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Abstract
Relatively little is known about the effects of soil metal contamination on

bacteria in laboratory environments. Extensive field studies have been done on
the long-term effects of metal contamination on soil communities while relatively
few studies have been performed in controlled environments. Zinc

contamination is known to have an adverse effect on soil microorganisms that
are important to ecosystem stability. The ability of microorganisms to adapt after
an initial contamination is important in natural environments that may become
contaminated. In this study the proportion of Zn tolerant bacteria and the

activity of soil microorganisms were tested 2 days, 32 days, and 62 days after the

initial contamination of soil with Zn levels of 12.5 mM and increasing to 25 and

50 mM. Numbers of Zn tolerant bacteria were determined using 15% tryptone
soy agar plates containing 0, 2, and 10 mM Zinc. Microbial activity was measured

using two assays: an arginine assay for ammonification activity and an
iodonitrotetrazolium assay for dehydrogenase activity. Concentration of soil-zinc
had a significant effect on ammonification and dehydrogenase activity in soil
during the study period. Soils contaminated with zinc had a significant increase

in the proportion of the total community tolerant to Zn. Populations tolerant to 2
and 10 mM zinc were significant at the P<0.00033 and P<3.9E-09 respectively.
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Introduction
Little is known about the continual long-term effects of metal
contamination on soil microorganisms (Diaz-Ravina, 1996). In Montana many

soils are contaminated with heavy metals, including Cu and Zn, from mining
activities that result in extensive mine tailings and by smelter wastes in the

environment (Moore, 1990). There is a need to understand how the activity and

tolerance of soil microorganisms change over time after the initial contamination
of soils by heavy metals. Many studies have focused on naturally contaminated

soils, but relatively few have focused on experimentally increased levels of metal
contamination on soil microorganisms. Thus there is a poor scientific

understanding on the short-term impact of metal pollution on soil ecosystems
and how long it takes the soil bacterial communities to recover. More studies
need to be performed that assess the effects of metals on the activity, tolerance,
and growth of microorganisms (Diaz-Ravina, 1996).

In general soils with high levels of heavy metal contamination have
increased levels of metal-tolerant microorganisms, but the time that it takes for

these organisms to become tolerant is not completely understood (Pennanen,

1996). Some bacteria have evolved mechanisms that allow them to become more
tolerant to heavy metals. These mechanisms include efflux of metal ions outside
the cell or accumulation and complexation of the metal ions within the cell
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(Spain, 2003). The health of the soil microbial community and its relation to soil
quality are important factors in environmental stability. Microbial communities

are a good indicator of soil health because relatively little contamination can alter
the activity and growth of all but the tolerant bacteria (Doran, 1994). Research

has shown that metal contamination can have an adverse effect on soil microbial
activity (Shi, 2002). The health of microbial communities is one of the most

important factors in the stability of ecosystems due to the role of microorganisms

in nutrient cycling. Microbial life is vital to the maintenance of soil organic
matter, an important factor in soil quality (Doran, 1994). Without many of the

microorganisms involved in nutrient cycling, many biological processes would
be inhibited, thereby affecting animal and plant life in the polluted ecosystem
(Yim, 1999; Ehrlich, 1988).
In the present study, increasing levels of Zn contamination were tested

using experimentally metal augmented soils. Tests were done on the
experimental soil at different time periods to test for increased bacterial tolerance

to Zn using viable plate counts on Zn containing media. The activity of the

microbial communities was also tested using assays for arginine and

dehydrogenase. I hypothesized that microbial communities that were exposed to
increasing levels of zinc concentration would possess more metal tolerant

bacteria than those that were not exposed. I also hypothesized that the microbial
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communities would show an immediate activity decrease followed by a gradual

increase in bacterial activity over time after the addition of Zn.
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Materials and Methods
Microcosms- Non-contaminated soil, which was tested by IPC analysis to ensure
low heavy metal concentrations, was collected and split into four treatment

groups. Each treatment group consisted of triplicate 200 g samples. No Zn was

added to the control soil while treatment groups 2, 3, and 4 were amended with
12.5, 25, and 50 mM Zn, respectively using solid zinc sulfate. Each microcosm

was then weighed, and the soil was hydrated to bring the moisture level up to
12% by weight. The microcosms were weighed weekly, and TEO was added to

keep the moisture constant at 12%.

Viable Plate Counts- Plate counts were performed using a series of 10:1 serial
dilutions of soil. The 10'1 dilution consisted of 1 gram of soil in 9 mLs of minimal

salt solution. The first tube was then diluted in consecutive 10.T dilutions to

achieve dilutions of IO-2 to 10'5.

