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Summary. A clear influence of ploidy was observed on 
the frequency of both spontaneous and nitroso-methy
lurea (NMU) induced, streptomycin-resistant, adventi
tious shoots developing on leaf explants of Nicotiana 
tabacum and N. plumbaginifolia. At nearly all NMU lev
els employed a significantly higher yield of resistant 
shoots was obtained from haploid compared with dip
loid leaf strips. At 1 mM NMU the differences were 
not significant and were absent when a high (1000 mg/1) 
selective concentration of streptomycin sulphate was 
used. The influence of ploidy is discussed in relation 
to the possible effect of plastome copy number on muta
genesis and sorting out of resistant plastids. 
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Introduction 

A rapid, simple protocol for obtaining plastome-en
coded streptomycin-resistant mutants of solanaceous 
plants has recently been reported (McCabe et al. 1989, 
1990). This is based on the use of an efficient plastome
targetted mutagen, nitroso-methyl-urea (NMU, Hage
mann 1982), and a highly regenerative leaf explant sys
tem in which the antibiotic causes. bleaching and sup
presses adventitious shoot initiation. The procedure 
works well for several species and in Solanum nigrum 
has also been used to select for spectinomycin and linco
mycin resistance, as well as multiple markers for use 
in chloroplast transfer and recombination studies (Dix 
et al. 1990). The appearance of resistant shoots is depen
dent on a complex process of sorting out of resistant 
and sensitive plastome types during a sustained period 
of cell division at non-lethal levels of the selective agent. 
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In this respect selection of these mutants is akin to th 
of rare plastome recombinants achieved through cell· 
sion (Medgyesy et al. 1985), a process that, in view 
the large plastome copy number per cell, has been. 
ened to population genetics at the cell level (Medg~· 
1990). '. 

While this sorting out process is difficult to analy · 
some useful indications can be achieved through co· 
parisons between plants differing in plastid density.'.' 
haploid Nicotiana tabacum shoot cultures, mesoph 
cells are characterised by a lower chloroplast densi 
than those of diploid cultures of comparable age, i 
Rice and P. Dix, unpublished). Previous investigatio, 
with diploid N. tabacum (McCabe et al. 1989) ha.' 
shown stable retention of streptomycin resistance 
shoots obtained through the leaf strip mutagenesis pt'p 
cedure, together with maternal inheritance of the trait: 
This therefore seems a suitable species for assessing the 
effect of ploidy on the generation of streptomycin-resis:, 
tant shoots. Data from this study are presented in thif 
report, together with a similar evaluation for a secori4t 
species, N. plumbaginifo/ia. 

Materials and methods 

Plant material. Seeds of N. tabacum var. Petit Havan~ 
and N. plumbaginifolia var. Viviani were pure lines rn_ain· 
tained by selfing for at least six and ten generations 
respectively. Haploid plants of N: tabacum (NTH1) _and 
N. plumbaginifolia (NPH28), the latter kindly provide,d 
by P. Maliga, were obtained through anther culture 
(Nitsch and Nitsch 1969) from plants raised from the 
same seed stocks used to provide diploid plants for the 
study. , 

Seeds were sterilised and germinated on RM rnediur , 
as described previously (McCabe et al. 1989). The resul · 
ing diploid plantlets, and the haploid plants, "'.ere mafj 
tained as axenic shoot cultures by transfernng ni \ 
cuttings to fresh RM medium every 5-6 weeks. S ~C 
cultures, and all other cultures, were maintained at 25 

; h hotoperiod. The ploidy status of experi
. ."ran 18 p confirmed by root tip squashes after 
,- 1 ultures was . ) fi . 
i)\O C ent with 0.05% colchicin_e _(90 mm , ixatwn 
treatrn h !/acetic acid and stammg with propiomc ,3:1 et ano 

&in-
t; . D tai·ls of the mutagenesis procedure are 
" nesis e 1990) .tfge · · arlier reports (McCabe et al. 1989, . , 

i)Y. ided mfe h'ch also provides detailed mformal!on 
'Jtterowi "f 
~' a safe handling and disposal of the mutagen. Bne -
·,the . (O 2 x 1 cm) from 4-week-old shoot cultures 

, jle~f s::a~ed ·in liquid RM medium supplemented with 
ere me 1 1 f NMU (Sigma) on a rotary shaker ·-useveso .. 
11o ) at 25' c for 120 min, washed three l!mes m 
OO rp~ure medium and placed on the surface of s.h?ot 
,esh cu . medium RMB (Maliga 1984), contammg 
generation ' . h h 
'' benzylaminopunne as the sole p yto ormone, 

1/rg/l t d wi'th O 500 or 1000 mg/1 streptomycm sulplemen e , · 
i,te (Sigma). Nine explants were used per 9 cm petn 
!h; dishes were sealed with parafilm and mcubated 
Jg weeks. 

