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Abstract 

Inter-transformant variability in the expression of introduced genes was studied in the R1 and R2 
generations of 10 tobacco transformants, produced by Agrobacterium-mediated transformation. In repli- 
cated and physiologically equivalent material, tranformants showed considerable variability in the expres- 
sion of the reporter gene uidA as shown by transcript levels and fl-glucuronidase (GUS) activity. However, 
homozygous R2 material could be investigated for seven of the transformants and among these, and in 
one line in which two inserts could segregate independently, this inter-transformant variability was 
reduced to simple bimodal expression. The two levels of  expression for GUS activity in leaves were high 
or low (approximately 2.5 or 0.3 nmol c m -  2 min - ~ respectively), with no continuous variation. Transfor- 
mants in the high group had single T-DNA insertions, while those in the low group had multiple T-DNA 
insertions, at the same or different loci. Within each group, although T-DNA was apparently integrated 
at different sites in the plant genome, there was no evidence of position effects. GUS activity levels of 
the transformants were very similar in the field and in environmentally controlled conditions under high 
or low light. Plants with multiple insertions and low expression also tended to have increased methylation 
of the integrated T-DNA. 

Introduction 

Plant transformants produced using Agrobac- 
terium-mediated techniques can vary widely in the 
expression of the introduced genes. The level of 
protein coded for by an alien gene commonly 
varies 10 to 50 fold among individual transfor- 
mants within the same experiment [3, 15, 19, 20, 
24, 27, 29, 30] and substantial inter-transformant 
variability also occurs in the amount of gene 
transcript [4, 8, 15, 19, 20, 24, 35]. 

Such inter-transformant variability has been 
suggested to be due to a variety of genetic causes, 
none of which fully explains the phenomenon. 
Copy number of the introduced T-DNA varies 
among transformants but it has often been shown 
that there is no positive correlation between 
increased copies and increasing expression of the 
genes in the T-DNA [4, 15, 16, 19, 27, 29, 30] and 
there are even indications that single copies result 
in higher expression [ 16, 27, 29]. The insertion of 
T-DNA is random within the plant genome and 
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the activity of the introduced genes may be 
affected by adjacent plant DNA (position effect); 
however, this has been found not to be the simple, 
exclusive cause of variable expression in many 
instances [4, 8, 16]. Truncation, rearrangement 
or repetition of the introduced T-DNA may also 
affect gene expression but there has not always 
been a direct correlation shown between low ex- 
pression and deletions, rearrangements [7], or 
inverted repeats [ 16]. 

Inter-transformant variability can be caused by 
experimental or biological 'error', as well as by 
defined genetic variability, and these errors are 
not always fully controlled in inter-transformant 
comparisons. First, epigenetic effects can cause 
substantial variability in the primary regenerants 
(R0), with up to 16 fold differences in gene expres- 
sion being reported among genotypically identical 
clones [16]. Second, spatial and temporal dif- 
ferences in gene expression can occur if plant 
material is not physiologically equivalent 
[3, 4, 16, 35]. Third, as in any biological assay, 
the effect of environment and plant-to-plant varia- 
bility necessitates that replicated material should 
be used along with multiple assays of quantitative 
characters so that suitable statistics can be 
obtained. Such effects are especially important if 
the promoter used to control the expression of the 
introduced gene is affected by the environment (as 
reviewed by Benfey and Chua [1]) or if the assay 
for the gene product is particularly imprecise. 
Fourth, transformation can produce the insertion 
of single or multiple copies of full-length, trun- 
cated or rearranged T-DNA, in either orientation, 
at one or more l o c i  in the plant genome 
[7, 16, 17, 32]. Therefore, to avoid confounding 
one putative genetic effect with another, investi- 
gations of position effects should compare only 
plants of similar composition but with different 
locations of insertions. 

Few, if any, of the investigations to date involv- 
ing inter-transformant variability in gene expres- 
sion have taken all these factors into account. In 
the work presented here, Nicotiana tabacum L. 
was transformed using pBI121 [14] and inter- 
and intra-transformant variability of fl-glucu- 
ronidase (GUS) activity was compared in repli- 

cated, physiologically synchronised R1 and R 2 

plants in three different environments, including 
the field. The data indicated that, among homo- 
zygous material, inter-transformant variability 
consisted only of high or low GUS activity, with 
no continuous variation. Those plants with single 
T-DNA insertions had high expression whereas 
those plants with multiple insertions, at one or 
more loci, had low expression which was asso- 
ciated with increased methylation of the inte- 
grated T-DNA. There was no indication of posi- 
tion effects within the high or low group. 