Plates were made using 15% tryptone soy agar (TSA). The media was
contaminated with Zn at concentrations of 0, 0.5, 2, and 10 mM Zn. The pH of

the media was also tested prior to being autoclaved and was adjusted to pH 7.

The soil dilutions from each microcosm were plated in duplicate on agar
plates containing 0, 0.5, 2, and 10 mM zinc. The dilution used in the viable plate

counts differed depending on the concentration of Zn in the plates. The 0 and 0.5
mM Zn plates were plated using the IO-3 through 10’5 dilutions. The 2 and 10 mM
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plates were plated using the 10'2 through 10~4 dilutions. The plates were then

stored at room temperature (approx. 25°C) for four days. Plates were counted at
48 hours and four days. The proportion of tolerant bacteria was then determined
by the ratio of tolerant bacteria to total bacteria.

Iodonitrotetrazolium Assay- The activity of soil dehydrogenase was determined

using iodonitrotetrazolium and a method similar to Griffiths et al. (1989). Soil
from each microcosm was tested in the following manner: 1.0 gram of soil, 1.5

mL of DI H2O, and 2.0 mL of 0.3% iodonitrotetrazolium solution were placed
into a test tube. The test tubes were then incubated in the dark for 24 hrs. at room
temperature. Following the incubation period, five mL of extracting solution

were added to each sample and then vortexed for one minute every 10 minutes

for 30 minutes. After the 30 minutes extraction period, 1.5 mL of sample were
transferred to a microcentrifuge tube and centrifuged for five minutes at 13,000

rpm. The supernatant was then transferred to a quartz cuvette and the
absorbance measured at 460 nm (Spectronic ® Genesys). The blank consisted of

extracting solution and DI H2O.
Ammonification Assay- The arginine mineralization rate (formation of NHL)
was used to measure the activity of the soil bacterial community. The method

used for the ammonification was similar to the method by Bonde et al. (2001).
Duplicate 1 gram samples from each microcosm were placed in test tubes. One
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test tube from each microcosm was heated in boiling water for 30 minutes to
sterilize the soil and serve as the control (background NH4+ concentration in the
soils). One mL of 1 mM arginine was added to the non-sterilized test tube, and
one mL of DI H2O was placed in the sterile control soils. The test tubes were then

incubated in the dark for 24 hours at room temperature. After the incubation

period, NH4+ was extracted using 1 mL of 2M KC1. The tubes were then placed

on a shaker at room temperature. Next, 1.5 mL of the sample were transferred to

microcentrifuge tubes and centrifuged for five minutes at 13,000 rpm. One mL of
sample was then transferred to another test tube and 40 pL of phenol solution, 40
pL of nitroferricyanide, and 100 pL of oxidizing reagent (bleach) were added.

This solution was mixed well and incubated for another hour in the dark to allow
development to occur. This solution was then transferred to quartz cuvettes and
the absorbance was read at 630 nm using a blank of phenol solution,
nitroferricyanide, and oxidizing solution (Spectronic ® Genesys).

Statistical Analysis- Two factor ANOVA was used for the data analysis
(Microsoft Excel ®).
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Results
Iodonitrotetrazolium Assay- Exposure to zinc over time and soil-zinc
concentration had a significant effect on soil dehydrogenase activity with P<4.7E08 (Table 1). In the 0 mM Zn microcosms, dehydrogenase activity decreased

over time from 8.2 pg/mL*h at two days to 3.4 pg/mL*h after 62 days, an overall

decrease of 2.4-fold. The dehydrogenase activity in microcosms containing 12.5,

25, and 50 mM Zn fluctuated over time. However at 62 days the activity was 50-

100% higher in these Zn treatments when compared to 2 days (Figure 1).

________ Time (Days)

□0 mM ■ 12.5 mM 025 mM B50 mM~|

Figure 1: The effect of Zinc contamination on soil microorganisms' dehydrogenase activity over
time

Ammonification Assay- The arginine ammonification assay showed a significant
effect for both time after the initial zinc contamination and soil-zinc

concentration on ammonification, P<3.7E-10 and P<0.00084 respectively (Table 1).

