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metal jon solution of interest at its HNI. Control dosage
curves showed that there was no difference in the back-
ground (no count) levels of plates turned in HNI-aug-
mented nutrient solution. Percentage inhibition values at
each concentration were subjected to analysis of variance
using the same criteria as above. If a variance was observed
between the untreated and pretreated LCI values, indicat-
ing inducible tolerance, the new value was designated as
the LCI'".

Mutant Screening

Preliminary screens were conducted using 32,000 M,
EMS-treated Columbia gl1 seeds. Screening for sensitive
mutants was conducted at the HNI value (20 um), whereas
screening for tolerant mutants was conducted at the LCI
value (80 um). The two screens were performed sequen-
tially on the same batch of seeds. After sensitives were
selected using low-stringency criteria at the HNI concen-
tration, the remaining seedlings were immediately trans-
ferred to new plates containing nutrient solution supple-
mented with the LCI concentration. They were then rotated
another 90° and returned to the light table for 24 h. Tolerant
seedlings were then selected using high-stringency criteria.

Selected seedlings were removed from the mesh with
forceps and floated in beakers containing nutrient solution.
The seedlings were then taken to the greenhouse and
poured onto a single layer of cheesecloth covering the
surface of sterile, presoaked (one-quarter-strength Peter’s
solution; W.R. Grace, Fogelsville, PA) potting mix (1:1:1
sifted peat moss:vermiculite:perlite) in 3-inch pots. The
pots were placed in greenhouse trays and covered with
domed lids. The lids were removed after 3 d or as soon as
the seedlings had resumed a vertical orientation. When
siliques were ripe, M; seeds were collected from individual
plants and prepared as described above. M; seeds (50-100)
from each plant were screened on VMT miniplates at either
their HNI or LCI (depending on their initial selection cri-
teria), and their scores (percent inhibited) were compared
to those of 50 to 100 M, seeds from the same plant turned
in nutrient solution only. If the scores of this comparative
assay differed by a margin of >20%, the sensitive or toler-
ant seedlings from the plates treated with the test solution
were selected and grown in soil until seed could be col-
lected. A subsequent M, screen tested mutants on large
plates at both the HNI and I, and required a difference of
40% for selection. The 20% margin utilized in the M; screen
was chosen to eliminate the majority of false positives
selected in the preliminary screen, whereas the 40% margin
required in the M, screen was based on a larger sample size
and the expected ratios that would result from Mendelian
segregation of recessive mutations after the inherent error
of the assay was taken into account. An M; screen requir-
ing a difference of 45% was then used to confirm the M,
results.

Root Extension Growth

VMT dosage curves utilizing root extension instead of
gravitropic curvature were also carried out. Prior to trans-

fer to the test solution, the mesh containing the seedlings
was placed on a plate with gradations of 1 mm, and seed to
root-tip lengths were either measured directly or photo-
graphed for later scoring. Seedlings were then measured 24
h later in the same fashion. Control roots with no metal
treatment were also measured. Average root length exten-
sion per day (mm d ") was then calculated as a percentage
of inhibition of the control root growth rate and analyzed
for variance as above.

Growth in Gellan Gum

Sensitivity or resistance to metal ion compounds was
tested in solid gellan gum media (Phytagel, Sigma) to
determine long-term responses of putative mutants se-
lected in the screens. Gellan gum was augmented by the
same one-quarter-strength Murashige-Skoog/Mes used in
the VMT assays.

RESULTS
Physiological Studies

Copper dose-response curves for the Columbia ecotype
at both high and low stringencies are shown in Figure 4. At
low stringency, the background level of inhibition in the
minus-metal control was close to zero. At high stringency,
background inhibition increased to 17%. The higher back-
ground at high stringency reflects heterogeneity in the
growth rates of the seedlings. From the copper dose-re-
sponse curves, the HNI, LCI, and I5, were determined.
Note that the HNI is always relative to the background
inhibition. For copper at high stringency, Columbia had an
HNI of 20 uM, an LCI of 80 uM, and an Iy, of 38 uM. At low
stringency, the HNI was the same, but the I5, and LCI were
shifted upward by approximately 5 um.