Materials and methods 

Plant transformation 

The leaf disc transformation method [12] was 
used. Briefly, 7 mm diameter leaf discs from sur- 
face-sterilised leaves of Nicotina tabacum L. cv. 
Xanthi were cocultivated with disarmed Agro- 
bacterium tumefaciens strain C58 [ 18] containing 
the binary vector pBI121 [14]. The T-DNA of 
pBI121 contains kan (coding for neomycin phos- 
photransferase II) driven by anos  promoter and 
uidA (coding for ~glucuronidase (GUS)) driven 
by a cauliflower mosaic virus (CaMV)-35S pro- 
moter (Fig. 1A). After 2 days on cocultivation 
medium of MS salts [23], B5 vitamins [9], 
2 mg 1- 1 2,4-dichlorophenoxyacetic acid (2,4-D), 
3~o sucrose, 0 .8~  agar, pH 5.6 the discs were 
removed to regenerating, selective medium (as 
above but with 2,4-D replaced by 2.5 mg 1- 1 ben- 
zyladenine (BA) and 0.1 mg 1-1 ~-naphthalene 
acetic acid (~-NAA) and supplemented with 500 
mg 1- 1 carbenicillin and 100 mg 1- 1 kanamycin 
sulphate). Small (approximately 1.5 cm) plantlets 
were removed as they appeared and were placed 
on rooting medium (as above but with only 0.1 mg 
l-  ~ ct-NAA as hormone), and were transferred to 
soil after roots appeared. Pieces of leaves from 
transformants were placed on selective callusing 
medium (MS salts, B5 vitamins, 2 .0mg1-1  
2,4-D, 0.5 mg 1- 1 BA, 100 mg l - ~ kanamycin sul- 
phate) and any escapes, i.e. those not forming 
callus, were discarded. 



Table 1. GUS activity (nmol per mg protein per min) among 20 RI plants from 10 transformants. 

Transformant Mean a Range Highest/lowest b Mean of homozygous Mean of hemizogous 
number lines ~ lines d 
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T3 6.7 + 1.2 1.1-20.6 19 
T4 1.6 + 0.1 0.5-3.3 6 1.3 + 0.3 L 1.7 + 0.3 
T5 5.6 + 0.5 2.9-9.6 3 8.2 _+ 0.7 H 4.4 + 0.5 
T6 1.8 + 0.4 0.1-7.9 80 
T7 3.9 + 0.5 0.7-6.5 9 2.4 + 1.4 L 4.9 + 0.5 
Tll  0 - - 
T13 5.5 +_ 0.6 3.2-11.6 4 8.6 + 0.6 H 4.4 + 0.2 
T14 5.2 + 0.5 34-8.1 2 6.4 + 0.4 H 4.1 + 0.2 
TI8 1.3 + 0.1 0.7-1.9 3 1.1 + 0.2 L 1.3 + 0.2 
T19 6.6 _+ 0.6 3.5-12.8 4 7.7 + 0.8 H 4.7 + 0.3 

a + standard error. Means of all R 1 plants except those with no GUS activity. 
b GUS activity of highest R~ plant as a ratio of that of lowest. 
c _+ standard error. Means of homozygous GUS-positive R~ plants only. H and L indicate homozygous transformants which 

appear to have high or low GUS expression, respectively. 
d + standard error. Means of hemizygous GUS-positive R1 plants only. 

R 1 p r o g e n y  

Nomencla ture  of  t ransformed material is as in 
Potrykus  [27]. Ten  primary (Ro) t ransformants  
(identified in Table 1) were selected and 30 R1 
seeds from each, bulked from several different 
seed capsules collected from bagged heads,  were 
surface-sterilised (30 s t reatment  in 10 ~ commer-  
cial bleach ( 0 . 6 ~  sodium hypochlorite))  and 
rinsed well in sterile water. Seeds were then sown 
onto  solid selective germination medium (1/2 
strength MS salts, B5 vitamins and 100 mg 1-1 
kanamycin  sulphate) and seedlings scored for 
susceptibility (bleached) and resistance (green) to 
kanamycin  after 28 days. In our  hands,  this level 
of  kanamycin  gave good separation into resistant 
and susceptible types. This qualitative test was 
the only test used for kanamycin  resistance, there 
being no at tempt  to quantify k a n  expression 
levels. R1 seed was also sown in 20 pots (20 cm) 
for each t ransformant  in Terra-Lite  Redi-Earth 
(W.R. Grace  and Co., Canada)  and thinned to 
one plant per pot. Plants were grown under  
250 #mol  quanta  m -  2 s - 1 photosynthetical ly ac- 
tive radiation (PAR)  with a 16 h photoper iod and 
22 ° C/18 ° C day/night ambient  temperature.  Ni- 
nety days after germination, single leaf discs 
(8 mm diameter)  were punched from the middle of  

