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Summary. A large number of aluminum-resistant vari-
ants, selected from non-mutagenized homozygous
diploid cell cultures of Nicotiana plumbaginifolia Viv.,
are characterized. Of 115 variants cioned and reselected
from single cells, 67 retained Al resistance in callus
cultures after 6—9 months of growth in the absence of
Al There was no association between Al resistance and
callus growth in the absence of Al, suggesting that the
Al-resistant phenotype is not detrimental in the absence
of Al challenge and that Al resistance is not the result
of increased vigor. Plants regenerated from initially
resistant callus lines that subsequently lost their resis-
tance failed, with one exception, to transmit resistance
to their seedling progeny. Fertile plants were regen-
erated from 40 of the 67 variants that retained stable Al
resistance in callus culture. All 40 transmitted Al
resistance to their seedling progeny (selfed and back-
crossed) in segregation ratios expected for a single
dominant mutation. The selfed progeny of many vari-
ants also segregated for recessive lethal mutations
which were attributed to independent mutations that
occurred during cell culture.
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Introduction

It is well established that mutants can be selected from
plant cell culture (Chaleff 1981; Maliga 1984a). Al-
though many variants for agriculturally important traits
have been selected from cell culture (Flick 1983),

examples demonstrating expression of the selected trait
in regenerated plants and transmission to sexual progeny
are scarce.

Unequivocal evidence for the selection of agriculturally
important mutants from cell culture is limited to a few
instances of herbicide resistance (Chaleff 1980; Chaleff and
Parsons 1978a; Chaleff and Ray 1984), pathotoxin resistance
(Carlson 1973; Gengenbach etal. 1977; Brettell etal. 1980)
and lysine overproduction selected via resistance to amino
acids and their analogues (Hibberd and Green 1982; Negrutiu
etal. 1984). A major limitation to the application of cell
selection for crop improvement is the poor understanding of
the molecular and cellular basis of many agricultural traits
(Chaleff 1983a,b; Meredith 1984). Improved resistance to
mineral stress has been identified as one class of phenotypes
with sufficient expression at the cellular level such that
selection in cell culture may be possible (Meredith 1984;
Meredith and Conner 1985).

Aluminum toxicity is one of the most important environ-
mental stresses limiting world food production (National
Academy of Sciences, USA 1977). It is a major growth-limiting
factor for most crop plants in acid soils throughout the world,
and is especially severe in developing countries of tropical
regions (Foy 1983; Sanchez et al. 1982). If aluminum resistant
genotypes selected in cell culture are to be useful in a field
setting, it is important that the selection strategies used closely
simulate the conditions existing in the soil environment
(Meredith 1984; Meredith and Conner 1985). Since the min-
eral milieu of Al-toxic acid soils is quite different from that of
commonly used plant cell culture media, several modifications
to the inorganic composition of the medium are necessary to
maximize the expression of Al toxicity in Nicotiana plum-
baginifolia Viv. cell cultures (Conner and Meredith 1985a).

Using this modified medium, supplemented with a
concentration of Al that completely inhibits the growth
of wild-type cells, we have isolated 246 Al-resistant
variants of N. plumbaginifolia (Conner and Meredith
1985b). In this paper we describe the stability of Al
resistance in callus cultures of these variants and the
expression and inheritance of Al resistance in the
seedling progeny of regenerated plants.
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Materials and methods

Variant selection and maintenance

The initial selection of the Al-resistant variants from non-
mutagenized homozygous diploid N. plumbaginifolia cell cul-
tures has been described (Conner and Meredith 1985b). The
variants were selected for survival in the presence of 600 uM
Al, supplied as Al,(SO,)s - 18 H,O, added to culture medium
(designated MSMT-1) in which the phosphate concentration,
the calcium concentration, and the pH were reduced to 10 pM,
0.1 mM, and 4.0, respectively, and the iron was supplied in
unchelated form (Conner and Meredith 1985a). Twenty-nine
variants were obtained by direct selection, in which cells were
plated directly onto Al-toxic medium and variants recovered
as growing colonies after 123 days. The other 217 variants
were obtained by rescue selection, in which cell suspensions
were cultured for 10 days in Al-toxic medium and then plated
onto RMNO medium (Marton and Maliga 1975) for recovery
of survivors after 21days (Table 1). After 6-12 weeks of
growth in the absence of Al, each variant was cloned and
reselected from single cells. For each of the 119 variants that
were successfully reselected, a single small callus colony was
chosen for further characterization and transferred to RMNO
medium. As soon as it reached sufficient size (approximately
5 mm diameter after about 4 weeks), each colony was divided
into 2 parts. One part was maintained as callus on RMNO
medium, and the other was transferred to RMOP medium
(Maliga 1984b) for plant regeneration. All media were auto-
claved for 20 min at 103 kPa. Cultures were incubated at
25-26°C under cool-white fluorescent light (5070 pmol m ™
s7*, 16 h light : 8 h dark daily).