%/ last number per cell This was determined accord
{'0ihe method of Possi~gham and Smith (1972). Leaf 
i 

0
were excised with a cork borer in a 3.5% glutaral

, ~s de solution on a sheet of dental wax, transferred 
'Jass vials and rotated slowly in the glutaraldehyde 
,jgt_ for 2 h The solution was then decanted and 
, U IOil · · 
e'discs washed three times in a 0.05% EDTA solut10n 

, : 9) before incubation in the same solut10n for 2 h. 
1~f discs were then squashed under a cover shp and 
Jan chloroplast number per cell was determmed by 
p 
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counting 20-30 cells in total from three leaf discs excised 
from a single plant. 

Results 

N. tabacum 

The data on the appearance of resistant shoots on medi
um containing 500 or 1 OOO mg/1 streptomycm sulphate 
are given in Fig. 1, where both the percentage of explants 
with resistant shoots, and the mean number of shoots 
per explant, are recorded. At 500 mg/1 strepto1:1ycm sul
phate significantly higher values were obtamed with 
haploid leaves. In the case of yield of resistant shoots 
(Fig. 1 C) this represented a five- to tenfold mcrease, ex
cept where 1 mM NMU was employed where the m
crease was only about 50% and was not s1gmficant. Only 
0.5 and 1 mM NMU treatments led to resistant shoots 
on 1000 mg/1 streptomycin sulphate. After 0.5 mM 
NMU treatment the same trend is observed as on 

Table t. Mean chloroplast number per cell in Nicotiana tabacum 
shoot culture 

Ploidy Cell type Mean chloroplast no./cell 

2n 

n 

"' 0 

c 
(mM 

~ 
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lmM 
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£:! 
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19.4±0.6 
5.9±0.2 
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Fig. 1 A-D. The occurrence of green ad
ventitious shoots on Nicotiana tabacum 
leaf explants placed on medium supple
mented with 500 (A, C) or 1000 (B, D) 
mg/I streptomycin sulphate after muta
genesis with nitroso-methylurea (NMU). 
The percentage of explants producing 
shoots (A, B) and the mean number of 
resistant shoots per explant (C, D) are 
recorded. Mutagen concentrations and 
ploidy levels (n or 2n) are indicated on 
the horizontal axes and bars represent 
the standard error of the mean. All ob
servations were made after 8 weeks 
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500 mg/1 streptomycin sulphate, but this disappears in 
the case of the 1 mM treatment. 

Chloroplast numbers in palisade mesophyll, and 
guard cells are recorded in Table 1. 

N. plumbaginifolia 

The effect of ploidy on the appearance of streptomycin
resistant shoots in N. plumbaginifolia is shown in Fig. 2. 
Although the occurrence of resistant shoots is less fre
quent overall, the same trend is observed when compar
ing haploid and diploid leaves. Results are only pre
sented for 500 mg/I streptomycin sulphate as resistant 
shoots for this species only appeared very rarely, in any 
of the treatments, at the higher (1000 mg/1) level. 

Effect of mutagenesis on adventitious shoot initiation 

Only the highest NMU concentration (5 mM) had any 
noticeable effect on multiple adventitious shoot initia
tion on non-selective medium (no streptomycin). At this 
level there was some reduction in density of shoots on 
diploid leaf strips, although all leaf strips continued to 
exhibit a morphogenic response. The effect on haploid 
leaves was much more pronounced however with adven
titious shoots developing from only 57% and 79% of 
leaf strips of N. tabacum and N. p/umbaginifolia respec
tively. 

Discussion 

The results confirm the general efficiency of the mutagen 
NMU for the induction of mutations to antibiotic resis
tance. This has been the mutagen of choice for most 
recent work on the production of chloroplast mutants 
(e.g. Fluhr et al. 1985; McCabe et al. 1989, 1990; Jansen 
et al. 1990; Dix et al. 1990), although an interesting ex
ception is the report of To et al. (1989), in which efficient 
plastome mutagenesis was achieved with N-methyl-N'
nitro-N-nitroso-guanidine in protoplast cultures of N. 
plumbaginifolia. 

The principal observation from the current data is 
the far greater yield of resistant shoots from haploid 
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compared with diplo.id leaves. This effect is most strik1 
m the non-mutagemse.d treatments where spontaneo' 
mut.ants on . the d1plo1d leaf stnps are extremely t,( 
(a smgle resistant shoot for N. tabacum, and none] 
N. plumbaginifo/ia in the present experiment). The ex ' 
of the enhancement is too great to be accounted 
by the slightly smaller size (and hence larger num· 
per explant) of haploid cells, and the results suggest tl! 
at least in these species, induced mutagenesis may n 
be necessary if haploid cultures are employed. ?f! 