the lamina of  the newest  fully expanded leaf, 
avoiding major  veins, and G U S  activity was 
measured using 4-methylumbelliferyl-fl-D-glucu- 
ronide ( M U G )  as substrate and methylumbeUife- 
rone as s tandard [13] and protein levels were 
determined using a Bio-Rad (Richmond,  CA, 
USA)  protein assay kit. Leaf  discs were always 
taken from the same place on leaves of  a uniform 
size sampled at the same position on the plant. R2 
seed was collected from several surface-sterilised 
(wiped with 70~o ethanol) seed capsules from 
bagged heads and kept  separately for each plant. 
In this way 20 R2 populat ions (lines), numbered 
L1 to L20 after each of  the 20 R1 plants, were 
generated for each transformant .  

R 2 p r o g e n y  

Approximately 100 seeds from each of  the 200 R 2 
lines were germinated on selective medium and 
scored as above. Seed from 26 lines, with repre- 
sentation from each individual t ransformant ,  was 
taken for further investigation (Table 2). Selected 
lines included those that:  were from transfor- 
mants  where a single locus had been affected and 
could be discerned to be homozygous  for intro- 
duced T - D N A  (T4, T5, T7, T l l ,  T13, T14, T18, 
T 19); were expected to be segregating for multiple 
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Table 2. G U S  activity in leaves o f  f ield-grown R 2 lines. 

T r a n s f o r m a n t  Line G U S  cm - 2 min  - 

n o .  

M e a n  a Coefficient 

o f  var ia t ion 

T3 3 b 0.81 + 0.24 75 
T3 13 b 0.83 + 0.31 91 
T3 18 b 2.61 + 0.18 17 

T4 5 0.33 + 0.05 L 36 

T4 12 0.35 + 0.05 L 36 
T4 17 0.36 + 0.05 L 33 
T5 5 2.40 + 0.14 H 15 
T5 9 2.24 + 0.13 H 14 

T5 18 2.48 + 0.13 H 13 
T6 3 b 0.22 + 0.07 78 
T6 8 b 0.59 + 0.19 78 

T6 18 b 0.04 + 0.02 100 

T7 6 0.45 + 0.06 L 26 

T l l  15 0.00 
T11 20 0.00 
T13 15 2.42 + 0.17 H 17 
T13 17 2.29 + 0.07 H 8 
T14 2 2.40 + 0.14 H 15 

T14 19 2.52 + 0.14 H 13 
T18 11 0.34 + 0.05 L 36 
T18 19 0.30 + 0.02 L 16 
T19 10 2.58 + 0.08 H 8 
T19 11 2.52 + 0.08 H 8 

T19 13 2.48 + 0.13 H 13 
T4 10 c 0.00 

T19 20 c 0.00 

a _b s t a n d a r d  error. H and  L indicate  h o m o z y g o u s  lines 
which  appea r  to have  high or low G U S  express ion ,  respec-  

tively. 
b Line was  no t  necessar i ly  homozygous .  
c Cont ro l  line. 

copies of T-DNA at different loci (T3 and T6) 
and; were expected to have had their T-DNA 
segregated out (T4:L10 and T19: L20). Seed 
from each selected line was germinated in 36 pots 
(5 cm squared), thinned to one seedling per pot 
and grown under the above environmental condi- 
tions. Forty-two days after sowing, plants of uni- 
form size across the selected lines were chosen 
and transplanted as follows: one plant of each to 
6 replicate blocks in the field; one plant of each 
to 6 replicate blocks under the above controlled 
environment conditions; and one plant of each to 
4 replicate blocks under the above controlled en- 

vironment conditions except with a PAR of 
800 #mol quanta m -  2s- 1. Lines were ran- 
domised within each block. Permission for field 
testing of transgenic material was obtained from 
the Plant Health Directorate of the Seed Division 
of Agriculture Canada, the regulatory body for 
such tests in Canada. 

Between 14 and 28 days after transplanting, 
leaves from all plants in all environments were 
assayed twice (approximately at the 5-6 and 7-8 
leaf stages) for GUS activity as above. In one 
replicate block in the field, those leaves that were 
sampled for activity were also harvested, ground 
in liquid nitrogen and stored at - 70 °C for later 
DNA and RNA analysis. Leaves were similarly 
harvested for all 16 plants (all blocks and all envi- 
ronments) of T3 : L3. 

