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Genetic correlation between arsenate
tolerance and the rate of influx of arsenate
and phosphate in Holcus lanatus L.
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Arsenate tolerant genotypes of Holcus lanatus L. possess an altered phosphate and arsenate uptalfe
system such that the rate of influx of arsenate and phosphate is much lower in tolerant plants than in
non-tolerant plants, especially at low arsenate concentrations. The rate of influx of both arsenate
and phosphate was studied in segregating and non-segregating families derived from crosses
between mine and non-mine plants. In non-segregating families, all progeny had low uptake of
arsenate and phosphate; in segregating families non-tolerant plants had higher rates of arsenate and
phosphate uptake than the tolerant plants. The altered phosphate (and arsenate) uptake system was
genetically correlated to arsenate tolerance. The two characters may represent the pleiotropic
effects of the same genes, or they may show very tight genetic linkage. In the absence of
recombinants, the former explanation is preferred. These results are further evidence that reduced
arsenate uptake is a mechanism of arsenate tolerance in H. lanatus.
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Introduction

Investigations into the mechanisms of metal tolerance
in angiosperms have so far provided no more than a
superficial understanding of tolerance (Bradshaw er al.,
1990; Ernst et al., 1990; Verkleij & Schat, 1990). A
number of mechanisms have been postulated as being
involved in metal tolerance. These fall into three broad
categories, exclusion (avoidance or limited uptake of
the metal), detoxification by subcellular comparti-
mentalization or binding to cell walls and biochemical
detoxification by specialized metabolic pathways and
enzymatic adaptations (Berry, 1986). Many of these
mechanisms fail to explain the metal specificity of the
resistance in higher plants (Verkeij & Schat, 1990).
One of the major problems confronting researchers
into the mechanisms of tolerance is the problem of
linkage disequilibrium. Many studies have compared
mine plants with non-mine plants, and thus are unable
to distinguish primary tolerance mechanisms from
secondary effects that may have spread in mine plants
subsequent to the evolution of tolerance, and thus be in
linkage disequilibrium with the tolerance gene(s). Only
a genetic study in which recombination between the
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tolerance gene(s) and the putative mechanism is per-
mitted can help to resolve this problem.

Meharg & Macnair (1990, 1991a) determined that
arsenate-tolerant Holcus lanatus L. possessed an
altered phosphate (and arsenate) uptake system, where
the high affinity phosphate uptake system was
suppressed. Arsenate behaved as a phosphate
analogue and the uptake of both these ions was by the
same uptake systems in both tolerant and non-tolerant
plants. The rate of influx of these ions was much
greater in excised roots of non-tolerant plants than in
tolerant plants. It was proposed that this altered phos-
phate uptake system could be a mechanism of arsenate
tolerance in this species. This mechanism was metal-
specific and could be interpreted as a simple adapta-
tion of the phosphate uptake transferase, providing a
physiological basis for tolerance in H. lanatus. Differ-
ences in short-term influx of arsenate also explained
differences in long-term uptake between the genotypes
(Macnair & Cumbes, 1987, Meharg & Macnair,
1991a). The same differences in arsenate uptake have
also been shown to occur in the arsenate tolerant
grasses Deschampsia cespitosa and Agrostis capillaris
(Meharg & Macnair, 1991b). However, the phosphate



status of the arsenic mine soils is low (A. A. Meharg
unpublished data). Species adapted to areas of low
nutrient status have reduced rates of ion influx
(Chapin, 1980). It is therefore possible that the pheno-
menon of reduced arsenate uptake is not a mechanism
of tolerance, but rather an adaptation to low nutrient
status in linkage disequilibrium with tolerance. To
show that reduced arsenate uptake may be the toler-
ance mechanism requires the demonstration that the
two phenomena co-segregate in suitable crosses.
Arsenate tolerance has been shown to be inherited
and under the control of a small number of genes in A.
capillaris (Watkins & Macnair, 1991) and by a major
gene with variable penetrance in H. lanatus (Macnair et
al, 1992), with tolerance being dominant. In this
present study the genetic correlation between arsenate
tolerance and the presence of the altered phosphate
uptake system was investigated in F, and F; crosses
between mine and non-mine plants of H. lanatus.