The 0 mM, 12.5 mM, and 25 mM zinc microcosms showed an initial increase
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from 2 days to 32 days, but then all three samples dropped from 32 days to 62
days after contamination. For example, the initial ammonification rate in the 12.5

mM zinc microcosms was 0.4 pg/L*h and increased to 2.79 pg/L*h at 32 days but
then decreased to 1.08 pg/L*h of arginine activity at 62 days. The 50 mM zinc

microcosms started with approximetly 0 pg/L*h of arginine activity at 2 days,
increased to 1.15 pg/L*h at 32 days, and then rose slightly to 1.19 pg/L*h of

arginine activity at 62 days (Figure 2).

________ Time (Days)
OOmM BIZBrnM CI25mM □ SQmM~

Figure 2: The effect of Zinc contamination on the
rate of ammonification over time
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Table 1: Significance values of soil bacterial activities.

Table of Significance
Dehydrogenase Activity
Source of Variation
Microcosm Concentration
Time
Concentration x Time
Ammonification Activity
Source of Variation
Microcosm Concentration
Time
Concentration x Time

df
3
2
6

F
P-value
Fcrit
67.6991 7.4E-12 3.00879
8.02159 0.00215 3.40283
19.097 4.7E-08 2.50819

df
3
2
6

F
P-value
F crit
7.78602 0.00084 3.00879
61.3068 3.7E-10 3.40283
2.97553 0.02568 2.50819

Viable Plate Counts

Tolerance to 0.5 mM Zn
When Zn amended soils were plated onto 0.5 mM Zn plates, the proportion of

Zn tolerant bacteria increased slightly from the first time period to the second;
the proportion then declined to lower levels at 62 days (Figure 3). For example,

in the 0 mM, microcosms the proportion of tolerant bacteria increased by 3.14-

fold and then decreased by 1.57-fold and the 25 mM microcosms increased by
2.61 fold and then decreased by 1.7-fold. The change in the proportion of the

bacterial community tolerant of 0.5 mM zinc was not significantly affected by the

interaction between the time after contamination and the soil-zinc concentration
(P<0.75223,Table 2).
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Figure 3: The development of Zinc tolerant soil microbial populations over time as
measured by plate counts on 0.5 mM Zn media

Tolerance to 2 mM Zn
In Zn amended soils, the proportion of the total population of bacteria that

was tolerant of 2 mM Zn increased over time (P< 0.0033 (Table 2)). For example,

in the 50 mM Zn amended soil, the proportion of bacteria tolerant to 2mM zinc
on plates increased from 3.2% tolerant at day 2 to 12% at day 32 and then
increased to 61% tolerant bacteria by day 62. This showed a 3.8-fold increase by

32 days and a 19-fold increase from the beginning of the study to 62 days. The

12.5 and 25 mM Zn microcosms had a less dramatic increase in zinc tolerance
over the 64 days of the study from 3.1% to 14% and 3.1% to 37%, respectively.

The proportion of tolerant bacteria in the 0 mM Zn was little changed over the
course of the study (Figure 4).
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□ OmM ■ 12.5mM 025 mM 050 mM

Figure 4: The development of Zinc tolerant soil microbial populations over time as
measured by plate counts on 2 mM Zn media

Tolerance to 10 mM Zn

The proportion of the bacterial community tolerant of 10 mM Zn on agar plates
also increased over the course of the study (P<1.2E-09, Table 2). While Zn
amended soils had an increase in the Zn tolerant proportion of the bacterial

community, the increased tolerance to 10 mM Zn was considerably smaller than
to 2 mM Zn. At day 62 in the 50 mM Zn amended soils, 5% of the soil bacterial
community was tolerant to 10 mM Zn, while 60% was tolerant to 2mM Zn. The

soil-zinc concentration had a significant effect on the proportion of the total

bacteria tolerant to 10 mM Zn P<1.8E-13 (Table 2). There was virtually no change

in the tolerant community in the 0 mM Zn microcosms. Across all soil Zn
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concentrations at two days since contamination, there was no measurable

bacterial community tolerant to 10 mM Zn.

Time (Days)
OOmM ■12.6mM 025mM 050 mM

Figure 5- The development of Zinc tolerant populations over time as measured by plate
counts on 10 mM Zn media

Table 2: Significance values for the plate counts for the three
concentrations of Zn plates.