Southern and northern hybridisations 

DNA was extracted [6] from representative 
plants from each transformant, digested with 
restriction enzymes according to the manufac- 
turer's recommendations and Southern blots and 
hybridisations performed [ 11]. The 32p-labelled 
probes used from pBI121 were the 1.9 kb (kilo- 
base) Bam HI-SstI  fragment and the 0.4 kb PstI- 
SphI fragment for uidA and kan respectively 
(Fig. 1A). Extractions and blots were repeated at 
least once. 

RNA was extracted [21] from the same leaf 
material and approximately 10 #g of total RNA 
was used to perform northern blots, and 10, 5, 2 
and l # g  were used for dot blotting on 
GeneScreen Plus (NEN Research Products, 
Boston, MA, USA) according to the instruction 
booklet. 

Statistical analysis 

Coefficients of variation were calculated and 
analyses of variance performed according to 
Snedecor and Cochran [ 31 ]. 



Results 

R l progeny assays 

To avoid epigenetic effects on primary transfor- 
mants, R~ and R 2 generations were examined. 
Twenty R~ plants from each of 10 randomly 
selected kanamycin-resistant tobacco transfor- 
mants were grown under controlled environment 
conditions. The expression ofuidA in the leaves of 
these transformants varied considerably as 
shown by GUS activity levels (Table 1) with one, 
T l l ,  showing no G U S  activity. The difference 
between the highest (20.6 nmol per mg protein per 
min) and the lowest (0.1 nmol per mg protein per 
min) positive R] plants was greater than 200 fold. 
Repeat assays for low, positive T6 plants showed 
four differing from 0 but with activities below 
0.3 nmol per mg protein per min. Within each 
transformant, G U S  activity of the individual R1 
plants differed but the ratio of highest to lowest 
plant (excluding those with zero GUS activity) 
was greater for T3 and T6 than for the others 
(Table 1). Chi-square tests on results of sensitivity 
to kanamycin were consistent with the hypothesis 
that all transformants except T3 and T6 had been 
affected at a single locus. The data for T3 fitted 
a model for insertion at 2 loci whereas that for T6 
did not fit either simple model. 

T e s t i n g  R 2 seedlings for kanamycin resistance 
determined the genetic composition of each indi- 
vidual R1 plant, i.e. whether homozygous for 
inserted T-DNA (R 2 all resistant), homozygous 
for no T-DNA (R 2 all susceptible), or hemizygous 
(R 2 segregating resistant and susceptible). For 
each transformant with T-DNA insertion(s) at a 
single locus, the previously measured positive R~ 
GUS  activities were split into means for hemi- 
zygous and homozygous plants. Means for ho- 
mozygous plants generally appeared to agree with 
overall means (Table 1) in that 2 groups were 
formed, one with high GUS activity (T5, T 13, T 14 
and T19) and one with low activity (T4, T7 and 
TI8). In the high group, the activity of the hemi- 
zygous plants averaged approximately half that of 
the homozygous plants (Table 1). In the low 
group there was no significant difference between 
hemizygous and homozygous averages. 
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R2 progeny assays under different environmental 
conditions 

Seed from a maximum of 3 homozygous T-DNA 
positive R] plants was chosen for each transfor- 
mant  to produce replicated homozygous R 2 lines 
for assay under different environments. Lines 
from T3 and T6 were also included, even though 
these were not expected to be homozygous, as 
were GUS-negative control lines (T4:L10 and 
T19: L20). Plants were grown under controlled 
conditions of low light and high light as well as in 
the field. Differences among transformants were 
very stable across environments. Not  only were 
rankings of transformants very similar but so 
were the absolute GUS activity levels (per unit 
leaf area) for each transformant (Fig. 2). 
Variability within each transformant was higher 
for T3 and T6 as shown by the larger coefficient 
of variation (Fig. 2). GUS activity expressed on a 
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Fig. 1. T-DNA from pBI121. A, Arrangement of chimaeric 
genes, restriction sites and probes used (nosp = nos 

promoter, n o s t =  nos terminator, 35S = CaMV-35S pro- 
moter, RB = right border, LB = left border). B to D, 
Possible restriction fragments produced within the T-DNA 
by digestion with: EcoRI  together with PstI  when probed 
with uidA (B); Eco RI together with Ava I when probed with 
uidA (C); and Dra I together with A va I when probed with kan 

(D). 
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per mg protein basis also showed transformant 
rankings to be similar within each environment 
but absolute values differed among environments 
(mean of homozygous lines = 3.2, 5.4 and 
5.3 nmol per mg protein per min in the field, high 
light and low light environment respectively). 
These environmental differences were caused by 
differing overall leaf protein levels (0.5, 0.3 and 
0.3 mg protein c m -  2, respectively. 

