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A b s t r a c t  The potentials and limitations of negative-se- 
lection systems based on the human herpes simplex virus 
thymidine kinase type-1 (HSVtk) gene, which causes sen- 
sitivity to the nucleoside analog ganciclovir, were exam- 
ined in tobacco as a model system. There were great dif- 
ferences between individual HSVtk + transgenic plants in 
ganciclovir sensitivity. Inhibition of growth while under 
selection correlated with HSVtk-transcript levels. Negative 
selection against HSVtk + transformants at the level of Ag- 
robacterium-mediated transformation using a ganciclo- 
vir/kanamycin double-selection medium (the positive se- 
lection marker neomycin phosphotransferase-II gene was 
in the transformation vector) resulted in a three- to six-fold 
reduction in the frequency of kanamycin-resistant shoots. 
The efficiency of negative selection in this case was lim- 
ited due to the great variation in HSVtk expression, i.e., the 
frequently occurring transformants with low, or no, gan- 
ciclovir sensitivity escaping negative selection. Two inde- 
pendently constructed HSVtk genes showed the same var- 
iability of the phenotype in Nicotiana tabacum transfor- 
mants. Distinct phenotypes, ranging from no regeneration 
through abnormal or delayed regeneration, were observed 
when leaf segments were placed on shoot-inducing me- 
dium supplemented with 10-6-10 -3 M ganciclovir. The 
highest HSVtk mRNA and ganciclovir sensitivity levels 
were observed in plants which were transformed with the 
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pSLJ882 chimeric construct. The pSLJ882 plant expres- 
sion vector carried the coding sequence of HSVtk, whereas 
plasmid pCX305.1 carried an HSVtk construct retaining 
the untranslated 5 leader and viral 3 regions. The pCX305.1 
transformants showed, at most, a delayed formation of 
shoots with thin stems and very narrow leaves. Ganciclo- 
vir sensitivity showed typical Mendelian segregation. A 
gene-dosage effect was also seen at the seedling level in 
the progeny of two transgenic lines. 

Key words  Negative �9 selection �9 HSV thymidine 
kinase �9 Transgenic tobacco 

Introduction 

The concept of negative selection is based on the expres- 
sion of a marker gene that causes immediate or conditional 
inhibition of growth. Negative-selection marker genes can 
be used in genetic approaches towards understanding bio- 
logical processes. Such genes are of use for the identifica- 
tion of mutants defective in signalling processes (Karlin- 
Neumann et al. 1991), for the elimination of a particular 
class of cells, thus identifying the place and time of pro- 
moter activity (Koltunow et al. 1990; Mariani et al. 1990; 
Thorsness et al. 1991; Czak6 et al. 1992), and in studies of 
gene inactivation. All these applications require that the 
negative-selection marker be reliably expressed at a suffi- 
cient level in the transgenic plant(s) chosen for the analy- 
sis. 

An important application of negative selection is at the 
level of transformation. Transformation followed by a 
combination of positive and negative selection is a strat- 
egy for recovering transgenic organisms resulting from ho- 
mologous recombination-mediated gene targeting (Capec- 
chi 1989). A negative-selection gene controlled by a pro- 
moter active during and after the transformation process 
will suppress or kill cells that have randomly integrated the 
vector and enrich for cells with the targeted mutation (or 
gene). 



Only  the herpes  s implex  virus  t hymid ine  k inase  (HSVtk) 
and the d iph ther ia  toxin  cha in -A  genes have  been used at 
the level  o f  Agrobacterium-mediated t ransformat ion  in 
plants  (Czakd  and An  1994; Czakd  and M~rton 1994). 
HSVtk, as a condi t iona l  nega t ive  se lect ion gene,  has the 
added  advan tage  that nega t ive -se lec t ion  can be cont ro l led  
through its dependency  on an externa l ly  p rov ided  sub- 
strate, the nuc leos ide  analog  gancic lovir .  As such, HSVtk 
had p roven  ex t r eme ly  useful  in the enr ichment  for homol -  
ogous  recombinan t s  (Mansour  et al. 1988) in m a m m a l i a n  
sys tems.  There  are other  condi t iona l  and non-condi t iona l  
nega t ive - se lec t ion  markers  for plants  but  they have  not  
been tested at the t rans format ion  level:  these inc lude  the 
a lcohol  dehyd rogenase  gene ( W i d h o l m  and Kish inami  
1988), the cy tos ine  deaminase  gene o f E .  coli (Perera  et al. 
1993; S tougaard  1993), the RNase  T1 gene of Aspergillus 
and the barnase  gene f rom Bacillus amyIoliquefaciens 
(Mar ian i  et al. 1990), the yeas t  RAS2 gene (Hi lson  et al. 
1990), the Pseudomonas gene  encoding  exotoxin  A (Kon-  
ing et al. 1992), and the anti-nptIl gene (Xiang and Guer ra  
1993). 