To determine whether the observed inhibition of hook
formation by Cu®* was the result of interference with
growth or gravitropism, we carried out a similar dose-
response experiment measuring straight growth of Arabi-
dopsis roots. Note that the VMT data are expressed as the
percent uninhibited (tolerant) in this case to be comparable

High Stringency ls = 38 uM
Low Stringency lg; = 42 uM

n>300
c=4

0 20 40 60 80 100 120
[CuCl;] (1M)

Figure 4. VMT CuCl, dose-response curve of the Columbia ecotype
of Arabidopsis thaliana at both low stringency (dotted line) and high
stringency (continuous curve). The HNI and LC! are indicated by
arrows. Isq values are shown.
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Figure 5. Comparison of the CuCl, dose-re- 100%
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to the extension data. As shown in Figure 5, the curves for
straight growth and hook formation were almost identical,
yielding the same HNI, LCI, and I5, values. The inset
shows the close correlation between the two measure-
ments, suggesting that the VMT assay primarily measures
growth rather than gravitropism, at least in the case of
copper. The HNIs and LCIs of 10 Arabidopsis ecotypes
were determined for Cu?**, Zn?*, Ni**, Cr®*, Cd**, and
AP* using the VMT technique. As shown in Table I, the
ecotypes exhibit clear differences in their HNI and LCI
profiles to the metals, with the possible exception of AI’*,
which evokes a near uniform response.

To test for inducible tolerance, we investigated the effect
of a 20-um Cu®* pretreatment on the subsequent dose-
response curve, using two turns of the VMT plates to carry
out the assay, as described in “Materials and Methods.” As
shown in Figure 6A, pretreatment of the Columbia ecotype
with the HNI concentration of copper slightly increased the
toxicity of the metal between 20 and 80 um. In contrast,
pretreatment of Ws with the HNI concentration of copper

increased the tolerance to copper between 60 and 100 um
relative to the unpretreated controls (Fig. 6B). The LCI' is
10 to 20 um higher than the original LCIL Inducible toler-
ance, therefore, seems to be absent in Columbia but present
in Ws. Note that the unpretreated dosage curve of Ws dips
at 50 uM. This effect was highly reproducible and makes
the Ws dosage curve biphasic. Similar biphasic dosage
curves were observed in the responses to some of the other
metals (data not shown). In the case of copper, pretreat-
ment had the effect of smoothing the curve.

The effect of a 20-um Cu®* pretreatment on the re-
sponses of the 10 Arabidopsis ecotypes to 80, 100, and 120
um Cu** is shown in Figure 7. Shadhara had the highest
constitutive tolerance and Columbia the lowest: (Fig. 7A).
Note that pretreatment raised the total tolerance of Ws to
the level of Shadara (Fig. 7B). When the values for consti-
tutive tolerance were subtracted from the total constitutive
and induced tolerance in Figure 7B, the net inducible tol-
erance of each ecotype was obtained. The results are shown
in Figure 7C. Ws and Enkheim were the only ecotypes

Table 1. VMT table of HNI and LCI values used for metal ion tolerance and sensitivity of mutagenized Arabidopsis ecotypes

HNI values were derived from low-stringency dose-response curves, whereas LCl values were derived from high-stringency assays.

CuCl, ZnSO, CrCl, CdSO, AlCl,
Ecotype

HNI LCI HNI LCl HNI LCI HNI LCI HNI LCl HNI LCI

um M M mm um M M M M M M mm
Shahdara 30 115 120 1.4 20 500 120 320 20 110 300 1.5
Limeport 20 80 120 1.4 20 500 110 310 20 105 300 1.5
Buckhorn 15 85 100 1.0 20 500 110 330 20 95 300 1.5
L. erecta 20 100 100 1.3 20 500 100 280 20 90 300 1.5
Santa Clara 20 105 100 1.3 40 800 110 380 20 105 300 1.4
Kashmir 25 105 110 1.4 20 500 140 310 20 110 300 1.5
Berkeley 20 110 105 1.2 20 500 150 420 20 105 300 1.5
Wassilewskija 20 85 100 1.4 20 500 120 260 20 105 300 1.5
Enkheim 20 105 100 1.3 20 500 110 240 20 105 300 1.45
Columbia 20 85 100 1.2 20 400 80 150 20 90 300 1.5
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Figure 6. The effect of pretreatment on the dose response of Colum-
bia and Ws to copper. Continuous line, Without pretreatment. Dot-
ted line, With 20 um CuCl, pretreatment. The LCl and LCI’' are
indicated by arrows. A, Columbia. B, Ws.

tested that exhibited significant levels of inducible copper
tolerance.