The GUS activities for individual lines from 
each transformant grown in the field are given in 
Table 2, data from other environments were very 
similar (data not presented). As with R 1 plants, 
when positive homozygous material was com- 
pared, a group with high activity (all lines within 
T5, T13, T14 and T19) and a group with low 
activity (all lines within T4, T7 and T18) was 
found, with no continuous variability. Lines from 
T11 and controls showed no GUS activity. The 
coefficients of variation show that variability 
within each homozygous line was generally con- 

siderably lower than that in T3 and T6 lines. This 
confirmed that lines within T3 and T6 (with the 
possible exception of T3:L18) were not homo- 
zygous and were still segregating. 

Analysis of T-DNA in homozygous transformants 

The T-DNA of pBI121 has unique restriction 
sites for EcoRI and Bam HI, respectively just 
inside the left border and between CaMV-35S 
and uidA (Fig. 1A). DNA from leaves measured 
for GUS activity was extracted from representa- 
tive R2 plants from each transformant growing in 
the field, cut with EcoRI and Bam HI and 
Southern blots were probed with uidA. All trans- 
formants had a complete Bam HI-EcoRI frag- 
ment of approximately 2.1 kb (Fig. 3A) except 
those with no GUS activity (T11 and T4 : L10). 

The number of T-DNA insertions in an indi- 
vidual transformant was determined by DNA 
restriction mapping using Eco RI or Dra I. These 
have unique restriction sites at either end of the 
T-DNA (Fig. 1A) and hence border fragments 
between T-DNA and plant DNA should be gen- 
erated after digestion with each and probing with 
either uidA or kan. Insertions were therefore 
shown as individual bands and thus could be 
counted. Use of both restriction enzymes inde- 
pendently ensured that any truncation, rearrange- 
ment or replication of T-DNA could be detected 
and would not confuse copy number estimation. 

For those lines known to be homozygous (and 
involving insertions at a single locus), the group 
showing high GUS activity all had single T-DNA 
insertions, whereas the group with low GUS 
activity showed indications of two copies of 
T-DNA with one or both of the restriction en- 
zymes (Fig. 3B and 3C). The highest molecular 
weight band in the EcoRI digest of T 1 8 : L l l  
DNA was caused by undigested DNA in this 
particular blot and was not present in repeat 
blots. Each plant, except T l l ,  had at least one 
full-length copy of the T-DNA as determined by 
digestion with both enzymes at the same time 
(data not presented). T l l  was shown to have a 
single, partly deleted T-DNA insert, as blots 
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Fig. 3. Autoradiograms of Southern blots of DNA extracted from representative transformed plants (all except T6 : L8, T3 : L3 
and T3 :L18 are homozygous), digested with restriction enzymes and filters hybridised with uidA probe. A to E, DNA digested 
with EcoRI together with Barn HI (A); EcoRI (B); Dra I (C); Eco RI together with PstI (D); and EcoRI together with Ava I 

(E). 
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Fig. 4, Autoradiograms of RNA extracted from representative transformed plants (all except T6 : L8 are homozygous) probed 
with uidA. H and L indicate plants from high or low GUS expression groups, respectively. A: northern blots. B: dot blots for 

10, 5, 2 and 1 #g of RNA. 

stripped and reprobed with kan produced single 
bands (data not presented), The individual 
example of T6, which was not homozygous and 
had low GUS activity (0.8 nmol per nag protein 
per min), also showed multiple insertions (Fig. 3B 
and 3C). 

RNA production in R 2 plants 

Northern and dot blots showed that those R2 
plants with high GUS activity also had high levels 
of RNA hybridisable to uidA whereas those with 
low GUS activity had low levels of hybridisable 
RNA (Fig. 4A and 4B). The control and T11 had 
no uidA signal. The northern blots (Fig. 4A) also 
show that there is no obvious difference in the size 

of the RNA between the high and low GUS 
expression groups. 

Methylation studies 

Restriction enzymes AvaI and PstI have recog- 
nition sites within the T-DNA (Fig. 1A) but are 
known to have limited or partial digestion if cyto- 
sine residues in these sites are methylated. Diges- 
tion of DNA with these enzymes in conjunction 
with EcoRI or DraI gave an indication of the 
amount of methylation associated with the 
T-DNA. 

