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Abstract. Seeds of cabbage, lettuce, millet, radish, turnip, and wheat were treated with solutions containing 
Be, Ni, T1, or V, and subsequent effects on seed germination and radicle elongation were measured 
after three days. Treatment with low concentrations of Be, Ni, or V stimulated root elongation in 
most species. Higher concentrations of these elements and all treatment with T1 caused reductions in 
root elongation. In general, turnip and lettuce were the most sensitive of the plants studied to the 
metals tested, while wheat and millet were the least sensitive. 

1. Introduction 

Beryllium, Ni, T1, and V are potentially phytotoxic trace elements which are released 
into the environment from coal combustion (Peterson and Girling, 1981; Schoer, 
1984; Adriano, 1986). While the toxic effects of Ni on plants have been fairly well- 
documented, relatively little is known about the toxicity of Be, T1, and V. The 
few studies which have been conducted using Be salts have indicated that Be is 
very toxic, but at low concentrations the metal can stimulate growth (Williams 
and Le Riche, 1968; Peterson and Girling, 1981; Adriano, 1986). Nickel has also 
been reported to stimulate growth at low concentrations, while producing toxic 
effects at high concentrations (Mishra and Kar, 1974; Das and Mishra, 1978; Singh, 
1984, 1985). 

Thallium and V have both been shown to be very phytotoxic, with significant 
growth reductions observed in lettuce at solution concentrations of 0.05 mg V L -1 
(Lepp, 1977) and chlorosis observed in tobacco plants at solution concentrations 
of 0.04 mg T1 L -1 (Smith and Carson, 1977). Growth stimulation upon treatment 
with V has also been reported in some plants, including lettuce, corn, tomato, 
barley, and rice (Basiouny, 1984). 

Measurement of the inhibition of seed germination and root elongation is a U.S. 
Environmental Protection Agency (EPA)-approved method of determining the 
toxicity of wastes to plants (Brusick and Young, 1982). Although both parameters 
are acceptable, root elongation inhibition is the preferred endpoint (Brusick and 
Young, 1982). Radish, wheat, lettuce, and cabbage are among the plant species 
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suggested by the EPA for testing (Wang, 1987). Turnip and millet have also been 
suggested as possible test species (Wang, 1987). 

This study was undertaken to assess the relative toxicity of Be, Ni, T1, and V 
to cabbage, lettuce, millet, radish, turnip, and wheat, six agronomic species known 
to vary in their tolerance to trace elements (Wang, 1987; Carlson et al., 1989). 
While the toxicity of Ni has been fairly well established in previous studies, it 
was included in this study to provide a point of comparison for the less well- 
studied elements. 

2. Methods 

Experimental solutions were prepared using NiSO4"6H20, TI2SO4, VOSO4"3H20, 
and BeSO4"4H20 salts (99.9% pure) in 0.01 M Ca(NO3)2, to obtain concentrations 
of 0, 0.25, 0.5, 1, 2, 4, 8, 12, 16, and 20 mg Ni L -~ and 0, 0.5, 1, 2.5, 5, 7.5, 10, 
20, 30, and 40 mg L -1 for Be, T1, and V. The calcium nitrate was used as a background 
solution to maintain constant ionic strength across all concentrations of the metals. 

Seeds of cabbage (Brassica oleracea var. capitata L.), lettuce (Lactuca sativa L.), 
millet (Panicum miliaceum L.), radish (Raphanus sativus vat. radicula Perzoon.), 
turnip (Brassica rapa L.), and wheat (Triticum aestivum L. var. Florida 301) were 
obtained from a certified seed dealer. Seeds of a given species were placed, 10 
seeds per dish, in 15-cm polyethylene Petri dishes containing one piece of Whatman 
No. 1 filter paper. Each Petri dish was then treated with 4 mL of the appropriate 
solution, wrapped with ParafilmTM, and placed in an environmental chamber in 
a randomized, complete-block design. Each treatment was replicated ten times, 
for a total of 100 dishes per plant species for each metal. The environmental chamber 
was maintained on a 16/8 hr day/night photoperiod, with day and night temperatures 
of 28 °C and 24 °C, respectively. Illumination was supplied from cool white 
fluorescent lamps providing 64 ~tE m -2 s -1. 

After 3 days, the number of seeds germinated for each dish and the radicle length 
for each seedling in a dish were measured. The radicle lengths for a given Petri 
dish were averaged to obtain a mean length per dish. These averages were used 
for the statistical analysis. Percent germination was also calculated and used in 
the statistical analysis. Linear regression and multiple comparisons were performed 
using the SAS statistical package (SAS Institute, Cary, NC). To allow comparisons 
among plant species, radicle lengths expressed as a percent of the control were 
calculated. These percentages were then used to determine the relative sensitivity 
of the plants to the four metals. 