HSVtk proved  to be a good  mode l  to demons t ra te  the 
potent ia l i t ies  and l imi ta t ions  of  nega t ive - se lec t ion  sys tems 
based  on the accumula t ion  of  a gene product ,  which  may  
be h igh ly  var iable  among  ind iv idua l  t ransformants .  Here  
we repor t  the var iab i l i ty  o f  HSVtk pheno types  in tobacco,  
which  reduces  the ef f ic iency of  nega t ive -se lec t ion  appl ied  
to a t r ans formant  popula t ion  genera ted  by  Agrobacterium- 
media t ed  t ransformat ion .  Two independen t ly  cons t ruc ted  
HSVtk genes showed  the same var iab i l i ty  of  pheno type  in 
Nicotiana tabacum t ransformants .  

Materials and methods 

Molecular cloning 

The HSVtk gene of the macroplaque strain of human herpes simplex 
virus type I was taken from plasmid pIC19R/MCI-TK (Mansour et 
al. 1988). The HSVtk coding region with flanking untranslated lead- 
er and 3' regions (BglII-SmaI fragment, nucleotides 253-1799, the 
coding region is from 310 to 1438, McKnight et al. 1981) was sub- 
cloned into pUC19 to give pCX303. HSVtk was then moved into a 
binary plant-expression vector (having the nmltiple cloning site of 
pKYLX7; Schardl et al. 1987) as a HindlII fragment and thus placed 
under the control of the 35S 2 (duplicated enhancer) promoter of 
pKYLX71:35S 2 (Mogen et al. 1990; Maiti et al. 1993) and the rbcS- 
E9 3' region (Hunt and McDonald 1989) to give plasmid pCX305.1 
(see Fig. 1A). 

A HSVtk construct which was free of upstream and downstream 
viral regulatory sequences was also made. Oligonucleotide mutagen- 
esis (Kunkel 1985) was carried out to introduce a ClaI site at the 
ATG (resulting sequence ATCGATG) andaBamHI site 15 bp down- 
stream from the translation termination codon. The resulting plas- 
mid, pSLJ341, was digested with BamHI and ClaI, and the fragment 
carrying HSVtk sequences extending from nucleotide position 310 
to 1455 (McKnight et al. 1981) was ligated to pSLJ4K1 (Jones et al. 
1992). The p35S/HSVtk fusion was released from pSLJ751 by BgIII 
and HindIII digestion and was cloned into pSLJ456 (Jones et al. 
1992). This yielded pSLJ882 (see Fig. 1B), a binary vector plasmid 
containing a Agrobacterium T-DNA gene 1' nptH transformation 
marker and the p35S HSVtk fusion. The binary vectors pCX305.1, 
pSLJ882, and pGA643 (An et al. 1988) were transferred into Agro- 
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bacterium tumefaciens by the direct transformation method (An 
1987) as described by Czak6 and M~irton (1994). 