When genomic DNA from a transformed plant 
was digested with EcoR! and PstI together, a 
3.0 kb fragment would hybridise to uidA if the 



PstI site just 3' to the CaMV-35S promoter were 
not methylated (Fig. 1B). If this site were partially 
or totally methylated, and the PstI site in the kan 
gene were not, a 5.0 kb fragment would be pro- 
duced (Fig. 1B). If this latter site were also 
methylated, or partially so, higher molecular 
weight fragments would be generated. The 3.0 kb 
fragment was present in all homozygous plants 
(Fig. 3D). However, the 5.0 kb band was also 
present in T18 indicating partial or total methyla- 
tion of the PstI site just 5' to the CaMV-35S 
promoter in at least one of its T-DNA copies 
(Fig. 3D). Methylation was also increased in T6 
(Fig. 3D). 

Expected fragment sizes following digestion 
with both A va I and Eco RI and probing with uidA 
are shown in Fig. 1C. All homozygous transfor- 
mants from the high GUS activity group 
(T5, T13, T14 and T19) showed no indication 
of methylation, producing only 1.9kb bands 
(Fig. 3E). Those homozygous transformants 
from the low G U S  activity group were all 
methylated at the A va I site between uidA and its 
nos terminator (producing 2.2 kb bands). In addi- 
tion, T4 was partially methylated at the Ava I site 
at the beginning ofuidA (producing a 2.8 kb band) 
and T18 was methylated or partially methylated 
at all AvaI  sites in the T-DNA, producing some 
fragments that were the same size as those pro- 
duced by digestion with EcoRI alone (compare 
Figs. 3B and 3E). Similarly, T6 showed methyla- 
tion of T-DNA (Fig. 3E). 

A segregating R e line 

As there was considerable similarity between 
GU S activities per unit leaf area among environ- 
ments (Fig. 2) it could be assumed that the activ- 
ity of an individual plant was mainly due to its 
genetic composition rather than to any environ- 
mental effect. Therefore, GUS activities of all 16 
individual R 2 plants (all blocks and all environ- 
ments) within each of the T3 lines were analysed 
together. One line, T3 : L3, showed a large range 
(from 0.23 to 2.55 nmol cm -2 min-  1) with a sta- 
tistically separable high and low group of plants 
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(respectively greater than 1.91 and less than 
0.86 nmol cm -2 min -1) (Fig. 5). Copy number 
and methylation investigations were carried out 
as before on all the T3 : L3 plants and again each 
plant with high activity was shown to have a single 
T-DNA insertion whereas each plant with low 
activity had an extra T-DNA copy (Figs. 5A and 
5B). The exception to this was the appearance of 
an aberrant low molecular weight band in plant 3 
from the low light environment. This fragment 
was not fuN-length, hybridising to uidA but not to 
kan probes and giving a band of 3.8 kb (in 
addition to a full-length 5.5 kb fragment) in blots 
of DNA digested with Dra I and Eco RI together 
(data not presented). This fragment also did not 
appear in the parental (R1) DNA (Figs. 5A and 
5B). 

A chi-square test of the T-DNA copy number 
in the R2 plants was consistent with the hypothe- 
sis that there were two independent copies of 
T-DNA in T3 : L3, the R 1 parent giving rise to this 
line being homozygous for T-DNA at locus 1 and 
hemizygous at locus 2 (corresponding to the lower 
and higher molecular weight fragments respec- 
tively with EcoRI  or DraI) hence producing an 
expected 3 : 1 ratio of R2 plants with T-DNA at 
both loci to those with T-DNA only at locus 1. 
Presence of T-DNA at both loci produced low 
GUS activity, presence of T-DNA only at locus 1 
produced high activity. The level of GUS activity 
associated with presence of T-DNA at locus 2 
and not locus 1 could not be determined as none 
of the plants in any of the T3 lines examined were 
found to have this combination. 

Digestions of DNA involving either AvaI or 
PstI in conjunction with EcoRI showed that 
plants with high GUS activity generally had less 
methylation at AvaI and PstI sites than low 
expressors (Figs. 5C and 5D). However, none 
showed a pattern indicative of total absence of 
methylation at all sites examined, as no single 
1.9 kb bands were produced in the digestions 
using A va I together with Eco RI. 

