples is required before generalizations 
can be made, but it does appear  that  some variation, if 
somewhat  minor, can be induced during transform- 
ation. Whether  carefully observed field trials, as per- 
formed routinely in plant breeding programmes,  will 
enable the selection of t ransformants  with good  ag- 
ronomic  performance depends on the source of such 
variat ion and the relative effects of int roduced and 
induced variation. Since there have now been several 
hundred  field trials of  such material  across the world 
(e.g. Jefferson 1990; Arnoldi  et al. 1992) and transform- 
ation techniques have been devised for most  major  
crops, it will soon be possible for plant breeders to 
consider t ransformat ion and its potential as a further 
adjunct  in increasing the range of variation available to 
them - and 1he possible complicat ions of induced vari- 
at ion will need to be borne in mind. 
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