3. Results and Discussion 

Treatment with Ni at concentrations up to 20 mg Ni L -~ or with Be, T1, or V 
at concentrations up to 40 mg L -1 did not significantly (P>0.05) affect seed 
germination for any of the species studied. However, significant (P<0.05) effects 
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on seedling radicle elongation were observed. Because plant response varied among 
metals, effects on seedling radicle elongation will be discussed separately for each 
metal. 

3.1. BERYLLIUM 

Of the plants studied, turnip and lettuce were the most sensitive to Be, with reductions 
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Fig. 1. Effects of  Be on root elongation of cabbage, radish, turnip, lettuce, millet, and wheat. Values 
given are means plus or minus 1 SE. 
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in radicle length of 63 and 62%, respectively, when exposed to 0.5 mg Be L -1 
(Figure 1). Radish and cabbage were less sensitive to Be, but still exhibited > 50% 
reduction in radicle length at a solution concentration of 7.5 mg Be L -1. Wheat 
and millet were the least sensitive of the plants studied to Be, with millet exhibiting 
improved radicle elongation in the presence of up to 10 mg Be L -1. The order 
of sensitivity to Be (based on radicle length reduction) was: turnip > lettuce > 
cabbage = radish > wheat > millet. 

The Be concentrations associated with reduced root elongation in cabbage, lettuce, 
radish, and turnip in this study are similar to values reported in the literature. 
Romney and Childress (1965) reported that concentrations greater than 2 mg Be 
L -1 in nutrient solution significantly reduced the growth of lettuce, beans, and clover. 
Peterson and Girling (1981) also found that concentrations of 1 to 2 mg Be L -1 
in nutrient solution were toxic to crop plants. Romney et al. (1962) found that 
3 mg Be L -1 in nutrient solution retarded root development of bush beans. 

The response of wheat and millet in this study was surprising, however. Reduced 
root elongation was not observed for these two species until the concentration 
exceeded 10 mg Be L -~. Romney and Childress (1965) reported reduced growth 
of wheat at solution concentrations of 4 mg Be L -1. Their study was conducted 
using 10-day-old seedlings in nutrient solution. Because the root is the first organ 
to be affected by Be, the earliest stage of plant development, i.e., germination, 
should be the most sensitive to Be toxicity (Yopp et al., 1974). However, less sensitivity 
was observed in this study using germinating seeds than was observed by Romney 
and Childress (1965) using 10-day-old seedlings. The wheat cultivar used in this 
study must have been less sensitive to Be than the one used by Romney and Childress 
(1965). This variability among species, and among varieties within a species, in 
response to Be should be kept in mind when using plants species for toxicity testing. 

The stimulatory effect of Be at low concentrations has been reported by previous 
investigators (Williams and Le Roche, 1968; Peterson and Girling, 1981). Hoagland 
(1952) demonstrated that Be inhibits the splitting of ATP, and hypothesized that 
this was responsible for the stimulatory effect. The effects of Be on enzyme activity 
and the ability of Be to substitute for Mg have also been proposed as the cause 
of this effect (Williams and Le Riche, 1968; Yopp et  al., 1974; Adriano, 1986). 

3.2. NICKEL 

Turnip and lettuce were also the most sensitive of the plants studied to Ni, with 
radicle lengths reduced by 72 and 59%, respectively, at 2 mg Ni L -1 (Figure 2). 
Cabbage, wheat, and radish were intermediate in sensitivity to Ni, with millet again 
the least sensitive of the species studied. Cabbage, lettuce, and millet exhibited 
increased radicle elongation when treated with low concentrations of Ni. This effect 
was most pronounced in the case of millet, in which greater than 4 mg Ni L -1 
was necessary to reduce radicle lengths to significantly less than that of the controls. 
The order of sensitivity to Ni was: turnip > lettuce > cabbage > wheat = radish 
> millet. 
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Fig. 2. Effects of  Ni on root elongation of  cabbage, radish, turnip, lettuce, millet, and wheat. Values 
given are means  plus or minus  1 SE. 

Previous investigators have also reported that lettuce is very sensitive to Ni (Berry, 
1978; Wang, 1987). However, in both studies, concentrations of approximately 0.85 

mg Ni L -1 were associated with a 50% reduction in the radicle length of germinating 
lettuce seeds. In this study, concentrations greater than 1 mg Ni L -I were required 

to cause a 50% reduction. In fact, at a concentration of 0.5 mg Ni L -1, radicle 

elongation was stimulated. There appears to be a narrow range between beneficial 
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and toxic concentrations of Ni for this species. The stimulatory effect of low 
concentrations of Ni has been well-documented for a variety of species (Mishra 
and Kar, 1974; Davis et aL, 1978; Singh, 1985; Adriano, 1986). 