Conditions for plant growth and transformation 

Nicotiana tabacum L. cv 'Xanthii', cv 'Petite Havana', and cv 'Pe- 
tite Havana' SR1 plants (M~irton et al. 1979) were used for Agrobac- 
terium-mediated leaf-segment transformation as described (Jones 
et al. 1992; Czak6 et al. 1992).Transformants were selected on 
100 mg 1-1 of kanamycin hemisulfate (SIGMA). Transgenic plants 
were named as follows. The 'A', 'B',  and 'C' series were transformed 
by pCX305.1, pSLJ882, and pGA643, respectively. Transgenic lines 
B1-4 are KAN-resistant Fl plants of individual primary transfor- 
mants of 'Petite Havana', Iines A 1-2 are 'Xanthii' primary transfor- 
mants, and lines A3-5, B5-8, and C1 are 'Petite Havana' SR1 pri- 
mary transformants. GAN sensitivity of callus and shoot regenera- 
tion on leaf segments of transgenic plants was tested on solid RMOP 
medium as described (Czak6 and Mfirton 1994). For an analysis of 
the segregation of KAN (600 mg 1 1) or GAN (10 .3 M) sensitivity, 
seeds were poured from the capsules directly onto the germination 
medium. All germination media contained 400 mg 1 -~ of Timentin 
(SmithKline), and 50 mg 1 -~ of the fungicide benomyl (as Benlate 
DFS0, DuPont) to prevent microbial growth. GAN sodium salt (M r 
= 277, as Cytovene, Syntex, Palo Alto, Calif.) was dissolved in wa- 
ter, filter-sterilized and added to the autoclaved media. Scoring of 
resistant and sensitive seedlings was performed 4 weeks after ger- 
mination. KAN-sensitive seedlings were bleached and the shoot apex 
was inhibited. 

Nucleic acid analyses 

Total plant DNA was prepared and probe DNA was labeled as de- 
scribed (Czak6 and MSrton 1994). For extraction of total RNA (Dr. 
B. McGurl, personal communication), 3 g of tissue was frozen in liq- 
uid nitrogen. The powdered tissue was immediately added to a pre- 
heated (95 ~ mixture (single phase) of 5 ml of equilibrated phenol 
and 5 ml of 100 mM Tris-HC1 (pH 8.0), vortexed for 1 min, and cen- 
trifuged at 3100 g for 15 rain. The aqueous layer was extracted with 
saturated chloroform, and RNA precipitated with 2.5 vol of ethanol 
in the presence of 0.3 M sodium acetate (pH 4.8). RNA was pellet- 
ed (10,000 g, 20 min at 4~ and resuspended in TE buffer (10 mM 
Tris and 1 mM EDTA, pH 8.0). Samples were frozen in liquid nitro- 
gen and stored at-80~ RNA (30 gg per lane) was fractionated on 
a 1% (w/v) formaldehyde-agarose gel, then transferred onto a Zeta- 
Probe membrane (BioRad) in 10 x S SC using the manufacturer's pro- 
tocol. Intactness of the total RNA and the accuracy of equal loading 
between samples were judged from the sharpness and intensity of 
rRNA bands. 

Results 

Const ruc t ion  o f  HSVtk type-  1 markers  and ganc ic lov i r  
sens i t iv i ty  of  t ransgenic  plants  

The HSVtk coding  region was inser ted into b inary  plant-  
express ion  vectors  as t ranscr ip t ional  fusions.  Two inde-  
pendent ly  cons t ruc ted  p lasmids ,  pCX305.1  and pSLJ882,  
were c o m p a r e d  for negat ive  select ion.  In p la smid  
pCX305.1 ,  the HSVtk coding  reg ion  f lanked  by the untrans-  
la ted 5 '  l eader  and 360 bp of  the 3' region,  encompass ing  
the viral  po lyadeny la t i on  region,  was c loned be tween  the 
p35S 2 p romote r  (cau l i f lower  mosa ic  virus 35S R N A  pro-  
moter  with an enhancer  dupl ica t ion)  and the rbcS-E9 poly-  
adeny la t ion  s ignals  (Fig.  1A). 
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Fig. 1 Physical organization of the T-DNA carrying portions of the 
A. tumefaciens binary plasmid vectors used for introducing HSVtk 
into Nicotiana and Arabidopsis. A In pCX305.1, the HSVtk transcrip- 
tional fusion is expressed from the 35S 2 promoter, a cauliflover mo- 
saic virus 35S RNA promoter with an enhancer duplication (p35S2), 
and terminated by the rbcS-E9 polyadenylation region (rbcS3'). The 
open box shows the extent of HSV-derived sequence (nucleotides 
253-1799, the coding region is from 310 to 1438, McKnight 1980). 
Black triangle (V) shows the position of the rbcS-E9 polyadenyla- 
tion site which is 677 bp downstream from the STOP codon. The 
open triangle (V) shows the position of the viral polyadenylation 
site. Distance from HSVtk translation termination: 64 bp. The nptII 
chimeric KAN-resistance gene is under the control of the Agrobac- 
terium nopaline synthase promoter (pNOS) and terminator (nos3') 
regions. B In pSLJ882, the HSVtk transcriptional fusion is expressed 
from a p35S promoter and terminated by nos3'. Black triangle (V): 
position of the nopaline synthase is: polyadenylation site, distance 
is 191 bp. The nptIIchimeric KAN-resistance gene is under the con- 
trol of Agrobacterium gene 2' promoter (p2'l') and the Agrobacteri- 
um octopine synthase terminator (ocs3') regions. Abbreviations:ATG 
translation start; LB left border repeat; RB right border repeat; STOP 
translation termination. The length of the T-region is shown in the 
parentheses next to RB 