To determine whether the inducible tolerance mecha-
nism of Ws is specific for copper, we tested the effect of
pretreatment with three other metals on the subsequent
response to four concentrations of copper. The metal pre-
treatments were carried out at their respective HNI con-
centrations. A copper pretreatment was included as a con-
trol. As expected, copper pretreatment provided partial
protection against copper toxicity at 80 and 100 um (Fig.
8A). Copper pretreatment also provided protection against
zinc, and to a lesser extent against cadmium, but did not
induce any tolerance toward nickel. None of the metal
pretreatments had any protective effect at concentrations
greater than 100 um copper.

The reciprocal experiment was carried out in which Ws
was pretreated with copper only and then tested for growth
in the three metals, Cd**, Ni**, and Zn**. A minus-pretreat-
ment control was included for each metal. As shown in Figure
8B, copper pretreatment provided partial protection against
cadmium at 80 and 100 um and against zinc at 80 and 100 mm
but had no ameliorating effect on nickel toxicity. These results
are consistent with those of Figure 8A and suggest that cop-
per and zinc induce some cross-tolerance to each other. A

slight cross-tolerance was also observed between copper and
cadmium, but none was detected between copper and nickel.

Isolation of cus Mutants

Thus far, 59 Columbia EMS putative copper-sensitive
(cus) mutants have been isolated by the VMT technique
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Figure 7. Histograms comparing the growth responses of 10 Arabi-
dopsis ecotypes to three inhibitory concentrations of copper. Black
bars, 80 um; dark gray bars, 100 um; light gray bars, 120 um. A,
Without metal pretreatment. B, Following a 36-h pretreatment with
20 um Cu?*. C, Net inducible tolerance (B minus A). Sha, Shahdara;
Lpt, Limeport; Buc, Buckhorn; Stc, Santa Clara; Kas, Kashmir; Brk,
Berkeley; Ws, Wassilewskija; En, Enkheim; Col, Columbia.
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Figure 8. Cross-induction and cross-tolerance experiments with
Cu?*, Ni?*, Cd**, and Zn?"*. A, Effect of pretreatment with the HNI
concentration of Cu®*, Ni**, Cd**, and Zn?* on the growth re-
sponse of Ws to four concentrations of Cu?*. The metal used for
pretreatment is shown above the bars. The control without pretreat-
ment is indicated by a zero. B, Effect of pretreatment with 20 um
Cu?* on the growth response of Ws to four concentrations of Cd**,
Ni2*, and Zn?"*. The concentration of Zn** is 10X. The pretreatment
(control versus Cu?™) is shown directly above the bars with the
control indicated by a zero. The metal in the test solution is shown
directly above the pretreatment.

that have survived testing to the M, or M5 generation. Six
putative copper-tolerant (cut) mutants have also survived
testing to the M, or M; generation (data not shown). Figure
9 shows the growth of wild-type Columbia as well as 13 of
the cus mutants in gellan gum containing one-quarter-
strength Murashige-Skoog/Mes medium plus or minus 30
uM CuCl,. All of the cus mutants exhibited toxicity symp-
toms in the presence of copper, whereas the wild type was
actually stimulated at this concentration. A comparison of
the dosage curves of one of these mutants (cusl) with
wild-type Columbia is shown in Figure 10. It is interesting
that the enhanced sensitivity to copper was restricted to the
10 to 40 uM range, and the HNI of the mutant was <10 um.