The possible fragment sizes following digestion 
of DNA with A va I and Dra I together and probing 
with kan are shown in Fig. 1D. All 5 of the T3 : L3 
plants with high GUS activity showed no 
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Fig. 5. Autoradiograms of Southern blots of DNA extracted from 16 segregating T3 : L3 R2 plants grown under different 
environments and their R~ parent (P). A to D, Filters hybridised with uidA probe and DNA digested with: EcoRl (A); DraI 
(B); EcoRI together with PstI (C); and EcoRI together with AvaI (D). E, DNA digested with DraI together with AvaI and 
filter probed with kan. LeafGUS activity is in nrnol cm- ~ rain - ~ and H or L indicates that plants have high or low GUS expression, 

respectively. GUS activity of P (from single R1 determination)was 0.52 nmol cm -2 min-1. 



methylation at the AvaI  site in the CaMV-35S 
promoter, producing only 2 .6kb fragments 
(Fig. 5E). In comparison, all plants with low 
GUS  expression showed partial methylation at 
this site, as evidenced by the presence of higher 
molecular weight fragments (Fig. 5E). 

It is possible that only locus 2 T-DNA is 
methylated and that locus 1 remains un- 
methylated. Similarly, if T-DNA at locus 2 were 
not full-length then spurious high molecular 
weight bands could be produced that could be 
confused with increased methylation. However, 
neither of these possibilities seems to be the case 
as the 7 kb fragments associated with locus 1 
appeared in DNA from the low GUS activity 
plants digested with E c o R I  and Dra I singly or 
together with AvaI  (Figs. 5A, 5B, 5D, 5E). This 
indicates that locus 1 T-DNA has not been fully 
digested at any internal AvaI  sites. 

Discussion 

Variability was found in GUS activity among the 
R1 and R 2 generations of 10 tobacco transfor- 
mants produced by the insertion of T-DNA from 
pBI121. Replication and synchronisation of R 2 
material gave precise measurements of GUS 
activities in individual transformants. Where 
T-DNA had been inserted at a single locus, inter- 
transformant variability was discontinuous, 
transformants having either high or low GUS 
activity. High and low groupings were also appar- 
ent for individual R2 plants in one line from T3 
which had two independently segregating T-DNA 
insertions. 

In homozygous R2 material, the high activity 
group (T5, T13, T14, and T19) had one full-length 
copy of T-DNA whereas the low activity group 
(T4, T7, and T18) had double insertions at the 
same locus, at least one of which was full-length. 
This negative relationship between number of 
inserts and GUS activity was also found for the 
apparently unlinked double T-DNA insertions 
found in T3. In addition, T6, whose genetic make- 
up could not be discerned in the present study, 
also had low GUS activity and multiple copies of 
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T-DNA inserted at several loci. There have been 
many reports of copy number and gene expres- 
sion not being linked [4, 15, 16, 19, 27, 29, 30] but 
our work clearly shows a negative association 
between number of inserts and expression, some- 
thing only alluded to previously [16, 27,29]. 
These results are similar to those of Napoli et al. 
[25] and van der Krol et al. [33] who showed 
that the introduction into petunia of an extra copy 
of its own chalcone synthase or dihydroflavonol- 
4-reductase gene did not result in overexpression 
of the gene product but in fact could result in a 
dramatic reduction in gene expression. 

For homozygous transformants, there was no 
indication of position effects within either the high 
or the low GUS activity group, even though 
T-DNA had apparently been integrated at differ- 
ent places within the genome. Of necessity, only 
a comparatively small number of transformants 
could be examined in detail here. However, as 
there was great similarity in GUS activity within 
each group and as the obvious difference between 
groups was in number of insertions, it is indicated 
that position effects may not generally be a major 
cause of inter-transformant variability. 

The apparent contradiction that two allelic 
copies of T-DNA give double expression in the 
high group (also reported by others [3, 4, 19]) 
whereas two non-allelic copies, either closely 
linked or unlinked, effectively reduced expression 
markedly cannot as yet be explained. Matzke 
et al. [22] showed that the expression of the genes 
on one T-DNA insert could be completely sup- 
pressed by the introduction of another, different 
T-DNA by retransformation of previously trans- 
formed material but our results are from multiple 
copies of identical T-DNA inserted during a 
single transformation experiment. 

Estimates of copy number in T4 and T7 dif- 
fered depending on the restriction enzyme used. 
This can be explained if closely linked inverted 
repeats were present: DraI-kan-uidA-EcoRI:  
EcoRI-uidA-kan-DraI  in T4 would give 1 frag- 
ment bybridising to uidA when cut with Dra I and 
2 when cut with Eco RI; similarly, Eco RI-uidA- 
-kan-Dra I :Dra I-uidA-kan-Eco RI in T7 would 
give 2 fragments when cut with Dra I and 1 when 
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cut with Eco RI. This hypothesis is supported by 
the appearance of a single fragment (approxi- 
mately 4.5 kb) hybridisable to uidA in T4 DNA 
digested with Xba I which cuts uniquely within 
the T-DNA, between CaMV-35S and uidA 

(Fig. 1A) and 2 fragments in T7 DNA (data not 
presented). 