Stability of Al resistance in callus

Each variant was maintained as callus on RMNO medium in
the absence of Al. Every 3—4 weeks callus of each variant was
selected on the basis of friability for subculture. Callus of all
the variants was uniformly friable after 5-6 months, such
uniformity being an important prerequisite for accurately
comparing cell lines for Al resistance (Conner and Meredith
1985b). After 6-—9 months of growth in the absence of Al, each
variant was rechallenged with Al. Two days after subculture
(see Conner and Meredith 1985a), 0.1 g of callus was smeared
onto 4.5 cm diameter Whatman No. 2 filter paper supported
by polyurethane foam (Conner and Meredith 1984) saturated
in MSMT-1 medium with and without 600 pM Al (5 replicates
per treatment). At 10 days, relative growth (RG) was calcu-
lated as:

100 (Wf—-Wi)
Wi
where Wi and Wf are the initial and final fresh callus
weights, respectively. A resistance index (RI) was used to
compare the Al resistance of individual variants:
RG
RI= -
RGy
where RG, and RGgq represent the mean relative growth of
each variant after 10 days at 0 and 600 pm Al.

RG=

Plant regeneration

Callus was transferred to RMOP medium for plant regenera-
tion. Every 3—4 weeks the most morphogenic callus regions of

Table 1. Summary of the selection and characterization of Al-resistant variants from cell cultures of Nicotiana plumbaginifolia

Experiment | Experiment2  Experiment 3 Total
Selection method*® direct rescue rescue rescue
Feeder cells no no no yes
Age of cell culture at initiation of selection 6 weeks 35 weeks 6 weeks 6 weeks
No. of selection plates (10° colony units/plate) 100 15 50 50 215
Total selected 29 32 98 87 246
Cloning and reselection unsuccessful 20 17 46 4 127
Cloned and reselected from single cells 9 15 52 43 119
Lost through contamination or senescence 0 0 2 2 4
Primary callus Al-sensitive 5 4 21 18 48
Fertile plants not regenerated 3 3 10 7 23
Fertile plants regenerated 2 1 11 11 25
Seedling progeny Al-sensitive 2 1 10 11 24
Seedling progeny segregate for resistance 0 0 1 0 1
Primary callus Al-resistant 4 11 29 23 67
Fertile plants not regenerated 3 9 7 8 27
Fertile plants regenerated 1 2 22 15 40
Seedling progeny Al-sensitive 0 0 0 0 0
Seedling progeny segregate for resistance 1 2 22 15 40
Variant frequency (X 107¢)* 29 21.3 19.6 17.4 114
Mutant frequency (X 107¢)° 04 7.3 5.8 4.6 3.1

* See text for explanation of direct and rescue selection

* Frequencies based on total number isolated divided by total number of colony units plated; all variants with stable Al-resistant

primary callus were considered mutants (see text)



each variant were selected for subculture. If plants failed to
regenerate after 3 months, cultures were transferred to RMB
medium (Maliga 1984b). As soon as small shoots appeared
they were dissected out and transferred to half-strength MS
salts (Murashige and Skoog 1962) for rooting and establish-
ment of photoautotrophic growth. Once rooted, plants were
transplanted into sterilized peat-sand (60 : 40) mix and ac-
climatized to greenhouse conditions.

Testing Al resistance in seedling progeny

When the regenerated variant plants flowered, controlled pol-
linations were made, and the resulting progeny screened for Al
resistance. Seeds were soaked overnight in 1 mM gibberellic
acid, rinsed in distilled water twice, and sown onto Whatman
No. 2 filter paper supported by polyurethane foam (Conner
and Meredith 1984) saturated in MSMT-3 salt solution (Con-
ner and Meredith 1985b) with and without 600 uM Al (up to
50 seeds per petri dish). Since Al has no effect on the
germination (radicle protrusion) of N. plumbaginifolia seeds
(Conner and Meredith 1985b), all seeds that failed to germi-
nate were considered inviable and disregarded during exami-
nation of segregating progenies. Seedlings surviving after
3 weeks were considered Al-resistant. The observed segrega-
tion numbers were statistically compared with those expected
under the hypothesis that the variants were heterozygous for a
single dominant mutation (ie. 3:1 and 1:1 segregation
rations of Al-resistant and Al-sensitive seedlings in selfed and
backcrossed progeny respectively). The expected number of
alive (A) and dead (D) seedlings was calculated as:

A=0.75 (n—np) and D=0.25 (n—n p) +np for selfed progeny, and
A=0.50 (n—np) and D=0.50 (n—np)+np for backcrossed progeny,

where n=the total number of seedlings assayed on 600 uM Al,
and p=the proportion of seedlings dying on control medium
(no Al).