Oligonucleotide mutagenesis was carried out to intro- 
duce a ClaI site at the ATG and a BamHI site 15 bp down- 
stream from the translation HSVtk termination codon. 
HSVtk free from upstream leader and downstream viral reg- 
ulatory sequences was cloned into a p35S-nos3'  expression 
cassette then inserted into a binary vector to make plasmid 
pSLJ882 (Fig. 1B). 

The binary vectors were introduced into Agrobacte- 
rium. The effective inhibitory concentration of GAN was 
determined on HSVtk § transformants. GAN at 10 .4 M 
(proven effective in Arabidopsis, Czak6 and Mfirton 1994) 
strongly inhibited (see below) early shoot regeneration 
from leaf explants of  established HSVtk+ plants but did 
not affect non-transformed tobacco. 

Negative selection by ganciclovir against HSVtk 
in Agrobacterium-mediated leaf-disc transformation 

The negative-selection efficiency against HSVtk § transfor- 
mants during transformation was determined by com- 
paring KAN selection in the absence or presence of GAN. 
Leaf  segments were co-cultivated with Agrobacterium car- 
rying the HSVtk + plasmid pCX305.1 or pSLJ882. Shoot 
regeneration was induced on RMOP medium containing 

Fig. 2 A, B Northern blots: 30 pg of total RNA isolated from leaves 
or regenerating-root culture (panel 'A', lane 6 only) were hybridized 
with the 32p-labeled 1.5-kb HindIII fragment encompassing the en- 
tire coding region of HSVtk in the pCX305.1 plasmid (Fig. 1 A). Pan- 
el A: 1 wild-type (cv 'Petite Havana' SR1), 2 B5, 3 B1, 4 B2, 5 B3, 
6 B4, 7 A2, 8 A1, 9 wild-type (cv 'Xanthii'). Panel B: 1 wild-type 
RLD, 2 RLD 882-1, 3 RLD 882-2, 4 RLD 305-1. The arrowheadin- 
dicates the position of the 1950-nt RNA standard 

100 mg 1-1 of KAN with or without 10 .4 M GAN. GAN 
did not significantly reduce the overall number of shoots 
developing on tobacco-leaf explants cultured on GAN+ 
KAN-containing medium compared to KAN-containing 
medium. Survivors on GAN+KAN medium included both 
GAN-insensitive KAN-resistant shoots, and some non- 
transformed shoots escaping KAN selection. Non-trans- 
formed shoots also appeared in the KAN selection plates 
- as is typical for KAN selection under these conditions. 
The negative-selection effect became apparent only when 
the KAN-resistant shoots were scored among those col- 
lected from KAN+GAN plates. The number of KAN-re- 
sistant shoots was 5.3-times less (7.4% vs. 39.3%) on 
GAN-containing medium when the pCX305.1, and three- 
times less (18.5% vs. 57%) when the pSLJ882, binary vec- 
tor was used for transformation. GAN did not affect trans- 
formation by the HSVtk-  pGA643 control plasmid (37% 
vs 40%). 