In general, there was a greater degree of 
methylation associated with low than with high 
GUS  activity, although all plants with high GUS 
activity could not be separated from all those with 
low activity according to the state of methylation 
of any single site examined in all the cells in the 
leaf sample. However, all homozygous transfor- 
mants in the low group showed methylation at the 
A v a I  site between uidA and its nos terminator, 
which was not methylated in the high group 
(Fig. 3E). Similarly, all T3 : L3 plants in the low 
group showed a degree of methylation at the A va I 
site in the CaMV-35S which was not methylated 
in the high group (Fig. 5E). Matzke et aL [22] also 
reported that the suppression of genes in the 
T-DNA, caused by the presence of another insert, 
was associated with increased methylation within 
the promoter. In our case, a link between low 
expression and methylation at any particular site 
could not be conclusively made. However, in 
work with the adenovirus major late promoter 
[34] it was shown that methylation at one nucle- 
otide reduced transcription markedly whereas 
methylation at another, only 6 base pairs away, 
had no demonstrable effect. It is possible, there- 
fore, that in our material the key methylation site 
has yet to be determined. As found by Matzke 
etal .  [22], we have been unable to reverse 
methylation and increase gene expression by 
treating seedlings with 5-azacytidine (data not 
presented). 

The RNA amounts hybridisable to the uidA 
probe generally correlated with GUS activities for 
the different transformants. As previously found 
[15,20], this indicates that differences in the 
expression of uidA were associated with differ- 
ences in the level of transcript rather than differ- 
ences in translation or stability of the reporter 
gene in a heterologous system. 

There were no apparent abnormalities in the 

transformation protocol used here. Similar per- 
centages of single and multiple insertions at one 
or more loci were obtained to those reported for 
other transformation experiments [2, 3, 10]. 

The experiments reported here used data from 
R1 and R 2 generations, hence eliminating the pos- 
sibility of interference from R o epigenetic effects. 
Such effects have been shown to be a major cause 
of inter-transformant variability [ 16] and cannot 
be excluded as a cause of inter-transformant var- 
iability where Ro material was examined [3, 8, 15, 
16, 20, 24, 27, 29, 30, 35]. Some reports showed 
that subsequent generations had similar levels of 
variability [4, 27] but others showed that expres- 
sion in progeny could differ from that in the par- 
ents [3] and that non-Mendelian segregation for 
the expression of the introduced gene can occur 
[2, 7] especially in plants with high copy number 
T-DNA [7]. 

Levels of GUS activity were very similar for 
comparable plants grown in different environ- 
ments (Fig. 2) and further duplicated field 
samples taken 28 days later showed similar results 
(data not presented). This confirms previous 
comparisons, using restricted numbers of trans- 
formants, of the expression of genes driven by the 
CaMV-35S in the field, greenhouse and environ- 
mental chamber [5, 26]. 

Not  all instances of duplicate T-DNA within a 
plant result in reduced expression. Jones et al. 
[ 16] showed that inverted repeats did not pre- 
clude high-level expression. Matzke etal.  [22] 
noted that the effect only occurred in 50~o of 
plants with two T-DNA copies. In this report one 
of the T3 : L3 plants (plant 3 from the low-light 
environment) also had high GU S activity and two 
T-DNA copies, one of which showed a partial 
deletion. Further research may indicate whether 
particular combinations of T-DNA are important 
in the production of this effect. 

Whatever its cause, the fact that double 
T-DNA insertions can give lower gene expression 
than single insertions is important for several 
practical reasons. First, it might explain an appar- 
ent loss of expression from generation to gen- 
eration or an apparent lack of Mendelian in- 
heritance in transformants [2, 7, 10]. Second, it 
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means that care must be taken in comparing 
transformants with different promoters, or partial 
promoter deletions, to ensure that similar material 
is compared (e.g. single inserts with single 
inserts). Third, the blue precipitate formed by 
GUS acting on 5-bromo-4-chloro-3-indolyl fl-D- 
glucuronic acid [13] is often used to detect 
transformed material. However, it was noted here 
(data not presented) that leaves from the low 
GUS expression group (as determined by the 
MUG assay), whether from old plants or newly 
germinated seedlings, would rarely if ever show 
blue coloration with this less sensitive assay 
(leaves from the high activity group rapidly 
stained blue throughout). Finally, as different vec- 
tor systems have been reported to produce differ- 
ing numbers of inserted genes [ 17, 27], the results 
presented here indicate that a system that is capa- 
ble of constantly introducing single copies might 
yield more active transformants than one that 
introduces a large number of inserts. 
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