Results

Stability of Al resistance in callus

From the mean relative growth of callus at 0 and
600 uM Al, the resistance index was calculated for each
of the 115 (4 lost) variants that were reselected from
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Fig. 1. Frequency distribution of resistance index in callus
culture of 115 initially Al-resistant variants (solid outline)
after 6—9 months of growth in the absence of Al, compared
with wild-type (dotted outline)

161

single cells (data not shown). Since relative growth on
control medium (no Al) varied markedly among the
variants (e.g. from 181-479 after 10 days), the resis-
tance index was used in comparing the Al resistance of
individual variants. On this basis, variants fell into 2
distinct classes (Fig. 1). One class of 48 variants showed
an Al response similar to that of wild-type callus, and
these variants were therefore no longer considered Al-
resistant. The other class of 67 variants clearly ex-
pressed greater Al resistance than wild-type callus after
growing for 6-9 months in the absence of Al. There was
no association between callus growth on control me-
dium (no Al) and resistance index (Fig. 2), suggesting
that the Al-resistant phenotype is not detrimental in the
absence of Al challenge and that Al resistance is not the
result of increased vigor.

Expression and inheritance of Al resistance in
seedling progeny

Although all variants showed at least partial regenera-
tion, complete and fertile plants could only be obtained
from 65 variants (Table 1), despite repeated transfers
every 3—4 weeks to fresh regeneration medium for
9 months. The seedling progeny from these 65 variants
were screened regardless of (and in some cases prior to
the determination of) the stability of resistance in
callus. Of the 65, 40 expressed stable resistance as callus
and 25 were sensitive. The data for all 65 variants is not
shown. Instead, only 5 examples are presented, each
representing a different pattern of expression of Al
resistance in seedling progeny (Table 2).

Seedlings from selfed wild-type plants were all
sensitive to Al. In many of the Al-resistant variants (e.g.
Alr 086 and Alr 148 and 29 other variants) a large
proportion of the selfed progeny died on the control
medium (no Al). We attribute this to the segregation of
recessive lethal mutations, independent of Al resistance,
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Fig. 2. Scatter diagram showing the lack of association be-
tween relative growth in the absence of Al and resistance
index in callus culture of 115 initially Al-resistant variants (®)
and wild-type (O). Spearman’s rank correlation coefficient=
-0.15 (ts=1.61; P=0.1-0.2)
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Table 2. Segregation of Al resistance in seedling progeny of plants regenerated from variants selected for Al resistance in cell cul-
tures of Nicotiana plumbaginifolia. Results are presented for 2 separate seed collections from each cross

Cross (X) Observed no. of seedlings Expected no.? Chi-square P
0 uM Al 600 uM Al 600 uM Al
Alive  Dead Alive Dead Alive Dead
Wild-type (selfed) 210 6 0 154 - - - -
141 8 0 138 - - - -
Alr 062 (selfed) 53 4 42 20 43 19 0.08 0.7-0.8
47 6 57 23 53 27 0.89 0.3-0.5
Wild-type X Alr 062 24 1 17 19 17.5 18.5 0.03 0.8-0.9
33 0 21 17 19 19 0.42 0.5-0.7
Alr 076 (selfed) no viable seeds produced - - - -
Wild-type X Alr 076 no viable seeds produced - - - -
Alr 076 X Wild-type 36 0 27 19 23 23 1.39 0.2-0.3
21 4 39 44 35 48 0.73 0.3-0.5
Alr 086 (selfed) 74 8 38 28 45 21 342 0.05-0.1
34 17 28 31 30 29 0.27 0.5-0.7
Wild-type X Alr 086 40 3 26 28 25 29 0.07 0.7-0.8
21 2 16 12 13 15 1.29 0.2-0.3
Alr 148 (selfed) 137 79 60 119 85 94 14.0 <0.01
101 50 47 121 84 84 326 <0.01
Wild-type X Alr 148 27 3 12 19 14 17 0.52 0.3-0.5
18 4 15 14 12 17 1.28 0.2-0.3
Alr 163 (selfed) 83 17 0 100 - - - -
118 14 0 126 - - - -
Wild-type X Alr 163 93 17 0 108 - - - -
59 13 1 74 - - - -

* Expected numbers of seedlings were adjusted as described in “Materials and methods”

that arose during cell culture. As expected under this
hypothesis, the high incidence of lethality disappeared
on backcrossing to wild-type plants. There were only a
few variants (e.g. Alr062 and 4 other variants) in
which seedling death on control medium was equiva-
lent to the negligible level observed in wild-type plants.
In the analysis of segregation ratios, therefore, expected
numbers were adjusted to account for those seedlings
expected to die in the presence of Al for reasons other
than Al sensitivity.