HSVtk transcript abundance 

DNA gel-blot analysis with probes covering HSVtk and 
nptlI, respectively detected the HSVtk and nptll  sequences 
in all pCX305.1 and pSLJ882 transformants tested (data 
not shown). Transcription of HSVtk was demonstrated by 
hybridization of total RNA with the HSVtk sequence: 
1.4 kb for pSLJ882 and 1.9 kb for pCX305.1. The strong- 
est HSVtk-transcript hybridization signals were observed 
in pSLJ882 transformants, e.g., in 'B4 '  and 'B5 '  (Fig. 2A). 
No hybridization was observed to RNA isolated from 'B 3' 
(Fig. 2A). There were no differences in the intensity be- 
tween the pSLJ882 (lines 'RLD882-1 '  and 'RLD882-2 ' )  
and pCX305.1 (line 'RLD305-1 '; Czak6 and M~rton 1994) 
Arabidopsis transformants used as reference (Fig. 2B). 
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Table 1 Effect of GAN on shoot induction on the A1. HSVtk + to- 
bacco-line leaf explants after 12 days 

Ganciclovir 
concentration (M) 

Shoot primordia (% of 0 M GAN) 

HSVtk + HSVtk- 

0 100 100 
10 -7 92 93 
10 6 71 98 
10 5 1 88 
10 .4 0 93 

Fig. 3 Effects of GAN at  10 -4 M on shoot regeneration and callus 
formation on leaf segments of transgenic tobacco lines after 6 weeks. 
1A1,2B4,3B3 

Transgenic tobacco displays variability in ganciclovir  
sensitivity 

A growth assay was used to test if there was a variation in 
G A N  sensitivity between individual transgenic tobacco 
plants. GAN was incorporated into shoot- inducing 
(RMOP) medium at concentrat ions f rom 10 .8 to 10 .3 M. 
G A N  sensitivity correlated with HSVtk-transcript Ievels. 
The most  severe inhibition was observed among pSLJ882 
transformants:  total inhibition of  proliferation on lines 'B4 '  
and 'B5 '  at 10 .3 M GAN.  Non- t ransformed leaf segments,  
and several transformants,  formed callus but did not regen- 
erate shoots at this G A N  concentration. G A N  at 10 .4 M 
still almost  completely  inhibited growth on 'B4 '  (Fig. 3) 
and 'B5 '  leaf segments,  while the non-transformed control 
regenerated normal  shoots. The minimal concentrat ion 
which caused slender shoot- and narrow leaf -morphology 
(Fig. 3, right top) was also lower  (10 .6 M), for lines show- 
ing high HSVtk-transcript levels ( ' B 4 '  and 'B5 ' ) .  This 
symptom occurred at a higher min imum concentration, i.e., 
10 -~ M in the low ( ' A I '  and A2 ) and moderate transcript- 
level ( 'B 1' and ' B 2 ' )  transformants,  as well as in 'A3 '  (no 
R N A  data). Explants taken from 'B3 ' ,  with no detectable 
HSVtk transcript, and the HSVtk -  ' C I '  t ransformants be- 
haved as did the non-t ransformed control. 

The least severe form of  G A N  inhibition, i.e., the de- 
layed shoot-pr imordium formation was analyzed quantita- 
tively. Leaf  segments were taken f rom non-t ransformed 
plants and from KAN-resis tant  tobacco lines: a low HSVtk- 

Table 2 Mendelian segregation of resistance to KAN "600 mg 1-1) 
and GAN sensitivity (10 3 M) in the self progeny of trans genic plants 
carrying the chimeric HSVtk either from pCX305.1 or pSLJ882 

Line No. of seedlings No. of seedlings 

KAN Ratio b GAN Ratio ~ 

R ~ S ~ R I a S 

A1 542 183 3.0:1 415 
A2 410 146 2.8:1 507 
A3 569 207 2.7:1 324 
A4 200 75 2.7:1 210 
A5 298 86 3.5:1 225 
B2 74 20 3.7:1 NT e 
B3 627 17 36.9:1 593 
B4 1151 182 6.1:1 25 
B5 298 103 2.9:1 99 
B6 276 96 2.9:1 67 
B7 200 75 2.7:1 252 
B8 155 49 3.2:1 NT 