Table of Significance
0.5 mM Plates
Source of Variation
Microcosm Concentration
Time
Concentration x Time
2 mM Plates
Source of Variation
Microcosm Concentration
Time
Concentration x Time

df
3
2
6

F
1.38791
4.86322
0.56716

P-value
F crit
0.27055 3.00879
0.01686 3.40283
0.75223 2.50819

df
3
2
6

F
9.76369
26.0606
6.59009

P-value
F crit
0.00021 3.00879
9.6E-07 3.40283
0.00033 2.50819

10 mM Plates
Source of Variation
Microcosm Concentration
Time
Concentration x Time

df
3
2
6

F
P-value
F crit
95.2771 1.8E-13 3.00879
54.5442 1.2E-09 3.40283
24.5498 3.9E-09 2.50819
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Discussion
The relative increase in the proportion of Zn tolerant bacteria was

considerably higher for the 10 mM Zn plates. The increase of Zn tolerant bacteria
from initial contamination to 62 days was an approximately 1200-fold increase
due to the small proportion of bacteria tolerant to 10 mM Zn at 2 days. This

increase was over 44 times greater than the increase in tolerance to 2 mM Zn.
This increase in tolerant bacteria was consistent with a study performed by Diaz-

Ravina et al. (1996) who found that the number of tolerant bacteria increased
with the concentration of Zn.

The findings of this study were also consistent with the findings of DiazRavina et al. (1996) for the 2 mM Zn plates with a significant effect for

microcosms of 25 and 50 mM Zn. The ratio of tolerant bacteria to total bacteria
showed a significant increase from the time of the initial contamination to 62

days for the 50 mM Zn microcosms. This increase was a 26.8-fold increase of Zn
tolerant bacteria on 2 mM plates. This large relative increase in Zn tolerant

bacteria in both the 2 and 10 mM plates may have been due to an efflux
mechanism that allows bacterial cells to become resistant to Zn. Beard et al.

proposed two mechanisms, an efflux system and a system which carries Zn ions
across cell walls, both of which may make microorganisms become more

resistant (1997). Beard et al. also isolated a zntA gene in E. coli that is responsible
CORETTE LIBRARV
CARROLL COLLESE

for one of the mechanisms. This mechanism is a P-type ATPase efflux system
that allows the cell to transport Zn ions across the cytoplasmic membrane using
energy from ATP hydrolysis (Beard, 1997). The other method that cells may use
is an RND-driven mechanism, which can carry Zn ions across the cell wall of
gram-negative cells. This mechanism is powered by a proton gradient (Spain,

2003). It is most likely that the presence of Zn selected for bacteria, which

contained these or similar systems. Over time these bacteria would be able to
survive and flourish.

In this study there was no significant relationship between time and soil-

Zn concentration with the proportion of the bacterial community tolerant to Zn
on the 0.5 mM Zn plates. This lack of an effect was possibly due to the low level
of Zn on the plates, which may not have been at a concentration high enough to

be toxic to most bacteria in the study soil. This low level of toxicity was most
likely not high enough to show the effect of Zn concentration on the

development of tolerance. These results are consistent with the findings of DiazRavina et al. that showed no increase of tolerant bacteria at extremely low levels
of Zn contamination (1996).

The findings of this study for the 2 and 10 mM plate counts differ with the

results of Renella et al. (2001) who proposed that short-term lab experiments of

approximately 50 days were insufficient in duration to cause an increase in Zn
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tolerant bacteria. Moreover, as stated by Diaz-Ravina et al. (1996) the increase in
tolerant bacteria should continue for the 25 mM Zn microcosms for up to 1 year,

but the 50 mM microcosms should remain at a constant tolerance level after the 2
months of incubation time. The test soils for this experiment will be maintained
to allow for this follow-up analysis.

Contamination of study soils with Zn significantly affected soil bacterial
activity as measured by the dehydrogenase and arginine ammonification assays.

These results were in agreement with previously published reports of soil

activities changing after contamination with a heavy metal (Diaz-Ravina, 1996;

Renella, 2001). Diaz-Ravina et al. found that there was a correlation between Zn

contamination and activity of the soil bacteria. The researchers also found there
was an initial decrease in activity with Zn concentrations greater than 2 mM
followed by an increase to activity levels comparable to the control soil over time

(1996). This phenomenon occurs because of the small number of tolerant bacteria
initially. Over time these tolerant bacteria are able to flourish and eventually will

be able to bring the activities to the same levels as the control soils. These
findings are in agreement with 62-day data for the ammonification assay with
comparable rates at each microcosm concentration. Again, the test soils for this

experiment are being retained to allow for further testing.
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I accept my initial hypothesis that the number of Zn tolerant bacteria

would increase not only with the time following contamination but also with
respect to the concentration of Zn contamination. Further measurements at 1

year and beyond need to be performed to determine if the activity will continue
to increase. I therefore neither reject nor accept my hypothesis that the bacterial
activity would decrease following contamination and then recover to normal

levels when the bacterial communities had gained Zn tolerance until further tests
can be completed.
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