In most instances (e.g. Alr 086 and 23 other vari-
ants) the correction of the expected numbers permitted
the observed results to be interpreted as the segregation
of a single dominant mutation. In a few instances (e.g.
Alr 148), the frequency of observed Al-resistant seed-
lings in the selfed progeny, although considerably
higher than wild-type seedlings, was much lower than
expected for a single dominant allele. However, back-
crosses fitted the expected 1: 1 segregation ratio for a
single dominant allele. Since there was also a high pro-
portion of lethality on control medium in each instance,
the selfed progeny segregation may represent linkage
between a single dominant Al-resistant gene and inde-
pendent recessive lethals. However, various cytogenetic

abnormalities could also be responsible for the aberrant
ratios.

Many of the plants regenerated from Al-resistant
variants showed greatly reduced fertility. In some
instances this was overcome by regenerating additional
plants from the variant line in question. In other
instances only small numbers of viable seeds were ob-
tained. In extreme situations (e.g. Alr 076 and 3 other
variants) viable seeds could only be obtained after
backcrossing as a female parent to the wild-type.
Whether chromosomal aberrations contributed to the
reduced fertility is unknown since the chromosomes of
regenerated plants were not examined.

Fertile plants were regenerated from 25 variants
with transient resistance (i.e. callus became Al-sensitive
after 6—9 months of growth in the absence of Al). The
seedling progeny of these plants (e.g. Alr 163, Table 2)
were all sensitive to Al with one exception (Alr 092)
(Table 1). Repeated tests on the primary callus cultures
of Alr 092 confirmed sensitivity to Al. Since the primary
callus culture and the regenerated plant were cloned
from the same single cell, the segregation for Al resis-
tance in the seedling progeny of Alr 092 may be the
result of a mutation that occurred in cell culture subse-



quent to cloning and reselection. We are screening
selfed progeny from a large number of plants regen-
erated from unselected cells to determine whether Al
resistance can arise without selection.

Discussion

This investigation has clearly demonstrated the feasi-
bility of selecting mutants from cell culture with in-
creased resistance to Al toxicity, one of the most im-
portant environmental stresses limiting world food
production. There is only one other example in which
variants selected for resistance to a mineral stress in cell
culture (NaCl-resistant cell lines of N. tabacum) have
expressed the trait in regenerated plants and their
sexual progeny (Nabors et al. 1980). However, segrega-
tion ratios were irregular and various non-genetic
hypotheses were not eliminated (Nabors et al. 1980).

The variant and mutant frequencies shown in Ta-
ble 1 were based on the total number of variants or
mutants isolated divided by the total number of colony
units initially plated. All 246 lines initially selected were
considered to be variants. The 67 variants that retained
their resistance after 6—9 months in the absence of Al
were considered mutants, even those from which fertile
plants were not regenerated (since every one for which
fertile plants were regenerated transmitted Al resistance
to progeny as a single dominant mutation, Table 1).
The frequencies reported for rescue selection are prob-
ably overestimates due to the nature of this selection
strategy. Any Al-resistant cells present at the initiation
of selection may have undergone up to 2—3 mitotic
divisions during the 10 day suspension culture in Al-
toxic medium (Conner and Meredith 1985b). If some
of the resulting cells dissociated prior to plating, they
could have given rise to separate cell colonies and have
been identified as distinct variants. Even if this in-
creased the mutant frequency 4-5 times, the isolation
efficiency of rescue selection is still higher than that of
direct selection.

Of the original 246 variants, 119 could be reselected
from single cells (Table 1) and thus had retained their
Al resistance after 6—12 weeks of growth in the absence
of Al (Conner and Meredith 1985b). However after a
further 6-9 months of growth in the absence of Al, 48
of these lost their resistance (Fig. 1). This illustrates that
short term maintenance in the absence of selection
pressure is insufficient to establish the stability of
variant phenotypes. The instability of these 48 variants
is unlikely to have resulted from escape of the selection
pressure due to cell density/aggregate effects (see Con-
ner and Meredith 1985b), since they were reselected by
plating single cells at very low density (Conner and
Meredith 1985b). Instead they probably represent a
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transient physiological adaptation to Al stress that was
lost after extended culture in the absence of selection
pressure, similar to that reported for unstable cyclohex-
imide resistance (Maliga et al. 1976).