0 0 N/A d 
0 0 N/A 
0 0 N/A 
0 0 N/A 
0 0 N/A 

0 0 N/A 
0 161 1:6.4 

209 93 1:2.1:0.9 c 
170 70 1:2.5:1 ~ 

0 0 N/A 

a R=resistant; S=sensitive; I=intermediate sensitive 
b 3:1 or 35:1 segregation with one exception. Expected and observed 
segregation ratios were compared by a Z 2 test (P_<0.05) 
c 1:2:1 segregation 
d N/A=does not apply 
e NT=not tested 

transcript-level (line ' A I ' )  plant carrying HSVtk f rom 
pCX305.1 and a HSVtk-  pGA643 transformant (line 'C 1'). 
Several shoot primordia appeared on the wild-type and 
HSVtk-  transgenic leaf segments within 9 days of  culture 
on medium containing 10 .5 M GAN, while primordia ap- 
peared on leaf segments of  HSVtk  + plants only after 
14 days. The great difference in regeneration frequency be- 
tween the HSVtk-  and HSVtk  + explants (Table 1) could be 
seen only around the mid point (12 days) of  this time win- 
dow. 

In the high-transcript level 'B5 '  line, 10 -3 M G A N  in 
MS medium inhibited rooting and shoot-apex development  
for 3 weeks. The leaves that slowly developed afterwards 
were typical for regenerants developing f rom leaf segments 
on GAN medium. Wild-type plants were not affected. 

Most  HSVtk  + plants were phenotypical ly  indistinguish- 
able f rom wild-type except for certain pSLJ882 transfor- 
mants which were noticeably paler green both in shoot cul- 
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ture and in the greenhouse (5 out of 18). For example, lines 
'B4' and 'B5' ,  (the latter expressing the highest levels of 
HSVtk transcript; Fig. 2). The pale color was evident on 
young leaves, and persisted after spraying with benzylad- 
enine (1 mg 1-1), or after grafting to wild-type tobacco. 

Negative selection at the level of germinating-seed 
progenies 

To test the negative selection in planta, seeds were plated 
on 10 -3 M or no GAN. Wild-type seedlings were not af- 
fected. In the progeny of lines 'B5' (high transcript level) 
and 'B6' (Table 2) the overall segregation to normal, inter- 
mediate, and severely inhibited phenotypes was 1:2:1, con- 
sistent with segregation of a semi-dominant trait. The same 
lines exhibited a 3:1 segregation of KAN resistant (600 mg 
1 i) to sensitive (normal) seedlings. On the GAN plate, pig- 
mentation, shoot-apex and root growth was severely inhib- 
ited in one out of four seedlings; the cotyledons did not ex- 
pand completely, and the yellowish seedlings had a bottle- 
shaped, swollen hypocotyl (Fig. 4). In 50% of the seed- 
lings the yellowish-green cotyledons were swollen. One in 
every four seedlings was virtually not affected by GAN. 
The HSVtk + seedlings from both the severely and interme- 
diately inhibited classes could be rescued by transfer to 
non-selective shoot-inducing (RMOP) medium. The sen- 
sitivity of transgenic seed germination to GAN provides 
an excellent possibility for negative selection at the seed- 
ling level in these individual transformants. 

Discussion 

Two HSVtk constructs have been compared. The HSVtk 
gene carried on plasmid pSLJ882 is devoid of the upstream 
leader and downstream viral sequences still present in plas- 
mid pCX305.1. HSVtk expression resulted in distinct phe- 
notypes in the presence of 10-6-10 -3 M GAN. 

HSVtk proved to be a good model to demonstrate cer- 
tain features of negative-selection systems based on the ac- 
cumulation of a gene product or RNA. So far only one con- 
ditional negative selection marker, the HSVtk gene, has 
been used for negative selection at the level of Agrobacte- 
rium-mediated transformation in Arabidopsis (Czak6 and 
Mfirton 1994) where it provided a 25-fold reduction on 
transformant recovery. In tobacco, the reduction in the fre- 
quency of KAN-resistant shoots in the presence of GAN 
was only 3-5.3-fold with both HSVtk constructs in both 
cultivars because shoots that escaped selection masked the 
differences. 

GAN sensitivity correlated to the transcript levels. Not 
all transformants reached a level of HSVtk-transcript and 
GAN sensitivity sufficient to cause complete inhibition. 
The broad range of GAN sensitivity in individual transfor- 
mants explains the overlapping emergence of shoot pri- 
mordia both from HSVtk § and HSVtk- sectors. It is in con- 
trast with the situation in leaf explants taken from an es- 

Fig. 4 Segregation of GAN-sensitive and wild-type seedlings in the 
progeny of the B5 transgenic plant after 6 weeks on 10 -3 M GAN 
containing medium. Severe inhibition results in a bottle shape in 
some seedlings. Others show an intermediate phenotype: arrested de- 
velopment and paler green color as compared to the unaffected, wild- 
type seedlings. Bar represents 2 mm 

tablished HSVtk + individual where HSVtk expression was 
uniform, so there was a clear delay in shoot-primordia for- 
mation as compared to the wild-type (Table 1). 