The primary advantage of the VMT technique is that it
facilitates the transfer of large numbers of seedlings, en
masse, from one medium to another. The transfer involves
a minimum of handling and the positions of the seedlings
remain fixed on the mesh, allowing growth responses to be
quantified by a root-bending assay. In the case of copper,
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Figure 10. Copper dose response curve for the cus1 copper-sensitive
mutant. B, Wild type; [J, cusT.
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we showed that the statistical on/off (digital) response of
the seedling population was equivalent to straight growth
(analog) measurements and was easier to score.

Using the VMT technique, we have characterized the
tolerance of 10 Arabidopsis ecotypes to Cu®", Zn**, Ni**,
Cr®*, Cd**, and AI’* ions. Differences in the constitutive
tolerance of the 10 ecotypes were demonstrated. Under the
conditions of the assay, Shahdara exhibited the highest
constitutive tolerance to copper, and Columbia exhibited
the lowest. It should be emphasized that under other con-
ditions, such as shorter incubation times, etc., the relative
tolerance rankings might be different because of nonlinear
growth kinetics.

The 10 Arabidopsis ecotypes were also tested for induc-
ible tolerance to copper. Only two ecotypes, Ws and Enk-
heim, showed any inducible copper tolerance. In reciprocal
cross-induction experiments, zinc and, to a lesser extent,
cadmium displayed partial cross-induction and cross-tol-
erance to copper. Such cross-tolerance could be the result
of either a single mechanism that regulates all three metals
or several mechanisms. A cadmium-sensitive single-gene
mutant of Arabidopsis was shown by Howden and Cobbett
(1992) to be more sensitive to Hg?*, Zn?**, and Cu®",
indicating that cross-tolerance can be conferred by single
genes. Indeed, metal-binding peptides, such as the phy-
tochelatins (Grill et al., 1987; Rauser, 1990; Steffens, 1990),
and proteins, such as the metallothioneins (Hamer, 1986;
Robinson et al., 1993), bind a range of metals with varying
degrees of specificity, consistent with the idea that a single
mechanism can regulate more than one metal.

Metallothionein has been strongly implicated in copper
tolerance in animals (Hamer, 1986) and fungi (Butt and
Ecker, 1987). Two different metallothionein genes have
been identified in plants (De Miranda et al., 1990; Evans et
al., 1990; De Framond, 1991; Kawashima et al., 1992; Rob-
inson et al., 1993) and a plant metallothionein protein has
recently been purified (Melkonyan and Nalbandyan, 1989;
Tomsett et al., 1989). However, the role of metallothioneins
in metal tolerance is still controversial. Overexpression of
pea metallothionein in Arabidopsis enhanced the level of
copper accumulation (Evans et al., 1992). However, no
difference in metallothionein-like protein was detected in
copper-tolerant and nontolerant ecotypes of Deschampsia
(Schultz and Hutchinson, 1988). Recently, Zhou and Golds-
brough (1994) reported the inducible expression of two
metallothionein genes, designated MT1 and MT2, in the
Columbia ecotype of Arabidopsis. In seedlings, MT1 was
constitutive, whereas MT2 was inducible. If copper toler-
ance is a function of metallothionein gene expression in
Arabidopsis, a correlation between the two parameters
should be observed in the different ecotypes. We have
recently demonstrated a correlation between MT2 gene
expression and copper tolerance in the same 10 ecotypes of
Arabidopsis, consistent with this prediction (A. Murphy
and L. Taiz, unpublished data).

In addition to providing a convenient and accurate assay
system for quantifying plant growth responses, the VMT
technique provides a powerful new tool for the isolation of
metal-tolerant mutants. Using the VMT technique, we have

isolated 59 putative copper-sensitive mutants. The results
of the VMT-screening procedure were confirmed in growth
studies on Phytagel for 13 of the copper-sensitive mutants.
Examination of the dosage curve for one of these mutants
showed enhanced sensitivity to copper only at the lower
concentrations (10-40 pm Cu®"). This suggests that multi-
ple homeostatic mechanisms contribute to the total dosage
curve and that the cusl mutation specifically affects a
mechanism that operates at low metal concentrations.
Analysis of the cus mutants should help to elucidate the
mechanisms involved in copper tolerance.
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