Materials and methods

Plant material

The crosses between tolerant and non-tolerant geno-
types are described in the accompanying paper by
Macnair et al. (1992) (hereafter referred to as MCM).
A number of different families were selected to investi-
gate if the altered phosphate uptake system co-segre-
gated with arsenate tolerance. These crosses included
families in which the female parent had been either
heterozygous or homozygous for arsenate tolerance.
Because tolerance is dominant, heterozygous females
will produce segregating families, while homozygous
females will produce families non-segregating for toler-
ance. To avoid complex family provenances confusing
this paper, all families used here have been renum-
bered 1-13; Table 1 lists these families and relates
them to the corresponding families in MCM.

Plants were tested for tolerance as seedlings and
then pricked out into pots of John Innes compost and
grown in a greenhouse until sufficient tillers were avail-
able for tolerance testing as adults and the determina-
tion of phosphate and/or arsenate influx.

The different families analysed here were grown on
different occasions, and tested in different experiments.
However, in all cases the various plants within a family
were grown together in randomized blocks and all
rooting and uptake tests conducted within a single
experiment.

Rooting tests

Rooting tests for both seedlings and tillers are
described in MCM. They involved determining the
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Table 1 Provenance of the 13 families used in the
experiments described in this paper

Maternal
Family genotype  Provenance
1 Tt C19 X G2 packet 3 (table 3, MCM)
2 Tt C20 x C19 packet 3 (table 3, MCM)
3 Tt G21 ext plant 5 (table 4, MCM)
4 Tt G21 ext plant 10 (table 4, MCM)
5 Tt C20 x G12 packet 3 (table 3, MCM)
6 Tt G21 ext plant 8 (table 4, MCM)
7 Tt G21 exp plant 13 (table 4, MCM)

8 T C20xC19/1 plant 2 (table 5, MCM)
9 Tt C19x G2/1 plant 2 (table 5, MCM)
10 Tt C20x C19/1 plant 6 (table 5, MCM)
11 Tt C19 x G2/1 plant 7 (table 5, MCM)

12 T G21 ext plant 7 (table 4, MCM)
13 T G21 ext plant 17 (table 4, MCM)

length of the longest root of seedlings and tillers grown
for 1 week in nutrient solution containing 0.133 mol
m~? arsenate in the absence of phosphate. All toler-
ance tests reported here used the tiller method to test
adult plants.

Determination of the rate of phosphate and arsenate
influx

In all experiments unrooted-tillers were placed in
phosphate-free nutrient solution (0.2 ml m™* Ca
(NO,),, 0.2 mol m~3 KNOs, 0.1 mol m~3 MgSO,) for
7 days. Tillers were rooted under a light bank with a
16 h day length in a single 12 dm? container (containing
10 dm? of nutrient solution): this had a lid with 240
tubes to hold the tillers.

Stock solutions of arsenate were prepared by dis-
solving Na,HAsO,.7H,0 in distilled water. All the test
solutions contained the phosphate-free nutrient solu-
tion, and test solutions were adjusted to pH 5 using
dilute HCI because phosphate uptake is pH dependent
(Meharg & Macnair, 1991a). In experiments to deter-
mine phosphate influx, [*2P] (as NaH,PO,, supplied by
Amersham) was added to the phosphate-free nutrient
solution to give the required concentration.

To determine arsenate and phosphate influx, roots
(excised at the node for arsenate uptake and 20-mm
root tip segments for phosphate uptake) were incu-
bated in 10 cm? and 2 cm? of test solution respectively
for 20 min at room temperature. Uptake was ter-
minated with an ice-cold rinse in nutrient solution con-
taining 1 mol m~3 Na,HPO,. The roots were then
incubated for a further 10 min in a solution of the same
composition as that used in the rinse to ensure desorp-
tion of [32P] or arsenate from the root-free space. Fresh
weights of the roots were determined before analysis.
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Analysis

To determine *2PO; "~ uptake, fresh roots were placed
in 20 cm? glass scintillation vials, to which 1 cm?® of
tissue solubilizer (Soluene-350, Packard) was added
and the [3*P] activity in the roots determined against
quenched standards using a Packard Tri-Carb 460 CD
liquid scintillation counter.

Arsenic was determined by digesting the roots in
2 cm? concentrated nitric acid (Aristar grade). Samples
were digested by heating on a block digester for 1 h at
180°C and then 1 h at 200°C, to evaporate the samples
to dryness. The residue was taken up in 10 cm? of 5 per
cent v/v HCI (Analar grade) containing 20 mol m 3 KI.
Arsenic was then determined by a hydride generation
technique using a Philips PU9060 continuous flow
vapour system which was interfaced with a Philips SP9
series atomic absorption spectrophotometer.