The reason for the elevated number of mutants' it 
haploid explants could relate to an inherently high~f" 
tendency to mutation in the plastome of haploid cells"· 
or to a more efficient sorting out of the resistant a' 
sensitive plastids under the selection pressure. In the aH) 
sence of any documented evidence for differences in tfil 
organisation of DNA in plastids from haploid and dip) 
loid cells, or for recessive plastome mutators (Epp 197}) 
in Nicotiana species, differences in efficiency of sorti ·· . 
out seem to provide the more likely explanation. If t "·' 
target cells, i.e. those capable of embarking on a develop}' 
mental pathway to adventitious shoots, contain fewer 
chloroplasts, one would anticipate fewer mutations P~fc'k'f 
cell. Our suggestion is that this is more than compensat; J 
ed by the more rapid stabilisation ofhomoplastidic resisf 
tant cells through segregation during subsequent cell dif . 
vision under positive selection for streptomycin resit :r 
lance. The importance of selection for directional chan, . · 
nelling of this segregation process was neatly dem~n· 
strated in a recent report in which the fate oflinco11:1yc1~
and streptomycin-resistant plastids was followed m Nz; 
cotiana somatic hybrids with a mixture of the two plast1d. •· 
types (Moll et al. 1990). In the case of plastome muta,. 
genesis, where one is selecting in favour of a tiny minord 
ty of mutant plastid DNA molecules, it can be envisage. 
that these must reach a certain threshold proportion be.' 
fore the selection pressure is capable of puUing the~ 
through, and that this is more readily reached m haploi f 
cells with a lower plastid density. The situat10n IS 0 

course further complicated by the two tiers of competI; 
tion (intra-plastidic and inter-plastidic) between res1stan 
and sensitive types. 

We believe that the inverse relationship betwee; 
ploidy a~d the recovery. of streptomycin-resistant.sho~s: 
1s a s1gmficant observallon, but mterpretat10n of 11 m · 

d b the limitations to quantification posed 
etllPere ioJ system. The selective umt 1s a larg.e com

the. selec~nly a proportion of the cells of which are 
i t1ssue f: rphogenesis in response to the tnggers 
.: peten~ tre ~ilture medium. The origin of the adven-
p·p]!ed I . clear and has not been resolved by .· boots 1s un , . . . (A T 
pus s. al and ultrastructural mvest1gat10ns · 1m-
itolog1~ p Dix in preparation), hampered by a loss 
o~s an di;tinction before emergent shoot pnmordrn 
f,.1,ssue arent. Differences in chloroplast number m 
came af p 11 might not reflect differences m plastid 
,sophYfn ~~/ progenitor cells for the resistant shoots, 
iUllber ave no information on plastome copy 1:1umber 
:d we h d in these cells. Furthermore, t.he sortmg o.ut 
e.r plastI t ·n to be influenced by the substantial 

81scerai · 
,oces . mbers of plastids and plastome copies on 
· ges m nu · · II an. . f a differentiated to a menstemat1c ce ans1t10n rom 
· as and Rose 1983; Mullet 1988). . 
,hom 1 t based system for mutagenes1s and selec-,A protop as - d b 
: lastome mutants, of the type employe y sever
~n of p (Cse 16 and Maliga 1984; Hamill etal. 1986; 
'1/roufs 1989 p Jansen et al. 1990) would lend itself to 
. et a . timation of frequency of recovery of resistant 
e ;;r a~d comparisons using haploid and diploid proto-
1 , . ht be informative However, genetic mstab1hty 
asts m1g · · · h s 
". the callus phase may result m erratic c ange 

un~1dy status which would complicate such an analy
/ For example, Jansen et al. (1990), commencmg with 
"'Ioid protoplasts of Lycoperszcon peruvzanum, found 
Ip out of 25 streptomycin-resistant shoots, regen~rated 
fter at least 6 months of selection, to be d1pl01d. To 
'al. (1989), on the other hand, o.nly recovered hapl01d 

, ants from 2 (both of which denved from progemtors 
'iit had not been subjected to mutagen treatment) out 
l20 streptomycin-resistant colomes selected usmg m1-
~lly haploid protoplasts of N. plumbagznifo/za. Thelf 
election and regeneration protocol a~pears to be rapid, 
~t is not fully chronicled. Ploidy e.st1mat10ns have not 
Ien carried out on resistant plants m the present study, 

.·111 in a separate investigation (P. Dix, unpubhshed) 12 
aventitious shoots arising from leaf explants of hapl01d 
.'. tabacum were all found to be hapl01d .. Generally 
s. ' · · 1 'd b expected m advenll-·.1greater stab1hty of p 01 y can e . 
'bus shoots developing directly from explants., than m 
'ose recovered following a callus step. Stab1hty. IS un
')i.ely to be complete however. For example, d,plmd axil-

1\ry shoots frequently develop from haploid N. plumba
g,inifolia shoot stocks maintained through nodal cut-

;~'lte have no ready explanation for the erosion of the 
P.loidy effect in N. tabacum after a particular mutagene
·,; treatment (1 mM NMU), except that there may, after 
~II, be some differential sensitivity ofhaplmd and d1plmd 
p~lls to certain mutagenesis treatments. So"':'e. reduct10n 

::,Of the effect is also found in N. plumbagmifolza after 
~xposure to 5 mM NMU, but tbis can be e~plamed by 
,the inhibition of adventitious shoot 1mtrntion, greater 
,j\\ haploid than diploid leaf strips, caused by this high 
,~oncentration of the mutagen. 
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In conclusion, although haploid leaf strips give .a 
higher yield of streptomycin-resistant shoots,. NMU is 
also sufficiently effective with d1pl01d. leaf stnps to fa
vour their use for routine obtention of plastome 
markers, in view of the convenience of immediately reco
vering fertile, diploid plants. 
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