Abnormal segregation patterns within the progeny
of plants regenerated from variants selected in cell
culture have been frequently observed (Marton and
Maliga 1975; Chaleff and Parsons 1978 b; Nabors et al.
1980; Owens 1981; Thomas and Pratt 1982; Singer and
McDaniel 1984). In these instances variants were not
cloned from single cells after selection, and the abnor-
mal segregation ratios may have resulted from chimeral
plants (as well as from gross chromosomal abnormali-
ties). All the Al-resistant variants characterized in this
paper were cloned from single cells (Conner and
Meredith 1985b). While the possibility of regenerated
plants being chimeral for Al resistance was virtually
eliminated, many may have still been chimeral for
other unselected mutations that occurred subsequent to
cloning. The segregation of recessive lethals on control
medium (no Al) in the selfed progeny of many variants
only rarely fitted any conventional inheritance patterns
(Table 2). Furthermore, in many variants these segrega-
tion patterns differed markedly between separate seed
lots collected from the same plant (e.g. Alr 086, Ta-
ble 2). Both these observations suggest that variants
were chimeral for recessive lethal mutations.

One of the most significant features of this study is
the large scale on which the selection and charac-
terization of variants was undertaken. From the infor-
mation summarized in Table 1 a number of important
conclusions can be made which may be of general
importance to plant cell genetics.

Of the 246 Al-resistant variants initially selected,
only 27% retained their Al resistance in callus culture
after growing for 6—9 months in the absence of Al. In
other large scale selection experiments, low percentages
of stable variants have also been reported: only 8.4% of
250 initially selected for resistance to p-fluorophenyl-
alanine (Flick etal. 1981), 62% of 140 for paraquat
resistance (Miller and Hughes 1980), and 17% of 178 for
methylglyoxal-bis(guanylhydrazone) resistance (Malm-
berg and McIndoo 1984) in N. tabacum, and 14% of 110
for ethionine resistance in Medicago sativa (Reisch et al.
1981). The high proportion of unstable variants among
those initially selected emphasizes the importance of
isolating large numbers of independent variants during
selection experiments.

N. plumbaginifolia is one of the most highly regen-
erable plant species from cell culture (Maliga 1984b).
Despite this, complete plants could only be regenerated
from 57% of the cloned and reselected variants (Ta-
ble 1). The problem was especially severe when the
direct selection method was used (Experiment 1), or
when selection was applied to older cell cultures (Ex-
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periment 2). When plants could be regenerated in each
of these cases, they showed greatly reduced fertility and
their seedling progeny segregated with a high propor-
tion of lethality. These observations are consistent with
the emerging concept that stress can cause genetic
changes in -plants (Cullis 1983; Freeling 1984). In the
case of direct selection, cells were exposed to long term
Al-stress (102 days) compared with short term exposure
(10 days) in rescue selection (Conner and Meredith
1985b). The problems associated with poor regenera-
tion, infertility and segregation of recessive lethals in
selected variants emphasizes the importance of isolat-
ing large numbers of variants in short term selection
experiments (such as the rescue selection strategy),
from recently initiated cultures.

All 40 variants in which callus remained resistant
and regeneration of plants was possible proved to be
simply inherited Mendelian mutations. The 27 stable
Al-resistant variants in which fertile plants could not be
regenerated therefore probably also represent mutants.
No novel phenotypes with an epigenetic basis (stable
events persisting through mitotic divisions, but reversed
by processes of differentiation and meiosis (Chaleff
1981, 1983 a)), such as those associated with habitua-
tion (Binns and Meins 1973) were observed. Al resis-
tance was expressed in intact plants of all 40 Al-resis-
tant variants confirmed as mutants. There were no
instances involving the expression of Al resistance at
the cellular level, but not at the whole plant level as has
been observed in N. fabacum for 5-bromodeoxyuridine
resistance (Marton and Maliga 1975), glycerol utiliza-
tion (Chaleff and Parsons 1978b), paraquat resistance
(Miller and Hughes 1980), hydroxyurea resistance (Keil
and Chaleff 1983) and methotrexate resistance (Chaleff
1983a), and in Lycopersicon esculentum for paraquat
resistance (Thomas and Pratt 1982). This reflects the
fundamental cellular basis of Al toxicity (Haug 1984),
and suggests that Al resistance mechanisms involve the
expression of “housekeeping” genes associated with
basic cell metabolism.
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