Resuits

The short-term uptake of mineral ions generally
follows Michaelis-Menten kinetics. Figure 1 plots the
rate of uptake of arsenate against concentration for a
tolerant and non-tolerant clone, two of the original
parents of the crossing programme which generated
the remaining families used in this paper. The very
great difference in uptake at low external concentra-
tions means that it is possible to investigate the genetic
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Fig. 1 Typical arsenate uptake isotherm for tolerant () and
non-tolerant (®) clones. Each point is the mean of six inde-
pendent replicates. The vertical dotted line illustrates the
concentration of arsenate at which all other uptake studies
were performed.

correlation between tolerance and reduced uptake by
testing the uptake of arsenate or phosphate at a single
concentration (the concentration of arsenate used has
been indicated on Fig. 1).

The short-term influx of phosphate and arsenate
into tolerant and non-tolerant plants of segregating
families is given in Table 2 (phosphate) and Table 3
(arsenate). In every case, on average the tolerant plants
have lower influx of phosphate or arsenate, and in all
but two cases the difference is significant. The tolerant

Table 2 The mean values (£ S.E.) of short-term (20 min)
phosphate influx in excised roots of tolerant and non-
tolerant siblings from segregating families of H. lanatus. In
each case five or six plants were tested. The significance of
the r-test testing for equality of the means is also given

Influx (nmol g~ ! fwt. h~1)

Family Tolerant Non-tolerant

11 25.8+£4.9 79.6+16.2 o
2t 4571142 86.7+16.9 *

3t 20.8+3.9 328+7.2 ns
4% 8.8+31 389+16.5 *

St 11.5+29 30.6 6.5 ok

The rate of phosphate uptake was determined using [*2P] (as
NaH, PO,) at a concentration of 1 0.01 mol m 3 of  0.005
molm™3,

ns = non-significant; *P < 0.05; **P <0.01.

Table 3 The mean values of short-term (20 min) influx of
0.05 mol m~? arsenate in excised roots of siblings from
segregating and non-segregating families

Influx (nmol g~ f.wt. h=1)

Family  Tolerant n Non-tolerant n
Segregating families
1 16.8£6.0 5 459+13.1 5 *
2 44.3t6.1 5 616+19.5 5 ns
3 494+24 18 93.0+9.4 20
6 22125 12 1326+26.1 5 0 ke
7 21.5+25 15 74.6+17.8 4 ok
9 438+45 27 70.8+7.2 23
10 40.8+58 15 83.5+10.5 21
11 324+33 24 58.0+4.5 20 e
Non-segregating families
8 31.0£56 23 6321164 9 *
12 203+£51 11 195+34 6 ns
13 238+33 17 12.31+6.7 2 ns

n=the number of plants tested.
ns = non-significant; *P <0.05; **P < 0.01; ***P < 0.001.



plants must, therefore, have reduced influx rates of these
ions, although there are considerable between-family
differences in the overall rates of uptake. These results
show clearly that there is an association between toler-
ance and reduced ion uptake. The pattern of co-segre-
gation of the two characters is examined in more detail
in Fig. 2, in which the influx of arsenate is plotted
against root length in arsenate solution (a measure of
tolerance) for every plant from the eight segregating
families. It is clear that all plants that score as tolerant
to arsenate (with root lengths of more than 30-40 mm)
have low rates of arsenate influx. All those with high
rates are non-tolerant by the rooting test. There are,
however, many non-tolerants that also have low
uptake rates, as low as the tolerants.

In the case of the three families where the maternal
parent was postulated to be homozygous for the toler-
ance gene, in only one of the three families did the non-
tolerant plants have a higher rate of uptake than the
tolerant plants (Table 3). The pattern of co-segregation
of the two characters is shown in Fig. 3, where it can be
seen that all plants have low uptake rates, except for
four plants from family 8. This family was the family
which had the lowest repeatibility of tolerance testing
(MCM, Table 6).

ARSENIC TOLERANCE AND ARSENIC UPTAKE 339

Discussion

In previous papers (Meharg & Macnair, 1990, 1991a,b)
we have shown that arsenate tolerant plants of
Holcus lanatus, Deschampsia cespitosa and Agrostis
capillaris all show reduced short-term influx of arsen-
ate, particularly at low substate concentrations. The
influx isotherms of inorganic ions can be represented
by the sum of two Michaelis—-Menten equations
(Epstein, 1976). This observation is generally inter-
preted as being caused by the presence of two inde-
pendent uptake systems: a high-affinity uptake system
that saturates at low substrate concentrations, and a
low-affinity system saturating at higher concentrations.
We postulated that arsenate tolerance could have been
achieved by the suppression, or alteration of the high-
affinity uptake system in these plants.