Variation in negative selection-marker expression, 
abortive integration, inactivation by methylation (Renck- 
ens et al. 1992), deletion (Depicker et al. 1988), or inacti- 
vation by mutation, in the regulation pathway (Karlin-Neu- 
mann et al. 1991) wilt result in transgenic shoots escaping 
selection pressure, and consequently, reduce the efficiency 
of negative selection when a population of transformants 
is subjected to selection. These are difficulties that every- 
body has to face when working with negative selection at 
the level of transformation. The very same variation in the 
case of positive selection would only result in fewer trans- 
formants and only one type of escapee. Those that fail to 
show high-enough resistance simply will not appear, so 
will not 'contaminate' the outcome as they do in the case 
of negative selection. 

The reasons for the pCX305.1 HSVtk construct to con- 
fer less GAN sensitivity on individual plants than the trans- 
gene in pSLJ882 could be explained by the lower transcript 
abundance. The weak HSVtk-transcript bands indicated 
low mRNA stability, rather than low expression because 
the 35S 2 promoter in plasmid pCX305.1 yielded greater 
levels of expression of foreign genes than the 35S promoter 
(Maiti et al. 1993). Both pSLJ882 and pCX305.1 Arabi- 
dopsis transformants had high HSVtk-RNA levels. The re- 
tention of the original polyadenylation region (360 bp) of 
HSVtk between the coding region and the rbcS-E9 plant- 
polyadenylation cassette, which placed the plant polyA 
signal 677 bp from the translation terminator codon in plas- 
mid pCX305.1, was not optimal for tobacco. However, re- 
gardless of the vector or recipient tobacco cultivar used, a 
wide range of HSVtk-transcript levels and corresponding 
GAN sensitivity was observed. 

The filiform leaf symptom could also be correlated with 
the transcript level. This phenotype was apparent with both 



pCX305.1 and pSLJ882  t ransformants ,  but at a much-  
lower  G A N  concent ra t ion  for the h igher -express ing  plants.  

Nega t ive  se lect ion was poss ib le  also at the seedl ing  
level  in three out  o f  ten t ransgenic  plants.  A gene -dosage  
effect  was also seen at the seedl ing level  in the p rogeny  of  
two o f  them (1:2:1 segregat ion,  Table  2.). Both G A N  sen- 
s i t iv i ty  and K A N  res is tance  showed  typica l  Mende l i an  seg-  
regat ion  in most  plants.  The pa le  pheno type  obse rved  in 
some of  the t ransgenic  plants  (with high t ranscr ip t  abun- 
dance)  co - seg rega ted  with the G A N  sensi t ivi ty,  suggest-  
ing a phys io log ica l  in ter ference  o f  HSVtk express ion ,  i.e., 
the excess  non-spec i f ic  (deoxy)nuc leos ide  k inase  activity.  

Var iabi l i ty  in the in tensi ty  of  pheno typ ic  consequences  
among the ind iv idua l  t ransformants  may  l imi t  the use a 
par t icu lar  nega t ive -se lec t ion  gene to specif ic  appl ica t ions .  
Nega t ive  se lec t ion  using HSVtk/GAN at the level  of Agro- 
bacterium-mediated t ransformat ion  p roved  to be less effi- 
c ient  than in m a m m a l i a n  cel ls  (Capecchi  et al. 1989) and 
Arabidopsis (Czak6 and Mfirton 1994). Therefore ,  HSVtk 
is p robab ly  not  sui ted for tobacco gene- ta rge t ing  exper i -  
ments ,  but  the high HSVtk express ion- leve l  ind iv idua ls  can 
be used in nega t ive  se lec t ion  at the seedl ing  and p lant  level ,  
and wil l  also be a useful  tool  for  the fundamenta l  studies 
on gene inac t iva t ion  and for ident i f ica t ion  of  muta t ions  in 
s ignal l ing  pa thways .  
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