3.3. THALLIUM 

Lettuce was the most sensitive species to T1, with radicle length reduced by 67% 
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at a concentration of 0.5 mg T1 L -1 (Figure 3). Turnip was also quite sensitive 

to T1, with a reduction in radicle length of 57% at a concentration of 2.5 mg 
T1 L -~. Millet was less sensitive to T1 than lettuce and turnip, but still exhibited 
radicle length reductions of 37% at 5 mg T1 L -~. Wheat, radish, and cabbage were 
the least sensitive to T1. None of the plants studied exhibited a stimulatory effect 
of T1 on radicle elongation. The order of sensitivity to T1 was: lettuce > turnip 
> millet > wheat = radish = cabbage. 

Thallium is considered a very phytotoxic element, with toxicity associated with 
solution concentrations of less than 1 mg T1 L -1 (Yopp et  al., 1974; Adriano, 1986). 

Schoer (1984) reported that lettuce and radish are not very susceptible to T1 toxicity. 
However, in this study, lettuce showed a very high sensitivity to this element. Schoer 
(1984) also reported that cabbage species display a high resistance to T1. This is 
certainly supported by the data from this study - cabbage showed less sensitivity 
to T1 than to any of the other elements studied. The reasons for the differences 
in response among species is not known (Allus et  aL, 1987). Thallium was the 
only one of the four elements studied which did not produce a stimulatory effect 
at low concentrations. This is consistent with previous studies (Yopp et  al., 1974; 

Schoer, 1984; Adriano, 1986; Allus et  al., 1987). 

3.4. VANADIUM 

Turnip and cabbage were the most sensitive to V, with radicle lengths reduced 
by 49 and 42%, respectively, at a concentration of 2.5 mg V L -~ (Figure 4). Lettuce 
was less sensitive, with radicle length reduced by 27% at 2.5 mg V L -~, after exhibiting 
increased radicle elongation at the 0.5 and 1 mg V L -~ treatments. Radish and 
wheat were intermediate in sensitivity, with millet again the least sensitive of the 
plants tested. 

The response of wheat and millet to V was quite surprising. Concentrations up 
to 40 mg V L -~ did not significantly (P>0 .05)  reduce the radicle lengths of wheat 
below the control level. In the case of millet, treatment with V had a strong stimulatory 
effect on radicle elongation. At the 40 mg V L -1 treatment, radicle lengths were 
still greater than for the controls. The experiment was repeated, and produced 
the same results. The solutions were then checked for possible impurities, such 
as Fe or other micronutrients, which may have produced the stimulatory effect. 
No impurities were found. A third experiment was performed, using concentrations 
of 0, 10, 20, 30, 40, 50, 60, 70, 80, and 100 mg V L -~, to determine at what point 
V ceases to be stimulatory. The results of that experiment indicated that concen- 
trations greater than 50 mg V L -1 were necessary to reduce the radicle length below 
the control level (Figure 4). The order of sensitivity to V (based on radicle length 
reductions) was: turnip > cabbage > lettuce > radish > wheat > millet. 

The response of lettuce in this study as similar to that reported by Lepp (1977). 
In Lepp's study, root  elongation was reduced by 37% at a solution concentration 
of 0.5 mg V L -z, while in this study a 33% reduction was observed at that 
concentration. Lettuce is considered a V accumulator (Yopp et  al., 1974), and appears 
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to have more resistance to its toxic effects than to those of the other elements 
tested. Berry (1978) found that V was more toxic to lettuce than Ni when comparing 

response on a microequivalent basis. When his results are converted to a ppm 

basis, however, Ni is the more toxic element. That  was the case in this study as 
well. 

Vanadium has been shown to be beneficial to some plants, including lettuce, 
tomato,  asparagus, corn, barley, and rice (Canon, 1963; Basiouny, 1984; Adriano, 
1986). This appears to be a result of the metal's ability to substitute for Mo and 
to enhance the absorption of Fe (Canon, 1963; Basiouny, 1984; Adriano, 1986). 
In this study, V at low concentrations had a stimulatory effect on all of the species 
studied except turnip. The stimulatory effects of V on wheat and millet were quite 
amazing. Catalina (1966) reported stimulation of seed germination by V for a variety 
of species, including wheat. The effect of V on root elongation for wheat and millet 
does not appear to have been reported previously. The reasons for stimulation 
over such a wide range of concentrations merits further study. 

4. Summary and Conclusions 

The results of this study demonstrate the wide range of response exhibited by plant 
species to trace metals. In general, turnip and lettuce were the most sensitive of 
the species studied, and wheat and millet were the least sensitive. Care should 
therefore be taken in selecting plant species for use in toxicity testing. All of the 
species used in this study have been suggested as test species (Brusick and Young, 
1982; Wang, 1987). The results of this study indicate the importance of using multiple 

species testing. Recommendations for these metals based on the use of turnip or 
lettuce as a test species would be quite different from those based on the use of 
millet or wheat. 
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