However, it has been shown that plants growing in
soils with low nutrient status also have reduced ion
uptake (Chapin, 1980), and because mines typically
have low levels of most essential nutrients, it is possible
that the differences in phosphate uptake observed have
nothing to do with tolerance per se. In addition, other
hypotheses, such that the difference in phosphate
uptake is a secondary mechanism, are possible. Purely
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phenotypic studies are unable to distinguish these pos-
sible hypotheses. If, however, the two characters co-
segregate in suitable crosses, then there is much
stronger evidence that the alterations to the phosphate
uptake system are indeed involved in the arsenate tol-
erance mechanism of H. lanatus.

The results presented here clearly show co-segrega-
tion of the two characters. In families segregating for
tolerance, all tolerant plants show reduced arsenate
influx, while non-tolerant plants, on average, show
higher rates of influx. In families that do not segregate
for tolerance, almost all plants show reduced influx.
However, some non-tolerant plants also show reduced
influx. If both characters are pleiotropic effects of the
same gene, and both show complete penetrance, then
these latter plants should not exist. There are a number
of possible explanations for them.

(a) Recombination. If the two characters are deter-
mined by independent genes, then one would expect
these individuals in the F, by recombination. However,
one would also expect the other recombinants, tolerant
plants with low uptake. Figures 2 and 3 show that these
plants are not found in these families. This explanation
can therefore be excluded.

(b) Environmental suppression of the high uptake
character. The degree of expression of the phosphate

uptake system is dependent on the plant phosphate
status (Clarkson et al., 1978). We have shown (Meharg
& Macnair, 1992) that pretreating non-tolerant plants
with phosphate leads to a suppression of the phosphate
uptake system to a level comparable with that of toler-
ant plants; a similar treatment applied to tolerants has
very little effect. Minor differences in the condition of
plants before they were tested could cause non-tolerant
plants to show suppression of the phosphate uptake
system; obviously if the system is absent or constitu-
tively suppressed in tolerant plants then they would be
less susceptible to environmental variation. It is there-
fore expected under the hypothesis being tested that
the non-tolerants would show greater variation in
arsenate uptake than tolerants.

(¢) Incomplete penetrance of the rolerance gene. In the
accompanying paper, Macnair er al. (1992) present
evidence that there is a major gene for arsenic toler-
ance but that the gene does not always show complete
penetrance. There is evidence that the degree of
penetrance depends on the genetic background, and
some of the families showing relatively low penetrance
were included in the experiments reported here. If the
two characters are genetically associated, but the toler-
ance character shows incomplete penetrance, then
non-tolerant, low uptake plants are to be expected to
be present.



The data, therefore, clearly indicate that the two
characters co-segregate. There are two possible causes
for this genetic correlation. Firstly, the characters could
be pleiotropic manifestations of the same gene; alter-
natively, the genes could be tightly linked. This latter
hypothesis obviously cannot be discounted, but the
degree of linkage required had to be high in view of the
absence of tolerant high-uptake recombinants in Fig. 2.
In the absence of further data, the simpler hypothesis is
preferred. These data therefore support the hypothesis
advanced on the basis of the comparison of tolerant
and non-tolerant clones (Meharg & Macnair, 1990,
1991ab), that the primary mechanism for arsenate
tolerances is the reduced rate of uptake of the toxic ion.

However, the variable penetrance of the tolerance
gene suggests that although the altered phosphate
uptake system is a mechanism of arsenate tolerance it
may not be sufficient to explain tolerance in itself.
Reduced uptake of a toxic ion will alleviate toxicity but
arsenate is still being taken up by the plant, albeit at a
much lower rate, and tolerant plants can accumulate
considerable levels of arsenate (Porter & Peterson,
1975, 1977; Benson et al., 1981a; Meharg & Macnair,
1991a). Mechanisms of intracellular detoxification of
arsenate have been postulated (Benson et al.,, 1981b;
Benson, 1984). If these mechanisms are limited to, or
more efficient in, tolerant plants, then it may be that
other mechanisms will prove to be necessary as well as
reduced influx. The evidence presented here, however,
that all tolerant plants have the reduced uptake,
suggests that if these other processes do exist, then they
depend on the reduced influx of arsenate (produced by
the gene studied here) to be able to function and
detoxify the arsenate. Further research is required to
investigate these possibilities.
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